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Abstract

Cytomegalovirus (CMV)-specific T cells expand with CMV reactivation and are prob-
ably prerequisite for control and protection. Given the critical role STAT5A phos-
phorylation (pSTAT5A) in T cell proliferation, this study presents a simple and
sensitive flow cytometric-based pSTAT5A assay to quickly identify CMV-specific T
cell proliferation. We determined pSTAT5A in T cells treated with CMV-specific pep-
tide mix (pp65 + IE1 peptides) from 20 healthy adult subjects and three immunodefi-
cient patients with CARMIL-2 mutation. After stimulation, the percentage of
pSTAT5A" T cells in CMV-seropositive (CMV™) subjects significantly increased from
3.0% + 1.9% (unstimulated) to 11.4% + 5.9% (stimulated) for 24 h. After 7 days of
stimulation, the percentage of expanded T cells amounted to 26% + 17.2%. Con-
versely, the percentage of pSTAT5A" T cells and T cell proliferation from CMV-
seronegative (CMV™) subjects hardly changed (from 3.0% + 1.3% to 3.7% * 1.8% and
from 4.3% +2.1% to 5.7% + 1.7%, respectively). We analyzed the correlation
between the percentage of pSTAT5A" T cells versus (1) CMV-IgG concentrations
versus (2) the percentage of expanded T cells and versus (3) the percentage of initial
CMV-specific T cells. In immunodeficient patients with CARMIL-2 mutation, CMV-
specific pSTAT5A and T cell proliferation were completely deficient. In conclusion,
flow cytometric-based pSTAT5A assay represents an appropriate tool to quickly
identify CMV-specific T cell proliferation and helps to understand dysfunctions in
controlling other pathogens. Flow cytometric-based pSTAT5A assay may be a useful

test in clinical practice and merits further validation in large studies.
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INTRODUCTION

1 |

Human cytomegalovirus (CMV) is a common pathogen that often
results in an asymptomatic infection [1]. In healthy CMV-infected indi-
viduals, pathogenesis is controlled by CMV-specific T cells involving
both CD4* and CD8* T cells. Loss or suppression of adaptive immu-
nity as accrues in primary and secondary immune deficiencies, trans-
plant patients, or older people who suffer from age-associated
changes in the immune system frequently leads to CMV reac-
tivation [2-11].

CMV-specific T cells expand with CMV reactivation and are prob-
ably prerequisite for control and protection [12]. A variety of assays
exist to measure CMV-specific cellular activation, including measure-
ment of intracellular cytokine staining (ICS) by flow cytometry,
enzyme-linked immunosorbent assay (ELISA), or enzyme-linked immu-
nospot assay (ELISPOT) [13,14]. A different analysis consists of direct
staining with CMV-peptide-loaded multimers and enumeration of
CMV-specific CD8* T cells by flow cytometry [13].

Today, the most widely used method for detection of CMV-
specific T cell proliferation is based on the measurement of cell prolif-
eration by serial halving of the fluorescence intensity of the vital dye
[4]. As initial CMV-specific T cell numbers vary from subject to sub-
ject, a prolonged culture time and an extensive number of cells are
required to expand it, making the assay is labor- and resource-
intensive and requiring several days (5-7 days) [2,3,5,15]. Different
analysis has been used to measure specific T cell proliferation stimu-
lated by antigens, is intracellular Ki6é7 expression. Ki67 is a nuclear
protein that is detectable in every phase of the cell cycle of proliferat-
ing cells but is absent in GO cells. Ki67 is expressed in T cells that had
undergone in vitro proliferation after 6-day culture of human whole
blood or PBMC with antigens [16,17].

These drawbacks might be impractical for routine diagnostic pur-
poses specifically when an early diagnosis is required; therefore, new
predictive biomarkers would have important clinical utility in efforts
to prevent and treat CMV disease.

As previously described [18], upon T cell receptor (TCR) activa-
tion, T cell proliferation strongly depends on the phosphorylation
of the signal transducer and activator of transcription 5A
(pSTATS5A). The phosphorylation of STAT5A occurs within 24 h and
can be used as an early marker to assess mitogen-driven T cell pro-
liferation [18]. Based on this knowledge, the aim of the present
study is to establish a rapid flow cytometric CMV-specific
pSTAT5A assay to serve as a prediction marker for CMV-specific T
cell proliferation. We analyze and compare pSTAT5A and T cell pro-
liferation in T cells treated with a CMV-specific peptide mix (pp65
+ |E1 peptides) from CMV* and CMV™ healthy subjects and show
the correlation between the two events. Subsequently, we verify
this assay by analyzing pSTAT5A in T cells from three CARMIL-
2-deficient patients suffering from chronic CMV infection. Human
CARMIL-2 deficiency is an autosomal recessive primary immunode-
ficiency disease associated with a deficiency of regulatory T cells
and defective CD28 signaling, which leads to impaired T-cell stimu-

lation, differentiation, and proliferation [19].

Given its simplicity and robustness, the flow cytometric-based
pSTATS assay is especially appropriate for rapidly assessing CMV-
specific T cell proliferation and understanding dysfunctions in control-

ling other pathogens.

2 | METHODS AND MATERIAL

21 | Collection of blood samples

After informed consent, blood was taken from 20 healthy adult sub-
jects and three CMV-infected patients (P 1; P 2-1; P 2-2) with
CARMIL-2 mutation for the serological and immunological analyses at
the Institute of Clinical Immunology, University of Leipzig Medical
Center. This study protocol was approved by the University of Leipzig
Medical Center (092/2002 and 151/2006).

2.2 | Cytomegalovirus serology

Human serum was separated by centrifugation for 10 min at 600 x g
and frozen at - 80°C. CMV-IgG levels were determined by ARCHITECT
CMV IgG assay (Abbott Laboratories, Dublin, Ireland) at the Institute of
Virology, University of Leipzig Medical Center. The cut-off of CMV-IgG
levels was determined to be positive at concentration > 7.0 AU/ml.

2.3 | Isolation of PBMCs and staining with violet
proliferation dye 450

Peripheral blood mononuclear cells (PBMCs) were isolated from fresh
lithium-heparinized peripheral blood samples by density centrifugation
over Ficoll-Hypaque (Pan Biotech, Germany), as described previously
[18,20,21]. PBMCs (1 * 107 cells/ml) were diluted with phosphate-buffered
saline (PBS, pH 7.2) (Gibco life Technologies, Carlsbad, USA) and stained
with violet proliferation dye 450 (VPD450) (3 uM) (BD Biosciences, San
Jose, USA) for 15 min at 37°C. Subsequently, PBMCs were washed and
re-suspended in RPMI 1640 containing 10% fetal bovine serum, penicillin
(1 * 10° mg/ml), and streptomycin (1 * 10° mg/ml) (Gibco life Technolo-
gies, Carlsbad, USA) and finally adjusted to 3 * 10° cells/ml.

24 | PBMCs stimulation

PBMCs (3 * 10° cells/ml) were seeded into 48-well cell culture plates
(7.5 * 10° cells/well) at 37°C. Afterwards, PBMCs were stimulated
with the major target antigens of CMV-specific peptide mix (1 pg/ml)
consisting of pool of Pp65 + IE1 peptides (ELSP5944, AID, Germany)
as previously described [9,22,23], withCD3/CD28 (100 ng/ml)
(eBioscience clones OKT3, CD28.2) as a positive control, or with IL-2
(100 ng/ml) (BD Biosciences, Heidelberg, Germany). Simultaneously,
CMV- and CD3/CD28-stimulated cells were cultured for 24 h or
7 days in a humidified atmosphere of 5% CO, at 37°C to determine
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pSTAT5A and T cell proliferation, respectively. IL-2-stimulated cells
were cultured for 15 min at 37°C.

2.5 | Determination of CMV-stimulated pSTAT5A"
T cells by flow cytometry

The cultivated PBMCs were harvested after 24 h, pelleted by centri-
fugation, lysed and fixed by using “lyse and fix” buffer
(BD Biosciences), and incubated at 37°C in a water bath for 12 min.
Subsequently, cells were centrifuged, the supernatant was discarded,
and the pellet was washed with 4 ml PBS.

The samples were permeabilized by using cold perm buffer Il (1 ml)
(BD Biosciences) and were left on ice for 30 min. The pellet was then
washed with a fetal bovine serum stain buffer (FBS) (2 mL)
(BD Biosciences) and finally re-suspended in 200 pl FBS. For flow
cytometric analysis, the T cells were stained with PerCP-Cy TM 5.5
mouse anti-human CD3 (2.5 pl, clone UCHT1, BD Biosciences) and
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Alexa Fluor 647 mouse anti-human STAT5A phosphorylation (10 pl,
PY694, Clone 47/Stat5, BD Biosciences). Mouse IgG1-k-Alexa Fluor
647 was used as an isotype control for assessing the background
staining of the cells. After 1 h of incubation in the dark at room temper-
ature, cells were washed with 2 ml stain buffer, centrifuged and were
suspended in 300 pl of stain buffer. FACSCantoll-based flow cytometry
was conducted to measure the samples. Briefly, the system was set up
with three lasers: a violet laser 405 nm, a blue laser 488 nm, and a red
laser 647 nm [24,25]. Prior to running samples, the instrument was cali-
brated using calibration beads (BD Biosciences). BD FACSDiva software
was used for acquisition of the events [25]. The analysis of the
pSTAT5A is based on the following gating strategies: (1) forward scatter
(FSC) versus side scatter (SSC), (2) FSC area (FSC-A) versus FSC height
(FSC-H) (singlets gate), and (3) CD3 versus SSC. After the conduction of
the previous gating strategies, the T cells (CD3") were separated. Now,
after a clear separation of T cells from the non-T cells, 20,000 CD3* T
cells per sample were acquired. The expression of pSTAT5A was calcu-
lated as a percentage of pSTAT5A" T cells (Figure S1).

(E) 50~ CMV - subjects (n=9)
5
S 40
f
5 30
é 20
2 — N —
S 10
= —
0 N X
& S
&
%
0’0

=O= % of pSTAT5A+ T cells, AUC = 0.88

(A) 50- CMV " subjects (n=11)
72}
5
S 40, e
;
E 30
S 20
w2
Q
S 104
N
0 .
S Q
& >
&
%
Q’Q
ROC Curve
(C) 1,01
0,8
2
=
-
37
5 04
75]
0,2
0,0 1 ;

00 02 04

06 08 1,0

1 - Specificity

FIGURE 1

CMV-stimulated pSTAT5A profile and ROC analysis. PBMCs (3 * 10° cells/ml) were stimulated with CMV-specific peptide mix

(1 pg/ml). After 24 h, the percentage of pSTAT5A in T cells was measured. (A) The percentage of CMV stimulated pSTAT5A" T cells in CMV”*
subjects; (B) the percentage of CMV-stimulated pSTAT5A" T cells in CMV™ subjects; (C) the receiver operating characteristic (ROC) curve was
plotted to evaluate the sensitivity, specificity, area under the curve (AUC) of the assay and to determine % pSTAT5A" T cells cut-off value. When
% pSTAT5A" T cells cut-off value was set to 9.1, the ROC curve gave an AUC of 0.88 (p < 0.004) with a sensitivity (73%) and specificity (100%).

Ns, non-significant; **, p < 0.01 (Wilcoxon's test)
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2.6 | Determination of CMV-stimulated T cell
proliferation by flow cytometry

Cultivated PBMCs were harvested after 7 days and washed with
2 mM EDTA PBS. The pellet was re-suspended in 200 pul PBS and sta-
ined with FITC mouse anti-human CD3 (5 ul, clone SK7, BD Biosci-
ences) at 37°C. After 15 min, cells were washed with 2 ml 2 mM
EDTA PBS, centrifuged, and suspended in 300 pl PBS. 7-Amino-
Actinomycin D staining (7-AAD) (10 ul, BD Biosciences) was added to
pre-stained T cells for 10 min before the measurement was con-
ducted. 7-AAD was used to determine cell viability. The analysis of
the T cell proliferation is based on two lymphocyte gates (1) FSC ver-
sus SSC and (2) FSC-A versus FSC-H (singlets gate) where CD3" live
cells (T cells) were separated in a third dot plot (CD3 vs. 7-AAD).
Now, the decrease of VPD450 dye intensity in expanded CD3* cells
was measured and 50,000 CD3" cells per sample were acquired
(Figure S2). Data analysis was conducted using FlowJo.7.6.5 software
(Ashland, OR, USA) [26]. FlowJo presents graphical display as well as
information about each generation in the subset. The proliferation
platform also provides information about the fraction of cells from the
original population that have divided (Initial CMV-specific T cells) and

the number of times these cells have divided.

2.7 | Determination of IFN-y and TNF-«
production in CMV-stimulated T cells

PBMCs (3 * 10° cells/ml) from three CMV seropositive healthy vol-
unteers enrolled in the study were cultured with CMV-specific
peptide mix (1 pg/ml) (ELSP5944, AID, Germany) or with
CD3/CD28 (100 ng/ml) (eBioscience clones OKT3, CD28.2) for
24 h. The supernatants were then collected and assayed for IFN-y
and TNF-a by enzyme immunoassay (El A; R&D system, Minneapo-
lis, USA).

2.8 | Adaptation of methods to DIN EN ISO 15189
requirements

The international standard DIN EN ISO 15189 suggested proceed-
ings (performing intra-assay and inter-assay precision) to fulfill
highest requirements for the quality and competency of medical
laboratories to exclude or diminish false positive and false nega-
tive results [25,27]. Please note that in case of using two or more
different flow cytometers, differences in technical adjustments

among different devices leading to various results in mean
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FIGURE 2 Analysis of CMV-specific T cell proliferation and initial CMV-specific T cells from CMV* and CMV" subjects. PBMCs (3 * 10°
cells/ml) were stimulated with CMV specific peptide mix (1 pg/ml). After 7 days, the percentage of expanded T cells was measured. (A) The
percentage of expanded T cells from 11 CMV"* subjects. (B) The percentage of expanded T cells from 9 CMV~ subjects; (C) comparison of the
percentage of initial CMV specific T cells in CMV™ and CMV" subjects. Ns, non-significant; **, p < 0.01 (Wilcoxon's test)
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fluorescence measurement should be considered. Therefore, a
transfer of the instrument setting among the devices has to be

performed.

2.9 | Statistical analysis

Statistical analysis was performed using the Graph Pad Prism 5 software
CA, USA) and
Sigmaplot.14.0 software (Systat Software Inc, San Jose, CA). The

(graph Pad Prism software, Inc, San Diego,
adjusted p-values were estimated by Wilcoxon's test (Ns not significant,
*p £ 0.05; **p <0.01; ***p <0.001). Correlation analysis was used to
identify Spearman's correlation coefficient (r). The receiver operating
characteristic (ROC) curve was plotted to evaluate the sensitivity, speci-

ficity, and area under the curve (AUC) value of the system.

3 | RESULTS

3.1 | Cytomegalovirus serology

CMV-IgG concentrations in subjects enrolled in the study were deter-

mined. Eleven of the 20 healthy subjects tested positive for CMV-IgG.

CMV (1 pg/ml, 24 h)

CD3/CD28 (100 ng/ml, 24 h)

Journal of Quantitative Cell Science

The samples were considered seropositive if the CMV-IgG level is
higher than 7.0 AU/ml.

3.2 | Time-dependent STAT5A phosphorylation

To determine the optimal time to typically analyze the percentage of
pSTAT5A" T cells, a series of kinetics was performed. CMV (1 pg/ml)-
stimulated pSTAT5A was reliably detected after 6 h of stimulation and
reached a peak value after 12 h. It declined thereafter (Figure S3(A)). Clearly,
the measurement of IFN-y and TNF-a by EIA in supernatants from three
CMV" subjects showed increased concentrations of the two cytokines after
24 h (Figure S3(B),(C), respectively). Because of difficulties in maintaining
the working routine of the laboratory, we analyzed pSTAT5A after 24 h.

3.3 | Determination of the percentage of CMV-
stimulated pSTAT5A" T cells

CMV-stimulated T cells from CMV* subjects showed a significant
increase in the percentage of pSTAT5A* T cells (from 3.0% + 1.9%
(unstimulated) to 11.4% + 5.9% (CMV)) at 24 h (Figure 1(A)). Con-
versely, the percentage of pSTAT5A" T cells from CMV™ subjects

IL-2 (100 ng/ml, 15 min)
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FIGURE 3 Flow cytometric analysis of pSTAT5A in T cells from a patient (P 1) with CARMIL-2 mutation compared to a healthy control

sample. PBMCs (3 * 10° cells/ml) were stimulated (red histogram) with (A, D) CMV specific peptide mix (1 ug/ml, 24 h); (B, E) CD3/CD28
(100 ng/ml, 24 h); (C, F) IL-2 (100 ng/ml, 15 min) or unstimulated (blue histogram). Percentages of pSTAT5A" T cells are detailed within the

histogram boxes
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hardly changed (from 3.0% + 1.3% (unstimulated) to 3.7% * 1.8%
(CMV)) at 24 h (Figure 1(B)).

The ROC curve was plotted to determine the specificity, sensi-
tivity, and AUC value of the assay. As shown in Figure 1(C), when
the percentage of pSTAT5A* T cells cut-off value was set to 9.1
(pre-test probability 0.5, Cost ratio 1.0), the ROC curve gave an AUC
of 0.88 (p < 0.004) with a specificity and sensitivity of 100% and
73%, respectively.

A strong correlation was observed between the percentage of
pSTAT5A" T cells with CMV-1gG concentrations (r = 0.6, p = 0.04)
(Figure S4(A)).

3.4 | Determination of the percentage of
expanded T cells and the initial CMV-specific T cells

Furthermore, after antigen stimulation for 7 days, CMV-specific T
cells from CMV™ subjects expanded from 4.9% +4% to 26% *
17.2% as determined by VPD 450 staining (Figure 2(A)). In contrast
to CMV" subjects, the percentage of expanded T cells from CMV~
subjects hardly changed (from 4.3% +2.1% (unstimulated) to
5.7% + 1.7% (CMV)) (Figure 2(B)). The percentage of initial CMV-
specific T cells was 6% +82% in the original population
from CMV"™ subjects, as calculated by FlowJo.7.6.5 software

(Figure 2(C)). A significant difference between CMV* and CMV~
subjects in relation to the percentage of initial CMV-specific T cells
was observed (Figure 2(C)).

We found no significant correlation between the percentage of
pSTAT5AY T cells versus (1) the percentage of expanded T cells
(r = 0.16, p > 0.05) and versus (2) the percentage of initial CMV-
specific T cells (r = 0.13, p > 0.05) (Figure S4(B),(C), respectively).

3.5 | Validation of CMV-stimulated STAT5A
phosphorylation in 20 healthy adult subjects to DIN
EN ISO 15189 requirements and for use in diagnostic
application

To ensure that our analysis is accurate, reproducible, and precise,
validation of our data included the definition of intra- and inter-
assay precision values [27]. For intra-assay precision, whole blood
of healthy donor was used to determine all data fivefold during
1 day (Table S1). Inter-assay precision was assessed by measuring
all samples in single evaluations on five consecutive days
(Table S2). The standard deviation and coefficient of variation were
calculated. A coefficient of variation of up to 20% was considered
tolerable and fulfilled the criteria of the International Standard EN
I1SO 15189.
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FIGURE 4 Flow cytometric analysis of T cell proliferation in PBMCs from a patient with CARMIL-2 mutation compared to a healthy control

sample. PBMCs (3 * 10° cell/ml) were stimulated with (B, E) CMV-specific peptide mix (1 pg/ml, 7 days); (C, F) CD3/CD28 (100 ng/ml, 7 days) or
(A, D) unstimulated. Percentages of expanded T cells are detailed within the histogram boxes
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3.6 | Evaluation of pSTATS5A profile at three phosphorylation of STAT5A (Figure 3(C), (F)). Trio-exome sequencing

patients with CARMIL2 mutations suffering from
chronic CMV infection

Subsequently, we verified the established measurement by CMV-
specific T cells stimulation in three selected patients diagnosed with
CARMIL2 mutation and suffering from chronic CMV infection.

Patient 1 (P 1, male) has consanguine parents. PCR analysis showed
high CMV viral load. The profile of flow cytometric analysis demon-
strated that most T cells were naive or effector T cells, whereas mem-
ory T cells could not be detected. Furthermore, after 24h of
stimulation, pSTAT5A was completely or partially deficient in CMV or
CD3/CD28 stimulation, respectively (Figure 3(A), (B), (D), (E)). The com-
plete and the partial deficiency of CMV- and CD3/CD28-stimulated
pSTAT5A correlated with the complete and the partial deficiency of
CMV- and CD3/CD28-stimulated T cells proliferation, respectively
(Figure 4). IL-2-stimulated T cells for 15 min showed a regular

revealed to CARMIL-2 mutation, which is characterized by CD28 signal-
ing deficiency.

Patients P 2-1 and P 2-2 were diagnosed with homozygous loss-of-
function CARMIL-2 mutation. Our results demonstrated that after 24 h
of stimulation, pSTAT5A was completely or partially deficient in CMV-
and CD3/CD28-stimulated T cells, respectively (Figure 5). The complete
and the partial deficiency of CMV- and CD3/CD28-stimulated pSTAT5A
correlated with the complete and the partial deficiency of CMV- and
CD3/CD28-stimulated T cells proliferation, respectively (Figure 6).

4 | DISCUSSION

It is known that measurement of cell proliferation presents the stan-
dard procedure to detect cellular immune responses to antigens;
therefore, we attempted to introduce a rapid and straightforward
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FIGURE 6 Flow cytometric analysis of T cell proliferation in PBMCs from two patients (P 2-1, P 2-2) diagnosed with CARMIL-2 mutation

compared to healthy control sample. PBMCs (3 * 10° cells/ml) were stimulated with (B, E, H) CMV-specific peptide mix (1 ug/ml, 7 days); (C, F, I)
CD3/CD28 (100 ng/ml, 7 days) or (A, D, G) left unstimulated. Percentages of expanded T cells are detailed within the histogram boxes

flow-cytometric method for the assessment of CMV-specific T cell
proliferation [28,29]. In the present study, we showed that STAT5A
phosphorylation could be a functional surrogate marker for the identi-
fication of CMV-T cell proliferation.

We demonstrated that a moderate expression of pSTATS5A
starts after 6 h of stimulation by CMV-specific peptide mix in
CMV* subjects and reaches a peak value after 12 h, which leads to
CMV-specific T cell proliferation after 7 days. Conversely, T cells
treated with CMV-specific peptide mix from CMV™ subjects did
not respond. These observations confirm that STAT5A phosphory-
lation mediates and plays an important role in CMV-specific T cell
proliferation.

We evaluated the diagnostic value of the pSTAT5 assay and
determined the percentage of pSTAT5A" T cells cut-off value at
which the pSTATS assay has the greatest diagnostic potency. Our

data showed that a cut-off value of 9.1% could be used to assess
CMV-specific T cell proliferation with a specificity and sensitivity of
100% and 73%, respectively.

Using pSTATS5-simplified protocol, we can predict CMV-specific
cell proliferation earlier (within 24 h) and introduce important infor-
mation on T cell biology, which in current CMV-specific assays such
as ELISA-and ICS-based assays cannot be yet achieved.

ELISA-based assays require low blood volumes and are easy to
perform [30], but they are restricted to the detection of IFN-g produc-
ing CD8" T cells and do not allow single-cell-level analysis.

ICS analysis can allow detailed analysis of the percentage of T
cells, T-cell subsets requisite to confer protection from CMV [31-33],
but it cannot always be assumed that all T cells expressing IFN-g will
undergo proliferation [13]. As thresholds for a positive test may exist

depending on the immune assay used, patient group studied, and the
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clinical setting, the comparison between the current method and ICS
analysis is difficult due to lack of standardization.

Subsequently, we verify this assay by analyzing pSTAT5A in T
cells from three CARMIL-2-deficient patients suffering from chronic
CMV infection. The results showed that the complete and partial defi-
ciency of CMV- and CD3/CD28-stimulated pSTAT5A in T cells from
the three patients correlated with the complete and the partial defi-
ciency of CMV- and CD3/CD28-stimulated T cell proliferation,
respectively. Importantly, the positive IL-2-stimulated pSTAT5A in T
cells from patient 1 excluded defects in JAK3/STATS5 signaling [18].
These results correlated with Trio-exome sequencing revealing to
CARMIL-2 mutation, characterized by CD28 signaling deficiency,
impaired naive T cell activation, proliferation, and deficient gain of T
cell memory [19]. In agreement with other studies, Goldeck et al.
(2013) [34] showed that lower phosphorylation signal is identified due
to lower CD28 expression impacting on TCR/CD28 signaling
crosstalk, which is essential for T cell activation.

This implied that CMV-specific pSTAT5A detection could be used
as a fast tool to detect CMV-specific T cells' regeneration and prolifer-
ation without requiring several days of culture. Because CMV-specific
T cell proliferation critically influences viral replication, monitoring of
CMV-specific T cells may be useful for identifying patients at risk of
viral replication specifically in post-transplant periods. Our outcomes
were variable and showed subject dependency. These variables would
likely result in differences in human leukocytes antigen, epitope domi-
nance, and variability in the relative number of CD3" expressions and
memory T cells [35]. The limitations of our study are small sample size
and no staining for sub-population such CD4" and CD8" T cells
was done.

In conclusion, disorders in the TCR - IL-2 -JAK3/STATS5 signal
pathway in T cells may result in an insufficient response to patho-
gens. As this method is rapid, robust, and adaptable, FCM-based
pSTATS5A profiling is an effective tool for clinical laboratory diagnos-
tics [1] to understand the susceptibility to recurrent opportunistic
infections, [2] to quickly identify patients who are at risk of viral rep-
lication, and to further improve clinical management of CMV infec-
tion, for example, after allogeneic stem cell transplantation [3], and
to identify and characterize well-known PIDs such as CARMIL-2
mutations.
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