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N-Terminal Prohormone Brain Natriuretic Peptide as
a Prognostic Biomarker for the Risk of Complications
in Type 2 Diabetes: A Systematic Review and Meta-
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Abbreviations: NT-proBNP, N-terminal prohormone brain natriuretic peptide;
HR, hazard ratio; ANP, atrial natriuretic peptide; BNP, brain-type NP; PRISMA,
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National, Heart, Lung, and Blood Institute; Cl, confidence interval; MR-proANP,
pro-A-type NP

Laboratory Medicine 2023;54:339-351; https://doi.org/10.1093/labmed/Imac119

ABSTRACT

Objective: This systematic review and meta-analysis aimed at
summarizing the existing clinical evidence to evaluate the prognostic
performance of N-terminal prohormone brain natriuretic peptide (NT-
proBNP) in predicting cardiovascular events, cardiovascular-related
mortality, and all-cause mortality in patients with type 2 diabetes.

Methods: Searches were performed in Medline, Embase, Scopus,
and Web of Science databases before August 1, 2021. The data were
recorded as adjusted hazard ratio (HR).

Results: An increase in NT-proBNP increases the risk of cardiovascular
events (HR = 1.63), cardiovascular mortality (HR = 1.86) and all-cause
mortality (HR = 1.54). Seemingly, the best cutoffs for predicting cardio-
vascular events (HR = 2.30) and cardiovascular mortality (HR = 3.77) are
levels greater than 100 pg/mL. The best cutoff of NT-proBNP in predicting
all-cause mortality is levels greater than 225 pg/mL (HR = 4.72).

Conclusion: A moderate level of evidence demonstrated that NT-
proBNP serum levels can predict future cardiovascular events, cardio-

vascular mortality, and all-cause mortality. Thus, it can be used as risk
stratification for type 2 diabetes.

The prevalence of type 2 diabetes has greatly increased in recent years,
and the disease has been recognized as a major health problem both in
developing and developed societies." Type 2 diabetes is one of the lead-
ing causes of cardiovascular disease, which is one of the main causes of
mortality and disease burden in many countries.” Statistics show that
about 6.2% of the world’s population have type 2 diabetes, resulting in
the death of more than 1 million people annually. These numbers also
show that type 2 diabetes is the ninth leading cause of death worldwide.
Current estimates suggest that if the trend of type 2 diabetes preva-
lence continues at this rate, its prevalence will rise to 10% of the world’s
population in 2030.% Cardiovascular events and mortality are the main
complications of type 2 diabetes. All of the existing interventions, in-
cluding lifestyle modifications and drug treatments, are therefore aimed
at preventing cardiovascular complications and death in type 2 diabetes
patientsA4

Although risk stratification of type 2 diabetes patients is based on
the risk factors of cardiovascular diseases such as hypertension, there is
still a need for other prognostic factors for better identifying at-risk per-
sons.” Hence, researchers are investigating diagnostic tests and different
biomarkers for diagnosis and prediction of the outcome in diabetes.

Natriuretic peptides are a family of 3 similar hormones: atrial natri-
uretic peptide (ANP), brain-type natriuretic peptide (BNP), and C-type
natriuretic peptide.® N-terminal-prohormone BNP (NT-proBNP) is an
inactive prohormone, secreted from cells along with BNP.” The prognos-
tic value of these hormones and prohormones in predicting the outcome
of diabetes has been evaluated in a number of studies. Occasionally, the
findings of these studies are in contrast to one another, resulting in a
consensus yet to be achieved. For instance, Ponikowska et al® report that
NT-proBNP serum levels cannot predict the incidence of cardiovascular
events, whereas Bidakosh et al’ present a considerable prognostic value
for this biomarker.

In addition, the optimum cutoffs of natriuretic peptides, wherein lie
the best prognostic value for type 2 diabetes and the most appropriate

peptide in predicting mortality and cardiovascular events, are not clear.

© The Author(s) 2022. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, please e-mail:

journals.permissions@oup.com
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To resolve these inconsistencies and respond to the uncertainties, this
systematic review and meta-analysis is designed to evaluate the prog-
nostic performance of NT-proBNP in predicting cardiovascular events,
mortality rate, and all-cause mortality in type 2 diabetes patients based

on the existing clinical evidence.

Materials and Methods

Study Design

The study is designed based on PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guidelines.'® This study is a sys-
tematic review of the existing clinical evidence regarding the prognostic
value of NT-proBNP. An attempt was made to investigate the relation-
ship between all natriuretic peptides with the outcome of type 2 dia-
betes. However, it was only possible to analyze the prognostic value of
NT-proBNP.

Definition of PICO

Population (P) in the present study consisted of type 2 diabetes
patients. Indicator (I) was determined to be the serum levels of NT-
proBNP. Comparisons (C) were performed with diabetic patients
not developing the defined outcome. Outcome (O) in this review in-
cluded cardiovascular events, cardiovascular mortality, and all-cause

mortality.

Eligibility Criteria

Clinical trials and cohort studies (retrospective and prospective) evaluating
the prognostic value of NT-proBNP in type 2 diabetes patients were in-
cluded in the study. Since prognostic value is time-dependent, studies that
did not use survival models and did not report hazard ratios (HRs) were
excluded. Studies with results published elsewhere with a higher sam-
ple size or with a longer follow-up period were also excluded (considered
duplicates). Failure to assess the mentioned outcomes, selecting non-
diabetes patients without reporting distinct analyses for diabetic and non-
diabetic patients, studies conducted on type 1 diabetes patients, failure to
adjust analyses for potential confounders, and review articles were also

considered as exclusion criteria.

Search Strategy

An extensive search was performed in Medline, Embase, Scopus, and
Web of Science databases for studies published before August 1, 2021.
The search was performed using appropriate tags and keywords related
to natriuretic peptides and diabetes. Supplemental Table S1 depicts
the search strategy in all 4 databases. In addition, a manual search in the
reference lists of the relevant articles and in Google and Google Scholar
search engines was performed to find possible missing articles. Conse-

quently, 1 article was added through manual search.

Data Collection

Two reviewers independently collected the desired data. After removing
duplicate articles using EndNote X8 software, title and abstract screen-
ing was performed. Next, full texts of potentially relevant articles were
evaluated, and fully related articles were included in the study. The col-
lected data included study characteristics (name of first author, date,
and country of publication), study design (prospective/retrospective co-

hort studies or trials), condition of subjects included, sample size, mean

340 Laboratory Medicine

age, sex distribution, duration of diabetes, presence of comorbidity, and

outcome. Any disagreements were resolved by discussion.

Risk of Bias Assessment

Since all of the included studies were cohort or a secondary analysis on
data of a clinical trial, risk of bias assessment was accomplished using
the National, Heart, Lung, and Blood Institute (NHLBI) tool'! and the
Newcastle-Ottawa scale.'” Supplemental Table S2 shows the key
questions of the NHLBI risk-of-bias tool (14 signaling questions). Ac-
cording to the explanation and elaboration section of the NHLBI tool, it
is necessary to define fatal errors to rate an overall risk-of-bias status for
each study. Therefore, a participation rate of less than 50% (item 3), as-
sessment of exposure prior to outcome assessment (item 6), insufficient
timeframe for outcome assessment (item 7), not clear and valid measure-
ment of exposure (item 9) and outcomes (item 11), and loss to follow-up
greater than 20% (item 13) were defined as fatal errors. Overall risk of bias
was considered “high risk” if there was at least 1 fatal error, “some con-
cern” if there was no fatal error, and “there was concern” (high risk, not
reported or cannot determine) in at least 2 items according to a previously
proposed method."® Overall score of bias according to Newcastle-Ottawa
scale was categorized as “good,” “fair,” and “poor.” A good-quality article
was defined as (1) a score >3 in selection section points, (2) a score 21 in
comparability section points, and (3) a score 22 of outcome points. Fair
quality was defined as (1) a score of 2 points in selection, (2) a score 21
points in comparability, and (3) a score 22 points in outcome section. Poor
quality was defined as (1) a selection of 0 or 1 point, (2) comparability of O

points, or (3) an outcome of 0 or 1 point14

Certainty of Evidence
Quality of evidence was rated according to the Grading of
Recommendations, Assessment, and Evaluations

(GRADE) framework."

Development,

Data Synthesis and Statistical Analysis
All analyses were performed in STATA 17.0 statistical software. Data
were recorded as adjusted HR and its 95% confidence interval (CI).

The prognostic value of NT-proBNP in prediction of type 2 diabetes
outcome was reported in 2 forms. One group of studies reported the
prognostic performance of continuous values of NT-proBNP. In these
studies, NT-proBNP level was included in the Cox model as a continuous
variable. The other group of studies tried to assess the prognostic perfor-
mance of NT-proBNP in different thresholds based on different cutoffs.
In these situations, the serum level of NT-proBNP was included in the
Cox model as categorical variable. Therefore, we stratified the analyses
accordingly and provided 2 sets of meta-analysis: (1) prognostic perfor-
mance of NT-proBNP as continuous values and (2) prognostic perfor-
mance of NT-proBNP in different cutoffs. In addition, subgroup analyses
and meta-regressions were performed to evaluate possible effects of the
duration of diabetes, follow-up period, condition of diabetic patients,
and sample size on prognostic value of NT-proBNP. Moreover, a sensi-
tivity analysis was done based on the “leave one out” approach to inves-
tigate the effect of individual studies on pooled HR.

Using the “meta” command and corresponding subcommands, a
pooled adjusted HR was reported. The random effect model was used
to perform meta-analyses. Heterogeneity among studies was assessed
using I? statistics and the Egger test and the funnel plot was used to rec-

ognize any possible publication bias.

2023;54:339-351 | https://doi.org/10.1093/labmed/Imac119
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Results

Study Screening

The systematic and manual search resulted in 9823 articles, from which
5590 nonduplicated articles were selected from the systematic search
and 1 article from manual search. After the screening, the full texts of
93 of the studies were assessed, of which 30 articles were included in
this review.>>'** The reasons for exclusion were not reporting HR (21
studies), duplicate reporting of data (11 studies), not evaluating cardio-
vascular events or mortality (9 studies), reporting data of diabetic and
nondiabetic patients indistinctively (7 studies), assessment of BNP (6
studies), assessment of the midregional fragment of pro-A-type natri-
uretic peptide (MR-proANP) (2 studies), and 1 study on type 1 diabetes
patients for not reporting the required data and unadjusted analyses.

FIGURE 1 summarizes the screening process.

Characteristics of the Eligible Studies

The included 30 articles reported data of 44,889 patients, and mean
age varied between 54.1 and 69.4 years. A total of 62.7% of the stud-
ied population was male, and the duration of diabetes varied between
5 and 11.3 years. In 18 articles, the research was performed on diabe-
tic patients without considering their underlying disease. Of the rest,
6 articles focused on diabetic patients with a history of cardiovascular
disease, 2 articles on nephropathic diabetic patients, 2 studies were on
elderly patients, 1 study was on noncardiovascular diseases diabetic

patients, and 1 study focused on hemodialysis patients. Of the included

studies, 20 were prospective cohorts and 10 were secondary analyses on
data of clinical trials (TABLE 1).

Considering outcome, cardiovascular events, cardiovascular-related
death, and all-cause mortality were assessed in 22, 7, and 14 studies,
respectively. There were 11 studies that assessed more than 1 out-
come. The value of continuous variation of NT-proBNP in prediction
of diabetes outcome was assessed in 22 studies. In addition, 24 studies
investigated the value of NT-proBNP in prediction of diabetes outcome
at different cutoffs. The proposed cutoffs varied between 22.5 pg/mL
and 9252 pg/mL. The proposed cutoff in 19 papers was lower than 1000
pg/mL. There are 6185 (18.28%) cardiovascular events, 904 cardiovas-
cular deaths (16.79%), and 3496 all-cause mortalities (25.76%) among
included articles (TABLE 2).

Outcome

Relationship of NT-proBNP and Cardiovascular Events

In this section, data from 22 articles were entered. These articles
compromised data of 40,055 diabetic patients. The analyses in this sec-
tion showed that with an increase in the serum levels of NT-proBNP (as
a continuous variable in the statistical analysis), the risk of cardiovas-
cular events of type 2 diabetic patients over time increases significantly
(HR = 1.63; 95% CI: 1.37, 1.95; I’ = 98.47%) (FIGURE 2).

Assessing the optimum cutoffs of NT-proBNP serum levels for
predicting cardiovascular events, it was demonstrated that the HR of
their incidence in cutoffs of 0 to 100 pg/mL, 101 to 225 pg/mL, 226 to
550 pg/mL, 551 to 1100 pg/mL, and >1100 pg/mL are 3.60 (95% CI: 1.71,

FIGURE 1. PRISMA flow diagram for screening and selection process of included studies.
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¢ Type 1 diabetes (n = 1)
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* Reviews (n =2)
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TABLE 2. NT-proBNP Cutoffs, Assessed Outcomes, and Prevalence of Events among Included Studies

! Study : Cutoff (pg/mL) . Outcome No Event (n) Event (n) : Prevalence
' Bidadkosh, 2017, Netherlands § Continuous | MACE 754 107 ‘ 12.43
Birukov, 2020, Germany Continuous MACE 495 50 917
Bruno, 2013, ltaly : Continuous i CVD mortality 1650 175 9.59
: : 41-90 ! All-cause mortality 1435 390 21.37
91-200 :
>200

| Busch, 2021, Denmark

! Clodi, 2011, Austria Continuous

| Gaede, 2005, Denmark

! Gori, 2016, USA

| Gustafsson, 2010, Europe

Huelsmann, 2008, Austria Continuous

| Jarolim, 2018, USA § 154.1-420.4 | MACE
: ; 420.4-1084 ;

>1084
! Jhund, 2014, USA Continuous MACE
! Liu, 2021, China Continuous | MACE
: 1 110.6-518.8 1

Prausmiiller, 2021, Austria Continuous MACE

35.76

24.68

18.36

18.28

44 6.97

577 12.42

1129 13.42
257 8.71

>122 CVD mortality 1489 201 11.89
>125  All-cause mortality 1242 448 26.51
>376 ‘
Price, 2014, UK Continuous MACE 952 114 10.69
! Riphagen, 2015, Netherlands Continuous ! CVD mortality ; 843 ; 225 ; 21.07
‘ ‘ ! All-cause mortality ! 549 519 48.60
! Rerth, 2019, Denmark § Continuous CVD mortality § NR § NR § NR
: : 628-1342 All-cause mortality NR NR NR
>1342 ' ' '
Saely, 2019, Switzerland Continuous MACE 157 160 50.47
Tarnow, 2006, Denmark 41-103 CVD mortality 196 119 37.78
‘ ‘ >103 153 162 51.43
Trutz, 2015, Romania 400 MACE 138 68 33.01
Winkler, 2008, Germany Continuous MACE : 790 : 465 : 37.05
! ! 1434-3361 CVD mortality ! 1095 ! 160 ! 12.75
: 3362-9251 All-cause mortality ! 643 : 612 : 48.76
§ 9252 ‘ ‘ ‘
! Zanolin, 2018, Switzerland i Continuous CVD mortality i 110 i 24 i 17.91
: ; All-cause mortality ! 72 62 46.27

CVD, cardiovascular disease; MACE, major adverse cardiovascular events.
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7.56; I* = 0.0%), 2.30 (95% CI: 1.42, 3.71; I* = 86.58%), 1.67 (95% CI:
1.38, 2.04; I* = 0.0%), 3.09 (95% CI: 2.06, 4.63; I* = 78.52%), and 2.58
(95% CI: 1.40, 4.74; 1 = 94.93%), respectively. Increased serum levels of
NT-proBNP in all of the evaluated cutoffs were significantly related with
the occurrence of cardiovascular events (FIGURE 3). Nevertheless, al-
though the calculated HR for 550 pg/mL cutoff point is 3.09, it seems
that the optimum cutoffs for predicting cardiovascular events are those
greater than 100 pg/mL, because the HR of NT-proBNP serum levels
in predicting cardiovascular events at this level is 2.30 and does not
have a significant difference with the biomarker HR at 550 pg/mL levels
(P =.110).

Subgroup analyses and meta-analysis showed that there were no
significant differences in prognostic value of NT-proBNP in predicting
cardiovascular events between different subgroups of diabetes duration
(P = .630), follow-up duration (P > .05), different subgroups of patient
conditions (P =.845), and sample size (P = .385) (TABLE 3).

Relationship of NT-proBNP and Cardiovascular Mortality

In this section, data from 7 articles were analyzed. These studies in-
cluded data of 7041 diabetic patients. The analyses suggested that an
increase in serum levels of NT-proBNP (as a continuous variable in the
statistical analysis) results in an increased incidence risk of cardiovas-
cular mortality in type 2 diabetic patents over time (HR = 1.86; 95% CI:
1.22,2.82; 1" = 97.48%) (FIGURE 2).

In evaluating the best cutoffs of NT-proBNP serum levels for
predicting cardiovascular-related mortality, it was found that the HR of
the cutoff points of 0 to 100 pg/mL, 101 to 225 pg/mL, 226 to 550 pg/
mL, 551 to 1100 pg/mL, and >1100 pg/mL are 1.38 (95% CI: .84, 2.26;
1% = 0.0%), 3.77 (95% CI: 2.06, 6.90; I? = 69.09%), 7.52 (95% CI: 2.82,
20.05; I = 0.0%), 13.38 (95% CI: 6.88, 26.01; I* = 0.0%), and 1.92 (95%
CL: 1.39, 2.64; I> = 54.94%), respectively. Therefore, increased serum
levels of NT-proBNP above 100 pg/mL were significantly related with
cardiovascular mortality of type 2 diabetic patients over time. Seem-
ingly, the most appropriate cutoff for predicting cardiovascular mortal-
ity is levels greater than 100 pg/mL (FIGURE 4).

Subgroup analyses and meta-regression showed that the diversity
among duration of diabetes (P = .638), follow-up duration (P = .479),
type of patient condition (P = .231), and sample size (P = .771) were
not sources of heterogeneity regarding the assessment of NT-proBNP’s

prognostic value in the prediction of cardiovascular death (TABLE 3).

Relationship of NT-proBNP and All-Cause Mortality

Finally, to evaluate the last outcome, the data of 18,137 diabetic patients
from 15 studies were included. The results showed that the risk of all-
cause mortality in diabetic patients over time increases significantly
with the increase in NT-proBNP serum levels (HR = 1.54; 95% CI: 1.28,
1.85; I> = 98.29%) as a continuous variable in the statistical analysis
(FIGURE 2).

Assessing the best cutoff point, it was calculated that the HR for
predicting the risk of all-cause mortality in diabetic patients in cut-
off points of 0 to 100 pg/mL, 101 to 225 pg/mL, 226 to 550 pg/mL,
551 to 1100 pg/mL, and >1100 pg/mL were 1.48 (95% CI: 1.08, 2.03;
= 0.0%), 2.25 (95% CI: 1.65, 3.05; = 66.40%), 4.72 (95% CI: 3.22,
6.92; I’= 0.0%), 4.18 (95% CI: 3.08, 5.67; I’= 0.0%), and 1.92 (95% CI:
1.44, 2.55; 1% = 70.55%), respectively. It can be observed that increased
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levels of NT-proBNP at all cutoffs are significantly related with the all-
cause mortality in type 2 diabetic patients over time. Thus, it seems that
the most appropriate cutoff for predicting all-cause mortality is a cutoff
point of more than 225 pg/mL (FIGURE 5).

Subgroup analyses and meta-regression showed that the diversity
among duration of diabetes (P = .750), follow-up duration (P > .05), pa-
tient condition (P = .999), and sample size (P = .815) were not sources
of heterogeneity for assessment of prognostic value of NT-proBNP in
prediction of all-cause mortality (TABLE 3).

Sensitivity Analysis

Leave one out analysis was performed to assess individual study ef-
fect on the value of NT-proBNP in prediction of diabetes outcome. The
analysis showed that omitting each study does not have a significant
effect on the value of NT-proBNP in prediction of cardiovascular event,
cardiovascular-related death, and all-cause mortality (Supplemental
Figures S1 to S3).

Risk of Bias

According to the researchers’ judgment, items 3, 6, 7, 11, 13, and 14 of
the NHLBI tool were considered fatal errors. The participation rate in 2
studies was not clear and in 1 study was less than 50% (item 3). All stud-
ies in items 6, 7, 13, and 14 were considered to be low risk.

Sample size justification (item 5) was not reported in 26 studies.
A total of 17 studies did not examine different levels of exposure
(NT-proBNP level) as related to the outcome (item 8). There were
29 studies that assessed the level of biomarkers 1 time (item 10).
Blinding status of observers was not reported in 15 articles (item
12). Finally, overall risk of bias in 3 studies was high, in 19 stud-
ies there was some concern, and in 8 studies, risk of bias was low
(Supplemental Table S3).

In addition, the risk of bias assessment using the Newcastle-Ottawa
scale showed that all of the included studies have 3- or 4-star scores in
selection of subjects. According to the reviewers’ judgments, all the ar-
ticles scored 2 stars in comparability section, and all scored 2 or 3 stars
in outcome section. Accordingly, the overall scores of included stud-
ies based on the Newcastle-Ottawa scale were good (Supplemental
Table S4).

Publication Bias

There was possible publication bias in the assessment of prognostic
value of NT-proBNP (as a continuous variable in the statistical analy-
sis) in the prediction of cardiovascular events (P = .025) and all-cause
mortality (P =.005) (Supplemental Figure §4). There is no evidence of
publication bias in the assessment of performance of NT-proBNP (cate-
gorical values by using different cutoffs) in prediction of a cardiovascular
event (P = .193), cardiovascular mortality (P = .538), and all-cause mor-
tality (P = .173) (Supplemental Figure S5).

Certainty of Evidence

The level of evidence was assessed based on the GRADE framework. There
was very serious inconsistency in the assessment of the continuous value
of NT-proBNP for predicting cardiovascular events, cardiovascular mor-
tality, and all-cause mortality. Therefore, the level of evidence rated down
at least 2 scores. However, a large magnitude of effect was observed, and
the analyses were adjusted for residual confounders. Therefore, overall

level of evidence rated up 2 scores. Finally, the overall quality of evidence

2023;54:339-351 | https://doi.org/10.1093/labmed/Imac119

G20z Aenuged g uo 1senb Ad 142/ 9/6EE/v/7S/P10IME/PaWGE]/W0o" dNo"olWSpEdE//:SA)Y WOy Pepeojumod



FIGURE 2. Forest plot of value of NT-proBNP (continuous values) for prognosis of cardiovascular events and morality in
diabetes type 2 patients. Data were presented as adjusted hazard ratio (HR) and 95% confidence interval (95% CI).

Study

Adjusted HR

Cardiovascular events
Bidadkosh et al®
Birukov et al'®
Clodi et al'®
Colombo et al*®
Hillis et al®
Huelsmann et al*®
Jhund et al*®

Liu et al®
Malachias et al*®
Neuhold et al*'
Nguyen et al*?
Ponikowska et al®
Prausmiiller et al*®
Price et al*®

Saely et al*®
Winkler et al*?

Heterogeneity: 2= 0.12, I = 98.47%, H? = 65.39

Test of 6,= 6,: Q(15) = 1085.53, P = .00

All-cause mortality
Bruno et al’
Czucz et al'®
Gustafsson et al**
Hillis et al*®
Malachias et al*®
Neuhold et al*'
Ponikowska et al'®
Prausmiiller et al*®
Riphagen et al*’
Rorth et al*®
Winkler et al*?
Zanolin et al*®

Heterogeneity: 12= 0.09, I = 98.29%, H? = 58.56

Test of 6,= 6,: Q(11) = 624.47, P = .00

Cardiovascular mortality

Bruno et al'’

Prausmiiller et al*®

Riphagen et al*’

Rorth et al*®®

Winkler et al*?

Zanolin et al*®

Heterogeneity: 12= 0.26, I?> = 97.48%, H? = 39.61
Test of 6,= 6;: Q(5) = 119.01, P = .00

Test of group differences: Q,(2) = 0.69, P = .71

in the assessment of prognostic value of NT-proBNP (as a continuous var-
iable) was low to very low.

There was serious risk of bias and serious inconsistency in the as-
sessment of NT-proBNP’s prognostic performance as a categorical vari-
able. Therefore, the certainty of evidence rated down 2 scores. However,
pooled analysis showed a large magnitude of effect and a possible dose-
response gradient. In addition, all analyses were adjusted for potential
confounders. Therefore, the level of evidence rated up 3 scores. Finally,
the overall quality of evidence in assessment of prognostic value of NT-
proBNP in categorical values (using different cut offs) was moderate
(Supplemental Table S5).
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Discussion
For the first time, this systematic review and meta-analysis collected
the existing evidence regarding the prognostic value of natriuretic
peptides among type 2 diabetes patients. A moderate level of evidence
demonstrated that serum levels of NT-proBNP can predict cardiovas-
cular events, cardiovascular mortality, and all-cause mortality among
these subjects. The best cutoff points for predicting outcomes were
greater than 100 pg/mL, 100 pg/mL, and 225 pg/mL, respectively.

The cutoff points of NT-proBNP reported in the studies varied be-
tween 41.0 pg/mL and 9251 pg/mL. However, few studies reported cut-
off values of less than 100 pg/mL and greater than 1100 pg/mL. This
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FIGURE 3. Forest plot of value of different cutoffs of NT-proBNP for prognosis of cardiovascular events in diabetes type 2
patients. Data were presented as adjusted hazard ratio (HR) and 95% confidence interval (95% CI).

Adjusted HR

Study with 95% CI  Weight (%)

0 to 100 pg/mL :

Gaede et al®? H G 3.60 (1.71-7.56) 3.84
Heterogeneity: t2= 0.00 ' ————— 3.60 (1.71-7.56)

Testof 6,=6;: Q(0) =-0.00 '

101 to 125 pg/mL ;

Gori et al® o 1.61 (1.30-2.00)  6.05
Prausmiiller et al** P 2.13 (1.36-3.34) 5.14
Prausmiiller et al*® . —0— 3.56 (2.67-4.75) 5.81
Heterogeneity: t2= 0.15, I> = 86.58%, H? = 7.45 S 2.30 (1.42-3.71)

Test of 6,= 6,: Q(2) = 18.53, P = .00 '

226 to 550 pg/mL .

Busch et al'® P —— 2.06 (1.28-3.33 5.00
Jarolim et al’ P —— 1.65 (1.21-2.24) 5.74
Jarolim et al” —— 1.67 (1.03-2.72) 4.97
Liu et al® —— 1.51 (1.04-2.20) 5.47
Heterogeneity: t2= 0.00, I2 = 0.00%, H2 = 1.00 2 1.67 (1.38-2.04)

Test of 6,= 6,: Q(3) = 1.02, P = .80 ;

551 to 1100 pg/mL ;

Jarolim et al”’ P 2.44 (1.83-3.25) 5.82
Jarolim et al’ b —e— 3.46 (2.22-5.40) 5.16
Liu et al® VT — 2.34 (1.32-4.15) 4.57
Pfister et al** .\ —o—— 500(2.22-11.28) 3.55
Prausmiiller et al*® : —— 6.10 (4.09-9.09) 5.36
Trutz et al* —— 1.62 (1.00-2.60) 5.02
Heterogeneity: 12= 0.19, I2 = 78.52%, H? = 4.65 ' - 3.09 (2.06-4.63)

Test of 6,= 6,: Q(5) = 23.21, P =.00 ;

>1100 pg/mL ;

Jarolim et al”’ : - 4.71 (3.60-6.16) 5.88
Jarolim et al’ ; —*—  6.23 (4.07-9.54) 5.24
Winkler et al*? ne 1.21 (0.90-1.63) 5.78
Winkler et al®? P - 1.67 (1.25-2.23) 5.81
Winkler et al* S 2.00 (1.49-2.68) 5.80
Heterogeneity: t2= 0.46, I = 94.93%, H? = 19.72 ' — 2.58 (1.40-4.74)

Test of 6,= 6,: Q(4) = 71.38, P = .00 ;

Test of group differences: Q,(4) = 11.03, P = .03 __

1 2 4 8

meta-analysis demonstrated that the best cutoff points for predicting
cardiovascular events; its mortality lies within 100 to 225, which is in
line with the findings of previous studies.'®***°

The studies included in this systematic review evaluated the
relationship between NT-proBNP and the outcome in type 2 di-
abetes patients in 2 forms. Some studies reported performance of
NT-proBNP as a continuous variable and others reported categorical
values based on different thresholds (cutoff points). Nevertheless,
since finding a cutoff point for NT-proBNP is of utmost importance,
this review mainly concentrated on studies reporting a prognosing
value for NT-proBNP over a variety of cutoff points. On the other
hand, the presence of publication bias in evaluating performance
of the continuous value of NT-proBNP caused uncertainty in the
findings in this section.

Although there exists evidence demonstrating a direct relationship

between NT-proBNP serum levels and the duration of diabetes,”” our
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meta-regression showed that the duration of diabetes did not change
the value of NT-proBNP in predicting the outcome of diabetic patients.
As a result, the prognostic value of NT-proBNP is independent from the
duration of diabetes.

The follow-up period of the included studies varied between 0.8 to
11.3 years. The results indicated that the values of NT-proBNP, regard-
less of follow-up time, are able to predict cardiovascular events and
mortality. There may be 2 reasons for this finding. First, the least fol-
low-up period was 0.8 years, which is long enough for complications
to occur. Furthermore, the minimum time of disease duration between
the included studies was 5 years, indicating that an adequate time exists
between diagnosis of diabetes and the incidence of complications.

Although we attempted primarily to evaluate the relationship be-
tween all natriuretic peptides and their metabolites with the outcomes
of diabetes, eventually only the prognostic value of NT-proBNP was

evaluated. Despite a number of articles studying the prognostic values
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TABLE 3. Subgroup Analysis According to Outcome

Effect Size : : Heterogeneity : Meta-Regression

| Subgroups . Adjusted HR (95%CI) PValue : 12 : PValue : oefficient (5% Cl) |  PValue

i Cardiovascular events

| Duration of diabetes, y

5-10 1.71(1.33,2.20) Reference I

1.99 (1.18, 3.37) 0.13 (~0.39, 0.66)

1.69 (1.39, 2.05) -0.28 (-0.75,0.18)
s 139026153 <0001 . 1809 . o049 . ~038(-091,006) | 168 |
CCondifon
""" General diabefic | 169(143,200 . <0001 . 7272 . <0001 . Reference | —
. Cadiovascular diabetic | 174(131,231) | <0001 . 9157 <000t 003(-030,036 845
SSamplesize
. lessthant000 . 169(123,23) ool . 9827 . <0001 . Refrence . — |
. Moethant000 . 177(1542084 <0001 . 918 . <0001 . 010(-018,039) | 485 |

! Cardiovascular mortality

1.64 (1.10, 2.45) Reference

>10 2.31(1.02,5.22) : 044 97.13 <.0001 027(-0.86,1.40) | 638
CFollow-up duraton,y L
Cost 0 Nodaw U Nodaa Nodata .
s 4mdon22g o1 . 8ees . 002 . Refeence | —
s 208012634y . <0001 | 9647 . <0001 | 030(-054,1.14 | 479 |
CCondion
' Generaldiabetic | 231(.28416 005 . 9712 . <0001 . Reference | — |
' Cardiovascular diabetic | 149¢.17,189 oot . 7ol . o7 044(-116.028 231 |

More than 1000 2.00 (1.06, 3.76) 0.12 (-0.69, 0.930)

! All-cause mortality

! Duration of diabetes, y

S50 tmrgatzen . o4 53 <0001 Reference | —
S0 1es0ss300 18 9920 <0001 | -011(-082,059 | 750
CFolowupduraton,y
st 3421091072 . 0% 00 5999 | Refeence | —
S5 1ss(123,209 . <0001 . 12 . <0001 _077(-213.059 | 267
S5 i78(28249 o001 . %28 <000t | _065(-203,072) | 351

General diabetic 160(134,213 | <0001 98.48 <0001 Reference R
' Cardiovascular diabetic | 184(1.01,335 047 . 9687 . 001 | —0001(-048,048 | 999 |
CSamplesze
lesstanto00 . 1er(ern2my o1 9598 <0001 Reference | — |
" Morethani000 | 16501302100 . <0001 | 9750 | <0001 |  —005(-048038) . 815 |

ClI, confidence interval; HR, hazard ratio.

of BNP**>® and MR—proANP,54’55 the small number of these studies and (HR = 1.04; 95% CI: 1.00, 1.08) and all-cause mortality (HR = 1.05;

their diverse results prevented a meta-analysis from being performed 95% CI: 1.00, 1.10) increases. Also, Szwejkowski et al’? and Tsuruda
on their results. et al*® reported similar results for all-cause mortality and cardiovascular

However, as a qualitative assessment, Seki et al®! demonstrated that events. Furthermore, Onodera et al’® state that BNP can predict cardi-
with an increase in BNP serum levels, the risk of cardiovascular events ovascular events at cutoff points higher than 46.5 pg/mL (HR = 4.38;
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FIGURE 4. Forest plot of value of different cutoffs of NT-proBNP for prognosis of cardiovascular mortality in diabetes type 2
patients. Data were presented as adjusted hazard ratio (HR) and 95% confidence interval (95% CI).

Adjusted HR
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Bruno et al'’ — 1.42 (0.46-4.39) 5.55
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Rorth et al® E_e_ 1.75 (1.15-2.67) 8.75
Rorth et al® - 3.35 (2.19—5.12) 8.74
Winkler et al*? —o— 1.31 (0.77-2.23) 8.28
Winkler et al*2 " o— 1.76 (1.05—2.95) 8.35
Winkler et al*? —o— 1.74 (1.04—2.92) 8.35
Heterogeneity: t2= 0.07, I = 54.94%, H? = 2.22 - 1.92 (1.39-2.64)

Test of 6,= 6,: Q(4) = 8.98, P = .06

Test of group differences: Q,(4) = 39.07, P = .00

95% CI: 1.65, 11.59). However, their results indicated that in cutoff val-
ues of less than 28.3 pg/mL no relationship exists between BNP serum
levels and the incidence of cardiovascular events. In addition, Ikeda

etal®

also demonstrated that BNP levels more than 28.7 may indicate a
higher incidence risk of cardiovascular events.

Two studies evaluated the relationship between serum levels of MR-
proANP levels with the diabetes outcomes. In the first study, Jensen
et al®* showed that the risk of cardiovascular events increases with the
increase in serum levels of MR-proANP (HR = 1.71; 95% CI: 1.34, 2.18).
In the second study, van Hateren et al’ provided evidence over a signif-
icant increase in cardiovascular events (HR = 2.23; 95% CI: 1,78, 2.79)
and all-cause mortality (HR = 2.42; 95% CI: 1.74, 3.37) with the increase
in MR-proANP serum levels.

In comparison with previous systematic reviews, Buchan et al®®
demonstrated that the serum levels of BNP and NT-proBNP could
predict all-cause mortality in heart failure patients. In addition, Shen
et al’” showed that elevated NT-proBNP is associated with the risk of
post myocardial infarction death and major adverse cardiovascular
events. Moreover, a recent meta-analysis showed that elevated level
of NT-proBNP could predict short-term mortality following acute aor-

tic dissection.”® As a result, although previous systematic reviews did
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not assess the prognostic value of NT-proBNP in diabetic patients, their
results are compatible with the current meta-analysis. It seems that NT-
proBNP could be considered as an appropriate biomarker in the prognosis
of cardiovascular adverse events and deaths in patients with susceptible or
known cardiovascular diseases.

One of the major limitations of the present meta-analysis was dis-
ease duration reported in the included studies. The minimum dura-
tion of disease was 5 years. In other words, serum levels of NT-proBNP
were eliminated at least 5 years after the diagnosis of diabetes in these
patients. Hence, the prognostic value of this biomarker is rather un-
clear in shorter durations of the disease, and more studies are needed
in this regard.

Another major limitation for the generalizability of the findings of
this study is that the certainty of evidence in terms of the prognostic
value of continuous level of NT-proBNP was very low. Also, the presence
of an evident publication bias regarding the value of continuous level of
NT-proBNP in predicting cardiovascular events and all-cause mortality
is another reason to be cautious in interpreting the findings. However,
this limitation did not exist regarding categorical values of NT-proBNP.
Therefore, the author strongly recommends future studies to evaluate

the cutoff points proposed in this study.
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FIGURE 5. Forest plot of value of different cutoffs of NT-proBNP for prognosis of all-cause mortality in diabetes type 2 patients.
Data were presented as adjusted hazard ratio (HR) and 95% confidence interval (95% CI).

Adjusted HR

Study with 95% CI  Weight (%)

0 to 100 pg/mL :

Bruno et al'’ A 1.50 (0.98-2.29) 6.88
Tarnow et al* 1"9— 1.46 (0.91-2.34) 6.53
Heterogeneity: t2= 0.00, I = 0.00%, H? = 1.00 - 1.48 (1.08-2.03)

Test of 6,= 6,: Q(1) = 0.01, P = .93 :

101 to 125 pg/mL .

Bruno et al'” . - 2.12 (1.41-3.18) 7.02
Prausmiiller et al® e 1.54 (1.09-2.17) 7.50
Prausmiiller et al*® ' < 2.97 (2.35-3.76) 8.25
Tarnow et al* : - 2.54 (1.56-4.14) 6.39
Heterogeneity: t>= 0.06, I?> = 66.40%, H? = 2.98 - 2.25 (1.65-3.05)

Test of 6,= 6,: Q(3) = 9.93, P = .02 5

226 to 550 pg/mL :

Bruno et al'? G 4.72 (3.22-6.92) 7.21
Heterogeneity: 2= 0.00 : - 4.72 (3.22-6.92)

Test of 6,= 6,: Q(0) = 0.00 5

551 to 1100 pg/mL ;

Pfister et al* ' ¢ 5.50 (2.02-14.96) 3.29
Prausmiiller et al® E - 4.06 (2.94-5.60) 7.67
Heterogeneity: 12= 0.00, I2 = 0.00%, H2 = 1.00 - 4.18 (3.08-5.67)

Test of 6,= 0,: Q(1) = 0.32, P = .57 ;

>1100 pg/mL :

O'Donoghue et al*® ———  3.42(1.09-10.72) 276
Rorth et al® :+ 2.00 (1.19-3.37) 6.14
Rorth et al® E —— 3.30 (1.95-5.57) 6.11
Winkler et al2 ha 1.24 (0.95-1.62) 8.05
Winkler et al*? o 1.65 (1.27-2.14) 8.10
Winkler et al®? g 2.06 (1.59-2.66) 8.12
Heterogeneity: 1= 0.08, I? = 70.55%, H? = 3.40 > 1.92 (1.44-2.55)

Test of 6,= 6,: Q(5) = 15.36, P = .01 ;

Test of group differences: Q,(4) = 35.76,P = .00

1248
Conclusion REFERENCES

A moderate level of evidence indicated that serum levels of NT-
proBNP can predict cardiovascular events, cardiovascular mortality,
and all-cause mortality in type 2 diabetes patients. The most appro-
priate cutoff point for NT-proBNP in predicting cardiovascular events
and cardiovascular mortality is a value greater than 100 pg/mL, and in
predicting all-cause mortality a value greater than 225 pg/mL. Thus,
NT-proBNP can be used as a biomarker for risk stratification of type
2 diabetes.
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ABSTRACT

Short tandem repeat (STR) analysis to assess chimerism is a critical as-
pect of routine care particularly in patients facing stem cell transplants
but is also relevant in other clinical scenarios. STR analysis provides a
means to assess donor and recipient cellular origins in a patient, and,
as such, can inform engraftment, rejection, and relapse status in stem
cell transplant recipients. In this review of STR testing, the most com-
monly used method to assess chimerism, its background, procedural
details, and clinical utility are discussed.

With roots imbedded in Greek mythology, Chimera, once depicted
as a lion-goat-snake hybrid monster (The Chimera of Arezzo),! now
refers to an individual composed of at least 2 genetically distinct cell
populations.” As such, chimerism is embodied in both nature (reviewed
in Madan®) and medicine. In nature, studies in the 1940s described
erythrocyte mosaicism (chimerism) in calves, likely the phenomenon
of anastomoses between twin calves in utero.” Similar cases have since
been reported in humans.” The term “chimera” followed shortly thereaf-
ter, when, in the 1950s, Billingham and colleagues6 reported that inoc-
ulation of donor cells in utero resulted in actively acquired tolerance to
the same donor later in life, suggesting a role for chimerism in mediating
allograft tolerance.

The 1980s saw an emergence of hematopoietic progenitor cell
transplantation (HPCT) for the treatment of certain malignant and

nonmalignant diseases. Establishment of hematopoiesis by donor

stem cells is critical for therapeutic benefit, making analysis of the
donor and recipient cellular populations following transplant impor-
tant in understanding success of the therapy. Chimeric assessment
of donor and recipient populations results in understanding whether
the patient exhibits full chimerism (>95% cells of donor origin) or
mixed chimerism (between 0% and 95% cells of donor origin), which
is further classified as transient (percent recipient cells is high, but is
decreasing), stable (percent recipient cells is stable overtime), progres-
sive (percent recipient cells increases to >10%), or increasing (percent
recipient increases >5% from last sample tested).” Other states of chi-
merism include split chimerism, in which 2 cellular populations (ie, T
cells and myeloid cells) represent 2 different chimerism statuses in an
individual, and microchimerism, in which the percent recipient is be-
tween 0% and 1%.

Early techniques to monitor chimerism included Southern blotting,
restriction fragment length polymorphism, and polymerase chain reac-
tion (PCR).” The prominent use of chimerism testing led to the ability
to associate mixed chimerism with disease state (ie, relapse and graft
rejection), and testing became a routine part of clinical practice for
HPCT recipients to monitor initial engraftment, rejection, and disease
relapse.”®® Today, the utility of chimerism testing is multifaceted. Al-
though initially used to document HPCT engraftment or failure, chi-
merism testing is now used to monitor risk of relapse, graft-versus-host
disease (GVHD), minimal residual disease, GVHD following solid organ
transplantation, and transfusion-associated GVHD. These tools to as-
sess 2 or more distinct sources of DNA have found uses in other fields
outside of transplant, including forensic testing, twin zygosity, parent-
age/kinship testing, and specimen identification.

As technology improved, so too did chimerism testing techniques.
Earlier methodologies included red blood cell (RBC) phenotyping, XY
cytogenics, and fluorescence in situ hybridization (FISH), whereas mod-
ern methodologies include molecular microsatellite testing (ie, short
tandem repeat [STR] assessment), quantitative polymerase chain reac-

tion (qPCR) assays, and next-generation sequencing (NGS) assays.

Methods of Old

RBC phenotyping arose in the 1980s'* and was shown to be a sensitive
method to measure the proportion of donor and recipient populations
following allogeneic HPCT by assessing the RBC phenotype.''? To
do this, a complete RBC phenotype was performed (including A, B, C,
¢, E, D K, Fy%, Pyb, Ji, JK® M, N, S, and s antigens) and mismatched
antigens between the donor and recipient were identified and thereafter
monitored for chimerism status. This chimerism assay was found to
be useful for patients presenting with or being treated for chronic my-

eloid leukemia, as relapse of disease is typically associated with host
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erythrocyte expansion and easily detected with this assay.'*'"'>'* RBC
phenotyping, although fast, simple, and sensitive, only detects chimer-
ism in the RBC compartment,” and due to the slow turnover rate of
RBCs (>120 days), an accurate determination of chimerism could be
delayed.*

Chromosomal assessment was another earlier method used to de-
tect mixed chimerism. Sex-mismatched donor:recipient (D:R) pairs
were assessed using XY cytogenics or with polymorphic satellites that
differ between sex-matched donors and recipients.” Fluorescent in situ
hybridization was an improvement on XY cytogenetics that allowed for
the more rapid assessment of many cells with high sensitivity using
fluorescent probes.”” Use of these techniques was labor intensive and
limited by sex-mismatched D:R pairs. A recent survey of laboratories
within the Center for International Blood and Marrow Transplant Re-
search (CIBMTR) performing chimerism testing showed that of 108
responding laboratories, none reported using RBC phenotyping and
only 3 reported using FISH.'® The vast majority (82%) reported use of
the STR assay for chimeric assessment. This review will cover STR analy-
sis in depth—from cell isolation and DNA extraction to test interpreta-
tion—as it is the most prevalent test used for chimerism analysis, with
the goal to provide an all-encompassing didactic resource for those en-

tering the field or beginning STR testing.

Microsatellite Testing: The Method of the Present
Following analysis of the whole genome, mini- and micro-satellite re-
gions of repetitious genomic material were identified as they produced
a different frequency of the 4 nucleotide bases than other areas of DNA,
resulting in the separation of these regions from others in chromatog-
raphy or density gradient centrifugation.'””’ These repetitious regions
include 2 major types: variable nucleotide tandem repeats (VNTR), of-
ten with the repeating sequence made of 14 to 500 base pairs (bp) in
length, and STR, typically made of 1 to 6 bp in length®*** but also as-
sociated with lengths of up to 13 bp”® (FIGURE 1). Although STRs are
present in coding regions, the vast majority are in noncoding regions,24
The amount present in the genome associates with genome size,”” mak-
ing up as much as 3% of the human genome.”

The discovery and implementation of PCR led to the ability to geno-
type individuals at these regions and rapidly revolutionized chimerism
testing.”®?” The number of times the simple STR sequence is repeated
varies quite highly among individuals due to the high probability of pol-
ymerase slippage during DNA replication,”® resulting in many different
alleles. Genotyping several repeat regions can identify alleles that distin-
guish DNA isolated from donor vs recipient cells. The VNTRs were ini-
tially assessed for their ability to distinguish donor vs recipient, but their
lower degree of polymorphism and large base pair length typically results
in fewer alleles than STRs. Consequently, STR analysis has become the
preferred method.” In addition to the 82% of responding laboratories
in the CIBMTR above using STR analysis, another recent survey of ac-
credited American Society of Histocompatibility and Immunogenetics
or European Federation for Immunogenetics laboratories identified
that 87% of responding laboratories (of 54 total) within these agencies
used STR analysis for chimerism, making it the most common method
for assessing chimerism within both groups surveyed.’® As STR test-
ing developed, older methods, including cytogenetic analysis and RBC
phenotyping, fell out of favor for many laboratories because of their lim-

itations and lack of sensitivity.
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FIGURE 1. Visual representation of short tandem repeat
(STR) and variable nucleotide tandem repeat (VNTR)
differences. A, A paternal and maternal chromosome set

is depicted with microsatellite regions in red. B, Depiction

of a STR microsatellite locus in which 1 chromosome has

6 repeats of a 1 to 6 bp segment of DNA (Allele A6), and

the other has 8 repeats (Allele A8). C, Depiction of a VNTR
microsatellite locus in which one chromosome has 4 repeats
of a 14 to 500 bp segment of DNA (Allele A4), and the other
has 3 repeats (Allele A3).
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STRs can be named after the gene in which they are located in (ie,
TPOX is located in the human thyroid peroxidase gene, intron 10), or
with a D#S## nomenclature (eg, D251338) if located outside of a gene,
wherein D = DNA, the number after the D refers to the chromosome
in which it resides, S = STR, and the numbers after the S are its spe-
cific identifier.”" Classification of STRs is by the length of repeating base
pairs; that is, di-, tri-, tetra-, penta-, and hexa-nucleotide repeats, and
then by the types of repeats: simple, compound, and complex.’' Simple
STRs are made of a single 1 to 6 bp repeating sequence (eg, [AATG]4).
A variation of a simple STR with 1 of the repeats containing a missing
nucleotide is called a variant allele or “simple with non-consensus
allele” (eg, [TCTA] 3TCA[TCTA] 8).32 Compound STRs are made of mul-
tiple sets of repeats of the same bp length (eg, [TGCC] 4[TTCC] 6). Com-
plex STRs are made of multiple sets of repeats of differing bp lengths,

which could include nonrepeating or constant segments dispersed be-
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tween (eg, [TCTA], [TCTG], [TCTA], TA [TCTA], TCA [TCTA], TCCATA
[TCTA]). Alleles of STRs are typically designated by the number of re-
peat sequences present” ; this includes repeats of the same or differing
sequences in simple and compound/complex STRs (eg, [AATG], is allele
4 of TPOX and [TGCC]4[TTCC]6 is allele 10 of D251338). For designating
alleles with incomplete repeats in compound/complex STRs, the total
repeat number separated by a decimal point followed by the number of
base pairs in the incomplete repeat is used (eg, [TCTA] 5 TCA [TCTA] s is
designated as allele 11.3 of D25S441). Occasionally, there are exceptions
to these guidelines from historic use, such as Penta D and E. These 2
penta-nucleotide repeats were found by the Promega Corporation in a
shotgun method to identify penta-nucleotide repeats in the human ge-
nome (Promega). These 2 loci, because of their high power of discrimi-
nation, few microvariants, and low level of stutter, were singled out as
useful loci in STR analysis and have kept their historical name.
Assessment of several STR loci as a panel can identify individuals fo-
rensically, as a 13-locus STR assessment can lead to nearly 10** possible
profiles, making any individual’s profile extremely rare.** To this end,
STR testing is a valuable tool in chimerism testing, as the possibility of
2 individuals exhibiting the same exact STR profile is also rare (except
identical twins) and has been estimated to be 1 in 575 trillion for un-

related White persons for a 13-locus panel.”

This allows STR analysis
to identify unique alleles between D:R pairs to monitor chimerism fol-
lowing HPCT. Several commercial panels are now available for testing in

chimerism laboratories.

STR Testing

Because the rate of immune cell reconstitution varies between differ-
ent white blood cell types,”® chimerism testing is typically performed
on enriched populations of various cells. The recent survey of chi-
merism testing laboratories indicated that 74% of laboratories per-
form chimerism testing on cell subsets, with 68% looking at T cells
(CD3+) and 52% also testing myeloid/granulocyte populations of cells
(CD33+).%° Other subsets often tested include B cells (CD19/20+), NK
cells (CD56+), and CD34+ cells. The high prevalence of T-cell-enriched
testing can likely be attributed to their biological relevance—T-cell
mixed chimerism has been associated with relapse in several types of
disease—and technological ease of enrichment; T cells typically exist in
high frequency in peripheral blood, leading to high purity and yield."®
Positive magnetic enrichment is most frequently used to separate dif-
ferent populations, although cell sorting via flow cytometry is another
(although expensive) technique that can be used.

Following enrichment, DNA is extracted and the STR loci of in-
terest are amplified via PCR using fluorescent primers to quantify the
PCR product. These products are then subjected to capillary electro-
phoresis, a method that shuttles each PCR product into a capillary that
separates products according to their size. Because several STR loci have
overlapping size, different fluorescent labels are used in the generation
of the PCR products, allowing similar size products to be easily distin-
guished from one another based on their fluorescence emission spec-
tra. This approach allows multiple similar-sized STR loci to be assessed
simultaneously and supports higher-throughput typing*’ The PCR
products are then outputted on an electropherogram, where the PCR
products are converted into peaks of fluorescent units (which are mainly
influenced by the abundance of PCR product, but can also be affected by
input DNA concentration, amplification efficiency, and allele size). The

position of the peak is a function of the time it took to migrate through
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the detector, which is then converted to base pair size according to a
standard curve. Finally, the peak is associated with its particular STR
locus via which fluorescent probe was used. The area under the peak, or
height of the peak, is used to determine the level of chimerism in the

transplant recipient (see below).
P- P!

Chimerism Analysis

To perform chimerism testing, a donor sample and pretransplant recip-
ient sample are used to determine which STR probes distinguish donor
from recipient and will thus be informative to determine the degree of
chimerism. Each STR locus has 2 alleles, 1 maternally inherited and 1
paternally inherited (there are some exceptions, noted in the “Limita-
tions of the STR Assay” section). An individual can be homozygous or
heterozygous for each STR locus, with homozygous alleles presenting
as 1 peak and heterozygous alleles presenting as 2 peaks. Assessment of
each locus can be classified as informative, noninformative, or partially
informative.

To be fully informative, there must be at least 1 unique donor al-
lele and 1 unique recipient allele, so that when chimerism analysis is
performed posttransplant, the locus can be assessed for the proportion
of donor allele in the DNA isolated from the posttransplant recipient
(FIGURE 2A). When both alleles for 1 locus are shared between donor
and recipient, that locus is noninformative due to the inability to distin-
guish donor from recipient (FIGURE 2B). Loci that have a unique allele
only in the recipient and not in the donor or vice versa are considered
partially informative. Such loci are more challenging to calculate the
degree of chimerism (FIGURE 2C). As such, partially informative loci
are generally not recommended for chimerism testing. As expected, the
number of informative STR loci is lower among related donors than un-
related donors.*® After identifying informative loci, each locus is used
to calculate the percent donor chimerism. The height (or area under the
peak) of the unique peaks at the informative locus is proportional to the
amount of the PCR product at that locus. Therefore, the percent donor

chimerism at each locus can be calculated by

D1+ D2

——————— x 100
DL +D2+RL+R2

where D1 and D2 represent the height or area under the peak of the
donor peaks and R1 and R2 represent the height or area of the recipient
peaks®” ™" (FIGURE 3). If the donor and/or the recipient is homozy-
gous at the locus, then D2 and/or R2 is 0, and the peak height should be
approximately double that of a heterozygous allele (FIGURE 4). Shared
peaks between the donor and recipient can be excluded. Calculated per-
cent donor chimerism should be similar for all informative loci, and the
average of all the loci is reported as the final percent donor chimerism.
It is recommended that at least 3 fully informative loci be used to cal-
culate the average percent donor chimerism. If the chimerism calcula-
tion for an individual locus differs by >10% from other loci, it should be
removed.®®*? Also, because standard deviation (SD) measures deviation
from a mean (therefore, 5% SD is worse in a recipient who is 20% chi-
meric than 90% chimeric), the coefficient of variation (CV), which meas-
ures the ratio of the SD to the mean, should be reported and at or below
5% 1f the CV is >5, identification of the locus/loci that are causing
the skew should be removed and new loci chosen that result in a CV <5.

Sensitivity of the STR assay in the detection of minor genotypes
is between 0.4% and 5%.°**! Because of this relatively low sensitivity,

many laboratories consider fully engrafted as >95% donor chimerism,
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FIGURE 2. Schematic of informative (A), noninformative (B), and partially informative (C) alleles in short tandem repeat (STR)
analysis. A, Electropherograms of 2 STR loci are shown in which the donor and pretransplant (pre-Tx) recipient have no shared
(or nonoverlapping) alleles and are therefore informative. B, A locus in which the donor and pre-Tx recipient have all shared
alleles and cannot inform chimerism analysis. C, A locus in which the donor and pre-Tx recipient have 1 shared allele and 1
nonoverlapping allele, indicating the nonoverlapping allele alone is informative, making this locus partially informative. post-Tx,

posttransplant.
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as this technique cannot accurately discern 95% from 100%. Newer
methods discussed below have higher sensitivities (NGS 0.01%-1%,
qPCR 0.01%-0.1%), and can provide an advantage over STR, although

: PP - caion 44
higher sensitivity in these assays can precipitate worse precision.

Limitations of the STR Assay

As different fluorescent molecules are used to distinguish similar-
sized PCR products, occasionally the emission spectrums of the
fluorophore overlap and cause leakage into other channels.”>*® This
can be interpreted as a peak of the same size in 2 different fluorescent
channels, known as a “pull up,” and could be misinterpreted for 2 PCR
products of the same size with different fluorophores, when in actuality
there is only 1 true peak and the other is due to emission wavelength
overlap (FIGURE 5A). Pull-up peaks can be identified as “extra” peaks
that are in the posttransplant recipient sample that are not in the donor
or pretransplant recipient sample, and they can be avoided by reducing
the amount of PCR product that goes into the capillary, either by diluting

the product or reducing the injection time.*” Use of fluorochromes with
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little spectral overlap can also aid in prevention of pull-up peaks. Careful
analysis of each loci should be performed to correctly identify pull-up
peaks and the actual PCR product.

Furthermore, as patients requiring an HPCT present with a hema-
tological malignancy, additional genetic alterations/abnormalities of
the malignancy (termed loss of heterozygosity [LOH]) can disrupt the
graft vs leukemia (GvL) response in haploidentical HPCT and cause re-
lapse.*®° This circumstance is rather rare, but can comprise human leu-
kocyte antigen (HLA) loss and instability at the STRloci (length variation
or loss of locus), not only resulting in loss of heterozygous alleles re-
quired for GvL and subsequent relapse, but also potentially confounding
HLA typing or chimerism analysis.””*® A recent survey of clinical prac-
tice included questions concerning this confounding phenomenon, and
the response to these questions were under-answered and varied, likely
indicating both the rarity of the event and unclear clinical guidelines
about the management of such events.'® LOH provides an infrequent
situation in which relapse can be detected not only by reemergence of re-

cipient peaks, but also might be evidenced by increasing donor chimer-
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FIGURE 3. Chimerism analysis when both the donor (D) and recipient (R) are heterozygous. A, Electropherograms of 2
examples in which the donor and recipient are heterozygous, the left in which no alleles are shared, and the right in which

1 allele is shared. The calculation for chimerism is shown below, with D1 the furthest left donor allele, D2 being the furthest
right, R1 the furthest left recipient allele, and R2 the furthest right. B, An electropherogram in which chimerism cannot be
calculated because, despite being heterozygous in the donor and recipient, they share the same alleles, rendering this locus
noninformative. Note that it is not recommended to use this locus for chimerism analysis. pre-Tx, pretransplant; post-Tx,

posttransplant.
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ism due to lack of the recipient allele being detected (because it was lost)
despite maintaining a resurgence of recipient cells. In haploidentical
settings, judicious care should be taken with patients with increasing
chimerism, as there could be an underlying instable or lost STR that
indicates relapse and is not truly identifying a chimeric status.

In a similar vein, chimerism analysis only determines percent DNA
from recipient and donor and does not indicate whether recipient DNA
is specifically derived from malignant cells. As such, the clinical signif-
icance of chimerism status indicating recurrence or relapse of disease
remains debated, with the need for highly sensitive measurements of
chimerism to indicate early detection and intervention.”" In return for
this ultra-high sensitivity, however, there is an enhanced likelihood
for detection of contamination as false-positive (eg, skin, stroma from

52,53

needle puncture’>””), lowering the precision of the assay and therefore
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resulting in a conundrum between sensitivity, precision, and the abil-
ity to detect minimal residual disease (MRD) early. Although chimer-
ism analysis via STR can provide evidence for risk of relapse,” flow
cytometry can specifically identify MRD via assessing aberrant cell
populations, with appropriate sensitivity, and represents a better test
utilization for relapse identification than chimerism assays.”

Often, so-called stutter peaks can occur in the amplification of STRs
due to polymerase slippage on the repeat units, causing a repeat to be
looped out and the PCR product to become shorter.”® Stutter peaks
exhibit low peak heights due to the infrequent nature of the slippage and
are typically around 5% to 10% of the original peak height (FIGURE 5B).
The STR loci that differ in the donor and recipient only by 1 repeat
unit are not recommended for chimerism analysis because these stut-

ter peaks could distort the percent donor chimerism.****® If no other
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FIGURE 4. Chimerism analysis when either or both the donor (D) and recipient (R) are homozygous. A, Electropherograms of 2
examples in which either the donor and recipient are homozygous, the left showing the donor homozygous and the subsequent
calculation for chimerism, and the right showing the recipient homozygous and the inability to calculate chimerism. D1 is the
furthest left donor allele, D2 the furthest right, R1 the furthest left recipient allele, and R2 the furthest right. Note that it is not
recommended to use the SE33 locus for chimerism analysis. B, Electropherograms in which both the donor and recipient are
homozygous, the right representing homozygosity at different alleles in the donor and recipient and the subsequent calculation
for chimerism, and the left representing homozygosity for the same allele in the donor and recipient, rendering this locus
noninformative. Note that it is not recommended to use the SE33 locus for chimerism analysis. pre-Tx, pretransplant, post-Tx,

posttransplant.
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valid loci are available for chimerism analysis, a correction can be
made in the chimerism analysis by accounting for the stutter height
that is present in the pretransplant sample, which is then subtracted
from the posttransplant sample. This assumes that the level of stutter
pretransplant remains the same posttransplant.

Another phenomenon that can hinder accurate result interpre-
tation is the occurrence of a 3' addition of adenosine at the end of
the PCR-amplified products.’®*”*® When this occurs, the PCR prod-
uct appears as a double peak and can cause difficulty in interpreta-
tion (FIGURE 5C). These nontemplated additions arise due to the
extendase activity of Taq polymerase and can occur differentially

depending on the terminal amino acid.”® Because different STR kits
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contain unique primers for each locus, it would stand to reason that
each kit can vary in its capability to induce adenylated sequences.
Early research indicated that the addition of a single terminal se-
quence to the primer more uniformly resulted in adenosine addition,
whereas finding a sequence to prevent the addition of adenosine was
more complex and usually primer specific.”® These results indicated
that it is potentially more useful to adenylate all products rather than
trying to prevent the adenylation of some. Further, inclusion of a fi-
nal extension step can promote adenylation across all products and
is another method to prevent double peaks.’” It is therefore prudent
to identify whether this occurs in the commercial kits used by each

laboratory, and if so, to either prevent the double peak occurrence by
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FIGURE 5. Artifacts and rare findings in short tandem repeat analysis. A, A depiction of a pull up peak from Locus A appearing
in Locus B. Two electropherograms (stacked on top of each other) from separate loci within an individual. Locus A shows 2
peaks at full-strength peak heights at its two allele sizes (10, 12). Locus B in another fluorescent channel shows a full-strength
peak height at its allele size (18), but also shows 2 pull-up peaks as indicated by the weak smaller peaks in green, that appear
as a 14 allele and 16 allele in Locus B but is a true 10 allele and 12 allele from Locus A that is pulling up in the bins of alleles 14
and 16 in Locus B. B, A depiction of a locus with stutter peak interference. Allele 17 should indicate percent recipient following
transplantation, but because of stutter from allele 18 in the donor, the small peak posttransplant (post-Tx) could either be
stutter from allele 18 or rebound of recipient cells. It is recommended that loci in which the stutter co-localizes with recipient
and/or donor alleles not be used as informative. C, A locus in which a double-peak (nontemplated nucleotide addition) is
shown in the recipient post-Tx at alleles 12 and 16. This example of a double peak would not interfere greatly with informativity.
D, A locus in which the donor is tri-allelic, type 2, meaning the individual has 3 alleles at equal height. This tri-allelic locus
would be excluded in chimerism calculation. pre-Tx, pretransplant.
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including a final extension step or excluding those loci from chimer-
ism analysis.

In addition to double peaks, another phenomenon can occur in STR
analysis in which a single locus has 3 alleles, called a tri-allelic pattern.*
These patterns are mainly categorized into two types: type 1, in which the
3 alleles differ in allele height, and type 2, in which the 3 alleles have equal
height (FIGURE 5D).% Type 1 alleles typically occur from a somatic
recombination event of a heterozygous allele, resulting in 3 alleles but of
unequal intensities, wherein the 2 alleles with a smaller peak value sum
up to be the approximate height of the tallest peak.’" Type 2 alleles typ-
ically arise from chromosomal duplication, triploidy, or other rearrange-

ment events in the germline that result in 3 peaks of balanced height,
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representing the 3 alleles.”® Identification of triallelic patterns is im-
portant to prevent the misinterpretation of the allele as chimeric. To rule
out contamination and confirm the tri-allelic locus, ensure that it is pres-
ent in more than 1 sample from the individual (ie, present in both CD3
and CD33 enriched populations or from separate samples). These loci can
be used as informative if no peaks overlap between the donor and recipi-

ent, but if 3 other informative loci exist, use of those would be preferred.

STR Testing Utility
STR analysis can be used in chimerism analysis, relapse assessment, and
GVHD monitoring in HPCT patients. Monitoring posttransplantation

begins within months of transplant to inform engraftment status, with
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the majority of laboratories beginning at 1 month posttransplant.'® Con-
tinued monitoring assesses changes in chimerism status that can then be
associated with rejection of the graft or disease relapse and the informa-
tion can be used to inform treatment and other clinical decisions.** ** STR
analysis can also be used in other clinical settings, such as transfusion-
associated GVHD (TA-GVHD), solid organ transplant-associated
GVHD, twin zygosity, parentage/kinship testing, and specimen
identification.

TA-GVHD is a rare but 90% fatal condition following transfusion.®’
Because of the difficulty in diagnosis, most cases are diagnosed postmor-
tem. TA-GVHD occurs when lymphocytes from the transfusion, instead
of being eliminated by the host immune response, engraft and prolif-
erate.®® Risk factors include an immunocompromised recipient, shared
HLA alleles between the donor and recipient, intrauterine and exchange
transfusions, congenital immunodeficiency, stem cell transplantation,
and lymphomas. To maintain vigilance in the detection and prevention
of TA-GVHD, the National Healthcare Safety Network Biovigilance Com-
ponent Hemovigilance Module Surveillance Protocol v2.6 of the Centers
for Disease Control and Prevention was developed for centers that per-
form transfusions to judiciously monitor transfusion-associated adverse
events. In this protocol, white blood cell STR analysis is used to define
chimerism and diagnose TA-GVHD.

Solid organ transplant can also lead to the development of GVHD,
particularly in lymphocyte-dense organs such as the small bowel®
and liver® (although there have been reports of other organs inducing
GVHD""""*), which can maintain reservoirs of lymphoid tissue. In these
scenarios, lymphocytes from the graft infiltrate and engraft into the re-
cipient and cause GVHD. Mortality is high—between 30% and 75%.”
Detection of donor chimerism using STR analysis can aid in diagnosis of
transplant-associated GVHD, as well as to monitor the efficacy of treat-
ment regimens.76

Although all efforts are made to prevent mislabeling of specimens
in the laboratory, it is not unusual to encounter an incorrectly labeled
specimen, which can impact clinical care. In cases of suspected spec-
imen mix-up, STR analysis can aid in the correct identification of the
samples. In our laboratory, 2 colon biopsies came in from a single in-
dividual with 2 requisition forms. Later, it was determined that an
individual with a specimen collected on the same day had yet to re-
ceive their results. It was hypothesized that 1 of the 2 colon biopsies
and 1 of the accompanying requisition forms were incorrectly labeled
and were from the individual with the missing sample. An STR anal-
ysis was performed on the biopsies and showed genetically distinct
specimens. A third sample from the individual with the missing speci-
men was then used to confirm identity of the original “duplicate” sam-
ple. In this way, STR analysis can be used to deconvolute specimen
mix-ups.

Outside clinical use, STR testing is heavily used in forensics for spec-
imen identification.”””® The Combined DNA Index System is the data-
base used by the Federal Bureau of Investigation to document and search
DNA profiles collected from convicted offenders and arrestees, potential
suspects, evidence from crime scenes, family members of missing per-
sons, and unidentified specimens (www.fbi.gov). Twenty STR loci are
used to create these profiles. Similar analyses are performed for forensic
STR assessment as clinical STR assessment; however, the likelihood of
partial or mixed profiles can be high due to DNA degradation in the fo-

rensic sample and/or contaminated samples.
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Methods of the Future
New strategies for chimerism analysis, including gPCR and next-
generation sequencing (NGS), are beginning to be implemented in some
laboratories.'® qPCR was first suggested as an alternative method to STR-
PCR in the early 2000s as a faster and more sensitive method to detect
the first sign of relapse or rejection.** The method detects single nucleo-
tide polymorphisms and/or insertion and deletion (indel) polymorphisms
within the genome. However, its use, although a log-fold increase in sen-
sitivity, is not as accurate in detection of major markers due to variation
in the quantification of PCR products in high concentration.** Because of
this issue, gPCR is not routinely relied upon for chimeric analyses, and
only a minority of laboratories in the CIBMTR (23%) report using it."®
NGS is rapidly gaining momentum as another avenue to assess
chimerism due to its uptake in many immunogenetics laboratories
for HLA typing of donors and recipients. Prior to its use for typing,
the benefit of increased sensitivity of NGS (0.1%-1%)"° compared to
STR (0.4%-5%) for chimerism analysis was outweighed by the mas-
sive cost of its implementation. Now, as laboratories are implementing
NGS to produce high-resolution donor and recipient HLA typing, ~7%
of reporting laboratories are also using NGS for chimerism analysis.'®
Likely, as NGS for typing becomes the standard, more laboratories will
use NGS for chimerism analysis to take advantage of the increased accu-
racy of the assay compared with STR. In a comparable manner to STR,
cell subsets are isolated and DNA is extracted. Two PCR reactions are
then used to amplify and barcode a set of indels from the genome prior
to running sequencing on a NGS instrument.’’ The deep sequencing
of NGS allows millions of fragments to be analyzed, contributing to
its high sensitivity.”” Typing of so many markers prevents the need
for pretyping of the donor and recipient as the sophisticated bioin-
formatic platforms can readily distinguish 2 genomes.®" This method
can also be used to assess cell-free donor-derived DNA in solid or-
gan transplants with high accuracy.®”®® The NGS is not without its
disadvantages, however, which mainly center on implementation and

reagent cost, required bioinformatics expertise, and standardization.

Conclusions

STR analysis remains the gold standard of laboratories testing chimerism
due to its high sensitivity and accuracy. Judicious care should be taken
to interpret STR data and avoid making incorrect calculations of chimer-
ism due to stutter peaks, pull-up peaks, double peaks, tri-allelic peaks,
and malignant loss of alleles. Careful assessment of STR data ensures ac-
curate percent chimerism calculations, thereby enabling accurate assess-
ment of engraftment, rejection, and relapse in HPCT patients to guide

clinical care. As NGS systems are incorporated into more laboratories
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for typing, it will likely become more commonly used in chimerism test-
ing due its higher sensitivity. Transition to this technology will require

standardization and bioinformatic expertise to correctly interpret data.
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ABSTRACT

Leishmaniasis is a vector-borne infection caused by kinetoplastid
protozoans in the genera Leishmania and Endotrypanum. The disease
occurs worldwide in the tropics and subtropics and can be partic-
ularly burdensome in resource-limited settings. Diseases caused by
leishmaniasis range in severity from mild cutaneous lesions to life-
threatening visceral and disfiguring mucocutaneous illnesses. Rapid
and accurate diagnosis is needed to ensure proper clinical manage-
ment of patients afflicted with this disease. Complicating matters of
diagnosis and treatment are the diversity of species within these 2
genera and the variable specificity of diagnostic assays. This mini-
review provides laboratory professionals with an overview of Leish-
mania epidemiology, biology, pathogenesis, clinical presentations, and
treatments with additional emphasis placed on the nuances involved
in diagnosis.

Leishmaniasis is a parasitic infection caused by kinetoplastid protozoans
in the genera Leishmania and Endotrypanum. The parasites are transmitted

through the bite of sand flies (Diptera: Psychodidae). Leishmaniasis is a

severe and, in cases of visceral leishmaniasis, potentially fatal disease that
affects more than 12 million people globally with an annual case fatality
rate of 20,000 to 40,000." The disease is often linked to poverty, immuno-
suppression, malnutrition, poor housing, and a lack of adequate medical
resources, with about 350 million people at risk for infection.”

There are 3 main clinical presentations of leishmaniasis: visceral
leishmaniasis (VL), cutaneous leishmaniasis (CL), and mucocutaneous
leishmaniasis (ML). Most cases of VL occur in rural and suburban
areas of low socioeconomic status in Bangladesh, Ethiopia, Brazil, In-
dia, Sudan, and South Sudan.’ Cutaneous leishmaniasis is more wide-
spread, with nearly 75% of the cases occurring in Afghanistan, Algeria,
Brazil, Ethiopia, Iran, Peru, Sudan, Costa Rica, Colombia, and Syria.2
Mucocutaneous leishmaniasis is most commonly seen in Bolivia, Brazil,
Peru, and Ethiopia, as well as Thailand.®

Successful patient management is linked to the ability to provide a
rapid and accurate diagnosis. It is crucial to perform species-level iden-
tification on isolates from patients infected in areas with cocirculating
Leishmania species or when the epidemiological investigation is unable to
isolate the infectious event to a single region. Historically, identification
of Leishmania species was a laborious task, ultimately achieved by isoen-
zyme analysis following weeks of culture. Immunologic methods and mo-
lecular tools, the latter of which are still not commonplace in many clinical
laboratories, are allowing for more rapid identification, which in turn can
provide for proper chemotherapy earlier in the course of infection.

The topics presented in this mini-review are targeted towards pro-
viding clinical and diagnostic context to medical laboratory and allied
health professionals whose responsibilities may include appropriate

stewardship of diagnostic methods.

Causal Agents

Leishmania are kinetoplastid protozoans related to the trypanosomes.
Depending on taxonomic and nomenclatural systems applied, there are
at least 20 species of Leishmania implicated in human disease divided
among 4 subgenera: Leishmania, Mundinia, Sauroleishmania, and Viannia,
with the most common and clinically important species belonging to
the subgenera Leishmania and Viannia.” In 2018, Leishmania colombiensis
and L equatoriensis were transferred to the genus Endotrypanum’; they
are included herein because they clinically present as CL. For a complete
list of species, their geographic distribution, natural hosts, and clinical

presentation, please refer to TABLE 1.

© The Author(s) 2022. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, please e-mail:

journals.permissions@oup.com
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TABLE 1. Species of Leishmania and Endotrypanum Implicated in Human Disease?

Species Geographic Distribution

Clinical

Natural Host(s); Vector(s) ' Presentation’

Genus: Endotrypanum

: Colombia

! Colombia, Ecuador

Endotrypanum colombiensis

| Endotrypanum equatoriensis

| Genus: Leishmania

| Subgenus: Leishmania

! Africa (Ethiopia, Kenya, Uganda), Yemen

Leishmania (L) aethiopica

Leishmania (L) amazonensis

(syn L garnhami)

' Leishmaria (L) donovani (syn | Indian subcontinent, China, Central Africa
! L archibald)

Leishmania (L) infantum Mediterranean Europe and Africa, SE Europe,
! Central Asia, Central and South America
: (syn L chagasi) !

Leishmania (L) major || Northern and Central Africa, Middle East, India,
China
! Leishmania (L) mexicana ! Southern United States (Texas) to South

3 | America

: (syn L pifanoi) '

North and Central Africa, Middle East, Central
! Asia, India

Leishmania (L) venezuelensis : Northern South America

: Dominican Republic

Leishmania (L) tropica

Leishmania (L) waltoni

Subgenus: Mundinia
Leishmania (M) martiniquensis Martinique, Thailand
| Leishmania (M) orientalis

! Thailand

(syn L siamensis)

| Subgenus: Sauroleishmania

| Leishmania (S) tarentolae  North Africa, southern Europe, Middle East

| Subgenus: Viannia

Sloths; Lutzomyia spp CL
: Sloths, squirrels; Lutzomyia spp CL
' Mammals, including humans and rock hyraxes; Phiebotomus spp | CL

Several mammals and birds, including humans; Lutzomyia spp

: Several mammals, including humans; Phlebotomus spp

Many mammals, including humans; Phlebotomus spp (0ld World), CL,VL
. Lutzomyia spp (New World) :

Mammals, including humans; Phlebotomus spp

Humans, cats; Lutzomyia spp 1 CL

i Mammals, possibly rats; Lutzomyia spp 1 CL

Mammals, including humans and possibly rats; vectors unknown, CL, ML
possibly Sergentomyia spp (0ld World), Lutzomyia (New World), or
Culicoides (0ld World)

Humans; vectors unknown CL

b

! Lizards; Sergentomyia spp : Unknown

Leishmania (V) braziliensis Amazonian South America Dogs, rodents, marsupials, humans; Lutzomyia spp ¢ CL, ML
Leishmania () guyanensis | Northem South America Sloths, anteaters, rodents, marsupials, humans; Lutzomyiaspp | LML
Leishmania (V) lainsoni  SouthAmerica Lowland paca; Lutzomyiaspp .o |
Leishmania (V) Indbergi  Bral Unknown, presumed zoonotic in humans; Lutzomyiaspp [ CL |
Leishmania ()naifi  BrazBolvia, Py Amadilos; Luzomyiaspp oL
Leishmania () panamensis | Centraland South America Mammals, including humans; Lutzomyiaspp | CLML |
Leishmania () perwinana | Peru,Bolva Humans, rodents, marsupials, dogs; Lutzomyiaspp LML |
Leishmania ()shawi Bzl Nonhuman primates, sloths, coati; Lutzomyiaspp  CL |

CL, cutaneous leishmaniasis; ML, mucocutaneous leishmaniasis; VL, visceral leishmaniasis.
2Adapted from Mathison and Sapp.*
bCases of human infection with L larentolae were diagnosed by molecular testing of blood specimens.

Biology and Life Cycle

Infection of the vertebrate host is initiated when a female phlebotomine
sand fly injects the metacyclic promastigote stage of Leishmania while
taking a blood meal. The most common vectors of agents of human
leishmaniasis are members of the genus Phlebotomus in the Old World
and Lutzomyia in the New World. Promastigotes are phagocytized by
mononuclear lymphocytes, such as macrophages, where they mature

to amastigotes within the phagosome and replicate by binary fission.

364 Laboratory Medicine

Phagocytized amastigotes then travel via the blood and lymphatics,
which may result in visceral or mucosal disease, depending on the species.
A sand fly becomes infected after ingesting amastigotes in macrophages
while taking a blood meal. Amastigotes are liberated in the gut of the fly
and transform into procyclic promastigotes. The procyclic promastigotes
transform into nectomonad trypomastigotes and then leptomonad
promastigotes. Leptomonads migrate to the proboscis and become in-

fectious metacyclic trypomastigotes, completing the cycle® (FIGURE 1).
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FIGURE 1. Life cycle of Leishmania species. Leishmania is transmitted by the bite of infected female phlebotomine sand flies.
The sand flies release the infective stage (i) (metacyclic promastigotes) during blood meals (1). Promastigotes that reach

the puncture wound are phagocytized by macrophages (2) and other types of mononuclear phagocytic cells. Promastigotes
transform into amastigotes, the tissue stage of the parasite (3), which multiply by binary division and proceed to infect other
mononuclear phagocytic cells (4). The parasites are carried to other body sites in the infected monocytes. Sand flies become
infected by ingesting infected cells during blood meals (5, 6). In the gut of the sand flies, amastigotes transform into procyclic
promastigotes. The procyclic promastigotes transform into nectomonad trypomastigotes and then leptomonad promastigotes
(7). The leptomonad promastigotes replicate by binary fission in the gut of the fly (8). Leptomonad promastigotes migrate to
the proboscis of the fly and transform into infective metacyclic promastigotes. The cycle continues when the fly takes a blood
meal. d, diagnostic stage. Image courtesy of the Centers for Disease Control and Prevention.
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Other less common routes of Leishmania infection have been
documented, including congenital transmission from mother to fetus

and via solid organ transplant.”

Pathogenesis

Leishmania infections may take on several different clinical presentations
even within the same species. The host immune response, specifically
type 1 (Th1) and type 2 (Th2) helper T cells have been identified as critical
mediators affecting disease progression. In cases of visceral Leishmania
infections, the host immune response is skewed towards an anti-inflam-
matory Th2 phenotype with reduced production of interferon y and
increased interleukin (IL)4 and IL10. Conversely in individuals with cu-
taneous leishmaniasis, the proinflammatory Th1 response predominates
systemically whereas the Th2 response remains localized to the lesion.®
Recent data have helped expand the classic Th1/Th2 paradigm in Leish-
mania pathogenesis to include responses mediated by Th17 cells and the
inflammasome.” The humoral immune response plays a less significant
role in control of Leishmania. Individuals with visceral disease may have
detectable antibodies to Leishmania; however, these are insufficient to

clear the infection.'’

www.labmedicine.com

Clinical Presentation

Visceral Leishmaniasis

Visceral leishmaniasis, known as kala-azar in some regions, is the
most lethal manifestation of Leishmania disease. It is most often as-
sociated with L donovani (East Africa, India) and L infantum (Mediter-
ranean, Middle East, and the Americas), although other species more
prone to cutaneous disease have caused VL in immunosuppressed
individuals.'"'” The typical pentad of VL findings include prolonged
fever, weight loss, pancytopenia, hypergammaglobulinemia, and
hepatosplenomegaly.” In the approximately 5% of infected individuals
who develop clinical disease, symptom onset is insidious, often
occurring months to years following infection. If left untreated, VL
may progress to bone marrow failure, cachexia, and hemorrhage."
Individuals with immunocompromise (eg, HIV or therapy-related im-
munosuppression) may be at higher risk for mortality from VL." Given
the low prevalence in the United States, current Infectious Diseases So-
ciety of America guidelines do not recommend universal screening.'®
Depending on the region, patients who experience VL are also at risk
for the development of post-kala-azar dermal leishmaniasis. The risk

is highest in areas of Africa and lower in India and the Americas.'”"®
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Clinically, these individuals present with multiple small papules with

pigmentation changes distributed over much of their body.

Cutaneous Leishmaniasis

Cutaneous leishmaniasis occurs globally in regions where leishmaniasis
is endemic and is divided into Old World and New World disease. Old
World cutaneous leishmaniasis is most commonly associated with L ma-
jor, L tropica, and L aethiopica; however, L donovani and L infantum, al-
though more frequently associated with VL, can also result in solitary
cutaneous lesions.'’ In the Americas, New World cutaneous leishmani-
asis is caused by Leishmania species of the subgenera Vianna (most fre-
quently L braziliensis) and Leishmania (including L mexicana)™ as well as
members of the genus Endotrypanum.® Following a phlebotomine sand
fly blood meal, a painless papule or dermal nodule will develop 2 weeks to
several months following the initial bite.”" In its most common form, the
nodule slowly expands in a concentric fashion leaving a central, ulcerated
crater. Although visually striking, the ulcer is often painless. A variety of
colloquial terms have been used to describe the lesions of CL, including
“pizza-like” referring to the raised outer rim of epithelium and the central
ulcerated area containing granulation tissue and fibrin (FIGURE 2A).
Individuals who recover from CL are frequently left with a characteris-
tic scar demonstrating pigment changes and a recessed central area rel-
ative to the surrounding tissue.”’ Recovery is associated with a reduced
likelihood of reinfection by the same Leishmania species, but individuals
remain at risk of relapse or reinfection. Among 3 cohorts of patients
followed in Brazil, Colombia, and Peru, the rate of recurrence was 2.7%
of 369 cases, 2.0 per 100 person-years, and 2.9 per 100 person-years, re-
spectively.n24 Variation in cutaneous manifestations are affected in part
by the infecting species. In a study of New World cutaneous leishmania-
sis, L braziliensis demonstrated a larger lesion size, more incomplete re-

epithelization, and prolonged time to recovery than L mexicana.”

Mucocutaneous Leishmaniasis

Mucocutaneous manifestation of Leishmania are classically seen in asso-
ciation with the New World Vianna subgenus (L braziliensis, L panamensis,
and L guyanensis), and less frequently observed with Old World spe-
cies (L tropica, L major, and L donovani).”*?® Several case reports have
documented Old World MLs to be less severe than New World MLs.
Specifically, Old World MLs may have a lower rate of nasal cavity involve-
ment compared to New World MLs (15% and 90%, respectively) and bet-
ter treatment prognosis (82%). The prototypical lesions of ML develop in
1% to 5% of infected individuals in regions endemic for the Vianna subge-
nus and follow resolution of the cutaneous lesions. In a minority of cases
(10%-20%) mucosal lesions develop without prior or concurrent skin
lesions.”®** Mucosal lesions most often present as destructive ulceration
or inflammatory hypertrophy of the nasal cavity. At its most severe, ML
may result in permanent disfigurement or airway obstruction via pharyn-
geal involvement.” Because mucosal lesions can occur months to years
following treatment and resolution of cutaneous disease, close clinical
follow-up is warranted in patients with confirmed or epidemiologically
suspect Vianna subgenus infections.'® There is emerging evidence of the
potential role Leishmania RNA virus-1 (LRV1) plays in mediating severity
of mucocutaneous disease. Initially documented in L guyanensis, LRV1
demonstrated increased toll-like receptor 3 (TRL3)-mediated cytokine

. o . 31
production and elevated parasitemia in an animal model.

Subsequently,
this virus has been detected in other Leishmania species, although the

clinical significance of LRV1 detection remains to be determined.*”
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Treatment

Currently, the United States Food and Drug Administration (FDA)
has approved 2 anti-leishmanial therapies, miltefosine (Impavido) and
Amphotericin B (Fungizone; Mysteclin-F; AmBisome). Other treatment
options include pentavalent antimony, paromomycin, azole compounds,
and pentamidine. These treatments have demonstrated variable levels
of clinical success depending on the site of infection, Leishmania spe-
cies, and timeframe used to monitor for relapse. When evaluating treat-
ment response, it is important to note that even if there is evidence of
clinical cure (eg, wound healing, improving blood counts, or resolution
of splenomegaly) this does not guarantee parasitological cure. Scar tis-
sue from cutaneous lesions and lymph nodes have demonstrated viable
organisms when cultured following clinical remission.*>**

Originally designed as an antineoplastic drug, miltefosine received
FDA approval for the treatment of VL caused by L donovani and CLs or
MLs caused by L braziliensis, L guyanensis, and L panamensis in 2014.
The use of miltefosine for the treatment of VLs initially demonstrated
high clinical cure rates in India; however, subsequent trials within this
region and in other countries have found a cure rate closer to 75% at 6
to 12 months posttreatment. Miltefosine demonstrates a similar degree
of variability in the treatment of New World CL, with studies in Colom-
bia demonstrating a >90% cure rate but only 53% in Guatemala.” The
variation in clinical efficacy is suspected to be due in part to species and
strain variation between these regions. Among anti-leishmanial drugs
documented in the World Health Organization (WHO) List of Essential
Medicines, miltefosine is the only oral treatment.

Liposomal amphotericin B, a polyene antibiotic that disrupts the par-
asite cell membrane through inhibition of ergosterol synthesis, is FDA-
approved for treatment of visceral leishmaniasis in the United States. In
studies submitted to the FDA, liposomal amphotericin B demonstrated
a100% cure rate in 2 European clinical trials when using regimens with a
total dose >21 mg/kg.***’ Additional studies in Brazil, Kenya, and India
demonstrated similar levels of clinical effectiveness (83%-100%) at vari-
ous dosages (6-20 mg/kg).*** Although not approved for the treatment
of nonvisceral disease, liposomal amphotericin B has also demonstrated
clinical effectiveness in both cutaneous and mucocutaneous disease.'**?

Dating back to World War II, pentavalent antimony (SbV) has been
used for treatment of VL, ML, and CL. The SbV may be administered as a
series of intralesional injections, intramuscular injections, or diluted in
saline and administered intravenously. Although the exact mechanism of
action remains poorly understood, inhibition of parasitic trypanothione
reductase by trivalent antimony (ie, the reduced form of SbV), direct in-
hibition of glycolysis, and activation of the host immune response have
been investigated as potential mechanisms.*’ The SbV treatment may be
considered for first-line treatment of VLs, excluding some regions in In-
dia, where resistance rates >40% have been identified.** A formulation
of SbV, sodium stibogluconate, was previously available in the United
States via an Investigational New Drug protocol from the Centers for
Disease Control and Prevention (CDC) Drug Services; however, the man-

ufacturer ceased production of this drug in 2020.°

Diagnosis and Identification

Quick and accurate diagnosis of leishmaniasis is important to prevent
severe illness and identify those at risk for visceral and mucocutaneous
disease. Diagnostic algorithms will vary based on clinical presenta-

tion and epidemiological information (TABLE 2). Diagnosis of VL is
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FIGURE 2. A, Typical “pizza lesion” on the skin of a patient presenting with cutaneous leishmaniasis. B, Impression smear of

a skin biopsy specimen stained with Giemsa, showing many liberated amastigotes. Note the presence of a large oval nucleus
and a small rod-shaped kinetoplast in most of the amastigotes. C, Spleen biopsy of a patient presenting with kala-azar, stained
with H&E, showing many amastigotes; the nucleus and kinetoplast are not visible in all of the amastigotes but enough to make
a reliable diagnosis. FIGURE 2A courtesy of the Public Health Image Library (Centers for Disease Control and Prevention);
FIGURE 2C courtesy of Dr Sarah Sapp (Centers for Disease Control and Prevention).

'f'!{.'ll

typically by antibody detection. Diagnosis of CL is usually achieved by
microscopy. Further typing or species-level identification by isoenzyme
analysis or molecular methods is necessary in cases of CL where species
that cause ML cocirculate, as it could affect the clinical management of

the patient.

Microscopy
Microscopy allows for rapid detection of Leishmania amastigotes, but
it does not allow for species-level identification. Amastigotes can be
detected in a variety of clinical specimens, including skin, bone marrow,
spleen, liver, lymph nodes, and buffy coat of peripheral blood.*°

In cases of CL, detection of amastigotes is usually achieved in im-
pression smears of skin biopsies and scrapings stained with Giemsa

(FIGURE 2B). Punch biopsy specimens should be collected under sterile

www.labmedicine.com

conditions on skin precleaned with 70% ethanol. The biopsies should
be collected at the raised border of the lesion where amastigotes are
actively dividing and not in the center of the lesion."” Amastigotes are
round to ovoid and measure 1 to 5 pm long. They possess a large round
nucleus and a small rod-shaped kinetoplast.*® Under normal conditions,
promastigotes are not visible in clinical specimens. However, if there is
a delay in processing and the specimen is allowed to sit at room tem-
perature, amastigotes may begin transforming into promastigotes.
Promastigotes are larger, measuring 10 to 12 pum long, are ovoid to
spindle-shaped, and possess a large central nucleus, a small anterior
kinetoplast, and a single anterior flagellum.*® Amastigotes are more
challenging to detect in specimens processed for histopathology, as the
plane of sectioning can affect the detection of the nucleus and kineto-
plast. Both structures should be visualized before rendering a definitive

diagnosis (FIGURE 2C).*
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TABLE 2. Comparison of Diagnostic Methods of Leishmaniasis, Their Clinical Utility, Advantages, and Disadvantages

! Diagnostic Method Clinical Utility Advantages

Disadvantages

Serology Visceral® Rapid; low cost; ease of use

Cutaneous,”
' mucocutaneous,” visceral

Histopathology Cutaneous, Can be performed on fixed specimens; useful when
‘ mucocutaneous, visceral  leishmaniasis was not included in the original diagnosis
Culture Visceral, cutaneous, Allows for isolation of organisms; can be used for fur-

| mucocutaneous

! Visceral, cutaneous,

| mucocutaneous ' method of Leishmania typing

Rapid; allows for species-level ID; can be performed on

: Visceral, cutaneous,

Molecular testing
‘ | mucocutaneous

fresh specimens and FFPE blocks

ther testing (molecular, isoenzyme analysis)

Allows for species-level identification; historically used

Variable sensitivity based on antigen and local epidemiology; few
| FDA-cleared assays in US

Does not allow identification to species level; requires fresh tissue;
: visceral specimens difficult to obtain; requires maintaining competency :
i on parasite microscopy :

Does not allow for identification to species level; requires specialized
 training in histopathology; morphologic features of amastigotes may
- overlap with other organisms

Insensitive; time-consuming; labor-intensive; limited availability;
! requires fresh tissue

! Time-consuming; often requires isolates from culture; limited availability;
' multiple classification methods ;

Expensive; limited availability; variable sensitivity based on target;
requires specialized training; may be difficult to maintain proficiency

2Primary method for diagnosis.

Microscopy is typically not performed for the diagnosis of VLs, al-
though amastigotes may be seen in biopsies and impression smears of
bone marrow, liver, spleen, and lymph nodes. Direct examination of
spleen specimens has the highest sensitivity, followed by bone marrow,
lymph nodes, and then liver. However, due to the risk of postprocedure
hemorrhage, bone marrow biopsy is generally preferred over splenic bi-
opsy. Direct examination of buffy coat of peripheral blood appears to be
the least sensitive specimen, but all specimens can achieve nearly 100%
sensitivity when cultures are prepared.”®

Regardless of the specimen type, it is not possible to identify Leish-
mania to the species level based on morphology of the amastigotes.
Additionally, amastigotes of Leishmania are morphologically indistin-
guishable from those of Trypanosoma cruzi; however, epidemiologic
information and clinical presentation are usually sufficient to distin-
guish between these two organisms. Amastigotes of Leishmania need
to be differentiated from other small intracellular pathogens, including
Histoplasma capsulatum and microsporidia. Yeast cells of H capsulatum
typically demonstrate a surrounding “halo” that does not take up
Giemsa stain and lacks the characteristic nucleus and kinetoplast of
a Leishmania amastigote. Grocott’s methenamine silver stain can be
helpful for separating the 2, as yeast cells of H capsulatum are Grocott’s
methenamine silver-positive, whereas amastigotes of Leishmania are
not.*® Spores of microsporidia are often vacuolated, lack a visible nu-
cleus and kinetoplast, and will often stain with an apical dot using peri-

odic acid-Schiff stain, which amastigotes of Leishmania will not."®

Serologic Diagnosis
Antibody detection is the primary method for the diagnosis of VL, but
it has little to no value for cutaneous disease. Conventional methods for
antibody detection include gel diffusion, complement fixation test, indi-
rect hemagglutination assays, immunofluorescent assays (IFAs), enzyme
immunoassay (EIA), and countercurrent immunoelectrophoresis.49

The IFA is not commonly used, and the technology required (a mi-
croscope with fluorescent capabilities) makes its application prohibitive
in field settings.”® Although IFA has a relatively high specificity (79%-
100%), it has relatively low sensitivity (11%-82%).”*

The EIAs demonstrate good sensitivity, but specificity varies based

on the antigen used. Assays developed using crude soluble antigen have

368 Laboratory Medicine

a sensitivity of 80% to 100% but there a risk of cross-reactivity with
Trypanosoma spp, Mycobacterium tuberculosis, and Toxoplasma gondii.*’
The use of recombinant K39 antigen, a glycoprotein derived from the
highly conservative kinesin region of L infantum (as L chagasi) found on
amastigote and promastigote stages, shows a sensitivity of 100% and
specificity of 96%."”°" This EIA also shows promising clinical use and
prognosis in patients with HIV.* Studies evaluating a rK28 antigen EIA
for Mediterranean VL patients demonstrated comparable sensitivity
and specificity to the rK39 antigen.”'

Direct agglutination tests (DATs) show varying sensitivity of 91%
to 100% and specificity of 72% to 100%."’ A DAT can be performed on
plasma, serum, and urine.”’ Unfortunately, routine testing by DAT has
several challenges, including the fragility of an aqueous antigen, batch-
to-batch variation of antigen, antigen cost, long incubation time, rela-
tive complexity of the assay, and limited production facilities of antigen
production.***

An immunochromatographic strip test (ICT) using the rK39 anti-
gen is available for diagnosing VL. Initial clinical evaluation of this as-
say shows a sensitivity of 100% and specificity of 98%.*>* The assay
produces a result in about 15 minutes and is shown to be a reliable
indicator of VL.*® A multicenter study including countries in Africa
and the Indian subcontinent found consistent results between geo-
graphic areas, with a sensitivity of 98.4% to 100% and specificity of
81.2% to 96.4%. The Kalazar Detect Rapid Test (InBios International),
which uses the rK39 antigen, is FDA-cleared for use in the United
States and Conformité Européenne marked for use in the European
Union. A study in the United States comparing the InBios assay with
the IFA developed by the CDC showed agreement, sensitivity, and
specificity of 98%, 90%, and 100% respectively.” There is a potential
for increased sensitivity and specificity of the ICT assay using differ-
ent antigens. For example, ICT assays using the rK28 antigen showed
improved sensitivities in Sudan (95.9%) and Bangladesh (98.1%) in
diagnosing VL.

Molecular Diagnosis
Many targets capable of detecting Leishmania have been described along
with methods to resolve an isolate to the subgenus, complex, or spe-

cies level. Molecular targets include the ribosomal sequences (18S rRNA
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gene, ITS1 loci, ITS2 loci), heat shock protein (hsp)70, and kinetoplast
DNA (kDNA). The 18S rRNA gene is a well-recognized target for iden-
tification of bacterial and fungal species via sequencing.”>** In Leish-
mania, the 18S region is limited to discrimination of Leishmania species
from other kinetoplastids, whereas the ITS1/2 regions offer higher res-
olution and the ability to provide species level identification in some
situations.”>”° Despite the ITS2 region showing excellent ability to sep-
arate Leishmania species, it may suffer from poorer sensitivity in com-
parison to different targets or quantitative polymerase chain reaction
(qPCR) methods.”” The hsp70 gene is another target demonstrating ex-
cellent resolution in separating Leishmania species complexes.” A recent
study examined hsp70 sequencing for a set of 135 clinical isolates for
which multilocus enzyme electrophoresis (MLEE) or orthogonal genetic
identification was performed. A total of 130 were grouped with the cor-
rect species, 3 were grouped with the incorrect species but correct spe-
cies complex, and 3 isolates did not group with a species.”® The hsp70
locus also contains potentially prognostic information on treatment
response. Researchers have identified hsp70 variants associated with re-
sistance to antimony and miltefosine.””* Finally, kDNA is another target
under investigation. The kDNA genome consists of thousands of copies
of ~1 kilobase (kb) circular DNA (termed “minicircles”) and dozens of
copies of ~30 kb circular DNA (termed “maxicircles”). For species de-
termination using kDNA, the cytochrome b gene has been investigated,
but demonstrated poor separation between L donovani/L infantum and
L braziliensis/L peruviana species.®’ Advantages of kDNA include an ex-
tremely high copy-number-to-parasite ratio, thus providing a sensitive
detection method in the setting of low parasite burden. Unfortunately,
this increased sensitivity may be limited by the prevalence of sequence
heterogeneity among minicircles.”” In addition to pathogen detection
and species identification, molecular testing for Leishmania may also be
useful for evaluating response to treatment and relapse risk.”

The quality of the sample provided for molecular analysis should be
considered when assessing test performance. In the case of VL, splenic
aspirates have demonstrated the highest sensitivity (93%-99%), with
bone marrow aspirates and peripheral blood demonstrating lower sen-
sitivity (53% to 86% and 53% to 65%, respectively).64 However, splenic
aspirate is a highly invasive procedure often requiring imaging guid-
ance and a risk of postprocedural hemorrhage. Due to these risks, bone
marrow aspirate is the most often recommended site for diagnostic
biopsies of VL.*® For cutaneous disease, molecular testing improves on
the sensitivity of histopathologic examination.®® Currently there are no
commercially available FDA-approved molecular detection kits for Leish-
mania, although testing may be available through the CDC and reference
laboratories. Several companies have manufactured primer and probe
kits for use in qPCR, however, these assays require laboratory validation

prior to clinical use.

Isoenzyme Analysis and Molecular Typing Systems

Isoenzyme analysis or MLEE is the WHO gold standard for identifica-
tion of Leishmania species; however, this assay is only offered at a lim-
ited number of public health and reference laboratories.® One of the
primary limitations of MLEE is that it requires a cultured isolate of
Leishmania parasites. An MLEE cannot be performed directly from clin-
ical specimens, and culture yield from biopsy-proven CL ranges from
90% to 50%, depending on species.”’ Various classification systems for
MLEE results have been developed, with the Montpellier system (MON)
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developed in France being the most widely applied. This system analyzes

15 enzyme loci to assign a “zymodeme” to individual isolates.’® Despite

being a labor-intensive process, the longevity of this assay means it

has accumulated the greatest amount of data for typing of Leishmania

species and may outperform molecular assays for strain typing.*’

Conclusion

Leishmaniasis is a serious and potentially life-threatening disease caused

by protozoan parasites of the genera Leishmania and Endotrypanum.

Naturally endemic to tropical and subtropical parts of the world, global

travel has made leishmaniasis a worldwide medical and public health

burden. There are 3 main clinical presentations of the disease: cutaneous,

mucocutaneous, and visceral. Rapid diagnosis and species-level identifi-

cation is crucial for successful management and prevention of morbid-
ity. Serologic methods such as rapid antigen tests allow for noninvasive
diagnosis of VL and initiation of therapy. Despite advances in molecular
detection, diagnosis of CL still requires careful microscopic examination
and integration of epidemiologic and clinical data. In situations of cu-
taneous disease, exclusion of species associated with ML is important
to guide therapy and clinical follow-up. Historically, species-level iden-
tification has been performed by isoenzyme analysis, a time-consuming
method relying on culturing the Leishmania parasite. Today, molecular
methods are shortening the time to result by testing directly from clini-

cal samples and using targets with increased diagnostic specificity.
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ABSTRACT

Objective: The aim of this study was to investigate the association of
serum carcinoembryonic antigen (CEA), nerve-specific enolase (NSE),
cytokeratin 19 fragment (CYFRA21-1), squamous cell carcinoma an-
tigen (SCC-Ag), and pro-gastrin-releasing peptide (ProGRP) with the
clinicopathological characteristics and chemotherapeutic outcomes
of patients with lung cancer.

Methods: A total of 189 patients with lung cancer (lung cancer group)
diagnosed at the Fourth Affiliated Hospital of Anhui Medical University
from January 2020 to December 2021 were included. During the same
period, 199 patients with benign lung disorders were included as the
benign lung disease group and 75 healthy people were selected as the
control group. The serum concentrations of CEA, NSE, CYFRA21-1,
SCC-Ag, and ProGRP in all the 3 groups were analyzed and compared
in patients with different lung cancer tumor-node-metastasis (TNM)
stages and pathological classifications. A total of 11 patients with
small cell lung cancer (SCLC) and 18 patients with lung adenocarci-
noma (LAC) were further evaluated for the dynamic changes of CEA,
NSE, CYFRA21-1, SCC-Ag, and ProGRP before chemotherapy and

during the 6 courses of chemotherapy, and the outcome of chemo-
therapy was evaluated every 2 courses.

Results: The serum concentrations of CEA, NSE, CYFRA21-1, SCC-
Ag, and ProGRP in the lung cancer group were significantly higher
than those in the control group (P <.05). We found statistically sig-
nificant differences in serum CEA, NSE, CYFRA 21-1, SCC-Ag, and
ProGRP among patients with different pathological types (LAC, squa-
mous cell carcinoma, or SCLC) and different stages (I-1V). The ProGRP
and NSE had the highest expression in SCLC, CEA showed the high-
est expression in LAC, whereas CYFRA21-1 and SCC-Ag showed
the highest expression in lung squamous cell carcinoma (LSCC). The
concentrations of all the markers were elevated in the advanced path-
ological stages. The receiver operating characteristic curve analysis
showed that the diagnostic value of the combined detection of CEA,
NSE, CYFRA 21-1, SCC-Ag, and ProGRP for lung cancer was signif-
icantly higher than using a single biomarker (P <.05). Our dynamic
monitoring results show that ProGRP progressively decreased in re-
mission cases of SCLC and CEA progressively decreased in LAC re-
mission cases.

Conclusion: CEA, NSE, CYFRA 21-1, SCC-Ag, and ProGRP have good
clinical value in the early diagnosis, differential diagnosis, and progres-
sion monitoring of lung cancer. The ProGRP and CEA concentrations
are beneficial for evaluating the outcome of chemotherapy in SCLC
and LAC. The combined detection of multiple biomarkers shows
improved clinical value in the early diagnosis of lung cancer.

Lung cancer (LC) is the most common malignancy in men and the lead-
ing cause of cancer-related mortality worldwide, the third most common
cancer after breast cancer and colorectal cancer.' In recent years, the in-
cidence and mortality of LC have been increasing rapidly in China, where
the mortality rate of LC ranks first among all cancers, and the 5-year
survival rate is only about 15%.” The high incidence and mortality rates
of LC are caused by external factors such as pollution and unhealthy liv-
ing habits, but more important are the characteristics of LC itself: the
symptoms of LC in the early stages are relatively insidious and most LCs
are in the intermediate or late stages by the time they are diagnosed,

missing the optimal treatment time. Therefore, the early diagnosis and
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accurate localization of LC are crucial strategies to improve the survival
rate of patients with LC.

At present, the diagnosis of LC mainly relies on radiological and path-
ological examinations, which confirm only late-stage tumors, resulting
in poor clinical treatment effect.’ Serum tumor markers are a class of
molecules that exist in tumor tissues and host body fluids, which can
reflect the existence and characteristics of tumors. With the advantages
of noninvasiveness, simplicity, and affordability, serum tumor markers
have become an important auxiliary evaluation method for clinical LC
monitoring and provide reference for the diagnosis and treatment of LC
patients.4 The accurate diagnosis of LC is crucial for patients to choose
the most appropriate individualized treatment. Therefore, there is an
urgent need to identify sensitive and specific biomarkers for early di-
agnosis of LC.

k 21z Carcinoembryonic antigen (CEA) is a broad-spectrum tu-
mor marker that is commonly used in the diagnosis of gastrointesti-
nal tumors, LC, and breast cancer.”® Neuron-specific enolase (NSE) is
an enolase involved in the glycolysis pathway that exists in nerve tissue
and neuroendocrine tissue. It has been reported that the expression of
NSE is elevated in tumors originating in neuroendocrine tissue.” A frag-
ment of cytokeratin 19 known as CYFRA21-1 is currently considered to
be a biomarker for non-small cell lung cancer (SCLC).® Squamous cell
carcinoma antigen (SCC-Ag) is a squamous cell antigen first discovered
in cervical cancer. Due to being widely expressed in malignant epithelial
cells, SCC-Ag is the most preferred tumor marker for cervical squamous
cell carcinoma. Previous studies’'' have found that SCC-Ag is more
specific than CEA in lung squamous cell carcinoma (LSCC) and was not
interfered with by factors such as smoking. Pro-gastrin-releasing pep-
tide (ProGRP) is the precursor of gastrin-releasing peptide. Several stud-
ies have shown that the expression of ProGRP fragments is increased
in the sera of patients with SCLC, which can be used as a novel diag-
nostic marker for SCLC."”"" These tumor markers are considered by the
Chinese National Society of Clinical Biochemistry Laboratory Medicine
Practice Guidelines to be commonly used serum tumor markers for LC.*°
These tumor markers are also used routinely for LC screening in our
hospital. To evaluate the comprehensive values of these biomarkers in
the diagnosis, differential diagnosis, and efficacy evaluation of LC, this
study selected 189 lung cancer patients diagnosed in our hospital from
January 2020 to December 2021 and analyzed the serum levels of CEA,
NSE, CYFRA 21-1, SCC-Ag, and ProGRP in patients with LC. The associ-
ation between these biomarkers and the pathological characteristics and

chemotherapeutic outcomes of LC was investigated.

Materials and Methods

Subjects

A total of 189 cases of LC patients (LC group) diagnosed in the Fourth
Affiliated Hospital of Anhui Medical University from January 2020
to December 2021 were included. In the LC group, there were 140
males and 49 females with an average age of 66.95 + 10.35 years. The
cancers were classified as 29 SCLCs, 53 squamous cell carcinomas, 91
adenocarcinomas, and 16 other types. International TNM staging of
LC indicated 15 cases of stage I, 14 cases of stage II, 56 cases of stage
III, and 104 cases of stage IV. A total of 199 patients with benign lung
disorders (chronic obstructive pulmonary disease, pneumonia, bronchi-

ectasis, pulmonary tuberculosis, etc) admitted to our hospital during the
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same period were selected as the benign lung disease group, including
125 males and 74 females, with an average age of 62.6 + 15.5 years. An-
other 75 healthy individuals admitted in our hospital during the same
period were selected as the healthy control group. The healthy controls
had normal heart, liver, lung, and kidney function, no infectious lesions,
no radiological or histological confirmed LC or benign lung diseases and
had taken no medication within 2 weeks. In the control group, there
were 34 males and 41 females, with an average age of 58.2 + 12.5. As
shown in TABLE 1, there was no significant difference in age and gen-
der of the 3 groups (P > .05).

Inclusion and Exclusion Criteria

All LC patients included in the study were diagnosed by blood test, ra-
diological, or histological test (sputum cytology, percutaneous lung
puncture or fiberoptic bronchoscopy, pathological diagnosis), and had
no family history of LC or other major diseases. All individuals included
signed their own informed consent. Exclusion criteria for the study in-
cluded individuals with cognitive disorders and any individuals who pre-

maturely dropped out of the study.

Biomarker Detection Method

Sample Collection

Twenty-four hours after admission or 6 to 8 hours after treatment,
5 mL of cubital venous blood was collected from each patient. The blood
samples were kept at room temperature for 30 min and centrifuged at
3500 rpm for 10 min before serum samples were separated and stored at
-20°C. The serum levels of CEA, NSE, CYFRA21-1, SCC-Ag, and ProGRP
in each group were detected by electrochemiluminescence immunoas-

say.

Instruments and Reagents

The concentrations of CEA, NSE, CYFRA21-1, SCC-Ag, and ProGRP in
all serum samples were detected by Roche electrochemiluminescence
automatic immunoassay analyzer (Roche Cobas e601) according to the
manufacturers instructions. The reagents used in this study were all

from Roche.

Criteria for Positive Results

According to the corresponding manufacturer’s recommendations,
the following thresholds were used as the limit of the normal range:
CEA > 6.5 ng/mL, NSE > 16.3 ng/mL, CYFRA21-1 > 3.3 ng/mL, SCC-
Ag > 1.8 ng/mL, and ProGRP > 66.0 pg/mL; these were used as the posi-
tive cutoff values for the diagnosis of LC. The reference range is from the

Roche instructions and has been clinically verified.
Evaluation of Clinical Outcomes

The short-term efficacy evaluation criteria were divided into complete

response (CR), partial response (PR), stable disease (SD), and progressive

TABLE 1. Age and Gender of the Patients in the 3 Groups

e S Sl Wty
. Age,y 66.95 + 10.35 62.6 £ 15.5 58.2+125
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TABLE 2. CEA, NSE, CYFRA21-1, SCC-Ag, and ProGRP Concentrations among the 3 Groups?

CEA NSE CYFRA21-1
(0-6.5 ng/mL) (0-16.3 ng/mL) (<3.3 ng/mL) (<1.8 ng/mL) (0-66 pg/mL)

© Control (n = 75) 1.69 (0.20-8.28) 9.91 (2.91-35.50) 1.62 (0.53-3.73) 0.69 (0.14-8.18) 34.95 (14.12-93.64)

© Benign lung disease (n = 199) 3.57 (0.50-145.40) 14.76 (0.50-83.63) 3.85 (0.74-115.90) 1.24 (0.22-11.96) 46.75 (17.73-236.69) |

| LC (n = 189) 30.29°° (0.66-1000) 31.12° (6.75-1126) 9.84°° (1.16-176.90) 1.94°(0.01-35.31) | 274.68"° (16.39-5000)

SCC-Ag ProGRP

Group

CEA, carcinoembryonic antigen; CYFRA21-1, cytokeratin 19 fragment 21-1; LC, lung cancer; NSE, neuron-specific enolase; ProGRP, pro-gastrin-releasing

peptide; SCC-Ag, squamous cell carcinoma antigen.
#Data are shown as median (minimum — maximum).

bp < .05 compared with the control group.

°P < .05 compared with the benign lung disease group.

disease (PD) according to the World Health Organization efficacy eval-
uation criteria for solid tumors.”” The visible lesions disappeared com-
pletely for more than 1 month for CR. For PR, the product of the largest
tumor diameter and the largest vertical diameter were decreased by
more than 50%. In an SD, the product of the largest tumor diameter and
the largest vertical diameter decreased by <50% or increased by <25%
and in PD, the product of the largest tumor diameter and the largest ver-

tical diameter in one or more lesions increased >25%.

Statistics

Statistical analysis was performed using SPSS 19.0 software. The quan-
titative data were presented as median since some data showed skewed
distribution. The Mann-Whitney U or Kruskal-Wallis H test were used
for comparison between groups. The enumeration data were analyzed
using the paired ? test. The receiver operating characteristic (ROC)
curve was used to analyze and evaluate the clinical diagnostic perfor-
mance of CEA, NSE, CYFRA21-1, SCC-Ag, and ProGRP for LC. P < .05

was considered to be statistically significant.

Results

Comparison of CEA, NSE, CYFRA21-1, SCC-Ag, and
ProGRP Concentrations

As shown in TABLE 2 and FIGURE 1, the serum concentrations of
CEA, NSE, CYFRA21-1, SCC-Ag, and ProGRP in the LC group were
significantly higher than those of the healthy control group (P < .01).
Compared with the benign disease group, the serum concentrations of
CEA, NSE, CYFRA21-1, and ProGRP in the LC group were also increased
significantly (P < .01) except for SCC-Ag level (P > .05). Comparing the
serum concentrations of CEA, NSE, CYFRA21-1, SCC-Ag, and ProGRP
between patients with early stage (stage I-II) LC and normal controls,
it was found that the serum concentrations of CEA, NSE, CYFRA21-1,
SCC-Ag, and ProGRP were significantly increased in patients with early
stage LC (P < .01) (TABLE 3).

Association between Serum CEA, NSE, CYFRA21-1, SCC-
Ag, and ProGRP Concentrations with Pathological Types
and Stages of LC

The serum concentrations of CEA, NSE, CYFRA 21-1, SCC-Ag, and
ProGRP in LAC, LSCC, and SCLC were significantly different (P < .01).
As shown in TABLE 4, serum NSE and ProGRP showed the highest
expression in SCLC, CEA showed the highest expression in LAC, and
CYFRA21-1 and SCC-Ag had the highest expression in LSCC. Moreo-
ver, the serum concentrations of CEA, NSE, CYFRA 21-1, SCC-Ag, and
ProGRP in patients with different pathological stages of LC showed sig-
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nificant difference (P < .01). Furthermore, as shown in TABLE 5, the
serum concentrations of CEA, NSE, CYFRA 21-1, SCC-Ag, and ProGRP
in patients with stage I-II LC were significantly lower than those in
patients with stage III-IV LC (P < .01).

Value of Single and Combined CEA, NSE, CYFRA21-1,
SCC-Ag, and ProGRP Detection in Differential Diagnosis
of LC

The ROC curve analysis showed that the areas under the curve (AUC)
of single detection using CEA, NSE, CYFRA 21-1, SCC-Ag, and ProGRP
for the diagnosis of LC were 0.861, 0.836, 0.939, 0.697, and 0.721, re-
spectively. The AUC of combined detection for the diagnosis of LC using
all 5 markers was 0.960, showing the diagnostic value of the combined

detection was significantly higher than that of single detection (P < .01)
(FIGURE 2 and TABLE 6).

Value of CEA, NSE, CYFRA21-1, SCC-Ag, and ProGRP in
Evaluating the Outcome of Chemotherapy

By dynamic detection of serum CEA, NSE, CYFRA 21-1, SCC-Ag, and
ProGRP in 29 patients with LC (11 SCLC and 18 LAC) before and after
each of the 6 courses of treatment, we found that the serum ProGRP
of 8 PR patients with SCLC (including 1 case of CR and 7 cases of PR)
gradually decreased with the progress of treatment (FIGURE 3, solid
line), whereas the ProGRP level was not significantly changed in 3 PD
patients and showed a progressive increase trend in the late stages of the
disease (FIGURE 3, dotted line). Among the 18 patients with LAC, 10
patients with PR showed a progressive decrease in CEA levels (FIGURE
4, solid line), 4 patients with SD showed a stable level of CEA with minor
fluctuations, and 4 patients with PD showed an increasing trend of CEA

level (FIGURE 4, dotted line).

Discussion

LC ranks first in morbidity and mortality of types of malignant tumors
every year in China.'®"® Because of the lack of obvious symptoms and
specific clinical manifestations in the early stages, LC is usually diagnosed
in advanced stages, missing the time for optimal treatment, resulting
in a very low survival rate.”” Therefore, the ability to accurately diag-
nose early stage LC and monitor its response to treatment is one of the
main strategies to improve the survival rate of LC patients. Serum tu-
mor markers are a class of molecules found in tumor tissues and host
body fluids that can be used to indicate the presence and development of
tumors and monitor the response to treatments. Serum tumor markers
are more sensitive than computed tomographic imaging and other eval-
uation methods in the early stages of cancer.”’ Therefore, serum tumor

markers may become effective indicators for early diagnosis of tumors

2023;54:372-379 | https://doi.org/10.1093/labmed/Imac122
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FIGURE 1. Expression of carcinoembryonic antigen (CEA) (A), neuron-specific enolase (NSE) (B), cytokeratin 19 fragment
(CYFRA 21-1) (C), squamous cell carcinoma antigen (SCC-Ag) (D), and pro-gastrin-releasing peptide (ProGRP) (E) in lung
cancer patients. P < .01 for all comparisons.
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TABLE 3. CEA, NSE, CYFRA21-1, SCC-Ag, and ProGRP Concentrations between Patients with Early Stage Lung Cancer and the
Control Group

CEA ! NSE ! CYFRA21-1 ! SCC-Ag ! ProGRP
‘ (0-6.5 ng/mL) : (0-16.3 ng/mL) : (<3.3 ng/mL) : (<1.8 ng/mL) : (0-66 pg/mL)
© Control (n = 75) | 1.69 (0.20-8.28) | 9.91 (2.91-35.50) | 1.62 (0.53-3.73) | 0.69(0.14-8.18) | 34.95(14.12-93.64)
CStagerin=29 345(103-968) | 1264(7.69-3580) | - 363(155-1200 | 081(0.05-2.38) | 4457 (2149-14478)
z e 25 I 2672 | -a7ms
- 00 03 o0 . o8 07

CEA, carcinoembryonic antigen; CYFRA21-1, cytokeratin 19 fragment 21-1; NSE, neuron-specific enolase; ProGRP, pro-gastrin-releasing peptide; SCC-
Ag, squamous cell carcinoma antigen.
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TABLE 4. Serum Concentrations of CEA, NSE, CYFRA21-1, SCC-Ag, and ProGRP in Patients with Different Pathological Types

of LC?

i Group CEA NSE CYFRA21-1 SCC-Ag ProGRP

L LAC(h=91) 5.81(0.67-514.40) 14.00 (7.69-1126.00) 4.19 (1.36-54.83) 0.60 (0.01-28.55) 39.78 (16.39-154.23)
sccm=54 347(066-2441) | 13.92(675-23730) | 683(167-17690) | - 148(045-3531) | 38.74(2361-8128) |

=29) 4.55 (0.88-1000) 33.02 (9.61-370.0) 3.70 (1.16-41.82) 0.56 (0.27-2.12) 848.42 (27.73-5000)
10.968 32.275 18.323 44.461 49.564
012 000 .000 000 000

CEA, carcinoembryonic antigen; CYFRA21-1, cytokeratin 19 fragment 21-1; LAC, lung adenocarcinoma; LC, lung cancer; LSCC, lung squamous cell car-
cinoma; NSE, neuron-specific enolase; ProGRP, pro-gastrin-releasing peptide; SCC-Ag, squamous cell carcinoma antigen; SCLC, small cell lung cancer.
?Data are shown as median (minimum — maximum). Among the 189 LC cases, 15 cases were not classified as LAC, LSCC, or SCLC; these cases were
excluded from this analysis.

TABLE 5. Serum Concentrations of CEA, NSE, CYFRA21-1, SCC-Ag, and ProGRP in Patients with Different Pathological Stages

of LC?

i Group : CEA : NSE

CYFRA21-1 SCC-Ag ProGRP

Stage | (n = 15) 2.62 (1.03-6.65) 11.26 (7.69-17.31)

Stage Il (n = 14) 3.93 (1.44-9.64) 11.85 (8.08-35.80)

4.64 (0.66-173.90) 13.24 (7.86-80.89)

| Stage lll (n = 56)

2.28 (1.55-4.87) 0.60 (0.05-2.18) 39.78 (27.76-47.57)

4.40 (1.62-12.00) 0.82(0.30-2.38) 43.52 (21.49-144.78)

5.70 (1.16-94.22) 0.98 (0.24-28.68) 39.09 (20.30-5000)

46.18 (16.39-5000)

CEA, carcinoembryonic antigen; CYFRA21-1, cytokeratin 19 fragment 21-1; LC, lung cancer; NSE, neuron-specific enolase; ProGRP, pro-gastrin-
releasing peptide; SCC-Ag, squamous cell carcinoma antigen.
Data are shown as median (minimum — maximum).

and monitoring the effect of chemotherapeutic outcomes.”” At present,

the commonly used tumor markers for screening and monitoring LC in-

FIGURE 2. Receiver operating characteristic curves of
diagnosis using single or combined carcinoembryonic
antigen (CEA), neuron-specific enolase (NSE),
cytokeratin 19 fragment (CYFRA21-1), squamous cell
carcinoma antigen (SCC-Ag), and pro-gastrin-releasing
peptide (ProGRP).
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clude CEA, NSE, CYFRA21-1, SCC-Ag, and ProGRP. Although some stud-
ies have analyzed the association of the high expression of these tumor
markers with LC,>>? it is still unclear whether these tumor markers are
associated with different types of LC or different responses to chemo-
therapy. This study selected 189 patients with LC diagnosed from Jan-
uary 2020 to December 2021. By analyzing the concentrations of serum
CEA, NSE, CYFRA 21-1, SCC-Ag, and ProGRP, we explored the associa-
tion of these markers with the pathological characteristics of LC and the
efficacy of chemotherapy.

Our results showed that the serum concentrations of CEA, NSE,
CYFRA21-1, SCC-Ag, and ProGRP were the highest in the LC group
followed by the benign lung disease group and were the lowest in the
healthy control group (P < .01), suggesting that CEA, NSE, CYFRA21-1,
SCC-Ag, and ProGRP can assist in the diagnosis and differential diag-
nosis of LC. In this study, there was no significant difference in SCC-Ag
between the benign lung disease group and the LC group, which may be
due to the ratio of various types of benign lung diseases in this study.
Studies” have reported that SCC-Ag was significantly increased in the
pneumonia group, which was slightly lower than that in the LSCC group.
Since there were more cases of pneumonia in the benign lung disease
group included in this study, this may have increased the average level
of SCC-Ag in this group and reduced the difference to the LC group.
Comparing the concentrations of CEA, NSE, CYFRA21-1, SCC-Ag, and
ProGRP between patients with early-stage LC and the control group,
the results showed that the concentrations of CEA, NSE, CYFRA21-1,
SCC-Ag, and ProGRP were increased significantly in patients with early-
stage LC. This suggests that serum CEA, NSE, CYFRA21-1, SCC-Ag, and
ProGRP can assist in the early diagnosis of LC. Further analysis of the

2023;54:372-379 | https://doi.org/10.1093/labmed/Imac122
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TABLE 6. AUC of CEA, NSE, CYFRA21-1, SCC-Ag, ProGRP Alone and in Combination for the Diagnosis of LC

* Detection AUC SEM

: 95% Confidence Interval ]
PValue R Sir = :

‘ Lower Limit © Upper Limit |
| CEA 0.861 0.023 <001 0.816 0906
NSE . os% 026 <0t o7s 0888 |
CovRRA2IT 083 oot4 <0t 092 0965

| Combined

AUC, area under the curve; CEA, carcinoembryonic antigen; CYFRA21-1, cytokeratin 19 fragment 21-1; LC, lung cancer; NSE, neuron-specific
enolase; ProGRP, pro-gastrin-releasing peptide; SCC-Ag, squamous cell carcinoma antigen; SEM, standard error of the mean.

FIGURE 3. Serum pro-gastrin-releasing peptide (ProGRP)
concentrations before or after chemotherapy in 11 small
cell lung carcinoma patients. The dotted line represents
3 progressive disease patients, the solid line represents 8
patients with remission. The y-axis shows the logarithmic
value of ProGRP concentration; the x-axis represents the
chemotherapy courses.
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relationship between clinical data and the serum markers showed that
CEA was the highest in lung adenocarcinoma (LAC), CYFRA21-1 and
SCC-Ag were the highest in LSCC, and serum NSE and ProGRP showed
the highest expression in SCLC (P < .01). This suggests that CEA, NSE,
CYFRA 21-1, SCC-Ag, and ProGRP can effectively assist in the patholog-
ical classification of LC. The markers NSE and ProGRP have good clinical
value in distinguishing SCLC and NSCLC, CEA has good clinical value in
the differential diagnosis of LAC and CYFRA21-1, and SCC-Ag has good
clinical value in diagnosis of LSCC. The concentrations of CEA, NSE,
CYFRA 21-1, SCC-Ag, and ProGRP in patients with LC at different stages
have significant differences. The serum concentrations of CEA, NSE,
CYFRA 21-1, SCC-Ag, and ProGRP in patients with stage I-II LC were
significantly lower than those in patients with stage III-IV LC (P < .01).
The later the stage, the higher the concentration, indicating that the
concentrations of CEA, NSE, CYFRA 21-1, SCC-Ag, and ProGRP increase
significantly with the progression of LC, which makes them potential
markers for monitoring disease process, assisting in pathological and
stage classification, and guiding early clinical chemotherapy strategies.
Alarge number of studies have shown that the sensitivity and specific-
ity of single molecules as tumor markers requires further improvement,”®
which is consistent with our finding that some tumor markers were also
elevated in benign lung diseases. To improve the sensitivity and specificity

of detection and reduce misdiagnosis rate, we compared the value of indi-
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FIGURE 4. Serum carcinoembryonic antigen (CEA)
concentrations before or after chemotherapy in 18 lung
adenocarcinoma patients. The dotted line shows 8 stable
disease or progressive disease patients, the solid line
represents 10 partial response patients. The y-axis shows
the concentration of CEA; the x-axis represents the
chemotherapy courses.
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vidual and combined diagnosis of LC by ROC curve. Our results showed
that the AUC of CEA, NSE, CYFRA 21-1, SCC-Ag, and ProGRP alone for
diagnosing LC were 0.861, 0.836, 0.939, 0.697, and 0.721, respectively.
The AUC of the combined detection of the 5 markers for LC was 0.960,
indicating that the combined detection of CEA, NSE, CYFRA 21-1, SCC-
Ag, and ProGRP has a significantly higher diagnostic value for LC than
single-marker detection. This result is consistent with the results of Chen
etal,”’ suggesting that the combined detection of CEA, NSE, CYFRA 21-1,
SCC-Ag, and ProGRP can effectively improve the sensitivity and specific-
ity of diagnosis, reduce misdiagnosis rate, and beneficial for the early di-
agnosis, treatment, and prognosis of LC.

To evaluate the ability of these serum tumor markers in monitoring
the response to chemotherapy, we performed dynamic detection of serum
CEA, NSE, CYFRA 21-1, SCC-Ag, and ProGRP in 29 patients with LC (11
SCLC and 18 LAC) before and after each of the 6 courses of treatment. We
found that the serum ProGRP of 8 PR patients with SCLC (including 1 case
of CR and 7 cases of PR) gradually decreased with the progress of treat-
ment (FIGURE 3, solid line), whereas the ProGRP concentration was not
significantly changed in 3 PD patients and showed a progressive increase
trend in the late stages of the disease (FIGURE 3, dotted line). Among
the 18 patients with LAC, 10 PR patients showed a progressive decrease in
CEA concentration (FIGURE 4, solid line), 4 SD patients showed a stable
concentration of CEA with minor fluctuations, and 4 PD patients showed
an increasing trend of CEA concentration (FIGURE 4, dotted line). These

(ng/mL)
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results are consistent with previous research by Barchiesi et al,”* who
prospectively collected and measured serum ProGRP, NSE, CYFRA21-1,
SCC-Ag, and CEA in patients with LC and found that ProGRP is an accurate
biomarker for diagnosing SCLC and distinguishing SCLC from non-SCLC.
Furthermore, the ProGRP concentration was reduced in LC patients who
responded to chemotherapy. These results all suggest that serum ProGRP
and CEA are useful in monitoring chemotherapy outcomes in patients
with SCLC and LAC. By detecting tumor markers, the efficacy of different
regimens can be determined, which is crucial for the selection of optimal
treatment. Considering the limited size and region of the patients included
in this study, future research with larger sample size and wider geograph-
ical distribution of subjects is needed to further validate the value of the
biomarkers investigated in this study.

In conclusion, serum concentrations of CEA, NSE, CYFRA 21-1,
SCC-Ag, and ProGRP can be used to assist the early diagnosis, differ-
ential diagnosis, pathological classification, and staging of LC, monitor
the disease process, evaluate the sensitivity of patients to chemother-
apy regimens, and eventually provide suggestions for the selection of
optimal treatment regimens. The combinational detection of multiple
markers can effectively improve the sensitivity and specificity of LC di-
agnosis, reduce misdiagnosis rate, benefit the early detection of LC, and

has good clinical value for the early diagnosis of LC.
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ABSTRACT

Objective: Mirror patterns are incidental types that accompany the
analysis of the oligoclonal band (OCB) in cerebrospinal fluid (CSF).
However, their interpretation remains controversial. In this study, we
analyzed all graphic results of mirror patterns from 86 patients to pro-
vide an optimal interpretation scheme for mirror patterns.

Methods: Matched CSF and serum specimens were obtained from
patients with various neurological disorders that required OCB anal-
ysis. A total of 86 patients were screened and serum immunofixation
electrophoresis (IFE) was performed in all 86. The interobserver agree-
ment for interpreting mirror patterns by visual inspection was tested.
The method agreement between the visual inspection and IFE was
also evaluated. The CSF/serum albumin quotient (QALB) was calcu-
lated to determine the blood-brain barrier integrity of all patients.

Results: Of the 86 patients with mirror patterns, 19.8% (17/86) had
typical mirror bands and most (80.2%) had atypical mirror bands.
There was a good agreement between the 2 observers in interpreting
typical mirror patterns. However, kappa statistics analysis showed
poor agreement regarding the interpretation of atypical mirror bands

by visual observation alone (kappa value, -0.026 to 0.314 between 2
observers). The disagreement was pronounced between the visual in-
spection and validation of IFE (kappa value, -0.0238 to 0.176 between
the first observer and IFE; -0.322 to 0.118 between the second ob-
server and IFE). The normal QALB rates in the type V groups were sig-
nificantly higher than those in the type IV group and the positive QALB
rates in the type IV were significantly higher than those in the type V.

Conclusion: Visual inspection to interpret mirror pattern bands is un-
reliable. Considering the completely different clinical significance be-
tween type IV and type V and high risk of potential misinterpretations,
it is necessary to perform IFE on all the atypical mirror types to dis-
criminate atypical type IV from atypical type V.

Intrathecal oligoclonal immunoglobulin G (IgG) band synthesis has the
highest specificity for clinically definite multiple sclerosis (MS) but may
also occur in the context of central nervous system (CNS) infection and
other inflammatory conditions."” Therefore, the detection of intrathecal
IgG synthesis is a routine part of the cerebrospinal fluid (CSF) workup.
Isoelectric focusing (IEF) on agarose gels followed by immunoblotting is
widely recognized as the gold standard for detecting the presence of IgG
OCBs.” " There are 5 classic patterns in IEF gels. Type [ patterns have no
bands in the CSF and serum sample, type II have oligoclonal IgG bands
in CSF not in the serum sample, and type III have oligoclonal bands in
CSF and additional identical oligoclonal bands in the CSF and the serum
sample.” Type IV and type V are mirror patterns (identical serum and
CSF OCBs), which are indicative of serum proteins (including polyclonal
and monoclonal immunoglobulins) entering the CSF by passive diffu-
sion or through disruption of the blood-brain barrier (BBB). Albumin
(ALB) produced only outside the CNS cannot easily cross an intact BBB.
However, ALB can cross the BBB and enter the CSF when BBB is dam-
aged by various CNS diseases. The CSF/serum ALB quotient (QALB) is
the indicator most frequently used to evaluate BBB intactness.

The clinical significance of mirror pattern bands has been relatively
clarified. Type IV, identical oligoclonal bands in CSF and serum samples,
is indicative of a systemic, not intrathecal, immune reaction, with
a leaky or normal or abnormal BBB and OCB passively transferred in
CSF; and type V, monoclonal bands in CSF and serum samples, indicate

the presence of a monoclonal IgG component. Typical type IV features
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irregularly spaced bands, whereas the typical type V has characteristic
spaces in symmetric steps among bands and tend to be evenly distrib-
uted because the monoclonal proteins form clusters and are more prom-
inent, with higher concentrations and stronger immunoreaction.®* The
interpretation of OCB is expert-dependent and involves visual analysis.
Interobserver agreement in the interpretation of typical pattern types is
very good.”’ However, in clinical practice, the typical mirror patterns are
in the minority, and the bands in the vast majority of mirror patterns
actually vary from person to person, showing either lower intensity
of bands, a smaller number of bands, or both. Those are referred to as
“atypical mirror pattern bands.” Although it may be relatively easy to
interpret the typical mirror pattern as typical type IV or typical type
V, it is challenging to correctly interpret atypical mirror pattern bands
depending only on visual observation, even for specialized laboratory
personnel, causing misinterpretations of results with significant diag-
nostic implications.™'? Immunofixation electrophoresis (IFE) is a tech-
nique that possesses the high specificity (antigen-antibody reaction)
and high sensitivity of monoclonal immunoglobulin to detect monoclo-
nal components in serum, which is the definitive test for confirming the
presence of M protein.13 The main objective of our study was to evalu-
ate the agreement between 2 experienced professionals and 2 methods,

by visual inspection and IFE, in interpreting mirror patterns. Another

aim was to determine whether emergence of mirror patterns necessarily
indicates damage of the BBB by analyzing QALB levels. We present and
analyze the characteristics of equivocal atypical mirror patterns in the
form of representative OCB graphic results, which would explain why
the interpretation of atypical mirror patterns by visual inspection alone

is unsatisfactory.

Materials and Methods

Sample Acquisition and Grouping

We retrospectively studied the OCB data of consecutive patients who re-
quired lumbar puncture and underwent routine OCB assays with paired
CSF and serum samples using isoelectric focusing followed by immuno-
blotting over a period of 4 years (May 2017 to January 2022) at Xuanwu
Hospital. Inclusion criteria for further studies were those whose OCB
results showed mirror pattern bands, that is, identical bands, in both
CSF and serum. A total of 86 paired CSF/serum samples were screened.
Following the recommendations of Freedman et al,” the OCB results
were visually inspected and identified as either type IV or type V. Two
laboratory experts experienced in OCB analysis were involved in the vis-

ual inspection in a blinded fashion.

TABLE 1. Interobserver Agreement on IEF Mirror Pattern Types by Visual Inspection Alone

i IEF—Visual Inspection

CObserver1 Observer2
Classification Typical type IV Typical type V Atypical type IV Atypical type V Total

| Typical type IV 11 § 0 0 § 0 11 (12.8%)
Typicaltypev 2 T Y
MypicaltypeV o0 2 4 %@ |
MypicaltypeV o0 20 w o 13(50%)
ot Mnaz28% . 669%) s1503% 18(209% | 86

IEF, isoelectric focusing electrophoresis.

FIGURE 1. Typical type IV and V. Typical immunoglobulin G (IgG) mirror patterns detected in paired cerebrospinal fluid (CSF)/
serum sample and corresponding serum results from immunofixation electrophoresis (ELP). Arrows indicate the prominent
bands regions. Anode is at the top (the followings are the same). A, Typical type IV and immunofixation of corresponding serum
sample. B, Typical type V and immunofixation of corresponding serum sample.

CSF Serum
A
] 3
— -
- K
= =
ELP G A M K L

www.labmedicine.com

CSF S.erum

-_—
ELP G A M K L

Lt g1
-
—

Gz0z Aenuged gz uo 1senb Ad 8€616.9/08€/v/7/S/810IME/PAWIGE]/WOS"dNO"olWSPEdE//:SARY WOy POpeojumod

381



Subsequently, all 86 serum samples were subjected to IFE to deter-
mine the presence or absence of M protein so that the controversial
mirror patterns could be validated as either type IV or type V. The 86
patients were classified into 2 groups according to their OCB results. The
first group included typical type IV and typical type V, which could be
directly and accurately interpreted based on visual observation alone
without the help of IFE verification. The second group comprised the
samples with bands that seemed like type V but were actually type IV
or vice versa—they were defined as atypical type IV and atypical type V.

Oligoclonal Band Determination and Immunofixation
Electrophoresis

IgG and ALB in CSF and serum were quantified using kinetic
nephelometry (Beckman Coulter IMMAGES800). Paired serum/CSF
samples were used to analyze the IgG-specific OCB performed with IgG
IEF on agarose gel, followed by immunofixation (HYDRASYS FOCUS-
ING, Sebia).'**® Before IEF, the serum samples were diluted in deionized
water to reach the same IgG concentration as that of the parallel CSF
samples. Serum samples were run in parallel with CSF samples. The
patterns were interpreted qualitatively by comparing the presence or
absence of OCB in CSF and serum. The presence of 2 or more bands in
the electrophoresis lanes was considered to be a positive reaction.’ The
band patterns of IEF that matched both types IV and type V were our
research objects.

The IFE was performed using a commercial hydrogel kit with the
Sebia HYDRASYS 2 automated electrophoresis system (Sebia). The IFE
method used polyclonal antihuman serum samples to identify IgG, IgA,
IgM, and total light chains x and A.

Reference Standard Criteria for QALB

The QALB was calculated to determine BBB integrity as follows'®: [CSE
albumin (mg/mL)/serum albumin (mg/mL)] x 1000. The calibration
standards were prepared as follows: normal: QALB <7; mild impair-
ment: 7< QALB <10; moderate impairment: 10< QALB <30; severe im-
pairment: QALB >30.

Statistical Analysis

IBM SPSS 26.0 software (SPSS) was used for the statistical analysis. The
frequency distributions were analyzed using the y? test. Comparisons
of nonparametric data, such as the evaluation of interobserver agree-
ment, were analyzed by kappa statistics. A K-value <0 indicated poor
agreement, 0.01 to 0.2 slight, 0.21 to 0.4 fair, 0.41 to 0.6 moderate, 0.61
to 0.8 substantial, and 0.81 to 1.0 approximately perfect agreement.

A P value <.05 was considered significant statistically.

Results
There was very good agreement with respect to the judgment and inter-

pretation for typical mirror patterns (17/86) between the 2 observers

depending on results from IEF alone (TABLE 1) (according to the con-
sensus classification,” typical IV and typical V are shown in FIGURE 1);
however, when identifying atypical mirror patterns (69/86), which
showed weak, indistinct, and fewer bands, interobserver agreement
by visual inspection was slight (K-value 0.144, TABLES 1 and 2). The
results of IFE for these 69 serum samples, with atypical mirror patterns
included 44 atypical type IV and 25 atypical type V. Disagreements
between observer 1 and IFE and observer 2 and IFE were substantial
(K-value = -0.031 and -0.102, respectively; TABLES 2 and 3). There-
fore, the correct interpretation of mirror patterns by visual inspection
alone was unreliable.

There were 17 (19.8%) typical mirror patterns, including 11 typi-
cal type IV and 6 typical type V, which were easily identified by visual
inspection. Only 1 graph of typical type IV and 1 of typical type V were
chosen as representative and are shown in FIGURE 1 (other results are
not shown). The typical type IV pattern is irregularly spaced bands in
both CSF and serum. The typical type V pattern has spaces in symmet-
ric steps among bands and tends to be evenly distributed because the
monoclonal proteins form clusters and are more prominent with higher
concentrations and stronger immunoreaction. The others (80.2%) were
atypical mirror patterns including 44 atypical type IV and 25 atypical
type V. Six atypical type IV results from IEF and corresponding serum
IFE were used to represent 44 atypical type IV, as shown in FIGURE 2.
All the patterns from IEF in FIGURE 2 were highly prone to confuse
observers because they look like type V if reviewed without the confir-
mation of IFE. The 6 representative atypical type V cases from IEF and
the corresponding IFE results are shown in FIGURE 3. These seemed
to be type IV, which made them subject to disagreement among experi-
enced observers when evaluated by visual observation alone.

Normal QALB values were used as the reference standards, and pos-
itive cases were defined as those exceeding the upper limit. The QALB
stratification analysis in the 4 groups (typical type IV, typical type V, atyp-
ical type IV, atypical type V) showed that the ranges of QALB <7 (normal)
were dominant in both typical type V (83.3%) and atypical type V groups
(72%), and the ranges of 10< QALB <7 were dominant in both typical type
IV (54.5%) and atypical type IV groups (47.7%). The results showed the
normal QALB rates in type V groups were significantly higher than those
in the type IV group and the positive QALB rates in the type IV were sig-
nificantly higher than those in the type V (TABLE 4, P < .01). Our results

TABLE 2. Interobserver Agreement Analysis on Differentiating
Atypical Mirror Patterns and Agreement Analysis Between
Visual Inspection and IFE/Combined IFE

: K-value (95% Cl) Pvalue
IEF alone, interobserver 0.144 (-0.026-0.314) 115
Observer 1vsIEF+FE | ~0031(-00238-0.176) | 746 |
Observer2vsIEF+FE | 0102(-0322-0.118) | 385 |

Cl, confidence interval; IEF, isoelectric focusing electrophoresis; IFE,
immunofixation electrophoresis.

IEF alone IEF+IFE IEF alone IEF+IFE

Observer1 Atypical typeV Aypical typeV Total | Observer2 Atypical type IV~ Atypical typeV  Total
| Atypical type IV § 16 § 10 26 Atypical type IV~ | 31 § 20 Y
MypicalypeV % 5 43 | Mypcalypev . 13 .5 . 18 |
ol 7R % 60 | T o % 69
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FIGURE 2. Atypical type IV. The bands of those samples appear to be type V (space in symmetric steps among bands and

relatively prominent bands). A, B, C, D, E, and F are 6 representative oligoclonal band results and corresponding serum results

from immunofixation electrophoresis (ELP) that show no specific bands. CSF, cerebrospinal fluid.

CSF Serum
A
CSF Serum
C
L
CSF Serum
E

www.labmedicine.com

- ' 3—|_

= -
ELP G A M K L

- A

=|'
L =i |

ELP G A M K L |

CSF Serum

CSF Serum

\l

CSF Serum

F

= )

- 3l
-
- -
'N .
- =
ELP G A M K L
'ELP G A M K L

Gz0z Aenuged gz uo 1senb Ad 8€616.9/08€/v/7/S/810IME/PAWIGE]/WOS"dNO"olWSPEdE//:SARY WOy POpeojumod

383



FIGURE 3. Atypical type V. The bands of those samples appear to be type IV (irregularly spaced bands). A, B, C, D, E, and F are
6 representative oligoclonal band results and corresponding serum results from immunofixation electrophoresis (ELP) that
show obvious positive monoclonal (M) protein (B, C, D, E) or weak positive M protein (A, F) (with immunoglobulin G (IgG)-x or
IgG-1). CSF, cerebrospinal fluid.
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P Type IV Type V

: VariableQALB - D T e LR L e s L B LR T e et : Pvalue
: Typical type IV (n=11) : Atypical type IV (n = 44) Typicaltype V(n=6) : Atypical type V (n = 25)

QALB <7 (normal) 2(18.2° 11 (25)° 5(83.3) 18(72) <.01
7< QALB <10 6 (54.5) 21 (47.7) 1(16.7) 6 (24) <.01
10< QALB <30 2(18.2) 10 (22.7) 0(0) 1(4) —
QALB >30 1(9.1) 2 (4.5 0(0) 0(0) —
Total abnormal 9(81.8) 33 (75)° 1(16.7) 7(28) <.01

QALB, cerebrospinal fluid/serum albumin quotient.
Data are given as No. (%).
bCompared to type V group (P < .01).

indicate that the emergence of mirror pattern bands did not necessarily
indicate an abnormal BBB; passive transfer in the CSF from serum was
also a possible reason. Moreover, the permeability of BBB in type IV
groups was significantly higher than that in type V (P < .01).

Discussion

The detection of OCB is routinely applied in the diagnostic workup of
inflammatory CNS disorders, especially in the early stage of MS.*"’
The vast majority of previous studies have focused on the MS and CSF-
restricted OCBs, that is, type IL">*®?! Mirror pattern bands are in-
cidental findings during CSF OCB analysis.”? They are not uncommon;
however, the correct interpretation of mirror patterns has not been
given adequate attention. The discrimination between the 2 mirror
patterns, type IV and type V, by visual inspection is controversial, and
misinterpretation often occurs. In this retrospective study, we first
demonstrated that rater-dependent interpretation of mirror patterns
was untrustworthy and also illustrated why the high rate of misinter-
pretation occurs, by means of 86 patients with a variety of neurological
disorders whose OCB results showed mirror patterns. We then divided
the 86 samples into 2 groups: typical mirror patterns (17/86, 19.8%)
and atypical mirror patterns (69/86, 80.2%). According to the consensus
results of IEF, agreement concerning typical mirror patterns between 2
experienced observers was satisfactory by visual observation alone (11
typical type IV patterns and 6 typical type V patterns were correctly
identified by both observers). However, interobserver disagreement was
prominent in identification of atypical mirror patterns. Indeed, the dif-
ferentiation between atypical type IV and atypical type V by visual in-
spection was disputable in some cases. There are 2 reasons that could
account for this. First, IEF is the most sensitive method for discrimi-
nating monoclonal and oligoclonal bands because IEF can capture any
abnormal overexpression of IgG both in CSF and serum in the form of
bands.”®”* The IEF can resolve what would be a single band in other elec-
trophoretic techniques, for example, by IFE into multiple bands differing
by 1 U of charge.®”® This peculiarity is probably due to posttranslational
modifications such as glycosylation. This is 1 reason why it is hard to
distinguish between monoclonal and oligoclonal bands by visual obser-
vation. Besides, although IFE is widely regarded as the gold standard
technique to detect monoclonal components in serum, the relatively
weaker capability of IFE than IEF*° to separate immunoglobulins makes
IFE the poorer choice to detect OCBs. This also might account for why an
IFE gel often looks like a polyclonal without bands even if OCBs appear
in the gel. Therefore, IFE was used in this study solely to rule out or con-

firm the presence of monoclonal proteins rather than verifying the pres-

www.labmedicine.com

ence of OCBs in serum. Second, every individual has been exposed to
different antigens during their life and unique IEF patterns may indicate
this when some IgG clones are overrepresented. Both of these factors
contribute to large individual differences in mirror patterns, which exac-
erbate the difficulty of interpretation.

On one hand, in some individuals, systemic inflammation and im-
mune response are very active, which results in strong intensity of mir-
ror bands that appear to share similar characteristics with monoclonal
bands. In this study, for example, the bands in FIGURE 2E were sharp
and clearly visible and without the confirmation of IFE, the evaluation
as type V would be arbitrary. Misdiagnosis or delayed diagnosis would
be inevitable. On the other hand, in some cases, some weak and less
sharp bands than typical type V were mistaken for type IV by visual ob-
servation. In our study, the impressive case shown in FIGURE 3B was
a good case in point. The bands were relatively weak and near the cath-
ode, which was not easy to detect at the first glance, and the pattern
was evaluated as type V. Both observers in our study failed to precisely
recognize this kind of pattern. Interestingly, this case was diagnosed as
multiple myeloma (MM) during hospitalization due to the results of the
OCB test in the early stage. Moreover, it was also worth noting that in
some cases, bands such as shown in FIGURE 3A and 3F, whose IEF
results resembled those of type IV, had relatively weak and subtle path-
ological bands on both IEF and IFE. This was why those cases were eas-
ily misinterpreted as type IV. Another example was 2 cases shown in
FIGURE 2F and FIGURE 3D, respectively. The bands in the IEF were
very similar in both location and intensity; however, they were actually
type IV and type V after the verification of IFE. Interpretation of atypi-
cal mirror pattern types, that is, those with few and weak bands, is crit-
ical, and misinterpretation might yield false-negative or false-positive
results even by experienced laboratory personnel.

The secretion of a monoclonal immunoglobulin, referred to as
a monoclonal protein (M protein), is the hallmark of monoclonal
gammopathies, comprising a spectrum of clonal plasma cell disorders.””
Monoclonal gammopathy of undetermined significance (MGUS), MM,
and Waldenstrém macroglobulinemia belong to these disorders. The
MGUS is present in more than 3% to 4% of the population older than
50 years®® and is regarded as a premalignant precursor of MM. It is of-
ten categorized as a low tumor burden disease as well,”” and almost all
cases of MM are preceded by MGUS.?”*° Monoclonal gammopathies
or underlying lymphoplasmacytic disorders can affect the peripheral
nervous system by various mechanisms.>" Almost 10% of patients with
neuropathy of unknown cause have paraprotein,® which is defined as
monoclonal gammopathy of neurological significance (MGNS). MGUS is

most often asymptomatic; however, MGNS should be considered when
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M protein and peripheral nervous disorders are both present.*® In our
study, all 86 patients came to our hospital with a variety of neurological
disorders, such as peripheral neuropathy (weakness and numbness in
the arms and hands, sensory and motor dysfunctions), headache, confu-
sion, and slurred speech and so forth. Among 25 patients with atypical
type V, 2 cases were diagnosed as MM, 4 cases were POMES (polyneu-
ropathy, organomegaly, endocrinopathy, M-protein, skin changes) syn-
drome, 7 cases were MGUS, and 12 cases were given MGNS as the final
diagnosis. Among 44 patients with atypical type IV, according to the final
diagnosis, 6 cases were diagnosed as Guillain-Barré syndrome (GBS), 12
cases were chronic inflammatory demyelinating polyradiculoneuropathy
(CIDP), 6 cases were peripheral neuropathy, 6 cases were autoimmune
diseases including systemic lupus erythematosus and Behget’s disease,
11 cases were demyelinating diseases, and 3 cases were autoimmune en-
cephalitis. Moreover, the results of QALB stratification analysis on the
86 patients were basically consistent with clinical diagnosis and disease
feature; for example, patients with CIDP and GBS with systemic inflam-
mation have different degrees of BBB damage and type IV is dominant
in those patients. The presence of OCBs is due mostly to the increased
BBB permeability. The MM patients mostly have normal BBB, and type V
from passive diffusion of serum dominates in those patients.

The detection of M protein was an incidental finding of the OCB test,
which was originally meant to investigate the presence or absence of intra-
thecal immune responses, especially MS. The onset of MS usually shares
similar symptoms with peripheral nervous system abnormalities. There-
fore, monoclonal gammopathy must be differentiated from systemic in-
flammation if mirrored IgG bands are present in both CSF and serum. As a
routine hospital admission test, OCB by IFE could provide clues for a diag-
nosis of monoclonal gammopathy in a timely manner. Correct interpreta-
tion of OCB patterns, especially the mirror pattern types, is a prerequisite.

Our findings indicate both poor interobserver agreement and
rather poor agreement between direct visual inspection and verifica-
tion of IFE for the evaluation of atypical mirror patterns. To reduce
the expert-dependent variability and unreliability and to diminish
errors in visual analysis of atypical mirror pattern types, it is neces-
sary to perform IFE on every patient serum whose paired CSF/serum
OCB result shows mirror pattern types. Our findings are not aimed at
solving the diagnostic dilemma between MS, MGUS, MM, and other
peripheral neuropathies, but to eliminate misinterpretations of atyp-
ical pattern bands and provide timely and appropriate diagnostic
thinking.

There are some limitations of the study. Owing to page limitations,
it is unlikely that all 69 atypical mirror patterns will be presented in the
form of graphical data. It is also inevitable that there is a loss of im-
age detail to some extent when OCB images are scanned. However, the
prominent disagreement in interpreting mirror patterns bands by visual
observation is enough to draw attention, especially considering the dif-
ferent clinical significance of mirror pattern types. In addition, there is
a need for long-term follow-up studies of the atypical type V pattern re-
garding whether the appearance of weak and indistinct M proteins (eg,
cases in FIGURE 3A and 3F) is transient or permanent and what the
prognostic features are.

Conclusions
There is poor interobserver agreement and rather poor agreement
between direct visual inspection and combined IFE for interpreting

atypical mirror patterns. To reduce the expert-dependent variability and
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unreliability and to diminish errors of visual analysis on atypical mirror
pattern types, it is crucial to perform IFE on every patient serum whose

paired CSF/serum OCB result showed mirror pattern types.
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ABSTRACT

Objective: Patients and physicians are increasingly requesting their
clinical laboratory to provide SARS-CoV-2 serology interpretation.
Our study aimed to assess the evolution of SARS-CoV-2 antibodies in
Moderna-vaccinated health care workers.

Methods: We analyzed the evolution of mRNA-1273 (Moderna)-
elicited antibodies by 2 high-throughput assays, TrimericS IgG
(Diasorin) and SARS-CoV-2 IgG-II (Abbott).

Results: After the first injection, the COVID-19-recovered vaccinees
showed a serological response as strong as that observed 1 month
after the second injection in participants without COVID-19 history. Al-
though remaining above the positivity thresholds, the TrimericS immu-
noglobulin G (IgG) and anti-RBD (receptor-binding domain) IgG levels
fell considerably between 1 and 7 months postvaccination, dropping
to 10.6% and 13% for the COVID-19 recovered subgroup and to
11.7% and 9.3% for the COVID-19 naive subgroup.

Conclusion: Regardless of the test used, a decrease in circulating
anti-SARS-CoV-2 IgG levels should be expected a few months after
vaccination. As this decline does not preclude the efficacy of immune
response, caution is necessary when interpretating postvaccination
serological data.

Vaccination strategy turned out to be of paramount importance in the
fight against the severe acute respiratory syndrome caused by the SARS-
CoV-2 virus. Several vaccines were widely permitted and used to reduce
mortality and morbidity as well as to halt the spread of the virus; the
mRNA-1273 vaccine, encoding the prefusion stabilized full-length spike
(S) protein of SARS-CoV-2, has been used in worldwide mass vaccina-
tion programs.

Various studies about postvaccination immune status have been
published. Their designs differ depending on the target antibody, time
since vaccination, type of vaccine administered, and the studied pop-
ulation. More specifically, the immunoassays varied according to the
detected antibodies that were directed to either the SARS-CoV-2 nu-
cleocapsid, the S protein' or the receptor-binding domain (RBD).” Al-
though the serology after BNT612b25 (Pfizer-BioNTech) vaccination
has been largely studied, serological data after mRNA-1273 (Moderna)
vaccination are scarcer. In a trial of about 30 participants, the persist-
ence of anti-RBD for up to 6 months after the second mRNA-1273 dose
was clearly shown.>" In a larger cohort, antibodies to $1/S2" or RBD®
had already declined after 3 and 4 months and decayed more severely
by 6 months after vaccination, especially among those who had not
suffered from COVID-19 before the vaccination.’®

We present here a longitudinal study to assess the development of
SARS-CoV-2 antibodies in Moderna-vaccinated health care workers. Two
commercially available high-throughput serological tests were assumed as
the most suitable to our purpose. The quantitative LIAISON SARS-CoV-
2-TrimericS IgG assay (Diasorin) was selected because it uses a recombi-
nant trimer of S1/S2 close to the native transmembrane S glycoprotein as
the capture antigen. The S1 subunit includes the RBD that interacts with
angiotensin-converting enzyme-2 host cell receptor. The assay SARS-
CoV-2 IgG II quant (Abbott) was also selected here, since it points to the
RBD antigen, one of the most immunogenic regions of the coronavirus and
the main target for neutralizing antibodies.” For both immunoassays, a di-
lution protocol was used to provide a more accurate appraisal of antibodies
rates.® In contrast to the study of Kanji et al,” which used the same tests, we
collected a baseline blood sample to categorize the vaccinees as COVID-19

naive or infection-recovered before the first dose of vaccine.

Material and Methods
This study was conducted from December 2020 to September 2021 and

included 620 serum samples from 155 health care workers (120 females,
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35 males) of a university hospital in Belgium. The median age was
44 years (range 25-67 years). As recommended for the Moderna vac-
cine, the 2-dose series was administrated 28 days apart. For each partici-
pant, a blood sample was obtained at 3 different points in time: 1 month
(28 days) after the first mRNA-1273 injection (T1), then 1 month (range,
25-38 days) (T2) and 7 months (range, 197-225 days) (T3) after the
second injection. An initial specimen (TO0) collected during the month
preceding the first injection was also obtained. All samples were frozen
until analyzed. The study was approved by an ethics committee (approval
number1386) in accord with the ethical standards established by the in-
stitution in which the experiments were performed. All participants also
filled out a questionnaire about their clinical manifestations in the case
of a COVID-19 infection prior to vaccination.

Participants were classified into 2 groups, the COVID-19-recovered
and the COVID-19-naive subgroups, based on their prevaccination status
with regard to COVID-19 infection. A COVID-19 infection was defined by
either a positive reverse transcription polymerase chain reaction (PCR) on
a nasopharyngeal swab or, in case no PCR was available, by a positive se-
rology to Tri-S-CoV-2 IgG or CoV-2 IgG II prior to vaccination. We also
considered 2 seronegative people who had undeniably suffered from a
symptomatic form of COVID-19 infection a few days around the first (T0)
blood sampling.

Blood specimens were analyzed according to the manufacturer’s

. . 10,11
instructions

using the Diasorin SARS-CoV-2 TrimericS IgG assay
(Tri-S-CoV-2 IgG) on a LIAISON XL automate and the Abbott SARS-
Cov-2 IgG II quant on an Alinity i platform (CoV-2 IgG-II). The SARS-
CoV-2 TrimericS IgG results are reported in binding antibodies units
(BAU) per milliliter since they are aligned on the first World Health
Organization International Standard for anti-SARS-CoV-2 immuno-
globulin binding activity (NIBSC 20-136). The Diasorin conversion
factor is BAU/mL = 2.6 x AU/mL (arbitrary units/mL). The positivity
thresholds were 33.8 BAU/mL for Diasorin and 50 AU/mL for Abbott.
The suppliers’ instructions for use mentioned a high positive concord-
ance between those cutoffs and a positive neutralization test, namely
a microneutralization titer 21/10 for Diasorin and a plaque reduction
neutralization titer >1/20 for Abbott. In addition, postvaccinal antibody
levels were also assessed against other limits related to high neutralizing
antibodies titers. According to the Diasorin CE-marked notice, a high
microneutralization assay titer threshold (21:80) corresponds to anti-
body levels higher than 520 BAU/mL, whereas the threshold of 1:80 is
960 AU/mL in the Abbott kit.

When results were over the analytical interval, a 20-fold dilution (Li-
aison XL) or a 2-fold dilution (Alinity i) made it possible to extend the
range of measurement from 2080 to 41,600 BAU/mL and from 40,000
to 80,000 AU/mL, respectively.

Statistical analysis was performed using GraphPadPrism 8.4.2
(GraphPad).

Results

A prevaccinal SARS-CoV-2 infection was identified in 34.2% (53/155) of
the participants; Tri-S-CoV-2 IgG was the only antibody present in 3 of
those 53, CoV-2 IgG I in 5 of the 53, and both were positive in 37 of the
53. An infection was identified for 6 of the 53 seronegative participants
from a positive reverse transcription PCR test. Finally, 2 of the 53
suffered from an evident symptomatic COVID-19 disease around the

time of the TO blood draw for which they were seronegative at baseline.

www.labmedicine.com

Forty-seven were symptomatic; the illness was characterized mostly by
generalized symptoms such as fever, fatigue (41/47), or respiratory im-
pairment (33/47). Anosmia or agueusia was present in 25 of the 47, and
13 of 47 had abdominal or other minor symptoms.

Before vaccination (T0), all COVID-19-naive subjects were seroneg-
ative for SARS-CoV-2 IgG. Among the COVID-recovered cohort, the me-
dian (interquartile range, IQR) antibody levels were 87 BAU/mL (IQR:
30-145 BAU/mL) for TrimericSCoV-2 IgG and 187 AU/mL (IQR: 69-631
AU/mL) for CoV-2 IgG II. At T1, TrimericSCoV-2 IgG as well as CoV-2
IgG II were positive in all of the 155 participants. The concentrations of
Tri-S-CoV-2 IgG were significantly (P < .0001) higher in the COVID-19-
recovered subgroup with median (IQR) values of 11,600 BAU/mL (IQR:
5315-22,400 BAU/mL) compared to 938.5 BAU/mL (IQR: 534-1445
BAU/mL) among those with no history of infection. The evolution of
CoV-2 IgG II followed the same trend with 25,439 AU/mL (IQR: 11,608-
52,915 AU/mL) and 3077 AU/mL (IQR: 1519-5070 AU/mL), respec-
tively.

The second injection boosted the production of antibodies, but the
magnitude of the response varied, with the strongest increase observed
among noninfected vaccinees. Tri-S-CoV-2 IgG reached 3985 BAU/mL
(IQR: 2910-6143 BAU/mL) and CoV-2 IgG Il increased to 16796 AU/mL
(IQR:12,982-24,755 AU/mL). In contrast, among COVID-19-recovered
participants, the Tri-S-CoV-2 IgG levels are similar (P = not significant)
to T1 (median 11,500 BAU/mL; IQR: 6,330-20,950) whereas CoV-2
IgG II are slightly higher (median 31702 AU/mL; IQR: 23,525-52,684
AU/mL) as compared to T1 (P =.0025). It is worth mentioning that
at T1, the vaccinees who recovered from COVID-19 mounted a higher
anti-S response (P < .0001) and an anti-RBD response as strong as that
observed at T2 in COVID-naive individuals (P = .0138).

As shown in FIGURE 1, the humoral immune response 7 months af-
ter the second injection (T3) was reduced in comparison to that observed
after 1 month (T2), although remaining above the predefined positiv-
ity thresholds. The seropositive rates notably remained at 100% for
both assays, but the antibody levels significantly (P < .0001) declined in
COVID-19 recovered and in the naive subgroup compared to T2. The IQR
range for Tri-S-CoV-2 IgG was 719.5 to 1930 BAU/mL with a median value
of 1310 BAU/mL for the first group as opposed to 305.8 to 945.8 BAU/mL
with a median of 510 BAU/mL for the second group. Similarly, the IQR for
CoV-2 IgG II was 2046 to 8667 AU/mL with a median of 3819 AU/mL vs
1002 to 2514 AU/mL with a median of 1518 AU/mL.

The results were also analyzed using limits related to the presence of
higher neutralizing antibodies titers. At T3, the number of COVID-19
naive subjects that maintained a Tri-S-CoV-2 IgG level above this limit
is lower (47%) than the 85% of the COVID-19 recovered subjects. When
the respective limit is applied in the case of CoV-2 IgG-II, the difference
between the 2 groups is less marked, as the rate of positivity is respec-
tively 79% and 94%. In addition to the fact that the assays do not meas-
ure the same antibody, the different techniques used by manufacturers
to describe the relation between binding antibodies and neutralizing
antibodies may also account for this observation.

FIGURE 2 illustrates the considerable drop in antibody levels by
individual. For each participant, the magnitude of the reduction is
expressed in percentages of T3 to T2 antibody levels (T3/T2 ratio). Seven
participants were excluded because their T2 antibodies values were over
the linearity range. One participant whose antibodies concentrations
were much higher on T3 than on T2 was considered an outlier. The median
(range) of T3/T2 ratio is 10.6% (3.9%-71.2%) for Tri-S-CoV-2 IgG and

Gz0z Atenuged pz uo 1sanb Ad 6v.G889/88€/v/1S/810IME/PAWIGE]/WOS" dNO"oIWSPEdE//:SARY WOy Pepeojumod

389



FIGURE 1. Evolution of anti-spike antibodies (Diasorin SARS-CoV-2 TrimericS immunoglobulin G [IgG]) (A) and anti-receptor-binding
domain antibody (Abbott SARS-CoV-2 IgG-Il) (B) levels from the time before the vaccination (T0) to 1 month after the first dose (T1)
and 1 month (T2) to 7 months (T3) after the second dose of mMRNA-1273 vaccine. Log scaled results from individuals with (n = 53) or
without (n = 102) prior SARS-CoV-2 infection are represented. Error bars represent the median values with the interquartile range.
Dashed lines represent the respective manufacturer’s thresholds for the presence of antibodies (positivity threshold) and the limits
consistent with higher SARS-CoV-2 neutralizing antibody titers. AU, arbitrary units; BAU, binding antibodies units.
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FIGURE 2. Relationship between the decrease of anti-spike antibody titers (Diasorin-Tri-S-CoV-2 immunoglobulin G [IgG]) and
that of anti-receptor-binding domain levels (Abbott-Cov-2 IgG-Il) from 1 month (T2) to 7 months (T3) after the second dose of

mRNA-1273 vaccine. Results are expressed as the ratio (%) of antibody levels at T3 to the respective levels at T2. The graphs
include individuals previously infected by SARS-CoV-2 (r = 0.7238) (A) or not (r = 0.8305) (B).
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13% (3.9%-65.5%) for CoV-2 IgG II among virus-exposed individuals
(n =46) and 11.7% (0.9%-43.8%) and 9.3% (0.9%-40.6%) among the
COVID-19 naive participants (n = 101). The declines of anti-S and anti-
RBD are moderately correlated in both subgroups (Spearman r = 0.7238
and 0.8305, respectively).
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Discussion

In this study, we analyzed the long-term kinetic and magnitude of vaccine-
elicited antibodies at multiple time points after mRNA-1273 vaccination.
The antibody response was assessed by 2 widespread serological commercial

assays for IgG anti-SARS-CoV-2, one targeting the spike protein, the other
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the RBD. A strong vaccine-induced humoral response was measured by both
assays from the first dose of vaccine. The second injection clearly intensified
the antibody response in naive individuals, to a lesser extent in COVID-19
recovered vaccinees. In the latter group, anti-S levels did not change even
after the second injection. As discussed, for the BNT162b2 mRNA vaccine,
we also observed that the first injection acted as a boost in previously infected
subjects so that their humoral response was comparable to that measured af-
ter the second dose in subjects without prior evidence of infection.

Regarding the development of the immune response, an initial
increase rapidly followed by a progressive decrease and later a stabiliza-
tion of antibody level is expected. Seven months after the second dose,
the magnitude of the humoral immune response to both S protein and
RBD declined substantially, by about a factor of 10, in all but 1 partici-
pant. The declines of anti-S and anti-RBD, expressed as the ratio of T3
antibodies levels to T2 levels, are correlated. These declines appeared
whether the subject had had a SARS-CoV-2 infection preceding the vac-
cination or not. Given the higher antibody levels after the second injec-
tion, vaccine recipients previously infected with SARS-CoV-2 maintained
a more sustained response 7 months after the second dose compared to
naive vaccinees. Although the anti-RBD assay highlights a greater drop
among noninfected subjects as compared to COVID-19 recovered, the
T3/T2 ratio of anti-S that reflects the decay rate is comparable in both
cohorts. Nevertheless, there is no evidence of any clinical relevance, this
difference being probably more related to the peculiar features of each
assay. Overall, despite a decline in magnitude over time, the immune
response could remain powerful. Whether reduced antibody levels are
linked or not to an altered humoral immunity is not obvious. Indeed,
through a potent cellular immune response, sufficient protection has
been demonstrated despite undetectable circulating IgG."

Protective immunity is associated with neutralizing antibodies capa-
ble of preventing the virus from entering the host cells. No neutralizing
test was performed in this study. However, based on data found in
the instructions for use of the CE-marked reagents, we observed that
7 months after vaccination, most participants maintained anti-S and anti-
RBD titers showing the expected presence of high levels of neutralizing
antibodies. However, caution is required when extrapolating binding test
results to neutralization. Indeed, serological tests do not accurately reflect
neutralizing capacity, as many discrepancies have been shown between
neutralizing and serological data.' The positivity threshold provides in-
formation regarding the presence of antibodies, and even high titers do
not guarantee a protective immunity,15 The reinfections observed in the
presence of specific IgG raised the question of the relevance of serology
testing to presume protection in further exposure to SARS-CoV-2. Moreo-
ver, the commercialized serological tests, even when targeting RBD, do not
simulate a neutralization test."® Also, the peak of antibody titers could be
indicative,'” perhaps more than later titers, in predicting a breakthrough
of the infection. In summary, all these limitations must be kept in mind
when interpretating serological data from clinical laboratories. In addi-
tion, the vaccine-induced antibodies could bind differently to a mutated
virus. Considering the recently emerged virus variants and COVID-19 vac-
cine booster shots, the extension of immune monitoring could provide

relevant information on the long-term evolution of the immune response.
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ABSTRACT

Objective: The purpose of this study was to evaluate the diagnos-
tic performance of the following hemostatic markers in hypertensive
disorder of pregnancy (HDP): tissue-type plasminogen activator and
inhibitor-1 complex (tPAI-C), thrombomodulin, thrombin-antithrombin
complex, plasmin inhibitor-plasmin complex, D-dimer, and fibrinogen
degradation products.

Methods: A total of 311 individuals diagnosed with HDP and 187
healthy controls (HC) of matched gestational age were admitted, in-
cluding 175 subjects with gestational hypertension, 94 with mild pre-
eclampsia, and 42 with severe preeclampsia.

Results: Compared with those of the HC group, the plasma
concentrations of all the hemostatic markers continuously increased
with the clinical severity of the hypertensive disorder, regardless of
their statistical significance. In the receiver operating characteristic
analysis, tPAI-C displayed the best discrimination performance.

Conclusion: The tPAI-C level was consistently and significantly ele-
vated across the different HDP groups when compared with the HC

School of Public Health, Beijing, China. *To whom correspondence should be
addressed: zhengcao2011@ccmu.edu.cn.

group, suggesting aggravated fibrinolysis disorder increasing with the
severity of the HDP.

Hypertensive disorder of pregnancy (HDP) includes a set of disorders
with elevated blood pressure (BP) in pregnancy, such as gestational hy-
pertension (GH), preeclampsia (PE), eclampsia, and chronic hyperten-
sion. The prevalence of HDP in China is approximately 7.8% to 12.3%,
which has grown rapidly over the past decade and poses a major threat
to maternal and perinatal health.™

During normal pregnancy, a hypercoagulable state develops as a phys-
iologic adaptation to prevent major hemorrhage during and after placen-
tal separation. This hypercoagulable state may contribute to the increased
susceptibility of pregnant women to thrombotic disorders.”” Complex
associations between pregnant hypertension disorders and dysregulated
coagulation functions have been reported. It is thought that abnormal de-
velopment of placental vessels in early pregnancy might lead to inadequate
perfusion of the placenta, resulting in hypertension and other relevant
disorders.” Further, placental ischemia-increased trophoblast deportation
has been related to the activation of coagulation and fibrinolysis and even
thrombogenesis.” In patients with severe PE with hemolysis, elevated liver
enzymes, and low platelets (HELLP) syndrome whose pathophysiology
remains partially unknown, abnormal vascular tone, vasospasm, and co-
agulation defects have been frequently detected.®” Despite the apparent
connection between microvascular endothelial damage and intravascular
platelet activation and HDP, the diagnostic value of hemostatic markers in
such disorders has not been thoroughly investigated.

Diagnostic criteria for HDP are currently based on clinical symptoms
such as BP and proteinuria. However, there are hardly any specific circu-
lating biomarkers for the diagnosis of HDP such as PE,"® which poses a
serious challenge for early diagnosis of disease to avoid severe pregnant
outcomes in clinical practice. In this study, we aimed to assess the di-
agnostic performance of conventional and nonconventional hemostatic
markers in women with HDP, including fibrinogen degradation products
(FDP), D-dimer, tissue-type plasminogen activator and inhibitor-1 com-
plex (tPAI-C), thrombomodulin (TM), thrombin-antithrombin complex
(TAT), and plasmin inhibitor-plasmin complex (PIC).

© The Author(s) 2022. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, please e-mail:

journals.permissions@oup.com
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Methods

Subjects

This case-control study included 498 singleton pregnant women admitted
to Chaoyang District Maternal and Child Health Hospital in Beijing from
October 2019 to December 2020. None of these patients had preexisting
hypertension before pregnancy. The enrolled subjects were divided into
the following groups according to their diagnosis at delivery, including
healthy pregnancy control (HC) (n = 187), GH (n = 175), mild PE (MPE)
(n = 94), severe PE (SPE) without HELLP (n = 33), SPE with HELLP
(n =9),and HDP (n = 311, the combination of GH, MPE, and SPE cases).
The results of the 6 hemostatic markers were retrieved from the patients’

historical medical records and retrospectively analyzed.

Diagnostic Criteria for HDP
The following diagnosis criteria were applied in the present study
for HDP.? A diagnosis of GH was given if a previously normotensive
patient’s BP was >140/90 mm Hg on 2 occasions (at least 4 hours apart)
during pregnancy after 20 weeks gestation, without the presence of
proteinuria or other clinical features suggestive of preeclampsia. An
MPE was defined by BP >140/90 mm Hg and proteinuria 20.3 g/24 h
after 20 weeks of gestation (with or without signs and symptoms of
significant end-organ dysfunction). A diagnosis of SPE was made if
a patient with PE presented with one of the following conditions: (1)
systolic BP 2160 mm Hg or diastolic BP 2110 mm Hg; (2) proteinu-
ria 25.0 g/24 h (with signs and symptoms of significant end-organ dys-
function); (3) persistent headache or visual disturbance or other brain
and nerve symptoms; (4) persistent upper abdominal pain, subcapsular
hematoma, or liver rupture symptoms; (5) abnormal liver function in-
cluding elevated liver enzyme alanine aminotransferase or aspartate
aminotransferase (AST) level; (6) renal function abnormality/oliguria
(24-hour urine volume <400 mL or hourly urine volume <17 mL) or
creatinine >106 pmol/L; (7) hypoalbuminemia with pleural effusion
or peritoneal effusion; (8) platelet <100 x 10%/L; (9) hemolysis, ane-
mia, jaundice, or pulmonary edema; or (10) fetal growth restriction or
oligohydramnios. The diagnostic criteria for HELLP were hemolysis,
increased lactate dehydrogenase (2600 IU/L), increased AST (270 IU/L),
and low platelets (<100 x 10%/1).%°

The exclusion criteria were as follows: (1) use of anticoagulant,
antitumor, antihypertensive, or antiplatelet drugs in the month prior
to study entry; (2) multiple pregnancies; (3) a medical history of trauma
and surgery; or (4) a medical history of cardiac, hepatic, renal, hemato-
logic, or immune system disease and tumor.

The HC subjects are defined as normotensive healthy pregnant
women without any of the above-mentioned diseases or other preg-

nancy complications.

Plasma Sample Collection and Hemostatic

Marker Testing

All the plasma samples were collected from the recruited subjects meet-
ing enrollment criteria at the time of diagnosis by the clinician team
(sampling gestational weeks shown in TABLE 1), by 2.7 mL VACUETTE
collection tubes supplemented with 3.2% trisodium citrate. The plasma
samples from the HC group were all collected in the early third trimester
of pregnancy with roughly matching gestational weeks when compared
with the HDP group. The indicated hemostatic marker tests were

performed within 4 hours after blood collection.

www.labmedicine.com

Instruments and Reagents

D-dimer (Siemens) and FDP (Sysmex) evaluations were performed in
a Sysmex CA 7000 Coagulation Analyzer, and the reagent lot numbers
were IYR3001 and 30954900, respectively. Measurements of TAT, TM,
PIC, and tPAI-C (Sysmex) were performed in a Sysmex HISCL 5000
Immunoassay Analyzer, and the reagent lot numbers were 33610500,
25919900, 29521100, and 30954900 respectively.

Statistical Methods

With the statistical software of IBM SPSS Statistic 23.0, quantitative
data were summarized by mean and standard deviation (mean [SD])
(for normally distributed data) or median and interquartile ranges
(median [IQR]) (for nonnormally distributed data). Nonparametric
Kruskal-Wallis tests were used to compare each group of unpaired data
and Kruskal-Wallis ANOVA were used to compare more than 2 groups
of unpaired data. P values less than .05 were considered statistically sig-
nificant. Diagnostic performance was assessed with receiver operating
characteristic (ROC) curve analysis. Sensitivity, specificity, and cut-off

values determined by the Youden’s index were reported.

Results

There were no significant differences in age and sampling gestational
weeks (GW) between the disease groups and the HC group; slightly
lower delivery GW and higher prepregnancy body mass index (BMI)
were observed in the HDP groups (including the GH, MPE, and SPE
groups) (P < .05). Gestational diabetes mellitus was a common chronic
condition, and its prevalence was not essentially different among differ-
ent HDP groups. Interestingly, the incidence of fetal growth restriction,
placental abruption, and HELLP syndrome rose with the increasing se-
verity of HDP (TABLE 1).

As summarized in TABLE 2, of the 2 conventional coagulation tests,
D-dimer and FDP were significantly elevated in the MPE group but not
in the GH or SPE groups (with or without HELLP). Both the TM and
TAT concentrations were found to be statistically increased only in the
patients with SPE with HELLP. The plasma level of PIC was more sensi-
tive to PE and it was marginally increased in both MPE and SPE groups.
Further, the tPAI-C level was increased across all the HDP groups and
nearly doubled in the HELLP patients (TABLE 2, FIGURE 1). Complete
blood count indices for each group are listed in TABLE 2, including
white blood cell (WBC), red blood cell (RBC), and blood platelet (PLT).
Marginally higher WBC, RBC, and PLT were seen in mild HDP groups
such as GH and MPE. Spearman rank correlation was used to analyze
the correlations between PLT and the hemostatic markers. Interestingly,
anegative correlation was observed between PLT and D-dimer, and FDP
and TAT in the SPE with HELLP group (TABLE 2).

According to the results of the statistical calculations shown
in TABLE 2, the significantly different hemostatic markers were
then subjected to ROC analyses to assess their diagnostic val-
ues in different hypertensive diseases of pregnancy (TABLE 3,
FIGURE 2). As shown in TABLE 3, tPAI-C displayed the strongest
discrimination power, with the highest area under the curve (AUC)
values in the SPE with or without HELLP groups (P < .05). Spe-
cifically, in the SPE without HELLP group, the AUC of tPAI-C was
0.729 (a 95% confidence interval [CI] of 0. 0.616-0.843), followed
by that of PIC (0.608, 95% CI = 0.513-0.704). In the SPE with
HELLP group, the AUC of tPAI-C was 0.954 (95% CI = 0.916-0.991),
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TABLE 1. Demographic Data and Pregnancy Complications for the Recruited Subjects?®

: HC (n = 187) 1 GH (n = 175) 1 MPE (n = 94) 1 SPE (n = 42)
' Age (y) § 30 (28-32) ‘ 30 (27-34) ‘ 30 (27-32) ‘ 30 (27-34)
CPvae T o8 s a0
CsampingGW K . 32233 | 32018 | 32023 | 2@ |
Cpvalee T L A L T
DelveringGW(W . 40(3%-40) | 38@7-3) 393840 . 37(3639
CPvae Ty <0t <0t <00t
CPrepregnancy BMI (/) | 206(19.0-221) | 232213258 84@11-263 287011258
‘ [ Y ot <001
32.0% (56) 34.0% (32)

""""""" %@ 43%@

CHELPsyngrome o o o 2w

BMI, body mass index; GH, gestational hypertension; GW, gestational weeks; HC, healthy pregnancy control; HELLP, hemolysis, elevated liver enzymes,
and low platelets syndrome; MPE, mild preeclampsia; SPE, severe preeclampsia.

?Data are presented as median (25th-75th percentile) except where otherwise indicated. Nonparametric Kruskal-Wallis tests were used for data compari-
son. Bold values indicate significance (P < .05).

TABLE 2. Concentrations of Hemostatic Markers and Complete Blood Count Indices in Different Hypertensive Disorders of
Pregnancy?

HC ! HDP ! GH ! MPE . SPEwithout HELLP SPE with HELLP
‘ (n=187) : (n=311) : (n =175) : (n=94) : (n=33) : (n=9)
 D-dimer (mg/L) 1.42(1.05-2.08) |  150(1.04-2.14) | 1.29(0.97-1.89) | 169(1.18-2.34) | 1.65(1.10-3.01) | 2.03(1.36-3.39)
CPvawe . - 05 A9 02 80 0%
FOP(mgl) | 410(330-560) |  430(350-570) | 420(320-5.10) | - 450370613 | - 480(370-650 |  6.30(4.05-8.85) |
CPvae . — i 813 o0z a2 052
W egmb) 816(695-1002) | 860(679-1135 . 838(667-1114 | 881(7.01-1117) 946 (661-1165) | 12.18(9.95-16.72) |
CPvawe . — 82 . en 21 30 001

| T™ (TU/mL) | 762(6.77-876) | 7.68(6.81-8.83) |  7.60(6.63-853) | 7.69(6.98-9.03) | 7.93(7.10-9.29) | 10.11(8.71-11.46) |

| PAI-C (ng/mL) | 532(462-631) |  6.16(4.98-771) |  6.09(.00-7.71) | 579(4.87-7.01) | 7.45(.60-1021) | 10.15(7.48-13.32) |

CPvawe . - <00t . <00t 01 <00t <001
WBC(I0) | 898(799-1026) | 922(816-1092) | 9.18(832-1054) | 9.67(823-11.03 | 843(766-11.07) | 7.63(6.67-8.44) |
CPvawe . - 0 . LY S 02 94 05
RBC(IOLY) 388 (370-406) | 4.08(385-43) | 406385433 | 409(382-430) | - 410(395-431) | 400 (3.30-456) |
CPvawe . — <001 . <001 <00t 01 899
Ty 200(169-236) | 215(184-252) | 214(184-257) | 200 (191252 | 205(173-244) | 173(139-223) |
CPvawe . - o 04 <00t e 12
CComelatonanalysis L
: with PLT (Pvalue, 1)

77777 D-dimer |  0521,-0047 | 055,003 | 023,000 . 0710,0039 .  0993,-0002 |  0016,-0.767 |
rrrrr FP | 0166,-0102 . 0977,0002 . 07150028 04080086 . 0589,-0098 .  0.012,-0787 |
I 0.085,-0.126

I T 0.740,0.024 0.540, —0.035 0.805, ~0.019 0.343, ~0.098 0.280,0.194 0.700, ~0.150
77777 PC . 0987,0001 .  0250,0065 | 02220003 | 02120130 .  052,0115 . 00350703 |
rrrrr #A-C . 0161,0103 |  0232,-0068 . 0541,-0047 .  0718,0038 . 06250088 |  0067,-0633 |

FDP, fibrinogen degradation products; GH, gestational hypertension; HC, healthy pregnancy control; HDF, hypertensive disorders of pregnancy; HELLP,
hemolysis, elevated liver enzymes, and low platelets syndrome; MPE, mild preeclampsia; PLT, blood platelet; RBC, red blood cell; SPE, severe preeclamp-
sia; TAT, thrombin-antithrombin complex; TM, thrombomodulin; tPAI-C, tissue-type plasminogen activator and inhibitor-1 complex; WBC, white blood cell.
2P value comparison is between the HC group and the other hypertensive disorder groups. Nonparametric Kruskal-Wallis tests were used for data com-
parison. Bold values indicate significance (P < .05).
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FIGURE 1. Box plots representing the plasma levels of the 6 hemostatic markers in different hypertensive disorders of
pregnancy, including healthy pregnancy control (HC), hypertensive disorder of pregnancy (HDP), gestational hypertension (GH),
mild preeclampsia (MPE), severe preeclampsia without hemolysis, elevated liver enzymes, and low platelets syndrome (SPE
without HELLP), and SPE with HELLP. Nonparametric Kruskal-Wallis tests were used in data comparison. *P < .05. A, D-dimer.
B, Fibrinogen degradation products (FDP). C, Thrombin-antithrombin complex (TAT). D, Thrombomodulin (TM). E, Plasmin
inhibitor-plasmin complex (PIC). F, Tissue-type plasminogen activator and inhibitor-1 complex (tPAI-C).
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TABLE 3. ROC Analysis with the Hemostatic Markers in Different Hypertensive Disorders of Pregnancy

| Hypertensive Disorders Tests Cutoff 95% Confidence Interval Sensitivity Specificity AUC  :PValue® (Comparison with tPAI-C):
HDP (n = 311) PIC (ug/mL) 0.08 0.523-0.628 78.14% 35.29% 0.575 .04 i
! . PACgm) | 663 | 0590604 | 210 8342% | 0646 -
GHM=175 | A-Cogml) | 604 | 05810696 | 5090% | 7170% | 063%9 | —TT
MPEm=94 D-dimer(mgll) | 146 | 0509-0651 | 6490% | 5240% | 0580 | %
;  FDP(mgl) | 380 | o0521-0862 | T28% ©B3% | 052 88

""" PCQoml) | 011 | 0529-0669 |  4890% | 67.40% | 059 | 950 |

 tACMgm) | 557 | 0531-0673 | 6060% | 5830% | 0602 | T

PIC (g/mL)

SPE without HELLP (n = 33) 0.513-0.704

™ (TU/mL) 0.641-0.988
PIC (ug/mL) 0.1 0.559-0.917
tPAI-C (ng/mL) 7.02 0.916-0.991

54.55%

67.38%

77.78% 82.35%

66.67% 74.33%

100.00% 87.17%

AUC, area under receiver operating characteristic curve; FDP, fibrinogen degradation products; GH, gestational hypertension; HDP, hypertensive disorders
of pregnancy; HELLP, hemolysis, elevated liver enzymes, and low platelets syndrome; MPE, mild preeclampsia; PIC, plasmin inhibitor-plasmin complex;
SPE, severe preeclampsia; TAT, thrombin-antithrombin complex; TM, thrombomodulin; tPAI-C, tissue-type plasminogen activator and inhibitor-1 complex.
Comparison between the AUC of tPAI-C and the AUC of other hemostatic markers in the same disease group. Nonparametric Kruskal-Wallis tests were

used for data comparison. Bold values indicate significance (P < .05).

followed by that of TAT (0.817, 95% CI = 0.700-0.933), TM (0.815,
95% CI = 0.641-0.988), and PIC (0.738, 95% CI = 0.559-0.917).

Discussion

Normal pregnancy is invariably accompanied by a prothrombotic state.'!
Compared to nonpregnant women, pregnant women usually have a sig-
nificant increase in the levels of coagulation factors, reduced fibrinolytic
activity, and increased platelet reactivity.'” This leads to an increased
risk of thromboembolic complications. Preeclampsia is a multisystem
progressive disorder characterized by hypertension and proteinuria. In
addition to inadequate spiral arterial recasts in early pregnancy, overre-
action to immune inflammation and damage to the vessel endothelium,
coagulation dysfunction, and imbalances in the coagulation and fibrino-
lytic systems may also contribute to its pathogenesis.'*"*

The gold standard of PE diagnosis that previously was defined as
hypertension plus proteinuria after 20 weeks gestation has now been
expanded to hypertension in combination with renal and liver dysfunc-
tion and thrombocytopenia.’ However, the lack of effective circulating
markers for PE in clinical practice remains a potential hurdle for its diag-
nosis and treatment. Based on the pathophysiology of the disease prog-
ress, we retrospectively examined the relative changes and diagnostic
performance of conventional (D-dimer and FDP) and nonconventional
(tPAI-C, TM, TAT, and PIC) hemostatic markers in a group of specific
hypertensive disorders during pregnancy, including GH, MPE, and SPE.

A higher TM level was found in the SPE group compared to that of
the HC group, which was similar to results described in the Dusse et al'®
study. Increased TM levels in SPE may reflect maternal endothelial acti-
vation because of increased ROS production and oxidative stress in this
clinical condition.'® Combined analysis showed that the coagulation sys-
tem is extensively activated in HDP patients after cytokine storms and
that these patients have high circulating levels of thrombomodulatory
proteins.'*® However, whether endothelial dysfunction is a cause or a

consequence of PE is inconclusive. The fact that the TM level was the
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highest in the SPE group may be explained by potentially more severe
endothelial injury and impaired renal function in those patients, as TM
is metabolized by the kidneys.'” However, the TM plasma levels did
not differ between SPE and normotensive pregnancy in the study by
Alpoim et al.'® Differences in the TM measurement methodology or the
patients’ ethnic background might account for the disagreement.

It is worth noting that the tPAI-C concentration was elevated in all
the HDP groups. More interestingly, among the 6 markers investigated,
tPAI-C demonstrated the best diagnostic performance in discriminat-
ing HDP and HC groups, which is consistent with previous studies.>"
The decrease in fibrinolysis in normal pregnancy is due to a decrease
in tissue-type fibrinogen activator activity accompanied by increased
levels of fibrinogen activator inhibitor-1 and fibrinogen activator inhib-
itor-2,”® which gradually return to normal levels shortly after delivery.
In patients with PE, however, significant endothelial disturbance and
procoagulant potential along with aberrant expression of these hemo-
static factors were reported in previous studies.*”" Therefore, it will be
intriguing to assess the predictive value of tPAI-C level in patients with
early-onset SPE.

Both tPAI-C and TM play vital roles in coagulation regulation and
in fibrinolytic phase; their aberrant levels in plasma are considered im-
portant pathological factors in cardiovascular disease.”>** In the HDP
population, increased plasma levels of these hemostatic markers not
only indicate the presence of hypercoagulable status but are also asso-
ciated with differential scales and phases of endothelium damage. In
addition, we found that TAT and PIC were both increased to various
degrees in the HDP groups (TABLE 2). Similar to our study, Kobayashi
et al** reported that PIC, TAT, and D-dimer were elevated in early-onset
and late-onset SPE groups compared with normal subjects. The path-
ophysiology of PE is related to endothelial injury, activation of the
sympathetic nervous system, and hypercoagulability. Then thrombin
formed on the surface of damaged endothelium activates coagulation
and stimulates the release of vasoactive substances, which induce vaso-

constriction.”>”® Thrombophilia may be one of the causes of early-onset
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FIGURE 2. Predictive performance assessment by receiver operating characteristic analysis with the hemostatic markers
in different hypertensive disorders of pregnancy. Nonparametric Kruskal-Wallis tests were used to data comparison. A,
Hypertensive disorder of pregnancy. B, Gestational hypertension. C, Mild preeclampsia. D, Severe preeclampsia without
hemolysis, elevated liver enzymes, and low platelets syndrome (SPE without HELLP). E, SPE with HELLP. FDP, fibrinogen
degradation products; PIC, plasmin inhibitor-plasmin complex; TAT, thrombin-antithrombin complex; TM, thrombomodulin;
tPAI-C, tissue-type plasminogen activator and inhibitor-1 complex.

A 100F B 100
80| 80
g 60 : g 60
2 5 2
2 I =
= | =
@ a0l 2 40
[ 3 (7]
(/7] | /7]
20r -PIC 20
—tPAI-C
0 1 1 1 'l L 0 . L L L L 1
0 20 40 60 80 100 0 20 40 60 80 100
100 - Specificity (%) 100 - Specificity (%)
C 100F D 100
80| 80
> 60 - > 60
= ! =
@ 40l ‘G 40
[ L (7]
(/7] | (/7]
! - FDP
20 ' —PIC 20 -PIC
I .- tPAI-C —tPAI-C
0 [ 1 1 1 1 0 1 1 1 1
0 20 40 60 80 100 0 20 40 60 80 100
100 - Specificity (%) 100 - Specificity (%)
E 100F

= /

9 R

-

3

.‘é ) -

& —TAT
-T™
~PIC
- -tPAI-C

40 60 80 100
100 - Specificity (%)

www.labmedicine.com

Gz0z Aenuged pz uo 1senb Ad 1260289/265/v/7/S/P10IME/PaWGE]/W0o"dNO"olWSpEdE//:SARY WOy POpeojumod

397



PE, as proposed by Dekker et al.”” Elevated TAT, PIC, and D-dimer reflect
intravascular thrombus formation®® and may suggest that an excessive
hypercoagulable state is associated with the termination of pregnancy

resulting from the aggravation of PE.”*”®

Conclusion

Of the 6 hemostatic markers investigated, only the tPAI-C level was
consistently and significantly elevated across the different HDP groups
when compared with the HC group, suggesting aggravated fibrinolysis
disorder increasing with the severity of the HDP.

Supplementary Data
Supplemental figures and tables can be found in the online version of

this article at www.labmedicine.com
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ABSTRACT

Objective: The main concern about measuring the concentration of
rivaroxaban by anti-Xa assay in some laboratories is the lack of a com-
mercial specific calibrator in emergencies. Therefore, this study aimed
at providing a homemade anti-Xa calibrator and commercial low mo-
lecular weight heparin (LMWH) anti-Xa calibrator.

Methods: The anti-Xa plasma concentration of rivaroxaban was meas-
ured in 70 patients using a commercial specific anti-Xa calibrator, a com-
mercial LMWH anti-Xa calibrator, and a homemade anti-Xa calibrator.

Results: We demonstrated a significant correlation and agreement
(P < .001) between LMWH-calibrated anti-Xa and the commercial
specific calibrator. A significant correlation (P < .001) was found be-
tween homemade calibrated anti-Xa made by normal pooled plasma
and that calibrated with a commercial specific drug. The nonspecific
homemade and LMWH calibrators had excellent agreement (P < .001)
and can be used interchangeably.

Conclusion: Our data showed that for estimating rivaroxaban
concentrations, the LMWH calibrator could be used as an alternative
calibrator in the anti-Xa assay.

Rivaroxaban is the second new oral anticoagulant approved by the
Food and Drug Administration to reduce the risk of stroke and sys-
temic embolism in patients with nonvalvular atrial fibrillation." It
targets factor Xa selectively, and by blocking the intrinsic and ex-
trinsic coagulation pathways can inhibit thrombin production.’
Rivaroxaban has a vital fixed daily dose and does not require rou-
tine laboratory monitoring. However, rivaroxaban concentrations are
measured in some clinical conditions, such as in patients before sur-
gery to detect a residual anticoagulant effect, patients suspected of
overdose, thromboembolic events or bleeding, renal impairment, and
in overweight patients.3’4

The2main objectives of quantifyingdruglevelsintheabovementioned
clinical conditions are (1) evaluating the level of anticoagulants in spe-
cific clinical situations and (2) excluding clinically relevant circulating
drugs.” Studies have shown that the expected results of screening tests
such as activated partial thrombin time (aPTT) and prothrombin time
(PT) are insensitive and nonspecific to distinguish the presence of factor
Xa inhibitors or assess their plasmatic concentrations.’

The gold standard evaluating rivaroxaban concentration in body

fluids is believed to be high-performance liquid chromatography coupled
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with tandem mass spectrometry (HPLC-MS/MS). However, HPLC is too
expensive and complicated to be used in all laboratories and emergencies.
Also, performing HPLC-MS/MS procedures requires considerable exper-
tise and can only be done in a small number of clinical laboratories”® In
some cases, like life-threatening bleeding, emergency surgery, and acute
stroke in a patient requiring thrombolysis treatment, the speed of de-
termining direct oral anticoagulant (DOAC) concentrations may directly
affect the patient care.” The International Council for Standardization
in Hematology recommends chromogenic anti-Xa assays in the absence
of HPLC. Studies have shown that the chromogenic anti-Xa assay with
a specific control and calibrator can be used to determine the impact of
each anti-factor Xa.'® Therefore, commercial calibrators have been devel-
oped to assess the plasma concentrations of rivaroxaban and apixaban
based on the anti-Xa chromogenic assay.” Studies have shown the ability
of rivaroxaban-specific calibrated anti-Xa assays to accurately measure
the plasma concentrations of rivaroxaban over a wide range of plasma
drug concentrations.'"?

Problems that may delay laboratory measurement of drug
concentrations in patients in emergencies are the lack of either acces-
sibility of specific methods or information on the anti-Xa oral inhibi-
tor used by the patients.® Due to the increasing use of DOACs such as
rivaroxaban, the main concern about measuring the concentration of
these drugs by the anti-Xa assay in some laboratories is the lack of a
commercial specific calibrator in emergencies. However, low molec-
ular weight heparin (LMWH), a possible calibrator for measuring the
concentrations of rivaroxaban by anti-Xa assay, is present in most
laboratories. As a result, this study aimed to evaluate using a commer-
cial LMWH calibrator to measure rivaroxaban concentrations by anti-
Xa chromogenic assay. Our secondary goal was to prepare a homemade
calibrator by diluting different concentrations of rivaroxaban powder in
normal pooled plasma (NPP) in situations where a commercial specific

calibrator of this drug is not available.

Materials and Methods

Subjects

Samples from 70 patients with stroke taking rivaroxaban were collected
from October 2020 to March 2021 at the Department of Neurology at
Namazi Hospital in the Shiraz University of Medical Science, Shiraz,
Iran. Ethical approval and patient consent statements were received
for all subjects included in this study. Based on the World Health Or-
ganization guidelines, stroke has been characterized by focal or whole
neurological deficits that persist owing to vascular origin for more than
24 hours. A standard case report form was used by trained residents in
the Department of Neurology to document details. The reports included
age, sex, medical history, clinical manifestations, National Institutes of
Health Stroke Scale score, neuroimaging examinations, and laboratory
test results.

The rivaroxaban concentration was measured by anti-Xa assay using
the commercial specific control and calibrator kit for each patient. Ve-
nous blood samples for estimation of rivaroxaban concentrations were
collected in Vacuette tubes (Greiner BioOne) containing 3.2% trisodium
citrate (volume 3.5 mL). All samples were centrifuged in less than 4
hours from the time of collection at room temperature for 15 minutes
at 2500g to obtain platelet-poor plasma (PPP), aliquoted into labeled

tubes, and stored at —-70°C until analysis.

www.labmedicine.com

The chromogenic anti-Xa assay was done with a LIQUID Anti-Xa
Hemosil kit according to the manufacturer’s instruction. (IL LAX, In-
strumentation Laboratory). Commercial specific control and calibrators
were used for rivaroxaban (BIOPHEN Rivaroxaban Calibrator and Con-
trol kits). The results were conducted by anti-Xa assay with commercial
LMWH calibrator and control kits (BIOPHEN Calibrator and Control
kits) and homemade calibrator made by spiked NPP. Methodological
differences between assays were represented by a higher plasma dilution
for rivaroxaban (1/9) than with LMWH (1/5) to reduce limited range
linearity.®

Each measurement was done on the ACL TOP coagulation analyzer
(ACL TOP 300 CTS, Werfen) and reported in international units per mil-
liliter LMWH) or nanogram per milliliter (direct anti-Xa inhibitor).

Anti-Xa Assay with Specific Rivaroxaban Calibrator

Plasma concentrations of rivaroxaban were measured using a commer-
cial kit based on the chromogenic anti-Xa assay by the specific control
and calibrator kit (BIOPHEN Rivaroxaban Calibrator and Control kits).

Anti-Xa Assay with LMWH Calibrator

The anti-Xa assay was calibrated using a commercial LMWH calibrator
(BIOPHEN Calibrator and Control kits) and conducted based on the
manufacturer’s instructions. Results from the assay are expressed as in-

ternational units per milliliter of anti-Xa activity.

Anti-Xa Assay with Homemade Calibrator Made by
Spiked NPP

Blood samples from 50 healthy volunteers, 25 men and 25 women,
were drawn into Vacuette tubes (Greiner BioOne) containing
3.2% trisodium citrate (volume 3.5 mL) and centrifuged at 3000g
for 15 minutes at 4°C to obtain PPP. Pooled plasma was derived from
mixing the PPP of 50 healthy persons, and PT, PTT, and fibrino-
gen tests were performed on it (PT: 13.2 seconds [sec], control PT:
13.1sec, INR: 1.1 sec, PTT: 31.6 sec, control PTT: 31 sec, and fibrogen:
298 mg/dL). Plasma samples were aliquoted, transferred into plas-
tic tubes, fast-frozen with liquid nitrogen, and stored at -70°C until
analysis. Plasma samples were thawed only once at 37°C. Donors gave
informed consent before blood sampling. Volunteers gave written in-
formed consent.

Rivaroxaban powder (Bayer HealthCare Pharmaceuticals) was
dissolved in 100% dimethyl sulfoxide (DMSO) (0.01 g rivaroxaban
in 5 mL DMSO), which led to a concentration of 2,000,000 ng/mL
rivaroxaban in DMSO. Then, 10 pL of this concentration was mixed
with 990 pL DMSO to get to a 20,000 ng/mL concentration. After
that, 25 pL from this concentration was combined with 975 pL NPP
and incubated at 37°C for 20 minutes, which yielded a concentration
of 500 ng rivaroxaban in 1 mL NPP. We then made a serial dilution
with NPP® to obtain the following final concentrations of the calibra-
tor: 500, 250, 100, 50, and 0 ng/mL. The anti-Xa assay was calibrated
with this homemade calibrator, and the samples were analyzed within

2 hours. Each measurement was performed in triplicate.

Statistical Analysis

The Pearson correlation test was performed to analyze the cor-
relation between LMWH, homemade, and rivaroxaban specific
calibrators. The linear regressions and receiver operating characteris-

tic (ROC) curve analysis were performed using GraphPad Prism v9.0.
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The intraclass correlation coefficient (ICC) agreement was measured
with SPSS v22.

Results

Clinical Characteristics and Indications of Dosage

The anti-Xa plasma concentration of rivaroxaban was measured for 70
persons enrolled in the study prescribed rivaroxaban (rivaroxaban dose
10-20 mg/day) for stroke prevention. The characteristics of the study
participants are summarized in TABLE 1. The commercial specific
calibrated chromogenic anti-Xa assay measured the rivaroxaban concen-

tration as ranged from 10 to 509 ng/mL.

Plasma Measurement of Rivaroxaban Concentration
Using Commercial LMWH Calibrated Anti-Xa and
Homemade Calibrated Anti-Xa
In this study, we estimated the concentration of rivaroxaban using com-
mercial LMWH calibrated anti-Xa and homemade calibrated anti-Xa
made by NPP. In 70 patients, plasma concentrations were measured
on the 3 different calibrators by anti-Xa assay. A significant correla-
tion was found between commercial LMWH calibrated anti-Xa and
commercial rivaroxaban specific calibrated anti-Xa (** = 0.998, P < .001)
(FIGURE 1A). There was also a strong linear relationship between
homemade calibrated anti-Xa activity and commercial rivaroxaban-
specific calibrated anti-Xa (** = 1.00, P < .001) (FIGURE 1B). Moreo-
ver, a significant correlation was seen between LMWH and homemade
calibrated anti-Xa for detecting rivaroxaban concentration (#* = .998,
P <.001) (FIGURE 1C).

Like the Pearson correlation, the ICC estimates the relationship rate be-
tween variables (in this case, between multiple assessments of rivaroxaban
concentration with different calibrators). However, the ICC also considers

the bias distinguishing agreement from the correlation; that means a good

TABLE 1. Patients’ General Characteristics

: Parameter Mean = SD

' Age,y 66.98 = 17.08
CHADS2-VAScscore 355179
HASBLEDScore 21117
Hemoglobin, gl 134187
CweCx1L 821:376
ROW% 14955 |
Plteletx10°0 . 24x%e2
WL 0211
Cholesterol,mgal 1477438 |
"""""""""""""""""""""""""""""""""""""""""""""""""""" 202:156

L ALT, UL
‘ 22.3+7.56

| BUN, mg/dL

19.9+76
Creatinine,mgl 11562034
Blood glucose, gl 13635491 |
GFR,mUmin/t73m?(MORD) 54651 |

Fibrinogen, mg/dL 353.88 + 107.73

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN,
blood urea nitrogen; GFR, glomular filtration rate; MPV, mean platelet vol-
ume; RDW, red cell distribution width.

402 Laboratory Medicine

agreement (reproducibility) not only requires good correlation but it also
requires a lower rate of bias.'* For this reason, we used the ICC.

The ICC agreement between commercial LMWH calibrated anti-
Xa and commercial rivaroxaban-specific calibrated anti-Xa was 0.77
(95% confidence interval [95 CI]: -0.035-0.94, P < .001). Also, the
ICC agreement between homemade calibrated anti-Xa and commercial
rivaroxaban-specific calibrated anti-Xa was 0.6 (95% CI: -0.013-0.88,
P < .001). On the other hand, the ICC agreement between homemade
and LMWH calibrators was 0.89 (95% CI: 0.80-0.94, P < .001).

The reliability by ICC values for agreement were considered to be poor
(<0.40), moderate (0.41-0.61), good (0.61-0.80) and excellent (>0.81).

TheROC curveanalysisdisplayed the sensitivity and specificity of home-
made and LMWH calibrators in measuring rivaroxaban concentrations.
As shown in FIGURE 2, sensitivity and specificity of homemade and
LMWH calibrators for measuring the concentration of rivaroxaban was
57% and 91% (area under the curve [AUC]: 0.79, P < .001) as well as
55.71% and 85.71% (AUC: 0.71, P < .001), respectively (FIGURE 2). We
calculated the highest sensitivity, specificity, positive predictive value, and
negative predictive value of the assay with both homemade and LMWH
calibrators for each plasma concentration to ensure a reliable method
in this study. The sensitivity and specificity of homemade and LMWH
calibrators for measuring rivaroxaban concentration was 100% in the
concentrations >60.4 and >41.3, respectively, compared with the specific
calibrator for rivaroxaban detection (TABLE 2).

Discussion

This study evaluated the reliability of 2 commercial LMWH and home-
made calibrators with a commercial specific calibrator for measuring
rivaroxaban concentration by chromogenic anti-Xa assays.

The main finding of this study was a remarkable correlation and
agreement (**=0.998, P < .001, ICC: 0.77 P < .001) between LMWH
and specific calibrators for measuring the concentration of rivaroxaban
that clarify the LMWH calibrator as an alternative calibrator to the chro-
mogenic assays in emergencies. There was also a significant correlation
(#* =1.00, P < .001) and moderate agreement (ICC: 0.6 P < .001) between
homemade and commercial specific drug calibrators. The homemade and
LMWH calibrators had an excellent agreement (ICC: 0.89 P < .001) and
can be used interchangeably.

The ROC analysis displayed that both calibrators (LMWH and
homemade) had acceptable specificity for detecting the rivaroxaban
concentrations. The sensitivity, specificity, and negative predic-
tive value of homemade and LMWH calibrators for measuring the
concentration of rivaroxaban was 100% in concentrations >60.4
and >41.3, respectively, compared to commercial specific calibrators
for rivaroxaban detection. We chose cut-off values with the highest
sensitivity and negative predictive value to ensure a dependable way to
compare these methods in this study.

The expected plasma trough concentration was 44 ng/mL (12-
137 ng/mL) for rivaroxaban in 1 stroke prevention study.'® Our results
confirmed that in the event that a commercial specific calibrator for
measuring rivaroxaban concentration is not available, an LMWH cal-
ibrator could be used as an alternative method for estimating the
rivaroxaban concentration with a sensitivity of 100%.

This observation is in line with Maier et al,'” who suggested that
performing a routine heparin anti-Xa assay may play a significant

role in assessing anti-Xa concentration when drug-specific tests are

2023;54:400-405 | https://doi.org/10.1093/labmed/Imac137
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FIGURE 1. A, Correlation of anti-Xa rivaroxaban plasma concentration measured with specific and low molecular weight
heparin (LMWH) calibrators ( = 0.998, y = 1.13E2 + 0.8x). B, Correlation of anti-Xa rivaroxaban plasma concentration
measured with specific and homemade calibrators (* = 1.00, y = 73.85 + 1.22x). C, Correlation of anti-Xa rivaroxaban plasma
concentration measured with LMWH and homemade calibrators (? = 0.998, y = 48.39 + 1.53x). The correlation between the
calibrators was shown with P < .001 in all three graphs (A, B, and C). NPP, normal pooled plasma.
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FIGURE 2. Receiver operating characteristic curve analysis of homemade (A) and low molecular weight heparin (B) calibrators

for measuring rivaroxaban concentrations.
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not available and rapid determination of drugs is required and neces-
sary. This study provides data suggesting that the heparin calibrated
anti-Xa method is performed using standard coagulation devices in a
wide range of US hospitals. Therefore, this may guide appropriate and
cost-effective usage and may help in saving anti-Xa antidote."” Sev-
eral studies have shown a strong linear correlation between plasma
concentrations of rivaroxaban and the LMWH-calibrated anti-Xa as-
say.">'%'® This correlation is observed at many drug concentrations

(20-500 ng/mL). Although the anti-Xa chromogenic assay using a
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commercial specific calibrator is preferred to quantify the rivaroxaban
concentrations, it was shown that the LMWH calibrated anti-Xa assay
may be helpful in emergencies to estimate the presence of rivaroxaban.
However, the concentration of rivaroxaban should be evaluated with
caution.”*'**® One study concluded that LMWH-calibrated anti-
Xa assays to determine the presence of anti-Xa inhibitors were not
recommended. Consequently, it is best for each laboratory to evalu-
ate the sensitivity of the LMWH calibrator method using commercially

available direct oral inhibitors."’
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TABLE 2. ROC Curve Analysis for Rivaroxaban Concentrations by Anti-Xa Assay with LMWH and Homemade Calibrators in an

Emergency Procedure

i Sensitivity Specificity Positive Predictive Value Negative Predictive Value AUC 95% Cl
 Assay with NPP >60.4 § 100 § 100 100 100 | 1 0.95-1
 Assay with LMWH >41.3 § 100 § 100 100 100 1 0.95-1

AUC, area under the curve; Cl, confidence interval; LMWH, low molecular weight heparin; NPP, normal pooled plasma; ROC, receiver operating character-

istic.

Oral anti-Xa assays are not readily available in all laboratories due
to the cost of the assay, which requires commercial specific calibrators
and controls for each drug. Conversely, the LMWH calibrated anti-Xa as-
say is available in most routine laboratories. The results of a study done
by Billoir et al® demonstrated that in the absence of specific assays, the
LMWH calibrated anti-Xa assay could be used to measure and monitor
the inhibitory effects of oral factor Xa before emergency surgery. They
also illustrated the possibility of using the LMWH calibrated anti-Xa as-
say to estimate the plasma concentrations of rivaroxaban and apixaban
quantitatively. Their research showed an LMWH anti-Xa activity
of <0.50 IU/mL and <30 ng/mL for measuring the plasma concentration
of rivaroxaban or apixaban, respectively. They found a cutoff for safe
indications of emergency procedures with 100% sensitivity and speci-
ficity, indicating the possibility of estimating apixaban or rivaroxaban
concentrations using the LMWH calibrator to reduce delay in an emer-
gency.® Furthermore, Margeti¢ et al’® demonstrated the potential of
using LMWH calibrated chromogenic anti-Xa assays as an alternative
method to determine a significant concentration of rivaroxaban and
apixaban in the absence of a chromogenic anti-Xa assay calibrated with
a specific drug. However, they explained that a commercial calibrated
chromogenic anti-Xa assay should be performed to determine the
amount of these drugs if positive results indicate the presence of an
oral anti-Xa inhibitor in plasma. Accordingly, they do not recommend
use of LMWH calibrator in routine clinical practice as the only practical
method for quantifying anti-Xa drugs (rivaroxaban and apixaban).” Al-
though the LMWH anti-Xa chromogenic assay appears to allow a quan-
titative assessment of oral anti-Xa inhibitors, the lack of outcome data
with corresponding drug concentrations may decrease the effectiveness
of this method in some patients.'®

Since the LMWH calibrator for measuring the concentration of
rivaroxaban has not been standardized between laboratories, signifi-
cant differences may be seen based on the choice of reagents and the
instruments used. Therefore, it is suggested that each laboratory should
evaluate the sensitivity of its reagents to rivaroxaban before using the
LMWH calibrator.'®

We made a homemade calibrator using spiked NPP with lim-
ited available resources. We estimated a wide range of rivaroxaban
concentrations (10-509 ng/mL) with the homemade calibrator,
which had acceptable specificity (91%). On the other hand, the sensi-
tivity of both alternative LMWH and homemade calibrators was low
(55.71% and 57%, respectively), indicating high bias owing to the
small sample size. To make a homemade calibrator using spiked NPP,
the optical density of the samples was read, and the calibration curve
was drawn manually. For drawing an accurate calibration curve, we
had to select an appropriate sample size, and the number of control
points must be high. Then, each method was repeated several times.
The major limitation of this study was related to the sample size and

reagent constraint. As a result, we recommend that future studies

404 Laboratory Medicine

should use the appropriate number of samples and control points
to draw a precise calibration curve to more accurately evaluate drug

concentration.

Conclusion

This study confirmed that if specific calibrators are not available, it is
very likely that an LMWH calibrated anti-Xa assay could be used to es-
timate rivaroxaban concentration. We do not advise the routine use
of these assays to estimate rivaroxaban concentration. The LMWH
calibrated anti-Xa assay and homemade calibrated anti-Xa activity for
estimating rivaroxaban concentration should be used with caution, and
it is essential to clearly understand their limitations. Nevertheless, we
suggest the use of LMWH and homemade calibrators for each diagnostic
laboratory according to their reagents and coagulometer variability, and
that they establish their own ranges and cutoffs. We hope our experi-
ence is helpful in other laboratories that do not have access to commer-
cial specific calibrators for measuring concentration levels of direct oral

anticoagulants by chromogenic anti-Xa assay.
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ABSTRACT

Objective: This study was conducted to estimate prevalence of direct
antiglobulin test (DAT) positivity and its impact on transfusion support
in patients with thalassemia.

Methods: The DAT testing was performed for patients with -
thalassemia who received transfusion from November 2021 to March
2022. Elution was done for DAT-positive samples.

Results: Of 180 patients, 21 (11.6%) were DAT positive. Immunoglob-
ulin G (IgG) was present in 4 (19%) and 1gG+C3d was present in 8
(38%). Only complement was present in 9 (42.8%) patients. The IgG-
reactive DATs were associated with pan-reactive eluate. Patients who
were DAT-positive had significantly higher levels of serum bilirubin, fer-
ritin, and IgG than those who were DAT-negative.

Conclusion: Autoantibody formation in multiply transfused thalasse-
mia patients is common and merits equal attention as alloimmunization.
It is particularly important as DAT-positive red blood cells may undergo
clinically significant hemolysis, which may increase the transfusion
requirements with associated sequalae such as increased serum fer-
ritin and splenomegaly.

Thalassemia is an inherited hemolytic disorder caused by partial or com-
plete defect in - or 3-globin chain synthesis. The curative treatment
for thalassemia is stem cell transplant, in the absence of which severe
disease is managed by regular and lifelong red blood cell (RBC) trans-
fusion to keep the hemoglobin (Hb) level between 9 and 11.5 g/dL."!
Gene therapy by autologous hematopoietic stem cells modified with a
lentiviral vector expressing the (3-globin gene is a promising approach to
completely cure (3 thalassemia.”

A major complication of transfusion therapy in thalassemia is
the development of anti-RBC antibodies (alloantibodies and/or
autoantibodies). Although formation of alloantibodies occurs due to
phenotypic differences between donor and patient RBCs, immuno-
logic disturbances arising from chronic overstimulation of the immune
system caused by the joint effect of allogeneic transfusions and sple-
nectomy are responsible for the development of autoantibodies.” It is
hypothesized that the missing role of the spleen in filtering damaged
and conformationally changed RBCs after splenectomy may further aug-
ment the immune response and lead to the formation of autoantibodies.
Thus, it is not uncommon to find positive direct antiglobulin tests
(DATs) in thalassemic patients even when phenotypically matched RBCs
have been transfused.

The prevalence of RBC autoantibodies has been estimated to be
6.5% in chronically or intermittently transfused patients’ as compared
to 1.4% in the general population.” The autoantibodies can remain si-
lent or cause accelerated clearance of RBCs and autoimmune hemolytic
anemia (AIHA),’ resulting in clinical hemolysis. Autoantibodies may
also cause difficulty in cross-matching blood and shorten the duration
of RBC survival, requiring immunosuppressive therapy or splenectomy.
In some patients, there are anti-RBC autoantibodies present that give
a positive DAT without notable RBC destruction.” The antibody eluted
from the RBCs in such cases often reacts with all RBCs except Rh null
RBCs. This prospective study was conducted to estimate the prevalence
of DAT positivity and its impact on transfusion support in thalassemia
patients. We also studied the association of various clinical and labora-

tory parameters with DAT positivity.

Materials and Methods

This study was conducted prospectively on participants with {3 thalasse-
mia for a period of 5 months (from November 2021 to March 2022) after

© The Author(s) 2022. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, please e-mail:
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obtaining written informed consent and a waiver from the institutional
ethical review board. Patients with connective tissue and autoimmune
diseases were excluded from the study.

We used EDTA samples received for routine compatibility testing. No ex-
tra sample was taken. Plasma was separated and stored at -80°C in aliquots,
which were thawed at room temperature later and used for antibody screen-
ing, anti-hepatitis C (HCV) antibody testing, and total serum immunoglob-
ulin G (IgG) estimation. The RBCs were used for performing the DAT.

The DAT was performed by conventional tube technique using AABB
standard.® Briefly, 1 drop of 2% to 5% suspension of RBCs was dispensed
into test tubes and washed 3 times with normal saline, the final wash
decanted completely. Two drops of polyspecific antihuman globulin
(AHG) reagent (Eryclone Anti-Human Globulin, Tulip Diagnostics)
were then added, mixed well, tube-centrifuged at 1000g for 30 s, and
cells were examined for agglutination. All reactions were graded and re-
corded.” Further distinction of autoantibody was done using monospe-
cific gel cards (IgG/C3cC3d) (DC-Screening I, DiaMed)

Ether elution was performed on all DAT positive samples following
the standard method’ and eluate was tested for the presence of antibody
using reagent RBC panel in AHG phase. Antibody screening and identifi-
cation was performed by the column agglutination technique using com-
mercially available 3-cell (ID-Diacell I-II-III DiaMed) and 11-cell panels
(ID-Diapanel, DiaMed), respectively.

Serum IgG concentrations were quantified using the enzyme-linked
immunosorbent assay (ELISA) method (Invitrogen, ThermoFisher Sci-
entific). Maximum detection limit of this assay is 0.105 pg/mL (52,500
1U/pL).

Screening for anti-HCV antibody was performed by an enzyme-
linked fluorescent assay using a VIDAS Hepatitis panel (bioMérieux
Clinical Diagnostics).

Clinical details such as age, sex, age at first transfusion, splenec-
tomy, and transfusion records including number of units transfused and
the interval between transfusions, were obtained from the hospital in-
formation system. Other biochemical parameters such as hemoglobin,
serum total bilirubin, serum conjugated bilirubin, and serum ferritin

were obtained from patient files.

Statistical Analysis

All statistical tests were performed using IBM SPSS software for Win-
dows version 20 (IBM). Categorical variables were presented as number
and proportions, and continuous variables were presented as median
and quartile () test). Association was shown by regression (binary lo-

gistic). A P value of <.05 was considered significant.

Results

A total of 180 participants with 3 thalassemia who were on regular trans-
fusion therapy over a period of November 2021 to March 2022 at our
center were included. Of the 180 patients, 161 (90%) were diagnosed
with 3 thalassemia major and 19 (10%) were diagnosed with [3 thalasse-
mia intermedia. The majority of these patients were treated exclusively
at our institution for thalassemia for the entirety of the study period.
Of the 180 patients, 21 (11.6%) were positive for DAT using polyspecific
AHG reagent. Patient clinical and demographic details are given in TA-
BLE 1. A majority of the patients were male (125/180, 69.4%) with
a median age of 13 years. A total of 29 patients (29/180, 16.1%) had
undergone splenectomy.

TABLE 2 shows laboratory features in DAT-positive and DAT-
negative patients. Alloantibody was present in only 1 DAT-positive pa-
tient compared to 9 (5.7%) DAT-negative patients; the difference was
not significant (P = .866). Only IgG was present in 4 (19%), IgG+C3d
was present in 8 (38%), and in the remaining 9 (42.8%) patients, RBCs
were coated with complement only. Eluate was pan-reactive in all IgG-
coated RBCs and negative in complement-coated RBCs. All DAT-positive
patients had significantly higher levels of total bilirubin, serum ferritin,
and total serum IgG level compared to DAT-negative patients (P < .05).
The rate of HCV positivity was also found to be higher in the DAT-
positive group than in the DAT-negative group (28.6% vs 1.2%) (P < .05).

TABLE 3 shows transfusion requirements in the patients. It was
found that total number of units (median) transfused per year and
annual consumption of RBCs in milliliters per kilogram per year were
higher in DAT-positive patients, 31 vs 24 units and 228.5 vs 152 mL,
respectively (P < .05).

Although the interval between 2 transfusions was significantly less
in DAT-positive patients, alloantibodies were detected in 9 (5%) DAT-
negative patients and 1 (4.7%) DAT-positive patient. The specificity of
the alloantibodies mostly belonged to RH, Kell, and Kidd specificities
(TABLE 4).

A positive DAT was associated with splenectomy (P = .018), elevated
IgG level (P = .021), positive HCV Ab (P = .018), increased serum ferri-
tin (P = .036), decreased transfusion interval (P = .018), and increased
consumption of RBCs per year (P = .013) on multivariate analysis

(TABLE 5).

Discussion
Although alloimunization is a known complication in multiply
transfused thalassemia patients, autoantibody formation is less com-

monly reported in the literature. Autoantibodies in these patients cause

TABLE 1. Clinical Details of Thalassemia Patients with and without DAT Positivity®

DAT-Negative

Variable All Patients (n = 180) DAT-Positive Patients (n = 21) Patients (n = 159) PValue

 Age, median (quartile), y 13 (9-21) 15 (12.5-22.5) 12 (9-21) 082

Mae 125694 (62 . 109688 | a7
CFemale 5309 . 5038 50314 |

Thalassemiamajr 619 20052 . ateen
Thalassemia Intermedia - w9008 T4y w1y
Ageatfirsttransfusion, median (quartie),y | 05804115 | 075057-113) | 058(041-1150 459
Splenectomy 20061 ware 9y <00t |

DAT, direct antiglobulin test.
Data are given as No. (%) except where indicated.
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TABLE 2. Laboratory Features of Thalassemia Patients with and without DAT Positivity

| Laboratory Feature DAT-Positive (n = 21) DAT-Negative (n = 159) PValue
Alloimmunization, No. (%) 1(4.8) 9(5.7) .866
CAuoantibody,No.C) L
""" WG+C3d L ses L w
""" WGonly L aae L
""" cadony 9@y L
Total bilrubin, median (quartil, mgal . 17422 o718y o1

Conjugated bilirubin, median (quartile), mg/dL

Anti-HCV antibody positive, No. (%) 6 (28.6)

0.75(0.57-1.13)

0.6 (0.44-0.86)

DAT, direct antiglobulin test; HCV, hepatitis C virus; IgG, immunoglobulin G; NA, not applicable.

@Measured in all DAT-positive and 58 DAT-negative patients

TABLE 3. Transfusion Support in Thalassemia Patients

| Variable DAT-Positive (n = 21) DAT-Negative (n = 159) PValue

No. of units transfused/y, median (quartile) 31 (25-38) 24 (21-26) <.001

' Average interval between 2 consecutive transfusions, median (quartie),d | 2(s5-2 2724-30) | 002 |
' Annual consumption of RBCs, median (quartle), mLkgy 285(138.9-297.1) | 152(115-208) 013 |

DAT, direct antiglobulin test.

TABLE 4. Specificity of Alloantibodies in DAT-Positive and
DAT-Negative Patients

! Antibody . DAT-Positive (n = 21) | DAT-Negative (n = 159) : Total
 Anti-E ‘ 0 ‘ 1 § 1
AtiD+AtiC | o I
CAMiCHARK o I R T
CAMIE+AGK o 2 2
Atk N 3 4
e o T

DAT, direct antiglobulin test.

hemolysis of the patient’s own RBCs as well as transfused RBCs. The DAT
is the most sensitive diagnostic tool for detection of in vivo sensitization
of RBCs.

A DAT positivity in thalassemia patients can either be due to
autoantibodies or residual donor RBCs coated with alloantibodies. How-
ever, in our study, DAT positivity was due only to autoantibodies and
not alloantibodies.

In the current study, the rate of DAT positivity among patients with
[-thalassemia was 11.6% (21/180). The prevalence of autoantibody
formation in patients with thalassemia in other countries has been re-
ported as 28.8% in Egypt,” 23% in Hong Kong,” 22.8% in Albania," and
6.5% in the United States.""

In a study from India, Dhawan et al' reported a very high rate of au-
toantibody formation (28.2 %) among 319 multiple transfused patients
with 3 thalassemia major. Similarly, another study from India reported a

15.9% rate of autoantibody formation in this group of patients.'

408 Laboratory Medicine

In our study, DAT positivity due to IgG+ complement was found to be
an independent predictor of clinically significant hemolysis in patients
with B thalassemia with underlying RBC autoimmunity.” Amen et al'®
noted that 52% of the autoantibodies detected in their subjects were
of IgG in nature; however, none of them caused significant hemolysis.
Singer et al* found autoantibodies in 25% of those with thalassemia,
having IgG specificity in 68.8% and C3d specificity in 32.2% of patients,
respectively. Clinically significant ATHA developed in 3 patients: IgG-
induced in 1 and IgG with complement in the other 2." In a study from
India, IgG only was detected on 56.3% of DAT-positive RBCs.™ It has
been reported that patients with thalassemia major show a significant
lymphocytosis, with mainly B-cell changes consistent with ongoing
B-cell stimulation associated with chronic exposure to RBC antigens."
This B-cell stimulation results in an increase in serum immunoglobulin,
immune complexes, and RBCs expressing surface immunoglobulin.

Age at the start of transfusion plays a role in the alloantibody and
autoantibody formation. Previous studies have reported a lower fre-
quency of autoantibody formation associated with the early onset of
transfusion.'* Consistent with the previous studies, we also observed
that early onset of transfusion (0.58 year) was associated with low fre-
quency of autoantibody formation (159/180, 88.3%) compared to late
onset (0.75 year) (21/180, 11.6%), however, the difference was not
statistically significant (P = .459) (TABLE 1). Some authors reported
no association between autoantibodies and age of start of transfusion
(P=.5,P=.8, respectively).s’17

In our study, 47.6% of DAT-positive patients had undergone
splenectomy compared to 11.9% of the DAT-negative participants
(P < .001). Singer et al* observed that 56% of the patients with

autoantibodies had undergone splenectomy in their group of patients.
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TABLE 5. Multivariate Analysis of DAT-Positive Patients

! Variable Regression Coefficient ([3) Adjusted 0dds Ratio (95% Confidence Interval) PValue

Serum IgG -6.237 0.002 (0.000-0.387) .021

Seum biliubin conjugated T 0044(0002-1.180) . ot
Csenmfemtn 0002 0998(0997-1.0000 . 0%
Interval between 2 consecutive transfusions | os84 1794(1106-29008) o
Annual consumption of packed RECS 0054 0948(0909-0.989) . o
CWoVreactvty e 0000(0.000-0264 | o8
splenectomy 08 0000(0000-0.169) . os

DAT, direct antiglobulin test; HCV, hepatitis C virus; IgG, immunoglobulin G.

Arinsburg et al® reported an even higher number of patients with sple-
nectomy (88.1%).

Persons with thalassemia who have undergone splenectomy
have higher levels of serum IgG, which is not unexpected, as the
spleen is not clearing the RBCs coated with autoantibodies.'® In our
study, 76.2% of DAT-positive patients had serum IgG levels greater
than 52,500 IU/dL in contrast to 48.3% of DAT-negative patients
(P =.027, TABLE 2). Arinsburg et al® noted elevated IgG levels in
88.1% of DAT-positive patients. Multiple studies in general patient
populations have shown that increased serum IgG levels are associ-
ated with a positive DAT. **° Immunological abnormalities in those
with thalassemia, including an expansion of circulating B cells and
a modest polyclonal gammopathy, are thought to play a role in the
abnormal IgG levels.

The HCV positivity among DAT-positive patients was 28.6% in
our study, which was significantly higher than that in DAT-negative
patients (P < .001, TABLE 2). Arinsburg et al® reported 60% HCV
positivity among DAT-positive subjects. The HCV has been implicated
both in the autoantibody formation and autoimmune diseases. The
HCV might be involved in the breakdown of self-tolerance triggering
autoreactivity.”* Bhattachrya et al*® reported very high prevalence of
anti-HCV antibodies in multiply transfused thalassemia patients in In-
dia. Of 300 patients,75(25%) were found to be HCV positive by ELISA.
Among them, 49 (65%) were HCV RNA positive with significant viral
load in their blood.

Serum ferritin levels were significantly higher in DAT-positive
patients in our study (3300 ng/mL vs 2090 ng/mL, P < .001). This could
be due to the combined effect of more transfusions and the higher rate
of splenectomy in DAT-positive patients22 or simply an increased num-
ber of transfusions in DAT-positive patients.”

The transfusion response in terms of number of units transfused
per year, the interval between 2 transfusions, and annual consumption
of RBCs was significantly higher among the DAT-positive than the DAT-
negative patients (TABLE 3). This indicates that DAT-positive RBCs may
be undergoing hemolysis more profoundly than DAT-negative RBCs, which
is also corroborated by increased levels of serum conjugated bilirubin in
DAT-positive patients. However, a previous study reported similar transfu-
sion response among DAT-positive and DAT-negative patients.3

On multivariate analysis, a positive DAT in thalassemia was as-
sociated with elevated serum IgG levels (adjusted odds ratio [AOR]
0.002, P = .021), elevated serum ferritin (AOR 0.998, P = .036),
decreased interval between transfusions (AOR 1.794, P = .018),
increased annual consumption of RBCs (AOR 0.948, P = .013),

www.labmedicine.com

HCV positivity (AOR 0.00, P = .018), and splenectomy (AOR 0.000,
P =.018).

We did not find any association between alloimmunization and DAT
positivity, which is consistent with Arinsburg et al.’ In contrast, Jain
et al'? reported significantly higher alloimmunization in patients with
positive DAT.

fusion requirements and decreased transfusion interval in DAT-positive
thalassemia patients indicates the development of ATHA. However, due
to lack of all the clinical and baseline laboratory information, the DAT-
positive subjects in our study cannot be confirmed to have ATHA. This
is one of the limitations of this study. Khaled et al® reported 25 cases
of AIHA among 87 DAT-positive patients. However, it is important for
the clinician to closely monitor DAT-positive thalassemia patients for
any signs of worsening clinical and laboratory features of hemolysis
to rule out the possibility of development of AIHA so that therapeutic

interventions can be planned.

transfused thalassemia patients is not uncommon and merits the same
attention as alloimmunization. It is particularly important, as DAT-
positive RBCs may undergo clinically significant hemolysis, which may
increase the transfusion requirements with associated sequalae such as

increased serum ferritin and splenomegaly.
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ABSTRACT

Objective: To establish a novel approach for diagnosing early- and
midstage esophageal squamous cell carcinoma (ESCC).

Methods: The tumor suppressor gene phospholysine phosphohistidine
inorganic pyrophosphate phosphatase (LHPP)-based miRNA signa-
ture was identified using next-generation sequencing and 3 biological
online prediction systems. This retrospective study established and
validated an ESCC prediction model using a test cohort and a valida-
tion cohort.

Results: Immunohistochemical staining and real-time quantitative pol-
ymerase chain reaction (RT-gPCR) results showed that LHPP protein
levels were significantly lower in tissues with early- and midstage ESCC

than in adjacent tissues (P < .01). Further, we confirmed that miR-15b-
5p, miR-424-5p, miR-497-5p, miR-363-5p, and miR-195-5p inhibited
LHPP. These 5 miRNAs were significantly elevated in the plasma of
early- and midstage ESCC (P < .05). An ESCC prediction model com-
bining these 5 miRNAs was established. Finally, in the external valida-
tion cohort, the model exhibited high discriminative value (sensitivity/
specificity: 84.4%/93.3%).

Conclusions: The prediction model has potential implications for di-
agnosis of early- and midstage ESCC.

Esophageal squamous cell carcinoma (ESCC) is a malignant tumor of the
digestive system." Esophageal cancer has the sixth-highest fatality rate
among various malignant tumors. The early symptoms of esophageal can-
cer are not obvious; therefore, early screening and diagnosis mainly rely
on traumatic methods, including the detection of exfoliated esophageal
cells and gastrointestinal endoscopy.”” These screening technologies cause
trauma to patients during the testing process, making it difficult to achieve
large-scale population screening. Hence, exploring diagnostic biomarkers
is of great significance for patients with early- and midstage ESCC. En-
dogenous miRNAs play crucial roles in many biological processes.® The
findings of 2 recent studies”” have suggested that miRNAs, as oncogenes or
tumor suppressor genes, may play important roles in the regulation of the
occurrence, development, invasion, metastasis, and angiogenesis of vari-
ous tumors and are related to the occurrence and development of ESCC.
In 2018, Hindupur et al’ identified a novel tumor suppressor gene,
namely, phospholysine phosphohistidine inorganic pyrophosphate
phosphatase (LHPP). LHPP is a histidine phosphatase, which has the
opposite effect of histidine kinase and can reverse the phosphate group
connected to histidine on the protein.” Researchers have reported
that inhibiting the expression of LHPP can promote the growth of
a variety of gastrointestinal tumors, including colorectal cancer,'

h : 1 : 12 : 13
epatocellular carcinoma,  pancreatic cancer, ~ and gastric cancer.
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FIGURE 1. Flow diagram of early- and midstage esophageal squamous cell carcinoma (ESCC) diagnostic regression model
establishment. NGS, next-generation sequencing.
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TABLE 1. Primer Sequences

| Gene 3 Primers

LHPP F: 5’-AGGCTGGGATTTGACATCTC-3'

| ‘ R: 5'-AGCAGGTATGGTCGCAGG-3
CmR-sbsp F.5-ATCCAGTGCGTGTCGTE-3
‘ ‘ R: 5’-TGCTTAGCAGCACATCATG-3'
CmR-4245 | F.5-GOGGCCAGCAGCAATICATG-3' |
‘ ‘ R: 5'-CAGCCACAAAAGAGCACAAT-3'
mRdoTsp F:5-CCTTCAGCAGCACACTGTGG-8 |
1 1 R: 5'-CAGTGCAGGGTCCGAGGTAT-3'

' mR3635p | F5-GOACCAACTAGAMACG3 |
‘ R: 5'-GCACTCATGCCCATTCATCC-3'
CmR955p | F.5-GGAGTGTAGGCCCAATACCAGA-3' |
‘ R: 5'-TGCCACTTAGCAGCACAGAAA-3'
mResss- F.5-GCACTCCTGGATGCCAATCT-3'
L op R: 5'-CTCTACAGCTATATTGCCAGCCAC-3’
epOH F.5GCACCGTCAAGGCTGAGAAC3 |
‘ R: 5'-TGGTGAAGACGCCAGTGGA-3'

' Us i F: 5'-CTCGCTTCGGCAGCACA-3'
‘ R: 5'-AACGCTTCACGAATTTGCGT-3'

LHPP, phospholysine phosphobhistidine inorganic pyrophosphate phos-
phatase.

So far, there is no study reported in the literature, to our knowledge,
regarding the expression level of LHPP in ESCC, so its mechanism of
action on tumors is unclear.

In this study, we performed next-generation sequencing (NGS) to
analyze and screen out the miRNAs differentially expressed in tissues
with ESCC, and combined it with bioinformatics software to predict
the expression profile of miRNAs involved in LHPP regulation. We
then established an early- and midstage ESCC diagnostic regression

412 Laboratory Medicine

miRNA-497-5p,

miRNA-363-5p,

miRNA-195-5p,
and SCC)

model in a testing cohort and performed external verification in a ver-

ification cohort.

Methods

Enroliment and Basic Data Collection for Early- and
Midstage ESCC

A total of 137 patients with early- and midstage ESCC, treated from
January 2016 to December 2016, were included in our study, with the
approval of the Ethics Committee of Huaian Hospital (No. k16.0112)
and Taizhou People’s Hospital (No. 201601-002-1), in accordance
to the Declaration of Helsinki. Informed oral consent was obtained
from all individual participants included in the study. The tissue with
ESCC and the adjacent healthy tissue (tumor-adjacent normal esoph-
ageal mucosa at a distance >2 cm from the edge of the cancerous tis-
sue) were collected during an operation. The exclusion criteria for
patients with ESCC were as follows: tumor history, tumor being at
stage IV, patient declined to sign the informed consent form, his-
tory of radiotherapy or chemotherapy, and having incomplete clinical
data for the patient. A total of 120 patients with ESCC were enrolled,
including 75 patients from Huaian Hospital (testing cohort) and 45
patients from Taizhou People’s Hospital (verification cohort). During
the same period, 120 healthy participants were recruited for study
inclusion. The flow diagram of the study is shown in FIGURE 1.

NGS Technology and Bioinformatics Analysis for miRNA
Expression Profile Exploration

NGS was performed by Shanghai Kangcheng Biological Engineering.
The Ilumina-HiSeq 4000 sequencing platform (Illumina) was used for
sequencing. The information on the NGS platform used in this study is

shown in Supplementary Table 1.
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FIGURE 2. The protein and mRNA levels of phospholysine phosphohistidine inorganic pyrophosphate phosphatase (LHPP)
in early- and midstage esophageal squamous cell carcinoma (ESCC) are significantly decreased. A, Compared with paired
adjacent healthy tissues, LHPP protein levels in tissues with early- and midstage ESCC were significantly decreased (x400).
B, Real-time quantitative polymerase chain reaction amplification curves for LHPP and GAPDH. C, Compared with healthy
control individuals, LHPP mRNA levels in patients with early- and midstage ESCC were significantly decreased in the testing
cohort. D, Compared with healthy controls, LHPP mRNA levels in early- and midstage ESCC were significantly decreased

in the verification cohort. The 2722 °™ method was used in the present study. *P < .01 compared with healthy controls. NS,

nonsignificant.
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After the sequencing was completed, the original sequencing se-
quence was obtained, and bioinformatics analysis was then performed.
The 2 important indicators (fold change and P value) in the volcano map
can intuitively and reasonably screen miRNA genes that are differen-

tially expressed between the 2 specimens. A t test was used to analyze

www.labmedicine.com

the genes that were significantly differentially expressed between the 2
specimens. The abscissa of the volcano plot is log2 (fold change) and the
ordinate is —-log10 (P value). In this study, we also used the miRDB and
TargetScan databases, and miRanda database (http://www.miranda.

org/), to predict the regulatory miRNAs upstream of LHPP.
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FIGURE 2. (cont)
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Cell Culture and Transfection

We purchased KYSE-30 (RRID: CVCL_1351; https://scicrunch.org/resources/
data/source/SCR_013869-1/search?q=CVCL_1351&1=CVCL_1351)
the BeNa Culture Collection (BNCC) for in vitro research. KYSE-30 cells
were inoculated in EMEM complete medium (BNCC338137, BNCC) mixed
with FBS. miR-15b-5p, miR-424-5p, miR-497-5p, miR-363-5p, miR-195-5p
mimics, and si-LHPP were obtained from Guangzhou Changyu Biotechnology.

from

Luciferase Reporter Assay

The 3" UTR sequence or mutant sequence of LHPP was cloned into the pMIR-
REPORT vector. The miRNA mimics or mimic controls were transfected into
KYSE-30 cells, together with the reporter plasmid and pRL-SV40.

414 Laboratory Medicine
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RNA Pull-Down Assay

RNA pull-down assays were performed, as described previously."* Total
RNA extracts from ESCC cells were mixed with biotin-labeled-miRNA-
15b-5p, or miRNA-424-5p, or miRNA-497-5p, or miRNA-363-5p,
or miRNA-195-5p, incubated with Dynabeads M-280 Streptavidin
(Invitrogen) at 4°C for 3 hours. Unbound RNA was washed away with
20 mmol/L Tris. Streptavidin Magnetic Beads were washed 3 times
with washing buffer and then incubated with 50 pL elution buffer at
37°C for 15 minutes with stirring after incubation for 1.5 hours, with
rotation at 4°C. The relative levels of LHPP protein contained in the pull-
down complexes were analyzed using an ELISA kit for LHPP (item No.
abx380698, Abbexa).

2023;54:411-423 | https://doi.org/10.1093/labmed/Imac125
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FIGURE 3. Next-generation sequencing (NGS) technology and bioinformatics technology were used to analyze the targeted
regulatory miRNAs of phospholysine phosphohistidine inorganic pyrophosphate phosphatase (LHPP). NGS technology (A)
and volcano map (B) of differentially expressed genes between tissues with early- and midstage esophageal squamous cell
carcinoma (ESCC) and paired adjacent healthy tissues. In part B, the red nodes represent upregulation and the blue nodes
represent downregulation. C, Venn diagrams were used to analyze the target miRNAs using the miRanda, miRDB, and

TargetScan online prediction systems.
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Immunohistochemical Staining

ESCC tissues were fixed with 4% formaldehyde for 1 to 24 hours, and
then embedded in paraffin and made into sections. We placed the slices
in a 65°C oven and baked them for 30 minutes to 1 hour, then soaked
them in xylene for 3 minutes for dewaxing, and soaked them in etha-
nol of high to low concentration for 3 minutes for rehydration. Next,
we soaked the slices in 0.01 mol/L citrate buffer at 95°C for 30 minutes
for antigen retrieval. The endogenous peroxidase activity was soaked
in hydrogen peroxide (3%) at room temperature for 10 minutes in the
dark, and the sections were incubated with 5% bovine serum albumin

for 1 hour at 37°C, to reduce nonspecific binding. Then, the sections

www.labmedicine.com

== hsa-miR-4436-3p
hsa-miR-424-5p
hsa-miR-1338-3p
hsa-miR-6838-5p
i hsa-miR-497-5p
; hsa-miR-766-3p
I hsa-miR-654-3p | -1

{ hsa-miR-15b-5p

hsa-miR-195-5p

1 hsa-miR-381-3p
E

= hsa-miR-181¢c-3p
i hsa-miR-27b-5p

hsa-miR-146b-5p
; [W = hsa-miR-363-5p
_I‘- 1 hsa-miR-487b-3p
hsa-miR-744-3p
{ hsa-miR-887-3p
hsa-miR-1228-5p
hsa-miR-4508
hsa-miR-3187-3p
hsa-miR-4732-5p
hsa-miR-486-3p
hsa-miR-505-5p
hsa-miR-194-5p
hsa-miR-6747-3p
hsa-miR-1284

-

L

Healthy tissue 1 I -

Healthy tissue 2
Healthy tissue 3 I l
Healthy tissue 4
Healthy tissue 5
Early-stage ESCC1
Early-stage ESCC2
Midstage ESCC1
Midstage ESCC2
Midstage ESCC3

were incubated overnight at 4°C with primary antibody for the detec-
tion of LHPP (ab116175; 1:200 dilution; Abcam). The tissues were then
incubated with secondary antibody (ab205718;1:200 dilution; Abcam)

at 37°C for another 30 minutes.

Real-Time Quantitative PCR (RT-qPCR) Assay

RT-qPCR was performed using the SYBR Green qPCR Kit (Thermo Fisher
Scientific) on a StepOne Real-Time PCR System (Applied Biosystems).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and U6 were used
as control references for the mRNA and miRNA. Primers were purchased

from Sangon Biotech. The primer sequences used are listed in TABLE 1.
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FIGURE 4. miR-15b-5p, miR-424-5p, miR-497-5p, miR-363-5p, and miR-195-5p regulate phospholysine phosphohistidine
inorganic pyrophosphate phosphatase (LHPP) expression. Luciferase reporter gene and RNA pull-down assays were used to
explore the relationships between LHPP and miR-15b-5p (A), miR-424-5p (B), miR-497-5P (C), miR-363-5p (D), miR-195-5p (E),
and miR-6838-5p (F). *P <.01; NS, nonsignificant; NC, negative control.
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For relative quantification, the 2°**“T approach was applied. Three inde-

pendent duplicates of each RT-qPCR experiment were carried out.

The Cancer Genome Atlas (TCGA) miRNA Dataset

The dataset TCGA-ESCA was used to find if the significant differentially
expressed miRNAs (DEMs) were correlated with ESCC. The dataset
TCGA-ESCA consists of 95 ESCC specimens with 19 normal esophageal
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mucosa specimens. We examined the significant DEMs expression and
relationship with ESCC stages. The t test was applied to check expression

level, and the y? testing was used on different stages.
Statistics

We have created a Github page and uploaded all related scripts and
supported data (https://github.com/tryyao/ESCC). SPSS software
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FIGURE 4. (cont)
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(version 18.0; IBM) was used for statistical analysis. The count data
are expressed as a rate (%), and comparisons between groups were
performed using the y? test. The measurement data are expressed
as mean (SD). F testing and t testing were used to compare multi-
ple and 2 groups, respectively. The Spearman method was used for
correlation test. The receiver operating characteristic (ROC) curve
was used to compare the area under the curve (AUC) of each in-
dex to identify early- and midstage ESCC. The significance level was
o =.05.
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Results

Flow Diagram of Early- and Midstage ESCC Diagnostic
Regression Model Establishment

The flow diagram of the study is shown in FIGURE 1. According
to the uniform inclusion and exclusion criteria, 120 patients with
early- and midstage ESCC were included. These 120 patients were
distributed into 2 cohorts for the model establishment and external

verification.
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FIGURE 4. (cont)
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Expression of LHPP in the Early- and Midstage ESCC in
the Testing Cohort and the Verification Cohort

Compared with paired adjacent healthy tissues, LHPP protein levels in
tissues with early- and midstage ESCC were significantly decreased (P < .01;
FIGURE 2A). Subsequently, we enrolled 120 patients with ESCC and 120
healthy control individuals (75 patients with ESCC and 75 healthy controls
in the testing cohort; 45 patients with ESCC and 45 healthy controls in
the verification cohort) and detected LHPP mRNA levels in the plasma
(FIGURE 2B). Compared with healthy controls, LHPP mRNA levels in
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Fold Enrichment (Normalized to NS)

early- and midstage ESCC were significantly decreased in the testing cohort
(P < .01; FIGURE 2C) and the verification cohort (P < .01; FIGURE 2D).

Involvement of miR-15b-5p, miR-424-5p, miR-497-5p,
miR-363-5p, and miR-195-5p in the Regulation of LHPP in
Tissues with Early- and Midstage ESCC

We used R package DESeq?2 software (version 1.6.1), and the NGS tech-
nology results showed that there were 791 miRNA expression differences

between tissues with early- and midstage ESCC and paired adjacent
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FIGURE 5. Plasma miR-15b-5p, miR-424-5p, miR-497-5p, miR-363-5p, miR-195-5p, and miR-6838-5p levels in patients with
early- and midstage esophageal squamous cell carcinoma (ESCC) in the testing cohort. Compared with healthy controls, the
levels of plasma miR-15b-5p (A), miR-424-5p (B), miR-497-5p (C), miR-363-5p (D), and miR-195-5p (E) in patients with early- and
midstage ESCC were significantly increased (P < .01), whereas there was no significant difference in the expression of miR-

6838-5p (F). *P < .05; **P < .01; NS, nonsignificant.
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healthy tissues. Among them, there were 26 miRNAs with differences
greater than 1.5-fold change and P < .05 (FIGURE 3A). A total of 17
miRNAs were highly expressed and 9 miRNAs were expressed at low
levels in tissues with early- and midstage ESCC (FIGURE 3B). We then
applied miRanda, miRDB, and TargetScan online prediction systems and
determined the miRNA profiles predicted by each system with LHPP as
the target protein (FIGURE 3C). Six miRNAs were predicted, namely,
miR-15b-5p, miR-424-5p, miR-497-5p, miR-363-5p, miR-195-5p, and
miR-6838-5p. Therefore, we selected these miRNAs for further research.

Next, we used the dual-luciferase reporter gene and RNA pull-down
assays to verify the targeting relationships between LHPP and miR-15b-5p

www.labmedicine.com

(FIGURE 4A), miR-424-5p (FIGURE 4B), miR-497-5p (FIGURE 4C),
miR-363-5p (FIGURE 4D), miR-195-5p (FIGURE 4E), and miR-6838-5p
(FIGURE 4F). Further, after comparing the expression level of miRNAs in
the TCGA dataset, we found that 5 of the 6 significant DEMs were in accord-
ance with the results in our study. However, the expression of miR-6838-
Sp was not significantly different between ESCC specimens and normal
esophageal mucosa specimens. The relationship of miRNAs between the
clinical TNM stages was also tested using % analysis. The results of the sig-
nificant DEMs are shown in Supplementary Table 2. Therefore, we selected
miR-15b-5p, miR-424-5p, miR-497-5p, miR-363-5p, and miR-195-5p as our
test miRNAs.
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FIGURE 6. Plasma miR-15b-5p, miR-424-5p, miR-497-5p, miR-363-5p, miR-195-5p, and miR-6838-5p levels in patients with
early- and midstage esophageal squamous cell carcinoma (ESCC) in the verification cohort. Compared with healthy controls,
the levels of plasma miR-15b-5p (A), miR-424-5p (B), miR-497-5p (C), miR-363-5P (D), and miR-195-5p (E) in early- and midstage
ESCC were significantly increased (P < .01), whereas there was no significant difference in the expression of miR-6838-5p (F).
*P < .05; **P < .01.
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Levels of miR-15b-5p, miR-424-5p, miR-497-5p, miR-363- 195-5p (FIGURE 5E, FIGURE 6E), and squamous cell carcinoma (SCC)
5p, miR-195-5p, and SCC in Early- and Midstage ESCC, in (TABLE 2) in patients with early- and midstage ESCC were significantly
the Testing and Verification Cohorts increased (P < .01). No significant differences were observed in the ex-

We then detected the expression levels of these 6 miRNAs in 75 patients pression of miR-6838-5p (P = .58, FIGURE 5F; P = .21, FIGURE 6F).
with early- and midstage ESCC and 75 healthy controls in the testing

cohort (FIGURE 5), and 45 patients with early- and midstage ESCCs and

45 healthy controls in the verification cohort (FIGURE 6). Compared Establishment of an Early- and Midstage ESCC

with the healthy controls, the levels of plasma miR-15b-5p (FIGURE 5A, Diagnostic Regression Model

FIGURE 6A), miR-424-5p (FIGURE 5B, FIGURE 6B), miR-497-5p (FIG- For the diagnosis of early- and midstage ESCC, ROC curve analy-
URE 5C, FIGURE 6C), miR-363-5p (FIGURE 5D, FIGURE 6D), miR- sis showed that the AUC of miR-15b-5p, miR-424-5p, miR-497-5p,
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TABLE 2. Clinicopathological Characteristics and Clinical Tumor Markers in the Test and Verification Cohorts

j Test Cohort : Verification Cohort

%Vanable Healthy Early- aggcl\gidstage iz P Value : Healthy Early- aggcl\gidstage 22 P Value
 Subjects, No. 75 75 45 45

Age, median (QR)y | 63(52-76) | 65(64-77) | 1035 | 19 64(51-74) | 66(s3-78) | 1265 | 20 |
Male,No.%) | “Esn) 2E60 0100 | F7 28622 | 31689 | 0443 | 5
CSmoking,No.(%) | @3 nean 0427 | 51 25(56) | 20(644) | o741 | 39 |
Drinking, No. (%) | 516800 8640 0267 | 6o 2011 | 35078 | 056 | a7 |
' SCC, median (QR), pg/l. | 0.98(0.65-182) | 366 (176-647) | 6845 | <001 | 113(059177) | 375(1.82-6.98) | 7638 | <001 |
' CEA median (OR), UmL | 6.49 (5.48-8.19) | | 673(5.98-854) | 0507 | 42 624(5.31-7.98 | 632(5.43-905) | 0426 | 37
MO, median (OR), | 27.64(2270-34.82) 2847 (21.19-37.83) = 0876 | 20 2504(19.87-3118) 27.84(2070-3276) | 0.343 | 2
: U/mL ‘ ‘ ‘

Habitof cating preserved | 59(787) | 63840 | 0703 | o 39867 . 3844 . 000 | %

 food, No. (%)

CEA, carcinoembryonic antigen; ESCC, esophageal squamous cell carcinoma; IQR, interquartile range; SCC, squamous cell carcinoma.

FIGURE 7. Establishment of early- and midstage esophageal
squamous cell carcinoma diagnostic regression model. SCC
indicates squamous cell carcinoma antigen.
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miR-363-5p, miR-195-5p, and SCC were 0.816, 0.778, 0.532, 0.637,
0.803 and 0.702, respectively (FIGURE 7 and TABLE 3). Detailed in-
formation on diagnostic performance is listed in TABLE 3.

Each of the aforementioned variables was included in the mul-
tivariate logistic regression model. The final diagnostic regression
model was Logit (P) = 3.370 - 0.125(miR-15b-5p) - 0.096(miR-
424-5p) - 0.103(miR-497-5p) - 0.641(miR-363-5p) - 1.227(miR-
195-5p) - 0.513(SCC). The identification value of this model was
high, with an AUC of 0.851 (FIGURE 7 and TABLE 3) and a proba-
bility of 0.725.

External Verification of the Early- and Midstage ESCC
Diagnostic Regression Model

In the external validation group (TABLE 2), the probabilities of 42
(of 49) subjects were higher than 0.725, and the probabilities of 38 (of

www.labmedicine.com

41) subjects were lower than 0.725 (FIGURE 8). The sensitivity and spec-
ificity for early- and midstage ESCC were 85.7% and 92.7%, respectively.

Discussion

At present, the commonly used tumor detection methods, such as X-ray,
ultrasound, positron emission tomography-computed tomography
(PET-CT), and magnetic resonance imaging, still have limitations in clin-
ical application owing to problems such as accuracy, resulting in delays
in tumor detection. Radioactive detection methods, such as X-ray, CT,
and PET-CT, are also not suitable for frequent detection in the general
population. Additionally, the puncture method is time-consuming, com-
plicated, and causes great harm to the body of the patient. In the past
10 years, early accurate tumor screening has developed rapidly, owing to
its advantages of early diagnosis and treatment, noninvasiveness, accu-
racy, and dynamics. For patients, early and accurate tumor screening can
not only relieve pain, improve prognosis, and increase the cure rate but
can also greatly reduce the cost of treatment and the economic burden
to the patient and society.

Researchers have found that LHPP has a significant tumor suppressor
effect, and its potential tumor suppressor mechanism has been revealed
in many cancers.'”'* The Cancer Gene Atlas data showed that the me-
dian survival of patients with bladder cancer with low LHPP expression
decreased by nearly 2 years in patients with high LHPP expression.'* Af-
ter downregulating the expression of LHPP, the protein histidine phos-
phorylation level in cancer cells increases significantly, which will trigger
uncontrolled cancer cell proliferation.”* However, LHPP expression in
ESCC has not been reported. In the current study, we found, for the first
time, that LHPP mRNA levels in tissues with early- and midstage ESCC
were significantly lower in the test and validation cohorts, compared
with adjacent healthy tissues.

Further, we explored LHPP-based miRNA signatures for the
prediction of early- and midstage ESCC. We used NGS technology and
3 online prediction software to screen out 5 miRNAs that target and
regulate LHPP, including miR-15b-5p, miR-424-5p, miR-497-5p, miR-
363-5p, and miR-195-5p. These 5 miRNAs have also been found to func-
tion as oncogenes in clinical and basic research on various tumors.'”'®

Dong et al'® demonstrated that miR-15b-5p levels are upregulated in
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TABLE 3. Diagnostic Value of miR-15b-5p, miR-424-5p, miR-497-5p, miR-363-5p, miR-195-5p, and SCC for the Early- and

Midstage ESCC in the Testing Cohort

! Variable AUC 95% CI P Value Sensitivity (%) Specificity (%)

. miR-15b-5p 0.816 0.765-0.983 <.001 75.9 91.7
miR-4245 . oms 0688-0862 <00t 01 893
miR-49750 . os@ 0468-0593 33 . 344 @71
] o087

- miR-195-5p 0803 0.713-0.879

sec 0 om0 0593-0814 . <oot . s5 . 82
Diagnostic regressionmodel . 0851 . 1 08150910 . <001 . 86 . o4 |

AUC, area under the curve; Cl, confidence interval; ESCC, esophageal squamous cell carcinoma; SCC, squamous cell carcinoma.

FIGURE 8. Scatter diagram of the predictive model in an external validation cohort. ESCC, esophageal squamous cell

carcinoma.
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liver cancer tissues and cell lines. Dai et al

found through in vivo and in
vitro experiments that miR-424-5p promotes colorectal cancer cell pro-
liferation and metastasis. Also, they report that colorectal cancer cells
secrete miR-424-5p into peripheral blood through exosomes.

Drahos et al'’

pointed out a trend of increased miR-424-5p levels
in esophageal tissues with adenocarcinoma, which was contrary to our
findings. The possible reasons include the following. First, all the patients
we included in this study had ESCC, and we did not further explore the
expression levels of miR-424-5p in different histological types. Second,
individual differences among different races are another important fac-
tor. The study by Drahos et al' included an ethnic European population,
whereas we included an ethnic Asian population. Bai et al'® found that
miR-497-5p promotes the epithelial-mesenchymal transition of colorec-
tal cancer cells in vitro. Through the Kaplan-Meier test, Zhang et al'’
revealed that high expression of miR-363-5p was associated with poor
overall survival of patients with hepatocellular carcinoma. The findings
of previous studies'” ' seem to suggest that miR-15b-5p, miR-424-5p,
miR-497-5p, miR-363-5p, and miR-195-5p may promote the occurrence
and development of tumors. Based on the aforementioned hypothesis,
the differential value of these miRNAs in ESCC improves the noninva-
sive diagnostic ability of ESCC.

In this study, a total of 75 patients with ESCC and 75 healthy controls
were included in the testing cohort. We found that the levels of miR-
15b-5p, miR-424-5p, miR-497-5p, miR-363-5p, miR-195-5p, and SCC in
the plasma of patients with ESCC were significantly higher than those

422 Laboratory Medicine

in healthy controls. Our results are consistent with those of previous

. 15-19
studies,

indicating that these markers may play a potential role in
promoting ESCC.

miRNAs are involved in many processes in the cell cycle and affect
the occurrence and development of tumors. They are present in the
blood as nucleic acid-protein complexes that tolerate repeated freeze-
thaw cycles and extreme pH environments and are therefore more
stable than ctDNA.” For tumors with no typical clinical symptoms,
nonspecific examination, and low early diagnosis rate (such as ESCC),
detecting the expression level of specific miRNAs in peripheral blood
can screen for a certain type of cancer, thereby avoiding invasive bi-
opsy of tissue cells. This indicates that tumors can be detected even
in the early stages of asymptomatic tumors, allowing us to intercept
them earlier.

Combined detection of tumor markers is recommended by the updated
National Academy of Clinical Biochemistry guidelines.”’ The accuracy of
tumor detection can be significantly improved by combining several tu-
mor markers with outstanding performance. For example,”" although the
classic CA125 marker has a sensitivity of 80% for the diagnosis of ovar-
ian cancer, its positivity rate in the early stage is less than 50%, and its
specificity is less than 60%. Another indicator of ovarian cancer, HE4, had
significantly improved specificity, with a sensitivity of 67% when the spec-
ificity was 96%. The risk of ovarian malignancy algorithm (ROMA) index
calculated by combining CA125 and HE4 had a sensitivity and specificity

of 90.1% and 87.7%, respectively, for ovarian cancer.
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In general, the combined detection of tumor markers enables their
application of tumor markers to be optimized, and the detection sensi-
tivity and accuracy are significantly improved. In this study, we used ROC
analysis to analyze multiple combinations of the 6 markers we studied.
The results showed that the specificity for predicting ESCC was 91.4%
and the sensitivity was 81.6%. The aforementioned studies suggest that
the combination of miR-15b-5p, miR-424-5p, miR-497-5p, miR-363-5p,
miR-195-5p, and SCC in plasma with ESCC has clinical value for the eval-
uation of ESCC. In conclusion, we report that the combined detection
of plasma miR-15b-5p, miR-424-5p, miR-497-5p, miR-363-5p, and miR-
195-5p, as well as SCC in ESCC, has an early warning effect on the risk

assessment of patients with early- and midstage ESCC.
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ABSTRACT

Objective: The Choosing Wisely initiative recommended cessation of
folate measurement, suggesting folate supplementation in macrocytic
anemia. This study reviewed the need for continued blood folate test-
ing at a large SafetyNet county teaching hospital.

Methods: Red blood cell (RBC) folate, vitamin B12, iron, ferritin, and
hemoglobin results were obtained for utilization review.

Results: Of the 593 RBC folate results, 69 (11.7%) were deficient and
30 (5%) had high values. Collectively, 369 (73.9%) had normal vitamin
B,, levels, 342 (70%) had low hemoglobin, 184 (62.5) had normal and
57 (19.4%) had low ferritin, 122 (38.2%) had normal and 188 (59%)
had low iron levels. A total of 41 (12%) had normal folate, low ferritin,
low hemoglobin, and low iron, suggestive of iron deficiency anemia.
There were 11 patients who exhibited low folate, low or normal ferritin,
low hemoglobin, and low iron levels, suggesting combined folate and
iron deficiency anemias.

Conclusion: This study highlights the need for institutions to assess
the applicability of national recommendations to their local population.

Nearly 20 years after the US Food and Drug Administration mandated
the fortification of all foods with folate, the Choosing Wisely organiza-
tion of the American Society for Clinical Pathology in 2017 recommended
the withdrawal of laboratory measurement of red blood cells (RBC) and

serum folate, citing the progressive decline of folate deficiency." This

recommendation may have garnered support from National Health and
Nutrition Examination Survey (NHANES) data, which indicate a substan-
tial decrease in folate deficiency from 16% to 0.5% before and after forti-
fication, respectively.” This NHANES report may not be representative of
some patient demographics, which may have higher prevalence of folate
deficiency than reported. Moreover, low dietary intake may represent only
a partial component of the etiology of folate deficiency. Folate deficiency
has been reported during pregnancy, in pediatric and geriatric patients
where there is increased demand for folate, and in conditions such as he-
molysis, leukemia, and exfoliative dermatitis, which are associated with
rapid cellular proliferation. Jejunum disease and short bowel syndrome
cause malabsorption, and bacterial overgrowth as well as drugs such as al-
cohol, anticonvulsants, and oral contraceptives have been shown to cause
folate deficiency.” In populations with these conditions, supplementing fo-
late without testing may not resolve the underlining conditions responsi-
ble for the folate deficiency. Diagnosis of folate deficiency anemia, one of
two forms of megaloblastic macrocytic anemia (the other being vitamin de-
ficiency anemia), requires low blood folate, hemoglobin, and macrocytosis
(MCV >100 fL).> Nonmegaloblastic macrocytic anemia may occur due to
hypothyroidism, liver disease, myelodysplastic syndrome, and certain
drugs, and many patients with these conditions may have normal folate
and vitamin B | levels.” The Choosing Wisely organization further indi-
cated that providers could commence folate supplementation treatment
if macrocytic anemia is suspected without testing for folate status. How-
ever, peer-reviewed reports of elevated folate-related risks and resurgence
of cancers® and other morbidities have multiplied.”® Recent data from
the National Institutes of Health revealed a strong association between
oversupplementation of folate and vitamin B , deficiency anemia mask-
ing with concomitantly serious clinical implications,”" since folate is re-
quired to activate vitamin B . These situations underline the intricate role
of folate in the diagnoses of macrocytic anemia and other folate-associated
abnormalities.

The evidence provided above suggests the need for further investiga-
tion into the clinical utility of folate assessment. In this article, we lay
out the argument for continued laboratory testing of RBC folate by labo-
ratory institutions within the setting of accurate diagnosis and manage-

ment of macrocytic anemia.

Materials and Methods
Laboratory findings for RBC folate, vitamin B12’ iron studies, ferritin,
and hemoglobin of all patients being investigated for suspected anemia

were obtained from 2020 to 2021 as part of a test utilization review effort
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at Parkland Memorial Hospital. The demographics of our patient popu-
lation are 24.2% African American, 37.3% Hispanic, and 52% female;
about 25,000 pregnant persons are seen annually. The population is
unique in that 21.5% of those assessed for social determinants of health
exhibited food insecurities. Over 38,000 patients present annually with
gastrointestinal disorders, over 34,000 with eating disorders, and nearly
230,000 with clinical diagnosis of anemia; it is a population clearly at
risk of folate deficiency. All measurements were performed in-house ex-
cept RBC folate, which was sent to a reference laboratory. The reference
laboratory where the RBC folate was determined used the quantitative
chemiluminescent immunoassay method for testing using 1 mL whole
blood sample in a lavender tube. Hemoglobin (a component of complete
blood count profile) was measured using a Sysmex automated analyzer
(Sysmex). Iron studies and ferritin were performed using cobas auto-
mated chemistry analyzers (Roche Diagnostics). Vitamin B , was meas-
ured using the Vitamin B _ 11 binding assay using the cobas 8000 (e602)
(Roche Diagnostics). The data used for this project were retrieved from
Beaker EPIC in retrospect. The Excel and GraphPad Prism statistical
software tools were used to filter and analyze the raw data, respectively.
Of 593 patient results for RBC folate, 553 were analyzed for vitamin B 19
489 for hemoglobin, 294 for ferritin, and 319 for iron. The cut-offs for
RBC folate and vitamin B, used were <366 ng/mL and <232 pg/mL, re-
spectively. Considering the lack of well-defined reference ranges for RBC
folate, elevated RBC for the purpose of this research was characterized
as levels >1300 ng/mL (based on the Centers for Disease Control and
Prevention microbiological assay reference range of 223-1100 ng/mL,
given the difference in methodology)'" and a postulated optimal RBC
folate level of 1000 t01500 ng/mL by Knew Health."” Reference ranges
used for statistical analysis were 13.2 to 16.9 g/dL (male) and 11.2 to
15.7 g/dL (female) for hemoglobin, 20 to 250 ng/mL (male) and 10
to 263 ng/mL (female) for ferritin, and 59 to 160 pg/dL (male) and 37
to 145 pg/dL (female) for iron. Institutional review board approval was
obtained (study No. STU 2022-0262).

Results

A total of 593 RBC folate results of persons being investigated for diag-
nosis of suspected anemia were analyzed. A cut-off value of 366 ng/mL
(in use by the reference laboratory) was used to define folate status. Of
the total number of 593 patients, 69 (12%) had low RBC folate values,

FIGURE 1. Distribution of partial anemia indices. Uneven distribution of RBC folate, vitamin B

and 30 (5%) had elevated RBC folate values (FIGURE 1). Further, 494
patients had normal RBC folate levels, 83% (FIGURE 1) of all subjects
tested for the vitamin. Of the 494 patients who showed normal RBC
folate, 93 had anemia indicated by low hemoglobin. Of the 553 patients
assessed using the cut-off of <232 pg/mlL for vitamin B , 17 showed
low values, 413 had normal levels, and 140 patients had high levels
>2000 pg/mL (FIGURE 1). The hemoglobin results showed 342 with
low values and 147 at normal levels of a total 489 patients tested for
the analyte. We found that 342 of 489 patients were anemic with low
hemoglobin levels, representing 70% of the population. Of 294 ferri-
tin measurements, 57, 53, and 184 patients had low, high, and normal
results, respectively. Of the 319 iron measurements taken, 188 patients
showed low values, 9 had high values, and 122 showed normal results
(FIGURE 2). Additional analysis indicated that 41 patients had normal
folate, low ferritin, low hemoglobin, and low iron, representing 12.0%
of the anemic group (FIGURE 2). There were 52 patients with normal
folate, normal ferritin, low hemoglobin, and low iron, making up 15.2%
of the anemia group. Interestingly, 4 patients had low folate levels with
low ferritin, low hemoglobin, and low iron (1.2%) (FIGURE 2). A total
of 8 patients showed low folate levels, normal ferritin, low hemoglobin,
and low iron (2.3%) (FIGURE 2). There were 23 patients with low folate
levels, low or normal ferritin, low hemoglobin, and normal iron. Addi-
tional results showed that 7 patients had low folate levels with normal
ferritin, normal hemoglobin, and normal iron. Of the 30 patients who
had high RBC folate, 14 (46.7%) were found to be anemic, representing
4.1% of the total anemic population (FIGURE 2). Altogether, 31.3%
of the patients who had low hemoglobin also exhibited normal or high
folate levels. Those patients would be most at risk of mistreatment
(FIGURE 2). Three patients had low folate, low vitamin B12’ and low he-
moglobin, whereas 2 patients had high folate, low vitamin B12’ and low
hemoglobin levels (FIGURE 2). TABLE 1 summarizes the ranges and
median values of the results obtained. The upper limits of the analytical
measuring range of RBC folate and vitamin B, | have been normalized as

upper reference intervals to establish ranges.

Discussion
Following multiple reports of drastically diminished incidences of fo-
late deficiency due to the FDA mandate to fortify all food with folate,

the Choosing Wisely campaign recommended cessation of blood folate

hemoglobin, ferritin, and iron

12

in patients being investigated for anemia and presenting at a SafetyNet hospital.
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FIGURE 2. Clinical utility of RBC folate measurement in the investigation of suspected anemia. Histograms showing the
observed different permutations of RBC folate levels in the presence of low, normal, or high ferritin, hemoglobin, and iron. The
anemic patients (n = 342) represent those with low hemoglobin levels.
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TABLE 1. Summary of the Range and Median of Analyte Results
RBC Folate (ng/mL) Vitamin B12 (pg/mL) Hemoglobin (g/dL) Ferritin (ng/mL)  Iron (ng/dL) :
Range 96-1330 150-2000 5.2-18 2-13,798 9-462
| Median § 625 § 629 111 126.5 48

test orders. In this report, we investigated the continued need for blood
folate measurement among our patient population and reasons that
clinicians continue to order the test regardless of the aforementioned
regulatory recommendation and examined the vital importance of blood
folate testing before supplementation.

Although the notion that folate deficiency has markedly dwindled
from a broader national perspective, it is not necessarily a reflection of
specific local evidence. Moreover, decreased cases of folate deficiency
may not be an adequate justification for the discontinuation of the as-
sessment of folate status. Results based on our local patient popula-
tion showed a 11.5% higher folate deficiency than the 0.5% reported
in the 2005 NHANES postfortification data. Further, one of the articles
on which the decision of the Choosing Wisely organization was based
reported that only 4 out of 560 patients tested at the Health Sciences
Center in Canada for blood folate had folate deficiency, representing
0.7% of all patients tested."” Data from our study not only shows a
higher percentage of folate deficiency but does so based on a slightly
higher sample size than the Shojania and von Kuster'® report. Although
folate deficiency can persist with or without anemia, the more clinically
relevant folate index is that related to anemia. Folate deficiency anemia
is generally considered to be low blood folate level with low hemoglo-
bin and macrocytosis. Our results showed a higher percentage of folate
deficiency-induced anemia, 35 of 593 patients, representing 6%, than
earlier reports where no anemia cases attributable to low folate were
found. The highest percentage of folate deficiency anemia in the Ca-
nadian study was 0.2%, recorded at the St Boniface General Hospital.
The discrepancy between data from our study compared with the stud-
ies that informed the Choosing Wisely campaign’s decision cannot be

overemphasized.

426 Laboratory Medicine

Conventionally, folate deficiency has been a greater concern for
clinicians and laboratory professionals than elevated blood folate levels.
This observation is predominantly due to lack of clinically useful in-
formation regarding the consequences of increased blood levels of folate.
Results from this study indicate that 5% of patients had elevated RBC fo-
late levels, suggesting not just elevated folate but possibly folate toxicity.
More concerning is that recent reports have revealed the association of
elevated blood folate with higher risk of certain cancers, including lung,
prostate, and small cell carcinomas. According to the Choosing Wisely
campaign, clinicians may prescribe folate supplements in any cases of
macrocytic anemia without the need to first evaluate folate status. How-
ever, this recommendation has the potential of exposing patients to el-
evated folate levels. Anemia is a multietiological condition that includes
but is not limited to folate deficiency. Anemia is also known to be caused
by vitamin B, and iron deficiencies, both of which may present with a
normal blood folate level. Normal RBC folate is useful to conclusively
rule out folate deficiency anemia when found with low hemoglobin and
when either ferritin or iron levels are reduced. Without folate assess-
ment, misdiagnosis of folate deficiency anemia may escalate the risk of
folate toxicity. Supplementing folate without testing in every case of
macrocytic anemia diagnosis can elevate folate level, thereby compro-
mising patient safety. In the current study, 16% of the 83% of patients
who had normal folate were simultaneously diagnosed with anemia with
a correspondent low hemoglobin. Persons in this group are at high risk
for possible future folate spikes on folate supplementation prescription.
It could be suggested that a segment of the 5% of patients who had ele-
vated RBC folate may have been prescribed supplemental folate, or the
possible abuse of folic acid supplements may be cited as the cause. How-

ever, patients exhibiting normal folate test results with the background

2023;54:424-428 | https://doi.org/10.1093/labmed/Imac148
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of anemia risk a similar hazard should providers comply with the folate
supplementation without testing campaign. The risk to patients seems
latent, untraceable, gradual, and long term since it correlates indirectly
with the risk of cancer and not necessarily to the malignancy itself.””’
Also, there is a degree of ambiguity in some of the data implicating the
relationship between high folate, when given with vitamin B, and risk
of cancer. Nevertheless, it is reasonable not to trade patient safety for
reduction in cost burden to patients.

Mean corpuscular volume >100 fL is a frequently used marker
for macrocytic anemia, whereas folate (vitamin B 9) and vitamin B12
deficiencies are markers purposely for megaloblastic anemia. Meas-
urement of homocysteine and methyl malonic acid distinctively
distinguishes between vitamin B | and vitamin B deficiency megaloblas-
tic anemia. The pathological consequences of folate deficiency and vita-
min B, deficiency anemias are similar and their distinctive management
regimen are obvious. Supplementing folate without vitamin B usually
treats the symptoms of anemia but not the neurological pathology. These
facts demonstrate the importance of vitamin B | testing and supplemen-
tation within the scope of anemia, especially if vitamin B deficiency
is prevalent. However, our findings reveal a higher frequency of folate
(12%) deficiency than vitamin B, deficiency (3%) in a patient population
presenting with anemia. This may suggest a higher incidence of folate-
induced megaloblastic anemia than vitamin B_ -deficiency megaloblastic
anemia. In contrast, the Choosing Wisely campaign has no documented
reservation regarding vitamin B , testing as it does folate testing. De-
ficiency of such nutritive analytes could be a function of food security
within certain demographics and may vary from population to popu-
lation. On the other hand, elevated folate causes vitamin B12 masking,
which, although it can be resolved when diagnosed early, can go unno-
ticed without folate testing, leading to serious medical consequences."*
Since folate is required for the activation of vitamin B, , disproportion-
ally high folate concentration can activate even small amounts of cobal-
amin, thereby concealing the underlining deficiency until neurological
effects of vitamin B, commence. In this study, only 17% of patients
had low vitamin B , levels. Two of those patients had high folate and
low hemoglobin levels, the most at risk of high folate-mediated vitamin
B, -deficiency masking. Additionally, three patients had full-blown meg-
aloblastic anemia with indices of low folate, low vitamin B12’ and low
hemoglobin levels. Given our results, the operationalization and with-
drawal of essential nutrient testing should be based on local population
experience rather than generalized recommendation, albeit by a credible
professional entity whose endorsement drew on alternative results.

Low RBC folate is an independent predictor of folate deficiency and
folate deficiency anemia, improbable diagnoses to definitively obtain
without the measurement of blood folate, demonstrating the continual
need for the retention of the test. The alternative to RBC folate is serum
folate, but RBC folate has some comparative advantages. Low serum fo-
late reflects a transient deficiency whereas low RBC folate is a function
of stored folate status over approximately 4 months. The nonspecific se-
rum folate’® may even be low in the presence of normal tissue folate
storage, suggesting that low RBC folate indicates a higher risk of anemia
does than serum folate. A single RBC folate measurement is therefore a
reflection of the patient’s stored folate level but, more than that, cumu-
lative low folate results of a patient population are an indirect measure
of the nutritive habits and economic status of the local demographic.
However, RBC folate testing is not without inaccuracy. According to

internal data from the Mayo Clinic, RBC folate testing is fraught with

www.labmedicine.com

significant analytical variability and poor precision. The Mayo Proceed-
ings stated that these drawbacks were the predominant informant in
their withdrawal of the test, in addition to their comparative studies be-
tween serum and RBC folate that showed a strong correlation.'® These
pieces of information indicate that RBC and serum folate are generally
comparable, barring methodological differences, strengths, and frailties.
The Choosing Wisely campaign’s recommendation for the abolishment
of both tests suggests their rationale is not a function of the variability
in the type of specimen but on the supposed clinical inexpediency of
both tests. Data from the Mayo Clinic study'® showed strong concord-
ance between serum and RBC folate levels and support the use of RBC
folate as the sole specimen type in this study.

Patients with combined folate and iron deficiency anemia do not
necessarily show macrocytosis with a concomitantly lower value in
the measurement of MCV. The one dependable way to distinguish such
patients from other anemia variants is to measure blood folate. However,
supplementation of folate without testing in this patient group will be
unlikely to lead to clinical consequences. In the present data, only 3.5%
of the anemic patient population exhibited this coexistence of folate and
iron deficiency anemias, suggesting that it is an uncommon occurrence.
Together with the group that had folate deficiency anemia without iron
deficiency, only 9.4% of the anemic group would not have been affected
by folate prescription without testing. This number is not comparable to
the 31.3% of the population who had anemia in the setting of normal to
high folate and whose safety might be compromised if folate were given
without prior folate measurement. This normal folate anemic group
could either have microcytic anemia, vitamin B 1 deficiency anemia, or
nonmegaloblastic macrocytic anemia, usually caused by hypothyroid-
ism or liver disease. We have shown here that the conditions in which
measurement of blood folate is not consequential are also rare. The more
common anemic disorders pose realistic but silent risks if folate testing
is disregarded. These data connote the necessity for institutions to con-
duct regionally based research as the major source of operationalization
instead of implementing recommendations from regulatory entities

without thorough considerations.

Conclusion

This study has shown the expediency of continuing blood folate measure-
ment while creating awareness of the associated risks of supplementing
folate without testing. Low RBC folate level is more prevalent than low
vitamin B_, in a patient population presenting with anemia even in this
era of folate fortification. Normal RBC folate is useful to assertively rule
out folate deficiency anemia when hemoglobin and either ferritin or iron
levels are decreased. Low RBC folate and hemoglobin levels consistent
with folate deficiency anemia persist regardless of folate fortification.
The RBC folate measurement remains clinically valuable and improves
the diagnosis while reducing the incidence of misdiagnosis of folate defi-
ciency anemia. Our study shows the importance for clinical laboratories
to critically assess the applicability of recommendations by professional
societies, particularly those referring to test utilization, to the popula-
tion they serve and from which samples are being received. National
recommendations may not be applicable to the local population. As-
sessment of folate status is useful to assess folate deficiency in patients
with microcytic anemia. Higher than normal RBC folate values should
be reevaluated for their association with the risk of certain cancers and

appropriate intervention prescribed.
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ABSTRACT

Objective: In the setting of RhD-alloimmunized pregnancy, laboratory
variations in critical titer (CT) of anti-D antibody may result in needless
referrals or a compromised fetal outcome.

Methods: RhD-alloimmunized pregnant women were included. Fetal
outcome was categorized based on cord hemoglobin and interventions
required. For 3 commonly used CTs of 8, 16, and 32, sensitivity and spec-
ificity as well as positive and negative predictive values were computed.

Results: When compared with CTs of 16 and 32, we detected 6.9%
and 19.4% more cases of moderate-severe hemolytic disease of the
fetus and newborn by using 8 as the CT. However, this leads to greater
rate of unnecessary referral (12.1%, 10/82) than a CT of 16 (8.2%,
6/73) and 32 (4.9%, 3/61). A CT of 8 demonstrated 100% sensitivity,
but 12.1% (10/82) of patients were referred needlessly.

Conclusion: Because of its 100% sensitivity, we advocate decreasing
the CT to 8. However, this may lead to unwarranted referrals.

Hemolytic disease of the fetus and newborn (HDFN) is distinguished
by the development of immunoglobulin G (IgG) antibodies in the

mother against fetal erythrocyte antigens that cause hemolysis in the

fetus by crossing the placenta. In antenatal women, the prevalence of
alloimmunization against red cell antigens ranges from 0.89% to 5.98%
worldwide and from 1.21% to 1.48% in India."”* Maternal antibodies
against Rh blood group system antigens are the most common cause
of HDFN, with the D antigen accounting for more than 75% of these
cases.”” Although cases of anti-D-induced HDFN have been significantly
reduced in the Western world, owing largely to an effective routine an-
tenatal antibody screening program and the use of immunoprophylaxis,
the complication remains common in countries such as India, resulting
in significant perinatal morbidity.’

In addition to ABO/RhD typing, red cell antibody screen-
ing is performed during pregnancy to detect maternal red cell
alloimmunization. Women with anti-D antibodies are also subjected
to serial monitoring of maternal antibody titers to determine their
risk of causing significant fetal hemolysis.” The conventional tube
technique (CTT) of indirect Coomb’s test is used routinely in many
parts of the world, including India, to determine anti-D antibody ti-
ter. A low titer suggests that the infant will be unaffected or only
mildly affected, whereas an increasing titer indicates a poor fetal out-
come.”

Because of the use of Doppler ultrasound (Doppler USG) as the prin-
cipal surveillance method and the need for specialized procedures like
intrauterine transfusion (IUT), alloimmunized pregnancy management
has gradually progressed beyond the purview of practice of a general
obstetrician into the hands of a specialist in fetal medicine. The criti-
cal anti-D titer is used as a threshold for referring RhD-alloimmunized
antenatal women for fetal Doppler assessment under the direction of
a fetal medicine specialist. Critical titer (CT) is defined as the titer as-
sociated with significant risk of development of HDFN (fetal anemia,
hydrops, etc). An ideal CT would reduce unnecessary referrals while also
ensuring that women who are alloimmunized and in need of fetal ther-
apy are not erroneously comforted and denied potentially life-saving fe-
tal treatment. A referral was considered unnecessary when pregnancy
was either unaffected or mildly affected by HDFN despite an anti-D titer
level equal to or greater than the critical level.

Although the CT varies by laboratory, most centers use an anti-D
titer of 8 to 32.% At our center, an anti-D titer of 1:8 is considered sig-
nificant. In the United States, a CT of 16 is usually considered as an
indicator for direct fetal monitoring.9 Some, on the other hand, have
questioned the safety of using a CT of 16 to guide clinical therapy."

The middle cerebral artery peak systolic velocity in fetuses of ante-
natal women (referred with titers >CT) is measured with fetal Doppler

USG to evaluate the presence of fetal anemia. When fetal middle cerebral

© The Author(s) 2022. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, please e-mail:
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artery Doppler examination reveals a peak systolic velocity of 1.5 times
the median or higher, an intrauterine red cell transfusion is advised
(indicates severe fetal anemia).'*

Thus, the maternal anti-D antibody titer, which suggests the need
for more intense fetal monitoring, becomes especially important. As a
result, we decided to conduct a prospective analysis to reexamine the
performance of 3 commonly used anti-D CTs (8, 16, and 32) in terms of

referral decision adequacy.

Materials and Methods

This was a prospective study performed at a referral center in northern
India. Data was collected between September 2015 and February 2018.
Antenatal women sensitized with anti-D were incorporated in the study.
We excluded women with blood group antibodies in addition to anti-D.
Women with RhD antigen negative fetus/neonates and ABO incompati-
ble pregnancies were also excluded. Thus, all of the children in the study
were RhD positive.

Red cell antibody screening was done for all antenatal women who
visited the hospital’s obstetric unit. Many other required serological
tests were performed, including antibody identification, manual anti-
body titration, red cell phenotyping of the fetus (before the first IUT),
the father, and the mother, and a fetal/neonatal direct antiglobulin test
(DAT), following departmental standard operating procedures. The DAT
was performed on the fetal/neonatal pretransfusion sample (sample col-
lected prior to any intrauterine/exchange/simple transfusion).

Clinical data were collected, including obstetric history, fetal
outcome, and therapeutic interventions required. Various therapeu-
tic interventions like IUT, exchange transfusion (ET), photother-
apy (PT), and simple packed red blood cell (PRBC) transfusion were
performed when required. PT and ET were used to manage neonatal
hyperbilirubinemia whereas simple PRBC transfusion was used for neo-
natal anemia. The IUT was done when fetal hematocrit was <30% on fe-
tal blood sampling. All live births were followed for 3 months to observe
their survival. For the study, ethical clearance was obtained from the
institutional ethics committee (IEC code: 2016-70-MD-90)

Categorization of HDFN Severity

In fetuses and neonates, HDFN was diagnosed using British Committee
for Standards in Haematology standards.”” The HDFN severity
was categorized on the basis of cord hemoglobin level, therapeutic
interventions required, and specific fetal medical conditions. Therapeu-
tic interventions like IUT, ET, PT, and simple PRBC transfusion were
considered for categorizing HDEN severity. Three categories, unaf-
fected/mild, moderate, and severe HDFN, were considered for the pur-
pose of the study as given in TABLE 1.

Identification and Titration of Antibodies

Red cell antibodies were screened in all antenatal women. The 3-cell
screening panel (Diacell 1, II, III; Biorad, DiaMed) was used for red cell
antibody screening. For screen positive cases, an 11-cell identification
panel (ID-DiaPanel; Biorad, DiaMed) was used to determine antibody
specificity. Both the screening and identification of antibodies were
performed in indirect antiglobulin phase using gel technology (ID-Card
LISS/Coombs; Biorad, DiaMed). In RhD sensitized women, serial anti-D
titration was done every 2 to 4 weeks during gestation. Titration was
performed using the tube technique in the indirect antiglobulin phase.
A pool of 3 group O R2R2 (DcE/DcE) red cells was used for titration. Se-
rial doubling dilution of maternal serum was done. Subsequently, each
dilution was incubated with a 5% suspension of pooled O R2R2 red cells
in 1:1 ratio at 37°C for 1 hour. Post incubation, saline cell washing was
done 3 times followed by the addition of antihuman globulin (Eryclone
Anti Human Globulin; Tulip Diagnostics). Finally, centrifugation was
performed using Megafuge-8 Small Benchtop Centrifuge (Thermo Sci-
entific) at 1000 rpm for 1 minute and results recorded. Titration results
are reported as the reciprocal of the highest serum dilution exhibiting

a 1+ agglutination reaction (for example, 16 and not 1 in 16 or 1:16).

Statistical Analysis

The highest anti-D titer recorded throughout a pregnancy after testing
a series of serum samples at different gestational ages was considered
as single fixed titer for that pregnancy. Patient population was classi-
fied above (or equal to) or below a particular critical anti-D titer level
using cumulative frequency based on the highest anti-D titer attained.
The sensitivity, specificity, positive predictive value, and negative predic-
tive value of 3 of the most regularly mentioned CTs (8, 16, and 32) were
calculated to compare their diagnostic accuracy in terms of referral de-

cision appropriateness.

Results

A total of 439 pregnant women were screened for irregular red cell
antibodies. Of these, 194 (44.2%) were found to be RhD negative and
the remaining 245 (55.8%) were RhD positive. All antenatal women had
multiple pregnancies (from 2 to 7). Antibody screen was found to be
positive in 32.3% (142/439) of antenatal women, with anti-D being the
most prevalent antibody discovered. Incidentally, all the screen positive
cases were RhD negative, whereas none of the RhD-positive women had
red cell alloimmunization.

FIGURE 1 shows the distribution of antenatal women who tested
positive for antibodies. Out of 142 women who tested positive for
anti-D, 24 (17%) had additional antibodies (1 or more) in addition to
anti-D, whereas the remaining 118 (83%) had anti-D alone. A total of

TABLE 1. Categorization of HDFN Severity in RhD-Alloimmunized Antenatal Women

| Category Evidence of Hemolysis® Cord Hb® (g/dL) Fetal/Neonatal Medical Condition or Intervention Required

' Unaffected-mild § No >12 No

Moderate . Ys . 1012 | Exchange/simple PRBC transfusion/phototherapy |
Csevere s <10 Intrauterine transfusionhydrops/intrauterine death |

Hb, hemoglobin; HDFN, hemolytic disease of the fetus and newborn.

aIncludes both clinical (pallor, icterus, hepatospleenomegaly, etc) and laboratory (Increased reticulocyte count, microspherocytosis, polychromasia, indirect

hyperbilirubinemia) evidence of hemolysis.

bFetal Hb level obtained by cordocentesis before first intrauterine transfusion or cord Hb at birth (where intrauterine transfusion was not performed).
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FIGURE 1. Summary of RhD-sensitized antenatal cases and their fetal outcome. HDFN, hemolytic disease of the fetus and

newborn.

Antenatal women screened
for irregular red cell antibody

(n = 439)

l

Antibody screen positive

(n = 142, 32.3%)

l

Anti-D alone
(n =118, 83.0%)

l

Anti-D with
additional
alloantibody
(n =24, 17.0%)

Excluded (n = 26)

e Lost to follow-up
n=2)

¢ RhD- fetus (n = 5)

e H/O RhIG (n = 4)

e ABO incompatibility

Total excluded
(n =50)

(n=15)
Included
n=92)
Unaffected-Mild Moderate Severe
HDFN HDFN HDFN

(n =20, 21.7%) (n = 29, 31.6%)

(n = 43, 46.7%)

TABLE 2. Distribution of RhD Alloimmunized Cases Among
Highest Anti-D Titer Levels Attained During Pregnancy

. Highest Anti-D Levels Unaffected-Mild

. Moderate-Severe |

Attained During Pregnancy HDFN HDFN

L <8(n=10) § 10 § 0
sm=9 4 s
H6p=12 3 9
2e=19 3 "o
eam=9 . 0 e
>e4n=3® . o B

HDFN, hemolytic disease of the fetus and newborn.

50 women were excluded for various reasons, including the presence of
additional antibodies, having an RhD-negative fetus, and having an ABO
incompatible pregnancy. In the end, 92 patients who had only anti-D
were included in the statistical analysis. Twenty (21.7%) of the 92 cases
studied were either unaffected or mildly affected, whereas 29 (31.6%)
and 43 (46.7%) cases were moderately and severely affected, respec-
tively. Four of the 43 moderately to severely affected fetuses died, 2 in
the intrauterine phase and 2 in the first week after birth. The DAT was
variable (positive/negative) in unaffected or mildly affected children but
positive in all cases of moderately to severely affected children.

TABLE 2 shows the distribution of RhD-sensitized cases based on
the highest anti-D titer acquired during pregnancy. At peak titer levels

of 8 to 32, fetal outcome ranged from unaffected to severely affected.

www.labmedicine.com

All pregnancies with titers of <8 were either unaffected or had minor
HDFN manifestations, whereas titers of >32 were always associated
with moderate-severe HDFN.

The comparison of the 3 commonly used anti-D titer levels is shown
in TABLE 3. Cumulative frequency was used to split 92 antenatal cases
and their fetal outcomes into 2 groups: those above and those below CT
levels. False-negative cases (titer below critical level with affected fetus)
increased in tandem with CT, whereas false-positive instances declined
(titer above critical level with unaffected fetus). On the other end, when
CT decreased, the number of false-negative instances decreased, and
vice versa for false-positive cases.

The statistical performance of the 3 most widely referenced CTs is
shown in TABLE 4. The sensitivity of using a CT of 8 for referral to fetal
medicine experts was 100% (correctly detected all cases with moderate-
severe HDFN), whereas the specificity was 50%. The specificity for
detection of moderate-severe HDFN increased to 70% and 85%, respec-
tively, when the CT was 16 and 32. However, 6.9% (05/72) and 19.4%
(14/72) of moderate-severe HDFN cases were missed, respectively, in
this setting (TABLE 4). At our center, the CT that necessitates a refer-
ral to a specialist is 8. When compared with CTs of 16 and 32, we could
identify 6.9% and 19.4% additional cases of moderate-severe HDFN by
adopting 8 as the CT. However, this resulted in a greater rate of unneces-
sary referrals (12.1%, 10/82) than CTs of 16 (8.2%, 6/73) and 32 (4.9%,
3/61), respectively.

TABLE 5 depicts the
interventions required in RhD-alloimmunized women with the highest

distribution of various therapeutic

anti-D titers. As the anti-D titer increased, all therapeutic interventions
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(IUT, ET, simple PRBC transfusion, PT) were required with increasing

frequency.

Discussion
This study shows that anti-D titer as low as 8 may indicate moderate-to-
severe HDFN whereas the fetus may not be affected at a titer of 32. This

variation reflects the poor correlation between fetal outcome and anti-D

TABLE 3. Comparison of Three Critical Anti-D Titer Levels to
Evaluate Their Relative Ability to Predict Outcome of the RhD
Alloimmunized Pregnancy

Outcome of the
RhD-Alloimmunized

' Critical Levels Pregnancy (n = 92)

Highest anti-D

 of Anti-D e My § oo EEEEE ‘
* Antibody during Pregnancy = Unaffected-Mild . Moderate-Severe
: : HDFN HDFN

j (n =20) (n=72)

| IAT titer-8

Cf, cumulative frequency; HDFN, hemolytic disease of the fetus and
newborn.

TN (true negative): Fetal outcome correctly predicted as unaffected-mild
HDFN where anti-D antibody level was less than critical level.

bEN (false negative): Fetal outcome incorrectly predicted as unaffected-
mild HDFN where anti-D antibody level was less than critical level.

°FP (false positive): Fetal outcome incorrectly predicted as moderate-
severe HDFN where anti-D antibody level was more or equal to critical
level.

9TP (true positive): Fetal outcome correctly predicted as moderate-severe
HDFN where anti-D antibody level was more or equal to critical level.

TABLE 4. Evaluation of Measures of Diagnostic Accuracy for
Three Commonly Used Critical Titer Levels

* Predictive Value Critical Titer 8 Critical Titer 16~ C/ical
‘ Titer 32
Sensitivity
! Specificity

! Positive predictive value

Negative predictive value

titer, as shown by other authors.”® Given the low correlation between
anti-D titer and fetal outcomes, selecting the appropriate critical anti-D
titer is challenging. Referral to a higher level of care based on lower CT
reduces referral of false-positive cases while ensuring that no at-risk
alloimmunized women are denied potentially life-saving fetal therapy.

According to the present study, a referral threshold titer of 16 or 32
would have failed to detect a significant number of moderate-to-severe
cases (6.9% and 19.4%, respectively). This finding clearly highlights the
need of change in CT referral level. Although a CT of 8 allowed all cases
with moderate-severe HDEN to be identified, a larger proportion of cases
(12.1%, 10/82) were referred needlessly when compared with CTs of
16 (8.2%, 6/73) and 32 (4.9%, 3/61). Given the purpose of the CT as a
screening test (for subsequent referral), maintaining a high level of sen-
sitivity is critical. Therefore, even with additional unnecessary referrals,
decreasing CT to 8 seems prudent, considering the 100% sensitivity (zero
undetected cases with moderate-severe anemia) and noninvasive nature
of Doppler USG. However, this may add to the cost and workload.

Approximately 9% (30/339) of RhD-negative women were found to
be immunized in a report by Varghese et al."* Extrapolating our findings
to this study, 2 of 30 immunized cases would be missed (6.9% missing
rate) when using 16 as the CT. If this rate were applied to a wider popu-
lation, it could result in poor antenatal care.

Manual titration using CTT has been criticized due to concerns about
inaccuracy, relatively low reproducibility, and the inherent subjectivity
of the titer end point, despite its technical simplicity." Interlaboratory
differences in reporting titer levels may indeed be attributable to these
shortcomings, resulting in either unnecessary referral or a delay in life-
saving fetal care (IUT). Due to the unreliability of manual titration,
lowering the CT to 8 would reduce false negatives and missed positives.

Our study had several strengths. The ABO incompatibility and
additional alloantibody, which may promote fetal hemolysis, were
eliminated. It is well known that anti-D titer fluctuates during the
course of the pregnancy. Serial anti-D titrations were performed for
each pregnancy to eliminate this confounder, and the highest anti-D
titer recorded was used to correlate with final outcome. Antibody ti-
tration in all subjects was done by a single resident doctor to eliminate
technical and subjective differences. Furthermore, to control intra- and
interlaboratory variation, previous samples were tested in conjunction
with the current samples, and external quality assessment services were
used. Because this was a single-center study conducted between 2015
and 2018, the RhD-sensitized women’s management strategies were
consistent throughout the period. Standard procedures that have been
widely published were used for both titration and ultrasonic surveil-

lance."®"® As a result, we are confident in the study’s findings.

TABLE 5. Interventions Required in Management of RhD-Alloimmunized Pregnancy

© No. of Pregnancies : No. of Pregnancies |

Nurpber of RhD-AI!oimmun_ized Pregnancy (Highest No. of_ Fetuses No. of Pr_egnancies No._of Pregnancies Rece_iving " Where Neonate with Untreated
Anti-D Levels Attained during Pregnancy) Received IUT Received ET Simple PRBC Transfusion Received PT Fetus/Neonate

110 (<8) 0 0 0 0 10

e® e o2 s A
20900 o N T T R 2 A
e s . s o o
Y R T T R & 4 9 o
e84 2 9 5 % o

ET, exchange transfusion; IUT, intrauterine transfusion; PT, phototherapy.
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There are some possible limitations of this study. The sample size at
each CT level was insufficient to determine the CT level with confidence. It
is also important to know that our facility is a tertiary care hospital. As a
result, the patient group may be at a higher risk of developing a severe dis-

ease or developing complicating consequences than a general population.

Conclusion

The sensitivity of a critical anti-D titer of 16 and 32 for appropriate re-
ferral for USG surveillance is insufficient. Because fetal Doppler USG is
noninvasive, adopting 8 as the CT (100% sensitivity) appears sensible
even when leading to unneeded referrals. However, these unwarranted
referrals may increase expense and workload. More multicenter studies

with a larger sample size are required to confirm our findings.
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ABSTRACT

A 6-year-old boy was referred to a hematologist due to excessive
mucocutaneous bleeding. Diagnostic assessment for von Willebrand
disease (VWD) was indicated and included both coagulation and ge-
netic testing. Laboratory testing revealed proportionally decreased
von Willebrand factor (VWF) glycoprotein Ib-binding activity (23.6%)
compared to VWF antigen (24.7%), similarly decreased VWF collagen-
binding activity (24.2%), and normally distributed VWF multimers, with
decreased intensity of all fractions. Diagnosis of type 1 VWD was estab-
lished. Genetic analysis by means of next-generation sequencing (NGS)
of VWF and coagulation factor VIII genes did not identify any causative
mutations. Additionally, multiplex ligation-dependent probe ampilification
(MLPA) of VWF gene exons revealed a heterozygous deletion of exons
1 to 6, which is reported in type 1 VWD for the first time. Application of
MLPA was crucial for revealing the genetic basis of type 1 VWD in this
case, which would have remained undetected if only NGS was used.

von Willebrand disease (VWD) is the most common inherited bleeding
disorder caused by quantitative or qualitative changes of von Willebrand
factor (VWEF), a large multimeric glycoprotein with 2 crucial roles in he-
mostasis. It mediates platelet adhesion and aggregation at the site of
vascular injury through interaction with the platelet receptor glycopro-
tein Ib (GPIb), as well as transports and stabilizes coagulation factor VIII
(FVIID) in circulation.' The gene encoding VWF is located on the short
arm of chromosome 12, spans 178 kilobases of genomic sequence, and
consists of 52 exons.”

Type 1 is the most frequent form of VWD, affecting up to 80% of all
persons with VWD, and is characterized by variable degrees of quantita-
tive deficiencies involving structurally and functionally normal VWE.">*
The majority of patients present with mild mucocutaneous bleeding
symptoms, including epistaxis, easy bruising, and prolonged bleeding
following minor injuries, whereas severe bleeding symptoms are rare
and related to cases with significantly reduced VWF levels."® Key labora-
tory findings in type 1 VWD comprise proportionally reduced VWF ac-
tivity and antigen levels (VWF:Ag), resulting in a ratio of the 2 above 0.7.
The VWF multimers are normally distributed, with equally decreased in-
tensity of all fractions."

Type 1 VWD shows an autosomal dominant inheritance pattern, and
its genetic basis is largely heterogeneous. To date, around 140 different
mutations associated with type 1 VWD have been identified throughout the
whole VWF gene.® Missense mutations are found to be the most common
genetic cause, accounting for about 70% of cases, whereas splice, transcrip-
tional, nonsense, and frameshift mutations constitute the remainder.’
Reduced levels of VWEF in type 1 VWD are a consequence of altered mo-
lecular processing mechanisms that either result in increased clearance or
decreased cellular secretion of VWE.” However, phenotypic presentation of
type 1 VWD can be largely variable, even among members of the same fam-
ily or unrelated patients with the same mutations, due to their incomplete
penetrance and variable expressivity.” Genetic characterization of patients
with type 1 VWD requires analysis of the entire VWF gene coding region,
which became possible with the introduction of next-generation sequencing
(NGS) capable of reliably detecting point and small frameshift mutations.’
In addition, a minority of type 1 VWD cases are reportedly caused by large
heterozygous deletions and duplications. To correctly detect and identify
those cases, gene dosage analysis, particularly multiplex ligation-dependent
probe amplification (MLPA), should be used.>%10
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Here, we present a case of a pediatric patient with bleeding symptoms
and coagulation testing results indicative of type 1 VWD, in whom MLPA

analysis was crucial for identification of the underlying genetic cause.

Materials and Methods

Patient Presentation and Blood Sampling

A 6-year-old boy without a known family history of bleeding disorders
was referred to a hematologist at the Department of Pediatrics Hematol-
ogy and Oncology, University Hospital Center Zagreb, Zagreb, Croatia,
due to recurrent episodes of epistaxis, prolonged bleeding following triv-
ial injuries, and excessive bruising after minor trauma. Laboratory test-
ing for VWD was indicated and included both coagulation and genetic
analyses. For this purpose, two 2.7 mL 3.2% trisodium citrate and one
2 mL EDTA vacutainers (Becton Dickinson) were drawn. The study was
approved by the University Hospital Center Zagreb Ethics Committee
(8.1-19/293-2, 02/21 AG), and the patient’s mother gave written in-

formed consent for anonymous publication of medical data.

Coagulation Testing

Capacity of primary hemostasis was determined from whole blood
samples, within 2 hours from blood draw, on the platelet function an-
alyzer-200 (PFA-200) using dedicated cartridges coated with platelet
agonists collagen and both epinephrine and adenosine-diphosphate.

For other coagulation assays, platelet-poor plasma was obtained by
double centrifugation for 15 minutes at 2000g. Prothrombin time was
determined using the recombinant thromboplastin Dade Innovin and
activated partial thromboplastin time with Dade Actin FS and calcium
chloride on the Sysmex CS-5100 coagulation analyzer. The VWF activ-
ity was measured on an Atellica COAG 360 analyzer by means of the
automated immunoturbidimetric assay INNOVANCE VWF Ac that uses
microparticles coated with GPIb containing 2 gain-of-function mutations
that enhance VWF binding (VWF:GPIbM), thus reflecting the GPIb-
binding activity of VWE. The VWF:Ag was determined using the automated
immunoturbidimetric assay VWF Ag, and FVIII activity was measured by
a 1-stage clotting assay, using FVIII-deficient plasma and Dade Actin FS,
on the Atellica COAG 360 coagulation analyzer. All respective reagents
and analyzers are produced by Siemens Healthcare, and all analyses were
performed following the original manufacturer’s protocols.

The VWF collagen-binding activity (VWF:CB) was measured using the
enzyme-linked immunosorbent assay Technozym vWF:CBA (Technoclone)
that reflects the ability of VWF to bind human collagen type III. The ratios
VWE:GPIbM/VWEF:Ag and VWF:CB/VWEF:Ag were calculated.

Multimeric analysis was performed by agarose gel electrophore-
sis with direct immunofixation using the Hydragel 5 von Willebrand
multimers assay kit on the Hydrasys 2 Scan instrument (Sebia). The
results were interpreted in relation to the multimeric profile of nor-
mal plasma with values of VWF:Ag ~ 100%, as recommended by the

manufacturer.

Genetic Analyses
Genomic DNA was isolated from EDTA whole blood using the auto-
mated magnetic bead-based method on the MagNA Pure Compact in-
strument (Roche Diagnostics).

Genetic analysis included NGS of all 52 exons, intronic flanking re-
gions, and the promoter of the VWF gene as well as all 26 exons and the

www.labmedicine.com

promoter of the FVIII gene. The DNA samples were prepared for sequencing
using the Illumina DNA Prep with Enrichment kit (Illumina), strictly fol-
lowing the manufacturer’s protocol.”" The NGS was performed on Miseq
(umina) using the 300-cycle Miseq reagent kit v2 with 150 bp paired end
reads. Sequencing raw data were uploaded in the form of FASTQ files in the
BaseSpace Variant Interpreter software (Illumina), where alignment to the
hg19 reference genome was carried out.

For detection of large duplications or deletions within the VWF gene,
MLPA analysis using the SALSA MLPA reagent kit and probe sets ded-
icated for VWF gene analysis SALSA MLPA Probemix VWF P011 and
P012 (MRC Holland) was performed according to the manufacturer’s
protocol. Amplification products were identified on the ABI-3130xl Ge-
netic Analyzer (Applied Biosystems), and DNA dosage was estimated
using Coffalyser.Net software (MRC Holland). Interpretation of results
was based on the evaluation of changes in probe signal intensity in re-
lation to reference samples; specifically, a decrease or increase in probes
signal intensity compared to reference samples indicates a deletion or

duplication, respectively.

Results
Results of coagulation testing are presented in TABLE 1 and indicated
partial quantitative deficiency of VWE. Multimeric analysis showed

TABLE 1. Results of Coagulation Testing

| Assay Result Reference Interval

| PT (ratio) 1.01 >.70
T 26 200-300 |
CWEGPM (%) 236 500-1870 |
CWEAGH w71 500-1600 |
WWEGPOM/VWFAg (rati) | 0% NA
A 540 500-1490 |
CWECBH u2 400-2500 |

aPTT, activated partial thromboplastin time; FVIIl, coagulation factor

VIl activity; N/A, not applicable; PT, prothrombin time; VWF:Ag, von
Willebrand factor antigen; VWF:CB, von Willebrand factor collagen-
binding activity; VWF:GPIbM, von Willebrand factor gain-of-function mu-
tant glycoprotein-Ib binding activity.

FIGURE 1. Results of multimers analysis showing a

normal multimer distribution with proportional decrease of
all multimer fractions. The gray line represents the patient’s
multimer distribution, while the black line represents normal
pooled plasma sample. LMWM, low-molecular-weight
multimers; IMWM, intermediate-molecular-weight multimers;
HMWM, high-molecular-weight multimers.

tvwm | imwm ! HMwm
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proportional reduction of all VWF multimer fractions compared to
normal plasma, as shown in FIGURE 1. Based on these results, diag-
nosis of type 1 VWD was established.

For identification of the genetic cause of VWD in this patient,
first NGS analysis was performed. No disease-associated genetic
variants were identified either within the VWF or the FVIII gene.
Additional analysis using MLPA revealed the presence of only 1
copy of exons 1 to 6 of the VWF gene, as shown in FIGURE 2A
and 2B. A ratio of 0.5 between signals of the analyzed probes for
the respective exons in the patient’s sample and reference samples

was obtained, thus indicating a deletion in the heterozygous state.

For comparison, FIGURE 2C and 2D show results for a control

sample with 2 copies of all analyzed exons, with all ratios being ~1.

Discussion

The presented case represents a rare occurrence of a large frameshift mu-
tation associated with type 1 VWD phenotype in a pediatric patient. To
the best of our knowledge, this is the first report of a type 1 VWD caused
by the heterozygous deletion of exons 1 to 6 within the VWF gene.*®
The obtained coagulation testing results that included proportionally

reduced VWE:GPIbM, VWF:Ag, and VWF:CB, with values below 30%, as

FIGURE 2. Results of multiplex ligation-dependent probe amplification showing the presence of 1 copy of exons 2, 5, and 6
using SALSA Probemix P011 VWF (A) and exons 1, 3, and 4 with SALSA Probemix P0O12 VWF (B). A ratio of 0.5 between signals
of the analyzed probes for the respective exons in the patient’s sample and reference samples was obtained, as indicated by
squared frames. For comparison, results of analysis of a control sample with 2 copies of exons analyzed with SALSA Probemix
P011 VWF (C) and with SALSA Probemix P012 VWF (D) are shown. The obtained ratio for all exons in the control sample is ~1.
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FIGURE 2. (cont)

C 25
2 EELEE

NEIRLHEI I
%ss?s$?%$$sssﬁ@a@%%::¢@¢ém¢&EEEEEEEEE

1_5_33§§§§555§5§§§§§§§§§§§§§§§§§eaaaeeaea

g :
o
!i@iggiﬁggﬁnggi

0.5 ]

0.0 SRS iiinisrssoniriatoctitacsicdedaseiase
silBCCpiirEccgiiEcREEce etz
SRR RN RN R 0

D 25

2.0+ = =
SR REERREEEFIREREIIREIRSEpapgn o0 tas
53 5IISHFBEFRREEEH RS2 2, 50

1_5_;gggggg;g;ggggg;g;;g;gggg;gg“é“““

«

1.0

L

0.5

0'0 Ié"'élIgllIéélIé"""g"'éﬂ'"'é'n‘""
52 L E 885 NBEZEBEREgESTEER égg_ :g S xe
FIH IR i
§§.8§.§§$$§,388§§Sssﬁiﬁjﬁas%ﬁfsaéﬁjéggggﬁgsé
o ER i o o i S0 R o i G i I o [ P - i 1 g (i 5 TR L A S re e

well as normal multimeric distribution characterized by decreased inten-
sity of all fractions, indicated quantitative deficiency of VWF and, together
with mild mucocutaneous bleeding symptoms, fulfilled the diagnostic
criteria for type 1 VWD.' Rather unexpectedly, the initial genetic analysis
by means of NGS failed to identify the causative mutation. It is known
that only about 65% of patients with type 1 VWD have an underlying mu-
tation in the VWF gene, the incidence of which increases with decreased
levels of VWE.® In this case, the levels of VWF below 30% clearly indicated
that the observed deficiency of VWF must be caused by a genetic altera-
tion that NGS failed to detect due to inherent method limitations. There-
fore, we speculated that a quantitative change of 1 or more exons could be
the cause of type 1 VWD phenotype in this case. For this purpose, MLPA
analysis was performed and indeed revealed that the patient is a heterozy-
gous carrier of a deletion spanning exons 1 to 6 of the VWF gene. The NGS
is a polymerase chain reaction-based technique that could not detect this

www.labmedicine.com

genomic abnormality due to the presence of 1 copy of the affected gene
region that was regularly amplified and sequenced, consequently mask-
ing the absence of the second allele.”** In contrast, MLPA is a molecular
technique based on amplification of probes hybridized to targeted gene
regions. A decrease in respective exon copy numbers allowed reliable de-
tection of the large heterozygous deletions involving exons 1 to 6.***
Most studies dealing with MLPA have predominantly included
patients with type 3 VWD, and it is presumed that the incidence of large
deletions in type 1 VWD is likely to be underestimated due to limited
studies in this group of patients.'® In patients with type 1 VWD, hetero-
zygous deletions of exons 3, 4 to 5, 26 to 34, 32 to 34, and 33 to 34 have
been identified so far.” Deletion of exons 4 to 5 has been extensively stud-
ied by Sutherland et al,"” who reported that homozygotes invariably pres-
ent with unmeasurably low VWF levels and severe bleeding symptoms,

thus usually ending up classified as type 3 VWD. In heterozygotes,
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mild-to-moderate clinical and laboratory phenotypes characteristic for
type 1 VWD were recorded. There was similar patient presentation in our
case, which could be expected since the heterozygous deletion of exons 1
to 6 also affects the initial part of the VWF gene responsible for encoding
part of the D1 domain within the VWF propeptide, hence causing
decreased secretion and defective multimerization of the mutant VWE
and resulting in type 1 VWD phenotype.'”'” However, when such heter-
ozygous deletion is part of a compound heterozygous genotype, as in the
case described by Yadegari et al'® where heterozygous deletion of exons
1 to 5 was combined with a missense mutation, the patient’s phenotype
is compatible with type 3 VWD. In fact, up to 80% of patients with type 3
VWD have a null allele mutation, which is either autosomal recessive and
homozygous, or compound heterozygous, thus resulting in undetectably
low VWE levels and severe bleeding phenotype.® A similarly severe phe-
notype can be found in the minority of patients with type 1 VWD caused
either by fully penetrant dominant mutations or more rarely, a recessive
genotype. However, severe type 1 VWD cases differ from type 3 VWD by
the presence of low but still detectable VWF levels.” Differentiation of
severe type 1 VWD from type 3 VWD is important for choosing the ap-
propriate treatment approach as patients with severe type 1 VWD might
be responsive to desmopressin, whereas the only therapeutic option for
patients with type 3 VWD are plasma-derived VWE/FVIII concentrates
due to the lack of endogenous VWE." This clearly emphasizes the com-
plexity of the genetic basis of VWD and the importance of the detection
of the underlying genetic cause, which can be properly elucidated only
through the use of adequate molecular techniques. The choice of the
most suitable molecular diagnostic approach should be based on detailed
evaluation of clinical symptoms and coagulation testing results as well as
family history data, if available.

In conclusion, in this case, the addition of MLPA analysis to the
molecular diagnostic algorithm of VWD was crucial for revealing the
genetic basis of type 1 VWD, which would have remained undetected
if only NGS was used. Therefore, in patients with clear clinical and lab-
oratory evidence of type 1 VWD in whom causative mutations are not
detected using sequencing methods, large heterozygous deletions of 1
or more exons should be considered as a possible cause of VWD and
therefore MLPA should be applied for their detection. Proper genetic
characterization of VWD might be especially important in pediatric
patients such as this one for whom no positive family history of bleed-
ing disorders is known. Such elaborate mutational analysis in the set-
ting of type 1 VWD not only unequivocally confirms the diagnosis but
also elucidates the underlying pathophysiological mechanism of the
disorder, reveals recurrence risks in family members, and provides dif-
ferential diagnosis from other mild bleeding disorders with overlapping
clinical symptoms but different etiology,” hence providing the basis for

proper future therapeutic management as well as genetic counselling.
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ABSTRACT

Objective: Congenital adrenal hyperplasia (CAH) addresses a number
of autosomal recessive disorders characterized by the enzyme defects
in steroid hormones biosynthesis. The second common form of CAH
is caused by mutations in the CYP71B17 gene. Here, we reveal a novel
mutation in the CYP71B1 gene related to the 11BOHD phenotype.

Methods and Results: Sequence analysis of the CYP71B7 gene
in a 19-year-old Iranian woman with the 11BOHD phenotype was
performed. In silico analysis and molecular docking were done. A novel
missense homozygous variant c.1351C > T (p.L451F) in the CYP11B1
gene was identified in the patient and, according to American College
of Medical Genetics and Genomics criteria, was categorized as likely
pathogenic. Protein docking showed destructive effects of the variant
on the CYP11B1 protein-ligand interactions.

Conclusion: This study broadens the CYP717B1 mutation spectrum
and introduces the novel p.L451F likely pathogenic variant leading to
destructive effects on protein-ligand interactions. Our results provide
reliable information for genetic counseling and molecular diagnostics
of CAH.

Congenital adrenal hyperplasia (CAH) is a group of genetic disorders
associated with endocrine system dysfunction. CAH is inherited in an
autosomal recessive manner and consists of various clinical phenotypes
related to the aberrant function of specific genes. These include genes in-
volved in cortisol biosynthesis pathways in the adrenal glands.'™ Patho-
genic mutations of the CYP21A2 gene account for more than 90% of CAH
cases, leading to steroid 21-hydroxylase deficiency (21-OHD; OMIM:
201910).” The second common cause is related to 11f-hydroxylase de-
ficiency (11BOHD; OMIM: 202010), due to CYP11B1 gene mutations,
which account for 5% to 8% of all cases.””” The 11BOHD is characterized
by a reduction in cortisol synthesis leading to an elevated plasma level
of adrenocorticotropic hormone (ACTH) and accumulation of the ste-
roid intermediates.® The 11BOHD is classified as a classic and nonclassic
disease on the basis of phenotypic severity.” Androgen overproduction
in classic 11BOHD is the main reason for virilization of external genita-
lia in females and peripheral precocious puberty in males.”* Patients
with nonclassic 11BOHD represent moderate clinical features with no
abnormal manifestations at birth.'> Hyperandrogenism can be observed
in patients with 113OHD at any age from infancy to early adulthood
and, even later in life in some persons.’

The 11B-hydroxylase (CYP11B1, EC 1.14.15.4) is a P450 type I mito-
chondrial enzyme that catalyzes the hydroxylation of 11-deoxycortisol
and deoxycorticosterone (DOC) to cortisol and corticosterone,
respectively.'® An 11B-hydroxylase dysfunction contributes to excessive
steroid hormone intermediates production that shunts androgen syn-
thesis pathways, resulting in 11BOHD presentation.'’ Overproduction
of DOC, a less potent mineralocorticoid, activates mineralocorticoid
receptors, referring to salt retention and hypertension. Hypertension
is introduced as a differentiating clinical feature of 113OHD from 21-
OHD, observed in two-thirds of all cases.’

The 11B-hydroxylase encoding gene, CYP11BI, is located on chro-

mosome 8g21 and contains 9 exons. To date, more than 100 different

© The Author(s) 2022. Published by Oxford University Press on behalf of American Society for Clinical Pathology.
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pathogenic and likely pathogenic mutations have been reported in the
CYP11B1 gene based on the Human Gene Mutation Database (HGMD)
and ClinVar database (www.hgmd.org, https://www.ncbi.nlm.nih.gov/
clinvar/). These mutations, including frameshift, missense, nonsense,
and splice site variants, have mainly been reported from exons 2, 6, 7,
and 8, which are the hot spot regions of CYP11B1."" %

The human genome encodes another 11(3-hydroxylase isoenzyme, al-
dosterone synthase (P450c11Aldo), through the CYP11B2 gene located
40 kb downstream of CYP11B1.>'® The CYP11B2 and CYP11B1 genes
contain highly homologous sequences, with about 93% homology in the
coding region and about 90% in introns, that cause a major challenge for
routinely used molecular genetic diagnostic methods.”>** Indeed, ho-
mologous regions introduce complexity to discriminate calls from these
sequences, hence different diagnostic approaches need to be refined to
identify variants in CYP11B2 and CYP11BI1 genes in homologous re-
gions,ls’21

Polymerase chain reaction (PCR)-based sequencing detection
methods for entire gene regions are the most-used molecular genetic
testing for CYP11B1 mutation detection. The location and high rate of
homology between these 2 genes increase the rate of misalignments
that would result in reporting false variant calls due to the paucity of
primers that would amplify CYP11B1 without amplifying the highly ho-
mologous CYP11B2. However, PCR-based diagnoses have been refined
with time, and gene fragments can be amplified while avoiding simul-
taneous amplification of homologous sequences, enabling direct DNA
sequence analysis.*”® Although routine methods can reliably detect
point mutations and small indel, they do not easily detect intragenic/
intergenic deletion or the chimeric CYP11B2/CYP11B1 gene, which are
important causes of 1lﬁOHD.23’24

Regarding the location and the presence of homologous sequences
between CYP11BI and CYPI11B2 genes, genetic recombination and
crossing over during meiotic reduction do occur. The chimeric CYP11B2/
CYP11B1 gene has been confirmed to be an actual cause of 113OHD,
mostly occurring in introns 2 and 6 of CYP11B2.**%® Because other
molecular diagnosis tools such as multiplex ligation-dependent probe
amplification have not been widely used in genetic laboratories, se-
quence analysis may be complicated by failure to identify the chimeric
CYP11B2/CYP11BI1 gene, resulting in misdiagnosis. Therefore, to iden-
tify the genetic etiology in patients with signs of 113OHD, it is crucial
to consider alternative assays to sequence analysis for critical genes.”>”’

The present study was launched by exploiting the combined strat-
egy of phenotype-directed genotyping and hotspot exon prioritization
to clarify the molecular basis of 113OHD. We identified a novel likely
pathogenic variant (CYP11B1:c.1351C > T) consistent with 1130HD by
using CYP11B1 gene-specific primers. Proper bioinformatic tools and
three-dimensional (3D) protein structure models predicted the destruc-
tive molecular consequences of this mutation on the human CYP11B1

protein.

Materials and Methods

Patient History

A family with an affected person was chosen for the study. The patient was
a 19-year-old woman diagnosed with ambiguous genitalia at birth, and the
standard 46, XX karyotype had confirmed the female genotype for her.
She was diagnosed with characteristic 113OHD based on typical hyperten-
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sion, significant external genital virilization, and an elevated level of serum
17-hydroxyprogesterone (17-OHP). Her genital abnormality included clitoral
enlargement, fusion of the labial folds, and a single opening of the urogenital
sinus. At age 2, when she was admitted to the hospital due to hypertension
and hypokalemia, a surgical operation was performed to correct the genital
ambiguity. The patient received 2 years of regular treatments with amlodipine,
prednisolone, spironolactone, and hydrocortisone. The review boards of Isfa-
han University of Medical Sciences approved this study (No.IR.MULMED.
RE.1397.147), and written informed consent was obtained from the subject.

DNA Extraction, PCR Amplification, and Sanger
Sequencing

The subject and family members underwent sampling of 5 mL peripheral
blood in EDTA-containing complete blood count tubes. The DNA isola-

tion was performed using a standard extraction protocol.?’

Quality con-
trol was completed using 1.2 % agarose gel. The CYP11B1 gene primers
(TABLE 1) were designed using Primer3 v.0.4.0 (http://bioinfo.ut.ee/
primer3-0.4.0/) online web-based software and were blasted in NCBI
primer blast for monitoring specificity and affinity. Nine exons and the
flanking introns of the CYP11BI1 gene were specifically amplified in 7
fragments without amplification of homologous CYP11B2 sequences.
The PCR amplification was performed under the following conditions:
1 pL DNA (about 70 mg), 1 pL of each of the primers, 12.5 pL of 2X
Master Mix (Ampliqon), 9.5 uL ddH20; and the standard cycling condi-
tion for each applicant regarding its product size. The PCR products were
sequenced (at first for hot spot exons of CYP11B1 gene) bi-directionally
on an automated Genetic Analyzer ABI 3130 (Applied Biosystems 3130),
after quality control on the 1.2% agarose gel.

Nucleotide Sequence Analysis

The sequences were aligned to the reference sequence GenBank
NM_000497 and NP_000488, using SeqMan software version 5.00
(DNASTAR) for coding variant calling. The National Heart, Lung, and
Blood Institute Exome Sequencing Project (http://evs.gs.washington.
edu/EVS/), Database  (http://gnomad.
broadinstitute.org), Genome Aggregation Database (gnomAD, https://

Genome  Aggregation

gnomad.broadinstitute.org/), Iranome (http://www.iranome.ir/), and

TABLE 1. The Details of the Primers Used in This Study

. © Product
Primer Type Size (bp) Exon

TTTCCCCTGTCTACGCTCATGCACC 672 1

Primer Sequence (3—5)

-

| TCTTGCTGACTGCCCGGAACCTCTT R

' GAAGTTAAGAGGTTCCGGGCAGT P a9 2
 GCAGACACGACCCCACGGA | R
' GAGGTGGTGCCAGACTTGGGET | P 1008 34
' CCTCAGACTTTGGTGCTGGBAGA R
 GAAGTGCTGTCGCCCMCGCT | P 05 5
' GTGGGCGCCGTGTGACATTGG | R
 AGGACTCAGGGAAAGGGGTTTGE | Fo w6
 ACCCAGAGAGTAGAGGAACACGC | R
| GTCCTTCTGCGCTCRBGGCTGCTT oo

. ACCGGCTCTGCCCAGTCCAGGAMC | R

. TGGACTGGGCAGAGCCGGTACTGEE | P o g
 AGCCTGGAGCCAGCACTGGGAGGGA - R
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LOVD (www.lovd.nl) were investigated to identify the consequence of
variants. Bioinformatics predictive tools, including Polyphen-2, SIFT,
PROVEAN, Mutation Taster, PANTHER, and FATHMM, were applied
to examine the novel variant pathogenicity. Variant nomenclature and
interpretation were made according to the HGMD (www.hgmd.org) and
American College of Medical Genetics and Genomics (ACMG) (www.

acmg.net) rules, respectively.

Sequence Alignment and Molecular Modeling

Multiple sequence alignment was performed to compare the human
CYP11B1 protein sequence with human CYP11B2, as well as rat,
mouse, pig, bovine, and sheep CYP11B1 protein sequences, using
CLUSTALW online software. The HEME ligand structure-data file was
received from the ChEBI database (https://www.ebi.ac.uk/chebi/)
and was converted to a Protein Data Bank (PDB) file using the on-
line Simplified Molecular Input Line Entry System translator and a
structure file generator (https://cactus.nci.nih.gov/translate/). The
wild-type protein structure of the CYP11BI gene was taken from the
Research Collaboratory for Structural Bioinformatics PDB (https://
www.rcsb.org/).

The p. L451F mutation was applied in proteins using Discovery Stu-
dio software version 2017. The mutated protein 3D structure in the PDB
file was taken from the swissmodel.expasy.org. After preparing ligand
and macromolecules, docking parameters were set up, then AutoDock
V. 4.2’ was run for evaluating protein-ligand interaction, and the es-
timation of the binding energy of the ligand in the normal and mutant
protein. Ultimately, the results were displayed in Context v0.98.6 soft-

ware.

Results

Clinical Characteristics

The proband was 19 years old (46, XX). At birth, she was diagnosed
with classical 113OHD according to typical presentations of hyperten-
sion and severe external genitalia virilization. The 17-OHP and ACTH
levels were also increased to 19 ng/mL (normal range for females:
0.9-2.28 ng/mL) and 360.7 pg/mL (normal range: 7.2-63.3 pg/mL),
respectively. Genital examination showed severe external genitalia vir-
ilization featuring clitoromegaly, labial fusion, and urogenital sinus.
She was subjected to genital correction surgery when she was taken to
the hospital for hypertension (14/97 mm Hg) and hypokalemia (serum
K+: 3.2 mEq/L, normal range: 3.5-5.5 mEq/L) at the age of 2 years. At
the time of clinical examination, she had a weight of 61 kg, a height
of 160 cm, and a body mass index of 23.8 kg/m® All family members,
including both parents and her sister, were apparently healthy. Due to
experiencing a growth spurt in her childhood, she could not reach the
expected average height (165.3-180.5 cm) in adolescence, which was
expected from her parental height. She experienced precocious puberty,
and menarche had occurred spontaneously at the age of 11 years. At
the time of the investigation, she presented with genital melanoderma,
mild hirsutism, and secondary amenorrhea with no evidence of
deepening voice or appearance of acne. Due to an effective response
to medical interventions, normal sodium (serum NA+: 145 mEq/L,
normal range: 135-145) and potassium (serum K+: 3.6-5.2 mmol/L,
normal range: 3.5-5.5 nmol/L) levels were achieved, and her blood

pressure was reduced to within the normal range (130/80 mm Hg).
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At the time of investigation, laboratory examination results showed
170HP to be 7.37 ng/mL (normal range: 0.9-2.28 ng/mL) and serum
ACTH was 83.3 pg/mL (normal range: 7.2-63.3 pg/mL).

CYP11B1 Mutational Analysis

Sequence analysis of CYP11B1 exons led to the identification of a novel
missense variant (c.1351C > T), which causes leucine-to-phenylalanine
substitution (p. L451F). The variant, C to T transition, located in exon
8, was inherited in a homozygous manner in the proband (FIGURE 1).
The variant was found to be co-segregating with the phenotype; both
parents were heterozygous for the mutation, and her sister was nor-
mal homozygous. The variant was not found in the NCBI dbSNP human
build 147, 1000 Genomes Project, Genome Aggregation Database, the
NHLBI GO Exome Sequencing Project, HGMD, or the ClinVar data-
base. Accessed information showed novelty and probable evidence for
the damaging effect of the variant in the protein based on in silico pre-
dictive tools (TABLE 2). The sequence alignment against the reference
sequence showed specific CYP11B1 gene amplification without the pro-
duction of CYP11B2 amplicon.

Protein Docking

Multiple sequence alignment of the CYP11B1 protein from differ-
ent species showed conservation of the L451 residue in human, rat,
mouse, pig, bovine, and sheep (FIGURE 2A). The native and p.L451F
mutant 3D spatial models, which are shown in FIGURE 2, indicated
a larger size of F451 compared to L451 in the heme-binding peptide
(FIGURE 2B). The ligand-binding energy of heme estimated -5.53
kcal/mol in the normal and -2.51 kcal/mol in the mutant protein.
The comparison of the results suggested that the L451F variant in the
CYP11B1 protein affects its structure and reduced the tendency of the
ligand to the protein (FIGURE 2).

Discussion

Congenital adrenal hyperplasia, the most common etiology of adre-
nal insufficiency, is caused by the impairment of enzymatic activity
in cortisol biosynthesis pathways from cholesterol.”®”’ A variety of
symptoms characterize the clinical picture of CAH, depending on a spe-
cific enzyme defect that impairs cortisol production.”’ In particular,
deleterious mutations in the CYP11BI gene cause inefficient adrenal
118-hydroxylase enzyme activity, resulting in decreased cortisol out-
put encountered in 11BOHD.** The 11BOHD is the second most com-
mon form of CAH associated with androgen excess representations
such as genital ambiguity, precocious puberty, and hypertension.”!
Hypertension, as a distinct clinical feature of 113OHD, occurs in ap-
proximately two-thirds of cases.”****? To date, over 100 different
CYP11B1 pathogenic variants have been reported to affect the func-
tional properties of the 11B-hydroxylase enzyme to varying degrees.*
The majority of these variants are missense and nonsense mutations,
but they also include deletions and insertions, splicing, and regulatory
and complex rearrangements. Notably, all CYP11BI mutations, found
in encoding regions of the CYP11BI gene, tend to cluster in exons 2, 6,
7, and 8.%**7 Although in vitro studies have considered activity less
than 5% for 11f-hydroxylase to be compatible with classic 113OHD,
the precise genotype-phenotype correlations of 113OHD have not been
completely defined.'™* Furthermore, 11BOHD diagnosis using com-

mon procedures, including next-generation sequencing and Sanger
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FIGURE 1. Mutational analysis of the CYP11B1 gene. A, Location of L451F mutation in the CYP11B1 gene. B, Family pedigree
indicating autosomal recessive inheritance of congenital adrenal hyperplasia. The affected female has a homozygous variant
and her parents were heterozygous (C). The electropherograms of this family representing the heterozygous state of the father
and mother and the homozygous state of the patient for L451F variant. The unaffected daughter is a wild-type homozygote.

A 9.4843C>T, ¢.1351C>T B
L451F

5 {12} 3H4Hs] [6—7H{8)

VAR VVAVAVN

IVAVAYA 2\ A%YA%A

TABLE 2. In Silico Pathogenicity Analysis

i Tool 3 Score Prediction
MutationTaster2 NA Disease-causing
Deleterious

| PROVEAN

H’olyphen

Probably damaging

sequencing, encounters technical challenges due to the presence of ho-
mologous sequences and pseudogenes. These limitations are overcome
through several approaches consisting of long-read sequencing (target

22,38

enrichment) without the need for PCR amplification, or amplifica-

tion using allele-specific primers with long-range PCR or conventional
PCR, followed by DNA sequencing of smaller fragments.*

We used a protocol involving the amplification of the CYP11BI gene
in 7 overlapping fragments. Using specific primers designed to attach
to the mismatch at the 3’ end, we prevented the amplification of the
homologous gene, CYP11B2. By applying this strategy, a novel missense
variant (c.1351C > T; p.L451F) in the CYP11BI gene was identified in
an Iranian woman suspected of 1130OHD presenting with severe ex-
ternal genitalia virilization accompanied by hypertension. This variant
has been reported neither in the literature nor in the public databases,
including ClinVar, HGMD, LOVD, dbSNP, and gnomAD. Moreover, co-
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o3

WT/L451F WT/L451F

WT/WT

L451F/L451F

segregation analysis demonstrated the variant to be heterozygous in
parents and homozygous in the patient. Furthermore, in silico analysis
by using computational predicting tools supported the damaging effect
of the variant (c.1351C > T) located at the mutational hotspot (HGMD;
www.hgmd.org).">*” Therefore, all of the evidence supported by the
patient’s phenotype that was highly specific to the disease with a single
genetic etiology led us to classify this variant as probably pathogenic,
according to the ACMG-Association for Molecular Pathology variant in-
terpretation guideline.”’

The 11B-hydroxylase cytochrome P-450 enzyme, consisting of 503
amino acid residues, uses heme as a prosthetic group to catalyze redox
reactions.’*** It has been demonstrated that amino acid substitutions in
the heme-binding domain in this protein reduce enzyme activity partially
or completely.””* Previous studies demonstrated a high degree of con-
servation in the peptide surrounded heme-binding domain in all eukary-
otic P450 enzymes.””** In particular, the Cys450 residue, the fifth ligand
of the heme iron atom, is completely conserved in all cytochrome P450
enzymes."®"” A missense variant in the CYP11B1 gene surrounding the
heme-binding peptide, Argd48His substitution, was the first reported
mutation described in patients with classic 113OHD. So far, 6 missense
pathogenic and probable pathogenic variants have been reported adjacent
to the Cys450 codon of the CYP11B1 gene, suggesting that substitutions
at these positions are poorly tolerated (TABLE 3).>***® Nevertheless,
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FIGURE 2. A 3D molecular model of CYP11B1. A, Location of L451 residue and heme in CYP11B1 protein structure. Model of
wild type CYP11B1 (B) and mutant L451F (C) in the heme-binding environment. The larger size of F451 compared with L451 is
clear. The binding energy in normal (D) and mutant (E) protein, obtained from Autodock software.
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the association of 113OHD disease with an exact amino acid change in
leucine 451 has not been demonstrated previously. As we have shown

with multiple sequence alignment (FIGURE 3), leucine 451 is a highly
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conserved residue in human, rat, mouse, pig, bovine, and sheep, located
in a helix, where ligand binds to the protein.>*****° A leucine 451 to phen-

ylalanine substitution has been created in the helix, which is the core of
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TABLE 3. Pathogenic/Likely Pathogenic Variants around L451 Location in CYP11B1 Gene

! Variant Godon Number Exon Number Phenotype Clinical Significance Reference
p.Gly444Asp Steroid-11{-hydroxylase deficiency Pathogenic/Likely pathogenic Motaghedi et al*"
CpAgasss . 48 8 Steroid-11p-hydrowylase deficiency | Pathogenic/Likely pathogenic | White etal® |
pAig4s3em . 43 8 Adrenal hyperplasia | Pathogenic | | koneetal |

| p.Leud61Pro

Pathogenic

Likely pathogenic

Pathogenic

I37

Chang et al

FIGURE 3. Multiple protein sequence alignment of CYP11B1
of human, rat, mouse, pig, bovine, sheep, and CYP11B2 of
human using CLUSTALW online site; 451 residues (leucine)

in the specified box are conserved in all cases and the
underlined amino acids in the CYP11B1 sequence are related
to the helix of the heme binding region.

sp|P15393|C1181_RAT - - -RSFQHLAFGFGVRQULFRRLAEVEMLLLLHHILKTFQVETLRQ 474
tr| Q37686 |Q3TG86_MOUSE ~RSFKHLAFGFGVRQULERRLAEAEMMLLLHHVLKSFHVETQEK 476
sp|P15538|C1181_HUMAN RNFYHVPF GF GMRQC]L FRRLAEAEML LLLHHVLKHLQVETLTQ 478
sp|P19099|C1182_HUMAN RPERYNPQRWLDIRGSGRNFHHVPFGF GMRQAL LLLLRHVLKHFLVETLTQ 478
sp|Q29552|C1181_PIG RPERYHPQRWLONQGSGTRF PHLAF GF GMRQUL SRRLAQVEML LLLHHVLKNFLVETLVQ 478
sp|P15150|C1181_BOVIN RPESYHPQRIWLDRQGSGSRFPHLAFGFGVRQALE EVEMLLLLHHVLKNFLVETLEQ 478
sp|P51663|C1181_SHEEP RPESYHPQRWLE LAFGFGMRQ] MLLLLEHVLKNFLVETLAQ 478

the 11B-hydroxylase enzyme, and where the ligand binds to the protein®;
therefore, this substitution could possibly alter the stability and affinity of
this binding. Moreover, the same amino acid change in the corresponding
position (L451F) has been reported as a pathogenic mutation in the ho-
mologous gene, CYP11B2, which causes aldosterone synthase deficiency.”!
Altogether, these data are suggestive of a critical structural and functional
role for L451 in 11(3-hydroxylase enzyme. For further evaluation, we used
the AutoDock (V. 4.2) software to create a computational model of the
mutant p. L451 protein. Estimated ligand-binding energy in the normal
and mutant protein compared with the wild-type model of CYP11B1 as a
template that demonstrates the destructive effects of L451F substitution
on protein structure and ligand affinity (FIGURE 2).

Conclusions

In conclusion, a precise genetic diagnosis is essential to optimize patient
management and treatment outcomes in patients suffering from CAH.
In our patient, the identified homozygous CYP11B1 gene variant was
classified as a probable pathogenic consistent with clinical findings of the
11BOHD phenotype. This novel variant was located in a mutational hot
spot in the vicinity of the heme-binding domain, which was predicted to
disrupt enzyme activity using molecular docking. Further functional and
structural studies may provide more support to this variant pathogenic-
ity. Analysis of this new mutation and other known mutations should
be applied to high-risk families and consanguineous marriages for early
diagnosis and neonatal screening followed by proper biochemical and
molecular tests for diagnosis and treatment of 113OHD. Furthermore,
the cost-effective approach we used in this study can be used to establish

11BOHD molecular diagnostics strategies in our country (Iran).
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ABSTRACT

Objective: Hospital-acquired pneumonia (HAP) is one of the most
common diseases in the intensive care unit, where the develop-
ment of disease is closely related with the host immune response.
Monocytes play an important role in both innate and adaptive im-
mune system. We aimed to investigate the changes of circulat-
ing monocyte subsets in subjects with HAP to explore its value in
monitoring HAP.

Methods: In total, 60 HAP patients and 18 healthy individuals were
enrolled in this study. Human monocyte subsets are classified into 3
groups: nonclassical (NC), intermediate (ITM), and classical (CL). Also,
programmed death ligand 1 (PD-L1) expression on circulating mono-
cyte subsets was measured by flow cytometry.

Results: Data showed that the ratio of NC, ITM, and CL among
monocytes was comparable between HAP patients and healthy

controls (P > .05). There was a remarkable imbalance of NC and CL
in newly emerged HAP compared to healthy controls (P < .05), sub-
sequently reaching normalization in recurrent HAP (P > .05). Further-
more, although PD-L1 was seemly constitutively expressed by NC,
ITM, and CL groups regardless of disease status, it was noted that
PD-L1 was dominantly expressed in the CL group (P < .05).

Conclusion: Given distinct PD-L1 expression, a shift of CL/NC in
newly emerged HAP would constitute an inhibitory anti-pathogen im-
mune response. Normalization of circulating monocyte subsets on re-
currence of HAP might be the consequence of immune memory of
bacterial infection.

Bacterial pneumonia is mainly caused by microbial components that
transfer from the upper to the lower respiratory tract. Various innate
immune cells move to the first line in defense against pathogens when
the lower respiratory tract is exposed to the microorganisms.'

Monocytes play an important role in both the innate and adaptive
immune systems, which are highly skilled in immune defense, inflamma-
tion, and tissue remodeling.” Recently, human monocyte subsets have
been classified into three types: nonclassical (NC) (CD14-CD16+), in-
termediate (ITM) (CD14 + CD16+) and classical (CL) (CD14 + CD16-).2
Changes in monocyte counts have been observed in chronic obstructive
pulmonary disease (COPD) and have proven to be associated with unfa-
vorable outcome.*” It has also been demonstrated that ITM monocytes
are correlated with disease progression in idiopathic pulmonary fibrosis,
and absolute circulating counts of NC and CL are greatly increased in
Gram-negative sepsis.3

Hospital-acquired pneumonia (HAP) is one of the most common in-
tensive care unit (ICU)-acquired infections.® Intubation and mechani-
cal ventilation are widely used to rescue patients in ICU, where bacterial
colonization is often found and pathogens interfere with normal host
defense mechanisms through persistent activation of the immune re-
sponse." Currently, little is known about monocyte subsets during bac-

terial infections for patients with HAP. Here, we aimed to investigate the
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changes of circulating monocyte subsets in subjects with HAP to explore

its value in the monitoring to HAP.

Materials and Methods

Study Participants

A total of 60 patients diagnosed with HAP from August 2019 to No-
vember 2021 in the First Affiliated Hospital of Soochow University and
18 healthy individuals were enrolled in this study. Diagnosis of HAP
was established according to the American Thoracic Society/European
Respiratory Society (ATS/ERS) standards. Patients with HAP who had
comorbidities of COPD, progressive malignant diseases, and autoim-
mune diseases were excluded from the study. The study was approved by
the Ethics Committee of the Institute of the First Affiliated Hospital of
Soochow University (2019-070).

Data Collection

The clinical data of all patients was collected from an electronic
medical record and included the following: subject characteristics
(age, gender, and underlying diseases), clinic status, and therapeu-
tic response. The sequential organ failure assessment (SOFA) score
was calculated according to the worst laboratory examinations be-
fore inclusion. The sputum or bronchoalveolar lavage fluid samples
were collected from patients for microbiological examination.
Procalcitonin (PCT) was measured using B.R.A.H.M.S. PCT auto-

mated immunoassays.

Study Design

The subjects with HAP were divided into different cohorts, including
well-controlled/progressive, SOFA < 3 or > 3 scores, non-Enterobacter/
Enterobacter infection, PCT < 2/ or 2 2 (ng/mL) and newly emerged/re-
current HAP.

Definition
Newly emerged HAP (new-HAP) was required to meet the following
criteria: (i) ATS/ERS standards of HAP’ and (ii) a new episode of pneu-
monia. Recurrent HAP (re-HAP) was required to meet the following
criteria: (i) ATS/ERS standards of HAP and (ii) recurrence defined
as a discrete episode of pneumonia separated by at least a 1-month
asymptomatic interval, a radiographic clearing of the acute infiltrate,
or both.?

Progressive HAP was defined as clinical deterioration such as respi-
ratory failure requiring mechanical ventilation or septic shock after 72

hours of treatment.’

Flow Cytometry Analysis

A total of 5 mL of peripheral blood sample from each subject was col-
lected into an anti-coagulant tube. Peripheral blood mononuclear cells
strained with anti-CD56-PECF594 (clone 5.1H11), anti-CD14-PE (clone
63D3), anti-CD16-FITC (clone 3G8), anti-PD-L1-PC7 (clone 29E_2A3)
were incubated for 30 min at room temperature in the dark. Antibodies
were purchased from Biolegend (USA). Monocytes were first gated by
forward scatter (FSC) and side scatter (SSC); CD56 + cells were then
gated out. Monocyte subsets were further identified by CD14 + and
CD16 + staining. """ All data were analyzed using Flowjo 10 software.
The populations of NC, ITM, and CL as a percentage of total monocytes

www.labmedicine.com

were calculated from the plot. The expression of programmed death li-
gand 1 (PD-L1) was assessed by plotting it versus the given NC, ITM, and
CL monocyte. A fluorescence activated cell sorter Calibur flow cytometer

was used for analyzing the samples.

Statistical Analysis

Statistical analysis were performed using SPSS 25.0. The ratios of NC,
ITM, and CL in this study were expressed as medians (25th to 75th
percentile range), which were not normally distributed. The Mann-
Whitney U test was used for analyzing all data. Spearman’s correlation
analysis was used to assess the correlation between PCT value and ratio
of monocyte subsets. A P-value of less than .05 was considered statisti-

cally significant.

Results

Patient Characteristics

The baseline subject characteristics are summarized in TABLE 1. From
August 2019 to November 2021, a total of 60 patients were included in
our study, including 44 men and 16 women, with ages ranging from 21
to 92 years. Patients had underlying diseases including cerebral stroke
(n = 33), cardiac disease (n = 18), and diabetes (n = 14). A total of 18

healthy volunteers were recruited as controls.

Circulating Monocyte Subsets Between HAP Patients and
Healthy Controls

In humans, NC and ITM monocytes emerged from matured CL, which
displayed dynamical differentiation in the monocyte pool.'" In this
study, NC, ITM, and CL were identified according to the different ex-
pression of CD14 and CD16 (FIGURE 1). First, we compared circulat-
ing monocyte subsets between patients with HAP and healthy controls.
As shown in FIGURE 2A, the ratios of 3 monocyte subsets defined by
CD14 and CD16 antibody staining did not show significant difference
between these 2 groups (P > .05).

Circulating Monocyte Subsets and Clinic Severity

Study patients were divided into well-controlled (n = 26) and progres-
sive (n = 34) groups according to prior clinic therapeutic response. As
shown in FIGURE 2B, the ratios of the 3 circulating monocyte subsets
were compared between these 2 cohorts. Although the ratio of ITM

was higher in the well-controlled cohort than that in the progressive

TABLE 1. Subject Characteristics

: Characteristic n =60

' Age (years) 21-92

""" % s
""" B A
CGender
""" mae
""" emle 16
Underlying diseases
""" Diabetes 4
""" Cerebralstoke 3
*** Cardiac disease .18
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FIGURE 1. The gating strategy of monocyte subsets in flow cytometry. Monocytes were gated on an FSC/SSC dot plot
(A). Gating out of CD56 + cells (B) and CD14-CD16- cells (C), NC, ITM, and CL were identified on a CD14/CD16 dot plot
(D). Representative dot plots and density plots are shown. FSC, forward scatter; SSC, side scatter; NC, nonclassical; ITM,

intermediate; CL, classical.
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group, (4.96% [2.75, 9.13] vs 3.23% [1.67, 5.85], P < .05), no signifi-
cant differences in the ratio of NC and CL between the 2 cohorts were
observed (P > .05).

The SOFA scores were used to assess the severity of disease. We di-
vided patients into < 3 and > 3 groups according to their SOFA score.
As shown in FIGURE 2C, no significant differences in the ratios of NC,
ITM and CL among monocytes were observed between the 2 groups
(P> .05).

Circulating Monocyte Subsets and Infectious Pathogen

We then investigated whether there was imbalance of circulating mon-
ocyte subsets correlating to specific infectious pathogens. A total of 53
pathogenic bacteria were detected in 60 subjects with HAP, of which 22
cases were Enterobacter infection, including Klebsiella pneumoniae (K.p)
(n = 17), Escherichia coli (n = 3), Proteus mirabilis (n = 1), and Serratia
marcescens (n =1). The remaining 31 cases were non-Enterobacter,
including Acinetobacter baumannii (n = 12), Pseudomonas maltophilia
(n = 3), Pseudomonas aeruginosa (n = 7), Pseudomonas cepacia (n = 1),
Candida albicans (n = 7), and Elizabethkingia meningosepticum (n = 1).
As shown in FIGURE 2D, ratios of circulating NC, ITM, and CL
among monocytes did not achieve statistical significance between the

Enterobacter and non-Enterobacter groups (P > .05).

Circulating Monocyte Subsets and PCT Levels

Procalcitonin has proven to be a highly sensitive and specific bio-
marker to diagnose serious bacterial infections and inform clinicians
of disease severity."**® We expanded the investigation to include
circulating monocyte subsets and PCT values. First, patients were
divided by PCT value into <2 (n=14) and 22 (n = 44) (ng/mlL)
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groups. As shown in FIGURE 3A, the ratios of NC, ITM, and CL
among monocyte between these 2 subgroups were not statistically
significant (P > .05).

The correlations between PCT value and the ratio of NC, ITM, and CL
were determined using a Spearman’s correlation analysis. As shown in
FIGURE 3B, the result indicated only a weak correlation between the
ratio of CL and PCT level (rS =-0.282, P = .032), with no statistical differ-
ence between PCT value and ratio of NC and ITM (P > .05).

Imbalance of Monocyte Subsets in New-HAP

As mentioned, we did not find that imbalance of monocyte subsets was
associated with disease severity and infectious pathogens. We analyzed
the peripheral blood monocyte counts among healthy controls, new-HAP,
and re-HAP groups. As shown in FIGURE 4, the peripheral blood mon-
ocyte counts did not achieve statistical significance among them (10%/L,
0.415 [0.358, 0.468] vs 0.525 [0.340, 0.733] vs 0.545 [0.298, 0.800], re-
spectively, P > .05. We then hypothesized that the imbalance of monocyte
subsets may be related to immunologic memory of infection. Therefore,
36 and 24 patients were defined as new-HAP and re-HAP, respectively.

As shown in FIGURE 4, a significantly decrease in NC 12.9% [7.81,
17.73]) was observed in new-HAP compared to healthy controls (21.95%
[16.43, 28.95], P < .05). Similarly, a significant increase was found in
new-HAP (81.05% [70.18, 85.68]) compared to healthy (71.90% [66.23,
76.63]) with respect to the ratio of CL (P < .05). As a result, the new-
HAP group showed lower NC/CL than healthy controls (0.16 [0.09, 0.26]
vs 0.31 [0.22, 0.43], P < .05). No significant difference was observed in
the ratio of ITM between these 2 groups.

Notably, the ratio of NC (25.40% [13.85, 41.78]), the ratio of CL
(70.05% [52.53, 77.25]), and that of NC/CL (0.38 [0.19, 0.80]) for

2023;54:100-e107 | https://doi.org/10.1093/labmed/Imac133
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FIGURE 2. Comparison of NC, ITM, and CL between HAP patients and healthy controls (A), well-controlled and progressive
groups (B), SOFA < 3 and SOFA > 3 groups (C), non-Enterobacter and Enterobacter groups (D). Results are presented as
medians with interquartile range. Levels were compared by Mann-Whitney U test. HAP, hospital-acquired pneumonia; NC,

nonclassical; ITM, intermediate; CL, classical; SOFA, sequential organ failure assessment.
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FIGURE 3. Association between monocyte subsets and PCT level in HAP patients. Levels of NC, ITM, and CL in HAP patients
were compared between PCT < 2 and PCT > 2 (hg/mL) groups (A). Scatterplot of monocyte subsets vs PCT value was analyzed
by Spearman’s correlation analysis (B). HAP, hospital-acquired pneumonia; NC, nonclassical; ITM, intermediate; CL, classical;

PCT, procalcitonin.
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re-HAP patients returned to healthy control levels (P > .05 for each). The Discussion

re-HAP group also showed distinct differences in the ratio of NC, CL,
and NC/CL compared to the new-HAP group (P < .05 for each).
Accordingly, results indicated that an imbalance of monocyte subsets

was correlated with acute and chronic bacterial infection.

Expression of PD-L1 in Circulating Monocyte Subsets

The programmed cell death receptor-1 (PD-1) and PD-L1 pathway, as a
new therapeutic target, mediates suppression of T-cell activation and
escape of host immune surveillance.™ Therefore, the expression of PD-
L1 on the subset of monocytes was investigated (FIGURE 5). As shown
in FIGURE 6A, ITM from patients with HAP expressed higher PD-L1
than that of healthy (75.60% [51.18, 90.63] vs 46.65% [33.90, 70.13],
P < .05), whereas NC and CL from both the HAP group and healthy
controls showed a comparable level of PD-L1 (P > .05).

Additionally, PD-L1 expression in NC, ITM, and CL monocytes
were comparable between the re-HAP and new-HAP cohorts (P > .05)
(FIGURE 6B). This indicates that PD-L1 expression on monocytes was
constitutive rather than inducible, which represented that no difference
of that existed between two groups.

Finally, we analyzed the expression of PD-L1 among the 3 mon-
ocyte subsets from patients with HAP. As shown in FIGURE 6C, the
PD-L1 significantly increased in the ITM group (75.60% [51.18-90.63])
compared with the NC (25.85% [15.98-42.50], P < .05) and CL groups
(54.20% [33.73-74.43], P < .05), whereas CL expressed more PD-L1
than NC (P < .05). This suggests that PD-L1 was differently expressed
by individual monocyte subsets, which provides regulation of anti-

pathogen immune response.
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The HAPs are considered to be in close relationship with immune-
mediated responses. Human monocytes are heterogeneous cells and can
be subdivided into 3 subsets according to the differential expression of
CD14 and CD16, which have been identified as specialized functions. Clas-
sical monocytes engage in proinflammatory and antimicrobial responses.
Nonclassical monocytes, known as patrolling monocytes, specialize in
phagocytosis, trans-endothelial migration and antiviral responses. Inter-
mediate monocytes, transiting from classical to nonclassical monocytes,
are involved in both a patrolling function and anti-inflammatory effects.””

In this study, the ratios of NC, ITM, and CL did not show significant
difference between patients with HAP and healthy controls. We then
evaluated the expression of monocyte subsets in patients with HAP be-
tween well-controlled and progressive cohorts. The NC and CL did not
differ between these 2 groups, which was consistent with a study that
found no significant difference between severe and nonsevere groups
for NC and CL in children at admission with Mycoplasma pneumoniae
pneumonia.’® Our results also showed that the ratio of ITM increased
in the well-controlled group. In contrast, Passos et al'® found that ITM
monocytes increased soon after Leishmania infection and may contrib-
ute to the development of the disease. Wang et al'® found that ITM were
comparable between severe and nonsevere groups. These results sug-
gest that further experiments need to be done to explore whether ITM
monocytes are concerned with disease severity.

In our study, human monocyte subsets from peripheral blood were
investigated between non-Enterobacter and Enterobacter groups.
Experiments have demonstrated that the lungs of K.p.-infected

. . ; 17
mice show monocyte-involved immune response.”’ In contrast, the
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FIGURE 4. Comparison of monocyte counts, NC, ITM, CL, and NC/CL among healthy, new-HAP and re-HAP groups. The
new-HAP cohort showed the imbalance of NC/CL compared to that of healthy controls and re-HAP (P < .05 for each). The
Mann-Whitney U test was used for analyzing data. HAP, hospital-acquired pneumonia; new-HAP, newly emerged HAP; re-HAP,
recurrent HAP; NC, nonclassical; ITM, intermediate; CL, classical.
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imbalance of human NC, ITM, and CL were not observed between these
2 groups in our study. We speculate that monocyte subsets are nonspe-
cific and pathogens may colonize in the lungs instead of in the periph-
eral blood.

Our reports that new-HAP patients had a lower level of NC and a
higher level of CL monocytes than re-HAP patients and the healthy
controls. Itwassuggested that theactivation of the circulatingmonocyte
subsets could play an important role in the newly emerged HAP. This is
consistent with data showing that decreased NC monocyte subsets are
observed in severe acute SARS-CoV-2 infection.'® Interestingly, our
results indicate that the ratio of monocyte subsets for re-HAP patients
tended to return to normal. Yao et al'’ found a new paradigm of immuno-
logical memory formation, where memory macrophage were triggered
with the help of effector CD8 T-cells in early response to virus. Mem-
ory alveolar macrophages were found in a low-rate proliferation status
independently of monocytes to maintain itself unless they encounter
viral infection. It has also been demonstrated that trained monocytes
can exhibit an effective response in defense of microbial components.”’
It has been suggested that increased ratio of CL may facilitate immune
escape for new-HAP patients. Also, the distribution of NC and CL
showed normalization for re-HAP patients, which indicates specific
adaptive immune response like immunological memory instead of
nonspecific innate immune response was involved during this period.

Finally, to ascertain functional implications of PD-L1 expres-

sion on monocyte subsets, NC, ITM, and CL PD-L1 expression were

www.labmedicine.com

analyzed in our study. Both PD-1 and PD-L1 are co-inhibitory recep-
tor molecules, mediating the exhausting of T-cell immunity in chronic

122 Previous studies showed that

infectious diseases and tumors.’
PD-L1 expression in monocytes was related to increased mortality
and hospital-acquired infections. Patients with high levels of PD-L1
expression in monocytes should receive more attention, as they are
considered immunosuppressed and may be vulnerable to potential
harmful effects.”’ In our study, PD-L1 expression was significantly
higher in the ITM monocyte subset than in NC and CL, consistent
with a study in advanced melanoma patients.” Our study also showed
that PD-L1 + expression on CL monocyte was significantly higher
than NC monocyte. This led to the speculation that PD-L1 was consti-
tutively expressed in the monocyte. The decreased ratio of PD-L1 + CL
in the re-HAP group might be the consequence of immune memory of
bacterial infection and constitute a protective anti-pathogen immune
response.

Limitations of this study should be noted. First, the number of
patients with HAP and healthy controls was limited. Second, dynamic
changes in the levels of monocyte subsets and functions of PD-L1
expressed in monocyte subsets remain targets for future studies. Fur-
ther experiments could be performed to enhance the understanding of
monocyte subsets.

In conclusion, our study highlighted the imbalance of circulating
monocyte subsets in patients with HAP, which were correlated with

immunological memory response. The PD-L1 was differently expressed
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FIGURE 5. The PD-L1 was analyzed in defined NC, ITM, and CL by flow cytometry. The representative dot plots of staining for
PD-L1 was shown. PD-L1, programmed death ligand 1; NC, nonclassical; ITM, intermediate; CL, classical.
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by monocyte subset, mediating the regulation of anti-pathogen immune

response.
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ABSTRACT

A 62-year-old woman with acute myeloid leukemia (AML) died of shock
and massive hemolysis shortly after receiving two platelet transfusions
at a routine clinic visit. Subsequent investigation into what was ini-
tially believed to be an acute hemolytic transfusion reaction second-
ary to platelet transfusions revealed that the patient died of Clostridium
perfringens sepsis leading to massive hemolysis. Further investigation
ruled out bacterially-contaminated platelets since a patient blood sam-
ple from 2 days prior had Clostridium species. The unusual findings and
management considerations for this oncology patient are reviewed and
compared with previously reported cases of C. perfringens transfusion-
transmitted infections. Oncology patients may be especially susceptible
to unusual presentations involving unusual pathogens.

Patient History

We present the case of a 62-year-old woman with acute myeloid leukemia
(AML), 100 days posthaploidentical hematopoietic stem cell transplant.
Her posttransplant course was complicated by grade IV cutaneous graft-
versus-host disease and recurrent bacterial, fungal, and viral infections.
The patient presented for a routine clinic visit as well as platelet trans-
fusion prior to a port placement. Two days prior, she had another clinic

visit due to diarrhea; however, her physical exam was benign.

Approximately 1 hour after the second platelet transfusion in the
clinic, the patient became hypoxic with SpO, of 80% to 90%, lethargic, and
tachypneic. Initially she was afebrile during assessment. Due to concern for
a possible acute hemolytic transfusion reaction (AHTR), the patient was
given 100 mg of hydrocortisone, intravenous (IV) fluids, and oxygen. The
patient rapidly developed a fever of 39.4°C and became hypotensive and
tachycardic. Blood cultures were drawn, and the patient was transferred
to the intensive care unit (ICU). After transfer to the ICU, the patient was
started on empiric IV antibiotics. Initially in the ICU, the patient was fully
alert, oriented, and normotensive but soon developed slurred speech,
shock, tachypnea, and cyanosis. She was started on norepinephrine bitar-
trate (Levophed) and was intubated. Shortly after intubation the patient
went into asystole, and despite recovering circulation twice, the patient

died approximately 6 hours after the initial event in clinic.

Clinical and Laboratory Information
The patient was blood group B, and the transfused platelets were both group
O. There was no evidence of a clerical error. Pretransfusion direct antiglobulin
test (DAT) was negative, but posttransfusion DAT was + 1 for both polyspecific
antisera and monospecific immunoglobulin G. However, the eluate was nega-
tive for both anti-B and anti-AB. Both units of platelets had anti-A and anti-B
titers performed, and all titers were 32 or less. Gross examination of the
centrifuged pretransfusion sample showed slightly pink-tinged yellow plasma,
but the posttransfusion sample was a dark red consistent with massive hemol-
ysis (FIGURE 1A). The final complete blood count, which was completed post-
mortem, showed a hemoglobin of 4.9 g/dL (initially 7.8 g/dL). Urinalysis was
consistent with hemoglobinuria, which was not present on the prior urinaly-
sis (4 + blood on dipstick but few red blood cells [RBCs] on microscopic exam).
The initial platelet transfusion bag was unable to be located. Prior to
transport to our institution, the initial platelet bag had been cultured by
the blood center and showed no growth. The second bag of platelets, a
pathogen-reduced technology (PRT) platelet, was returned to the blood
bank; no organisms were seen after Gram stain, and there was no growth
found on culturing the bag. Each of the 2 platelet bags were part of a
paired platelet donation, and the 2 corresponding units were transfused
to other patients without adverse events. The patient’s blood cultures
taken after her platelet transfusions grew Clostridium perfringens. Dur-
ing investigation, a blood sample held from the patient’s clinic visit
2 days prior to death was recovered, and an acridine orange stain showed

box-shaped bacilli consistent with Clostridium perfringens, as was seen in
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FIGURE 1. Pre-transfusion (left) and post-transfusion (right) centrifuged blood samples (1A). Clostridium sp. showing rods

clustered on an acridine orange stain (1B).

the patient’s blood cultures (FIGURE 1B). An autopsy was requested by
the primary team but was declined by the patient’s family.

Discussion

Clostridium species bacteremias are among several opportunistic
infections that affect patients with hematologic malignancies. Clos-
tridium perfringens makes up 77% of nonpolymicrobial Clostridial
infections." Various strains of C. perfringens produce alpha-toxin, which
contains phospholipase C and sphingomyelinase. These enzymes in suffi-
cient concentrations in the blood cause degradation of RBC membranes,
which can lead to massive intravascular hemolysis, a complication seen
in 7% to 15% of C. perfringens bacteremias.””

Acute hemolytic transfusion reactions are medical emergencies that
typically are secondary to ABO group incompatibility and are most often
the result of a clerical error.” Hemolysis resulting from AHTRs is a result of
interactions between either donor antibodies and recipient RBC antigens
or donor RBC antigens with recipient antibodies. The former interaction
is less common but was in our differential and should be considered in
other cases with a similar clinical presentation shortly after transfusion
with products such as platelets or fresh frozen plasma. Although AHTRs
caused by non-ABO recipient antibodies against donor RBCs are uncom-
mon, non-ABO antibodies in the donor plasma are typically of an insig-
nificant titer.” Affected patients most commonly present with fever and
chills but may also develop flank pain, hypotension, and dyspnea.*®

Transfusion-related acute lung injury (TRALI) and transfusion-
associated circulatory overload (TACO) are also relevant consideration
in a patient who becomes hypoxic within 6 hours of transfusion. Both
TRALI and TACO can result in shock but hypotension and fever are more
closely associated with TRALI The risk of both these entities may be
increased in patients with hematologic malignancies.®

Allergic transfusion reactions typically present with a milder clinical
picture than as seen in this case but should be considered in patients
with a reaction in a similar timeframe as this case. Allergic reactions
may present with only urticaria but can range to anaphylaxis in sever-
ity.” Another important differential diagnosis, especially if the patient

develops fever with hypotension, nausea, or emesis, is a transfusion-

www.labmedicine.com

transmitted infection (TTI). The risk of a TTI is increased with plate-
let products compared to RBC products due to platelet storage at room
temperature in contrast to refrigeration of RBC units.’

One of the most striking aspects of this case is that the patient’s
Clostridium bacteremia remained subclinical for at least 48 hours un-
til her sudden decompensation. Her only clinical symptom was diar-
rhea, and she had serial benign abdominal exams. This is likely due to
her high net state of immunosuppression; this patient with AML and
only 100 days posttransplant was taking 30 mg prednisone, ruxolitinib
(Jakaf1), sirolimus, and mycophenolate mofetil. After her transfer to the
ICU, the patient was started on vancomycin and cefepime for empiric
coverage, and if she had not had a benign abdominal exam, piperacillin/
tazobactam (Zosyn) would have been administered for anaerobic cover-
age per institutional protocols.

Clostridium perfringens is present in the normal microbiota of
roughly half of healthy North Americans. These normal strains are all
type A genotype and subsequently carry plc, which codes for alpha-toxin,
the etiology of the massive hemolysis it may cause.’ Given our patient’s
immunosuppressed state, the likely source for her C. perfringens bacte-
remia was spread from the intestine; an autopsy would have likely borne
this out.

Serum lactate levels may identify patients at high risk for sepsis.
However, during the patient’s clinical course, this assay was not ordered
stat, and so when it was completed and found to be above the “sepsis
threshold” of > 2.0 mmol/L (3.0 mmol/L), she had already died. Had her
abdominal exam in the clinic provided any suggestion of infection, ab-
dominal imaging may have had clues to support empiric coverage for
anaerobes.

Given the timing of our patient’s platelet transfusions, it is impor-
tant to contrast her case to bacterial TTIs. As stated before, due to the
nonrefrigerated storage of platelet products, bacterial TTIs are more
common after platelet transfusion (1/5000) than RBC transfusion
(1/38,500), making platelet transfusions the most frequent infectious
transfusion risk.*'® Transfusion-transmitted infections from platelet
products are most commonly due to coagulase-negative staphylococci,
but fatal TTIs are more commonly due to Gram negative species.
Of the 60 deaths from platelet TTIs reported to the Food and Drug
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Administration from 1995 to 2004, 62% were Gram negative."" Plate-
let product contamination with C. perfringens is very uncommon, with
only a few reported cases in the literature.””* Among these 4 cases, 3
were fatal, and each patient had a variable onset of symptoms ranging
from during the transfusion to a few hours after. Two of the 4 cases
describe intravascular hemolysis."***

Pathogen reduction technology is an approach that significantly
reduces platelet TTI risk. One of the most common methods of PRT
is a technique using amotosalen and ultraviolet light. The first platelet
product this patient received was cultured traditionally, whereas the sec-

ond bag had undergone PRT and, therefore, no culture was needed, but
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ABSTRACT

Falsely increased estradiol levels can lead to unnecessary tests and
therapeutic interventions. Here, we present a case of a 62-year-old
man with falsely elevated estradiol, which led to subsequent follow-up
testing and prescriptions. Alternative immunoassay testing, in con-
junction with Scantibodies’ blocking reagents, polyethylene glycol
precipitation, and liquid chromatography-tandem mass spectrometry
confirmation demonstrated that the falsely elevated estradiol was due
to the presence of macro-estradiol. This report emphasizes the im-
portance of recognizing analytical interferences in immunoassays to
appropriately manage subsequent testing and patient care.

Clinical History
A 62-year-old male patient presented with general fatigue and decreased
libido at a urology clinic in December 2016. His testosterone level was
estimated to be low (5.6-6.4 nmol/L, analyzed on Beckman Dxl), and
his testes were found to be normal on palpation. Clinical hypogonadism
was diagnosed, and with continuous testosterone medication (Tostrex),
his general well-being, including sexual function, was greatly improved,
with serum testosterone levels of around 20 nmol/L, hematocrit 44%,
and prostate-specific antigen (PSA) within normal ranges.

The patient is a former factory worker with a family history of cardi-

ovascular disease. He is a nonsmoker, has no problems with alcohol or

drugs, and exercises regularly. At the age of 27 (1986), low lumbar disc
herniation with neurological deficits was diagnosed. He underwent sur-
gery in 1993 and 1995 due to constant intense back pain, but unfortu-
nately, the operations gave no pain relief; therefore, he is still in need of
regular treatment with opioid (Tramadol). Hypertension (170/100) and
hyperlipidemia, diagnosed in 2010, are now under control with a beta-
blocker (Metoprolol) and a statin (Atorvastatin). In 2018, an acute myo-
cardial infarction was successfully treated through cardiac bypass surgery.

Due to his hypogonadism, in 2020, the patient was referred from the
urology clinic to a private healthcare center. At his first visit, a serum
test for estradiol was taken, being a routine test at this center for all new
patients prior to the introduction of testosterone therapy. The patient’s
estradiol level, never analyzed before, was highly elevated (1106 pmol/L),
approximately 10 times the cutoff (<150 pmol/L) for men of the same
age (TABLE 1). His blood count and hemoglobin level were within the
reference range (not shown). Due to suspicion of extreme aromatiza-
tion, the aromatase inhibitor anastrozole (Arimidex) was prescribed and
testosterone therapy was briefly interrupted. However, the anastrazole
rendered only a slight decrease in the estradiol levels. Due to the highly
elevated estradiol, the patient was followed up with more estradiol sam-
pling, which gave approximately the same results (TABLE 1).

During later follow-up visits and sampling over the course of some
months, additional hormones/parameters were analyzed (TABLE 1; all
parameters were analyzed on a Siemens ADVIA Centaur in the same labo-
ratory). The laboratory parameters were in alignment with the clinical pic-
ture of testosterone substitution, such as low luteinizing hormone (LH) (0.8
1U/mL, reference range 1.5-9.3 for men of the same age), and somewhat
low sex hormone-binding globulin (SHBG) (18 nmol/L, reference range 22—
113 nmol/L). A thorough review of the patient’s clinical status concluded
that there were no clinical signs whatsoever of high estradiol, thus raising
the suspicion that a laboratory error was causing falsely elevated estradiol.
Consequently, the aromatase inhibitor anastrozole was withdrawn.

Alaboratory consultation was initiated to confirm analytical interfer-
ence. The sample, after being analyzed on a Siemens ADVIA Centaur, was
sent to external laboratories using another immunoassay, Abbott Alinity
and a QTRAP 5500 Liquid Chromatography-Tandem Mass Spectrometry
(LC-MS/MS), respectively. The obtained estradiol results are summarized
in TABLE 2. Abbott Alinity and LC-MS/MS showed results that were
not in line with the high level measured on the Siemens ADVIA Centaur,
indicating that there was analytical interference with the Siemens ADVIA
Centaur method but not with the other 2 methods (TABLE 2).

To explore the nature of the interference, a new sample was obtained
and the estradiol levels were still high (2214 pmol/L, Siemens ADVIA
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TABLE 1. Hormone Levels and Related Parameters during
the Patient’s Initial Visit and Estradiol Results during Later
Follow Ups (Visit Number Indicated in the Table) Analyzed on
Siemens ADVIA Centaur.

TABLE 2. Summary and Comparison of Estradiol
Measurements of New Sample after Sample Split, Incubation
with Scantibodies Treatment and PEG-precipitation together
with Reference Ranges.

i Hormone . Visit Result Reference Range
' Estradiol 1 1106 pmol/L* <150 pmol/L
A é”
3

77777777 4 1342 pmol/L*

""""" 5 10s4pmollr |

"""" 6 | 1ld5pmor |

"""" 7 osepmollr |

"""" § | sa3pmor |

""""" o | oigpmoLr |

"""" 0 | 22t4pmor |
CProlactn 1smuL 60-260 miUL |
sWBG . 1gmmor | 22-113nmoll. |
FRHO 6L 14181 |
W 08WA* | 1593WL |
w0 <wsw @suL
Testosterone | 1Zomos 3-27nmoll |
TotalPSA 24pgl Sl

FSH, follicle-stimulating hormone; HCG, human chorionic gonadotro-
pin; LH, luteinizing hormone; PSA, prostate-specific antigen; SHBG, sex
hormone-binding globulin

* Indicates results outside reference range.

Centaur). Rheumatoid factor (RF) (Siemens ADVIA XPT Chemistry) was
measured, and to exclude monoclonal immunoglobulins, serum electro-
phoresis (Sebia Capillarys 3) with subsequent immunofixation (Sebia
Hydragel IF 2/4 and Hydrasys) was performed. The RF was below the cut-
off (<25 IU/mL), and electrophoresis together with immunfixation showed
no trace of monoclonal immunoglobulins, thus excluding RF and parapro-
tein as analytical interferences. Next, to verify the presence of heterophile
antibodies, Scantibodies’ Heterophilic Blocking Reagent was added to the
sample. The estradiol level was almost identical (2184 pmol/L) (TABLE
2) following the sample rerun after incubation with Scantibodies’ reagent,
thus ruling out heterophile antibodies as interfering substances. Further-
more, the patient had no history of therapy with monoclonal antibodies
or immunoglobulins and denied contact with domestic animals.

Next, to eliminate a possible hormone-immunoglobulin complex,
polyethylene glycol 6000 (PEG) precipitation was performed, and the
estradiol result after PEG was 321.8 pmol/L after rerunning the sample
on the Siemens ADVIA Centaur (TABLE 2). The sample was split again
and sent to the same 2 external laboratories for analysis. The results
obtained with Abbott Alinity (353 pmol/L) and LC-MS/MS (337 pmol/L)
were in line with those of the PEG precipitated sample, indicating the
presence of a larger hormone-immunoglobulin complex in the sample.
This finally explained the falsely high estradiol result and corresponded
more consistently to the clinical picture.

It was noted in the patient’s record that estradiol should no longer be

included as a follow-up test during visits.

Discussion
Analytical interferences in immunoassays have an estimated frequency

of 0.05% to 6%,"” depending on the interference and the analyte. In

e112 Laboratory Medicine

‘ Result (omol/L Reference
Estradiol Method Fy—r . (pOI)Range
| sp“:’f Sample Split 2 (pmoirL)
§SiemensADVIA Centaur Untreated iUr-lireatedi ScantlbodlesPEG<150
otgr | 2t | 21840 3218
AobottAlnty a0 3 <161 |
QTRAP5S00LC-MSMS | 29+ | 7 37147

* Indicates results outside reference range. PEG, polyethylene glycol.

most cases, the causes of interference behind false results are unknown
among clinicians. Thus, when not discovered early, they can lead to im-
proper patient care. In this case report, we present a male patient case
with falsely elevated estradiol, in which the suspicion of analytical in-
terference was raised at a later stage, after several follow-ups with the
same high estradiol results and ineffective medication with aromatase
inhibitor. Then, the clinician contacted the laboratory and an investiga-
tion regarding analytical interference was carried out by the laboratory.

Clinical laboratories have knowledge about interference and
strategies for verifying the interference and reporting the correct
results to the clinician. To verify the presence of an analytical interfer-
ence, a sample can be analyzed using different immunoassays’ or other
non-immunoassay methods. In our case, similar estradiol results were
obtained with Abbott Alinity (one-step, delayed immunoassay) and
LC-MS/MS as a nonimmunoassay alternative for analyzing estradiol,’
but not with Siemens ADVIA Centaur (competitive immunoassay). This
indicates that there was analytical interference with Siemens ADVIA
Centaur but not with Abbott Alinity or LC-MS/MS.

To the best of our knowledge, 10 cases have been described*"*

with
falsely elevated estradiol due to analytical interference. All the cases were
female patients, and 7 of them were due to heterophile antibodies.**
Besides heterophile antibodies, monoclonal antibody production’
and aromatase inhibitors™® were also reported as agents interfering
with estradiol immunoassays. Heterophile antibodies and monoclonal
immunoglobulins,15 as well as RE,*® were ruled out in our case study as
interferences. Aromatase inhibitor therapy was introduced as a conse-
quence of the high estradiol level and suspected high aromatase activity,
which resulted in only a marginal decrease in serum estradiol levels. It
was therefore discontinued, as the patient’s serum estradiol levels were
still consistently high after repeated measurements, thus ruling out the
role of drugs as an interference. It is well known that aromatase inhib-
itor medication might cause general fatigue and muscle pain in male
patients, which is addressed by an interruption of the medication. How-
ever, our patient never displayed any side effects.

Besides  the

immunoglobulin/macro complexes can also affect immunoassays by

interferences  discussed  above, hormone-
causing falsely high levels, often with no clinical relevance. Prolactin,'”
TSH,'® and plasma enzymes such as alkaline phosphatase'® and lac-
tate dehydrogenase”® can build up macro complexes, mostly by bind-
ing to immunoglobulins. The most widely known macro complex in
clinical practice is macroprolactin, routinely screened by many clinical
laboratories using PEG precipitation.”’ The PEG precipitation is a widely

used, simple procedure for removing larger protein-immunoglobulin
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complexes from the sample.”” In our case study, the Siemens ADVIA
Centaur estradiol result after PEG precipitation was almost identical to
those of the other methods, indicating that a larger immunoglobulin-
hormone complex, macro-estradiol, was present in the sample, causing
the falsely high estradiol. Therefore, unusually high hormone levels,
especially when they do not match the clinical picture and patient
history, must be interpreted cautiously by the clinician. Similar to
macroprolactin, reporting the correct post-PEG precipitation result,
with the help of alternative immunoassays, has crucial importance in
determining patient management.

Finally, the few cases presented in the literature concerning falsely
elevated estradiol levels are related to female patients. To our knowl-
edge, this is the first male case described with falsely high estradiol,
and that is uniquely explained by a macro-hormone complex. It is im-
portant to stress that, when observing laboratory results with an un-
expected pattern, the ordering clinician should question early on that
the results may be incorrect, with the suspicion of analytical interfer-
ence as the cause. Neglecting to do this could lead to erroneous medical
decisions regarding therapy and interventions, including unnecessary

repeated sampling.
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ABSTRACT

Objective: Our New York City Municipal Public Health System-based
multisite ambulatory and school-based Gotham Health clinics offer
waived point-of-care tests and provider-performed microscopy to the
local communities. Our Gotham Health laboratory service conducts
system-wide centralized implementation, monitoring, and oversight of
the POCT operations. Laboratory staffing has always been an issue
for us as there is a decades-long shortage of laboratory staff, prima-
rily licensed medical technologists and technicians, in New York, like
many other states. Our clinical laboratory operations team struggled
to hire qualified people even before the COVID-19 pandemic onset. It
has faced more significant challenges with the emergence of SARS-
CoV-2 pandemic cases in New York City and across the country since
mid-March 2020.

Methods: As staffing continues to be a struggle, it directly affected the
POCT performances and a system-wide reduction in the test numbers
during the pandemic. We investigated to identify the factors that made
staffing more challenging.

Results: The impact on our POCT started after laboratory staff
relocated to the acute care hospital laboratories to provide testing

support during the pandemic’s peak. That caused significant delays
or complete cessation of POCT operations in the clinics due to
a lack of oversight support. We also experienced the risk of more
vacated positions where staff already feel overworked, overwhelmed,
and emotionally drained, causing professional burnout. The signifi-
cant challenges identified are noncompliance with vaccine mandates
resulting in job dismissal and voluntary resignations in exchange for
higher-paying laboratories. Finally, the other challenges identified
were frequent sick calls due to mental fatigue, retirement of sea-
soned staff, and inability to attract qualified technologists to meet the
demands of increasing test-ordering patterns.

Conclusions: Determining the factors that culminated in the staffing
issues becoming more challenging during the COVID-19 pandemic in
our ambulatory care clinic laboratory operations will help us in future
crisis planning and mitigation.

Originally, Gotham Health ambulatory care clinics were operated un-
der different New York City owned acute care hospital clinical labora-
tory limited-service laboratory (LSL) licenses. Gotham sites across New
York City’s 5 boroughs include ambulatory care clinics and school-based
clinics that offer waived point-of-care tests (POCTs) and provider-
performed microscopy to local communities and send out tests to the
reference laboratories.

A wide range of variability existed among the clinics concerning reg-
ulatory compliance, test performance, quality control, and training. To
decrease adverse effects due to variability in POCT procedures, stand-
ardization and quality improvement of POCT across Gotham Health
ambulatory care clinics were implemented. Laboratory services exe-
cuted a plan for system-wide LSL transfer from acute care hospitals
to ambulatory care laboratory service for centralized implementation,
monitoring, and oversight of POCT operations. Thus, having around 50
clinics system-wide, our qualified laboratory personnel update and pro-
vide standard operating procedures, perform quality assurance and vali-
dation of new tests/devices, provide competency assessments, and help
clinical staff maintain compliance with state and regulatory agencies."
With standardization, the clinical teams who perform POCTs get expe-

ditious training and troubleshooting, and the providers get the results
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of the POCTs they order much faster and more efficiently. Overall, after
the successful implementation of the ambulatory care laboratory opera-
tions, the quality metrics get improved markedly.

Across the nation, clinical laboratories are severely understaffed, and
the trend has been an ongoing issue for over 2 decades. Licensure states
such as New York incur further complications due to the qualifications a
candidate must acquire before seeking employment.” Gotham Health’s’
clinical laboratory operations team, which had already been struggling
to hire enough people before the COVID-19 pandemic onset, is facing
more considerable challenges. The group’s difficulties went from a sim-
mer to a rolling boil with the emergence of SARS-CoV-2 pandemic cases
in New York City in early 2020.

On March 20, 2020, the Governor of New York issued an executive
order requiring all nonessential businesses to be closed and limiting
any concentration of individuals outside their homes to prevent the
spread of SARS-CoV-2.? For most of the Gotham Health clinical labo-
ratory operations team, which conducts the monitoring and oversight
of the POCT, closure and social distancing requirements in response to
the COVID-19 pandemic resulted in the suspension of POCT operations
system-wide. For ambulatory site clinics that enlist drawing stations
and specimen processing, the service is essential and uninterrupted.
Since staffing continued to struggle, it directly affected the POC test

performances and caused a system-wide reduction in the test numbers.

Materials and Methods

As the laboratory staffing issue directly affected POCT performances
and a system-wide reduction in test numbers and that was accentuated
during the pandemic, our study data were collected using qualitative
interviews and employee feedback to identify the factors that made
staffing issues more challenging in our Gotham health ambulatory care
clinics. We obtained the POCT numbers from our POC middleware
Teclor and also verified the numbers through our Laboratory Informa-

tion System, Cerner.

Results and Discussion

The spread of SARS-CoV-2 among the public, health care workers, and
laboratory staff pushed the acute care hospital clinical laboratories to the
breaking point. In addition, during the COVID-19 pandemic’s peak, a se-
vere staff shortage started in the acute care hospital clinical laboratories
due to skyrocketed admissions and in-house testing. In response to the
request from the acute care hospital laboratories, most of our Gotham
Health laboratory technical staffs were temporarily relocated. The im-
pact on our POCTs started after the laboratory staff relocated to the
acute care hospital laboratories to provide testing support during the
pandemic’s peak. That caused significant delays or complete cessation of
POCT operations in the clinics due to a lack of oversight support. There
was also increased risk of increased vacated positions where staff al-
ready feel overworked, overwhelmed, and emotionally drained, causing
professional burnout. The other significant challenges identified are
noncompliance with vaccine mandates resulting in job dismissal and
voluntary resignations in exchange for higher-paying laboratories, fre-
quent sick calls due to mental fatigue, the retirement of seasoned staff,
and the inability to attract qualified technologists to meet the demands
of increasing test ordering patterns and laboratory supply shortages af-

fecting staffs.

www.labmedicine.com

Staffing Challenges and POCT Impact

The relocation of Gotham Health laboratory staff to the acute care hos-
pital clinical laboratories during the pandemic caused staff disappoint-
ment due to changing shifts and work hours (regular hours for Gotham
Health staff is, 8 AM-4 PM), changes in job type (POCT monitoring
versus bench testing), and job relocation (ambulatory care clinics ver-
sus acute care hospital clinical laboratories that were overwhelmed with
admitted SARS-CoV-2 patients) and health safety issues similar to those
of any frontline healthcare worker.

The citywide introduction of COVID-19 testing also created more
hardship for our Gotham Health laboratory staff. Difficulties included
fundamental tasks performed by limited staffing of a pandemic mag-
nitude (Pandemic magnitude was meant here as the perceived or real
level of threat of a pandemic), monitoring sample collection and speci-
men processing, and manual result entries to individual patient charts,
which imposed a vast challenge regarding the enormous volume of
specimen processing. Interfacing of results was not an option during
the onset of the pandemic. Due to this vast and unprecedented work-
load, the transferred laboratory personnel were pulled back from the
acute care hospital clinical laboratories, trained, and deployed to the
abovementioned tasks. Even after the manual test ordering and resulting
interface with the referral laboratories (partial), the immense workload
remained persistent for months due to exceedingly large backlogs and
ongoing test volume. Furthermore, the orientation and training of nurs-
ing staff at many testing sites to access COVID-19 specimens in the labo-
ratory information system also harnessed (harnessed was meant here as
being engaged, tied up or occupied with) the POCT oversight staff. Not
only the laboratory staff issues but also reduced number of outpatient
visits, telecommuting by providers in the clinics, nursing staff shortage,
and absence due to illness and fatigue were the other issues that affected
the total POCT numbers in our ambulatory clinics.

Recruitment and Retention Issues

At this stage, one of our POCT Coordinators resigned due to a schedule
conflict, creating a confounding vacuum. As well as this unexpected va-
cancy and resulting added workload, our laboratory operations grappled
with frequent sick calls (due to COVID-19) and increasing complaints of
professional burnout from the overworked, overwhelmed, and emotion-
ally drained staff. Recruitment efforts for a new laboratory technician
were initiated. Advertising and recruitment took a few months to iden-
tify and onboard a qualified candidate due to the pandemic slowing hu-
man resources processes, the relative sparsity of interested and eligible
candidates, and increasing vacancies in the other clinical laboratories.
Meanwhile, one of the laboratory technicians received an offer from a
higher-paying private laboratory, and another laboratory technologist
nearing retirement stepped down due to health issues and stress due to
increasing workload.

Backfills were submitted to fill the increasing vacancies for Gotham
Health. Posted vacancies were advertised for as much as 2 weeks with
no qualifying responses from potential candidates. At the request of
laboratory operations, team vacancies were published as “until filled” to
allow laboratory administrators to attend to priority laboratory work-
flow tasks while awaiting resumes of qualified candidates for review.
Unfortunately, due to the comparative low pay offered (in comparison
to the private hospitals and laboratories), shortages across the nation,
and New York State licensure requirements, resumes for review were few

Oor none.
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The New York State SARS-CoV-2 Testing Consortium survey,
conducted in May 2021, showed the average of open positions at mem-
ber institutions had climbed to 12% and qualified candidates for posted
positions were scarce.” Our difficulties in hiring qualified candidates were
consistent with the survey findings. As the Covid-19 pandemic slowed
the overall process of recruitment, applicant scarcity made it worse. We
mitigated the issue by hiring temporary laboratory technicians.

Not only recruitment but also workforce retention became chal-
lenging. Laboratory management tactics such as daily staff huddles,
prospective monthly scheduling, and staff appreciation were used
to somewhat enhance the work-life quality of staff. However, un-
filled positions remained a significant issue with overall and diffuse

impact.

Supply Shortages
Another important factor that affected our staff was the shortages
of laboratory supplies during the pandemic. The qualitative analysis
of recent survey responses nationally showed that laboratory supply
shortages affected not only timely acquisition of laboratory reagents
and supplies but also the job satisfaction and wellbeing of laboratory
personnel.5 Gotham Health faced these hurdles; that is, shortages of
supplies of blood collection tubes, reagents, needles, media, COVID-19
test kits, and personal protective equipment consumed critical time
to validate alternative supplies, make procedure changes, and train-
ing, which led to testing and reporting delays. Eventually, shortages
disrupted laboratory routine workflow, leading to stress and burn-
out. Furthermore, outsourcing tests to reference laboratories and
borrowing supplies from other ambulatory clinics were required due
to insufficient laboratory materials to complete tests on time, adding
additional stress on the laboratory staffs.

Strategies were examined and executed to combat supply shortages
and prevent the cessation of daily workflow for Gotham. Processes were
executed: changes in vendors, borrowing from and loaning to other

acute care hospital and ambulatory care clinic laboratories, use of alter-
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native test supplies due to the extended backorder of essential supplies
needed for specimen collection, decreased par levels in inventory, and
continuous communication between vendors and providers, administra-
tion, and laboratory staff. Although little could be done to mitigate staff
workload and stress, having supplies available for daily workflow was
essential to the continuity of patient care.

The COVID-19 pandemic experience revealed a much-needed conver-
sation about the staffing challenges that laboratories have long experi-
enced. The experience has also identified work-life balance challenges
and burnout among laboratory staff, as it profoundly affects our ambu-
latory care laboratory workforce and may accentuate future hurdles in

clinical laboratory operations.
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On labmedicine.com

Several articles featuring practical information are now available
on labmedicine.com.

This month, the website features a paper by Talaber et al about
elevated estradiol results in a male patient. In “A Case of Fatal
Clostridium perfringens Sepsis with Massive Hemolysis in the
Setting of a Coincidental Platelet Transfusion,” Boyd et al discuss
the case of a woman with AML who died of shock and hemolysis
after receiving platelets. In “Looking into the Laboratory Staffing
Issues that Affected Ambulatory Care Clinical Laboratory

Operations during the COVID-19 Pandemic,” Ronny et al discuss
staffing during the height of the COVID-19 pandemic.

Check out these articles and more on labmedicine.com.

Lablogatory

Recent contributions to the blog for medical laboratory

professionals include case studies as well as posts on forensic
pathology and laboratory safety. To see why over half a million
readers visit Lablogatory each year, visit labmedicineblog.com.

Published by Oxford University Press on behalf of American Society for Clinical Pathology, 2023.
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