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University School of Medicine, Shanghai, China

Background: Cytomegalovirus (CMV) reactivation is a significant concern
following allogeneic stem cell transplantation. While previous research has
highlighted the anti-CMV reactivation effect of y8 T cells in
immunocompromised transplant patients, their characterization in recipients at
high risk of CMV reactivation remains limited.

Methods: This study focused on D+/R+ recipients (where both donor and
recipient are CMV seropositive) at high risk of CMV reactivation. We analyzed
28 patients who experienced CMV recurrence within 100 days post-allogeneic
hematopoietic stem cell transplantation, along with 36 matched recipients who
did not experience CMV recurrence. Clinical data from both groups were
compared, and risk factors for CMV reactivation were identified. Additionally,
CMV viral load was measured, and flow cytometric analysis was conducted to
assess changes in peripheral blood yd T cell proportions, subpopulation
distribution, and differentiation status. We also analyzed the CDR3 repertoire of
the TCR & chain in different yd T cell subsets. Functional analysis was performed
by measuring the lysis of CMV-infected cells upon stimulation.

Results: CMV reactivation post-transplantation was associated with acute graft-
versus-host disease (aGvHD) and reactivation of non-CMV herpesviruses.
Notably, CMV reactivation led to sustained expansion of ¥y T cells, primarily
within the V32"¢9v3 T cell subpopulation, with a trend toward differentiation from
Naive to effector memory cells. Analysis of the 8 chain CDR3 repertoire revealed a
delay in the reconstitution of clonal diversity in V82"°9 v T cells following CMV
reactivation, while V82P°° T cells remained unaffected. Upon stimulation with
CMV-infected MRC5 cells, the V82"*9 y8 T cell subpopulation emerged as the
primary effector cell group producing IFN-yand capable of lysing CMV-infected
cells. Moreover, our findings suggest that NKG2D is not necessary involved in
V32"9 v8 T cell-mediated anti-CMV cytotoxicity.
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Conclusion: This study provides novel insights into the role of 8 T cells in the
immune response to CMV reactivation in transplantation recipients at high risk of
CMV infection. Specifically, the V829 v T cell subpopulation appears to be
closely associated with CMV reactivation, underscoring their potential role in
controlling infection and reflecting CMV reactivation in HSCT patients.

KEYWORDS
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Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT)
stands as a pivotal therapeutic intervention saving the lives of
numerous patients with hematologic disorders (1). However,
post-transplant viral infections emerge as the foremost cause of
non-relapse mortality, with Human Cytomegalovirus (CMV)
infection leading the charge as the most prevalent (2). While
CMV infection typically remains asymptomatic in most healthy
individuals, transplant recipients, due to their suppressed immune
systems, lack CMV-specific cytotoxic cells and helper T cells,
rendering them vulnerable to life-threatening cytomegalovirus
disease. Moreover, CMV infection heightens the susceptibility to
other pathogenic infections, such as bacteria, fungi, Epstein-Barr
virus, varicella-zoster virus, and escalates the incidence of Graft-
Versus-Host Disease (GvHD) in patients (3).

The immune response to CMV predominantly hinges upon
dendritic cells (DCs), natural killer cells (NK cells), and o T
lymphocytes (4-7). Recent investigations have illuminated the
significant contribution of Y0 T cells to T cell-mediated anti-CMV
responses (8-11). Comprising the ¥ and & chains, the Y3 T-cell
receptor constitutes approximately 2 to 5% of human peripheral
blood lymphocytes, orchestrating immune responses against
infections and tumors (12). Often dubbed ‘unconventional’ T cells,
YO T cells, unlike oy T cells, eschew surface expression of CD4 and
CD8 and exhibit non-MHC-restricted recognition (13-15). These
cells can be directly activated, proliferate, differentiate into cytotoxic
cells, or produce various cytokines in response to a range of antigenic
stimuli (16, 17). Within the human body, two major subsets of yd T
cells: VY9"V32" T cells, expressing a TCR encoded by the V52 and
V79 gene segments, predominantly found in peripheral blood, and a
minor V31 subset more prevalent at mucosal epithelium sites such as
skin and the intestine. An additional small subset of V83" yd T cells
also exists in peripheral blood but represents a minority population
comprising less than 0.1% of CD3" T cells (16, 18).

The evidence of Y T cell anti-CMV activity emerged in kidney
transplant patients in 1999 (19). Subsequent research has
demonstrated that CMV infection triggers persistent expansion of
oligoclonal Y8 T cells in the blood of CMV -seropositive individuals,
augmenting their cytotoxicity and IFN-y production to combat the
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virus (20). In immunocompromised patients post-HSCT, a protective
role of V32"® 3 T cells during CMV reactivation was discerned,
similar to studies of solid organ allografts (10). However, in regions
with high CMV infection prevalence, such as China, allo-HSCT
recipients face heightened CMV resurgence risk. Detailed
information regarding the ¥3 T cell response to CMV reactivation
in such high-risk recipients remains scarce. Hence, in this study, we
scrutinized the relative proportions of V2"°® compared with V82" vd
T cells in D+/R+ (both donor and recipient CMV seropositive) allo-
HSCT patients with and without CMV reoccurrence. Significant
disparities were observed in frequencies, repertoire profiles, and
cytotoxic effector function in response to CMV-infected cells
between the Y3 T-cell subsets. Our findings suggest a protective role
of V82" v3 T cells during CMV reactivation and their potential in
reflecting CMV reactivation in immunocompromised HSCT patients.

Materials and methods

Study subjects and CMV
reactivation monitoring

The study subjects comprised patients who underwent allo-
HSCT at the Hematology Center of Ruijin Hospital, affiliated with
Shanghai Jiao Tong University School of Medicine. Pre-transplant
conditioning regimens, graft-versus-host disease (GvHD)
prevention and treatment, as well as infection prevention
protocols, were consistent with previous reports (21, 22).
Specifically, calcineurin inhibitors with short-term methotrexate
and mycophenolate mofetil served as the backbone for the GvHD
prophylaxis. Peripheral blood stem cells, mobilized by granulocyte
colony-stimulating factor from the donor, constituted the source of
hematopoietic stem cell transplants.

All included patients were deemed high-risk for CMV
reactivation due to CMV seropositive in both donor and
recipients. CMV reactivation was monitored weekly with plasma
CMV DNA testing for the initial 3 months post-transplant, bi-
weekly during months 4-6, and monthly during months 7-12. In
case of DNAemia occurrence, monitoring frequency was adjusted
to weekly or bi-weekly. Data were recorded with a maximum
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follow-up duration of one year. Serum CMV-DNA testing utilized
the CMV-DNA quantitative real-time PCR assay (Daan Gene Co.,
Ltd., Shenzhen), with a cutoff value of 500 IU/mL. Pre-emptive
therapy commenced when two consecutive test results exceeded 500
IU/mL or when a single test result surpassed 1000 IU/mL. During
the follow-up period, viremia occurrence was defined as CMV
reactivation. In total, 28 reactivation cases were included, with a
median time from allo-HSCT to CMV reactivation of 41 days
(range from 19 to 81 days). Among these 28 patients, six were
diagnosed with refractory CMV viremia, in line with previously
described diagnostic criteria (23). Thirty-six control cases were
selected based on matching criteria including the patient’s
primary disease, age, donor-recipient type, pre-transplantation
approach. Blood samples were obtained from control patients at
time points comparable to the CMV reactivation time points of
positive patients. Throughout the study period, all control patients
were tested negative for various viruses (CMV, EBV, BKV, JCV,
HHVG6A/B, VZV), as outlined in Table 1.

Flow cytometry for peripheral Blood v
T cells and surface markers

Peripheral blood mononuclear cells (PBMCs) were isolated
using density gradient separation with Ficoll (Sigma-Aldrich).
Subsequently, 0.5~2.0 x 10° cells were used for analysis. Initially,
cells were stained with Fixable Viability Stain-BV510 (FV510, BD
Bioscience) at room temperature in the dark for 15 minutes.
Following PBS washing, cells were incubated at room temperature
in the dark for 20 minutes with appropriate monoclonal antibodies,
including APC-anti-CD3 (BD Bioscience), PE-anti-pan TCR /8
(BD Bioscience), FITC-anti-TCR V32 (BioLegend), PE/Cy7-anti-
CD45RA (BD Bioscience), and PerCP/Cy5.5-anti-CD27 (BD
Bioscience). After another washing step, the cells were analyzed
using the BD Canto II flow cytometer with Diva software for data
collection. FlowJo v10.6.2 software facilitated the analysis of Y3 T
cell proportions, subset distribution, and surface antigen expression.
Data exhibiting ¥8 T cell proportions of 0% or cell counts < 50 in the
vd T cell gate were excluded from the analysis.

TCR V$ 1, 2-chains CDR3 size
spectratyping analysis

A previous study indicated that V81 and V33 subsets were the
primary components of V82"¢ 3 T cells, with V81 cells selectively
expanded by CMV challenge (9, 24). Peripheral
CD4"*¢CD8"*¢CD3" cells were purified using the EasySepTM
human T cell isolation kit (Stem cell Technologies) according to
the manufacturer’s instructions. Total RNA was extracted from
isolated T cell pellets using the RNeasy kit (QIAGEN) and reverse
transcribed into complementary DNA (cDNA) following the
manufacturer’s protocol (Promega). Each ¢cDNA was
subsequently amplified using primers for TCR V§-1 chain
variable (GCCTTAACCATTTCAGCC), V&-2 chain variable
(TACCGAGAAAAGGACATCTATGGC), and constant segments
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TABLE 1 Clinical characteristics of recipients with and without
CMV reactivation.

. CMV CMV
clinie) reactivation unreactivation
characteristics value
(n=28) (n=36)
Medi
ecian age 47 (15-61) 46 (16-69) 0.94
(range, years)
Sex, Male/Female 16/12 19/17 0.80
Median follow-up time
284(154-365) 258(136-365) 0.46
(range, days)
Primary diseases,
.87
cases (%) 08
Acute
18 (64.3 21 (58.3
myeloid leukemia (643) (58:3)
Acute
6 (214 11 (30.6,
lymphoblastic leukemia @9 (306)
Myelodysplasti
yeocyspastic 3(107) 3(83)
syndrome
Others 1(3.6) 1(2.8)
HCT-CI scores,
0.70
cases (%)
0 (Low risk) 23(82.1) 29(80.6)
1-2(Median risk) 4(14.3) 4(11.1)
> 3(High risk) 1(3.6) 3(8.3)
Pre-treatment methods,
0.19
cases (%)
loablati
myeloabiative 25(89.3) 35(97.2)
conditioning
Redoced- 3(10.7) 128)
intensity conditioning
HLA ibility,
compatibility, 0.89
cases (%)
Haploidentical 22(78.6) 28(77.8)
Matched sibling 2(7.1) 3(8.3)
Matched unrelated 4(14.2) 7(19.4)
Blood type differences, 0.26
cases (%) ’
Matched 14(50.0) 20 (55.6)
Major mismatched 9(32.1) 6(16.7)
Minor mismatched 3(10.7) 9(25.0)
Major and
2(7.1 1(2.
minor mismatched . 28)
MNC counts in graft,
X 3 13.1(5.9-22.3) 12.7(4.3-24.1) 0.78
median (range, x10°/kg)
CD34" cell counts in
graft, median (range, 8.4(5.1-15.4) 8.9(2.9-13.9) 0.45
x10%/kg)
Median time from HSCT
to neutrophil 14(10-24) 13(11-20) 0.66
engraftment (range)
(Continued)
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TABLE 1 Continued

CMV CMV
reactivation unreactivation
(n=28) (n=36)

Clinical
value

characteristics

Median time from HSCT

to platelet 12(10-27) 13(11-25) 0.20
engraftment (range)
Acute GvHD, cases(%)
II-IV Grade 15(53.5) 9(25.0) 0.02
Chronic GvHD, cases(%)
Moderate to severe 8(28.5) 7(19.4) 0.39
I;S:: (roza)mvaﬁon’ 22(78.5) 18(50.0) 0.02
EBV 20(71.4) 8(22.2) <0.01
HSV1 6(21.4) 7(19.4) 0.85
HHV6B 7(25.0) 4(11.1) 0.14
\wAY 3(10.7) 1(2.8) 0.19
Other virus reactivation, cases (%)
BKV 8(28.5) 9(25.0) 0.71
Jcv 5(17.8) 8(22.2) 0.18

HCT-CI, hematopoietic cell transplantation- specific comorbidity; HLA, human leucocyte
antigen; MNC, mononuclear cells; HSCT, hematopoietic stem cell transplantation; GvHD,
graft versus host disease; NCH, non-CMV herpesvirus; EBV, Epstein-Barr virus; HSV1,
Herpes simplex virus-1; HHV6B, human herpesvirus 6B; VZV, varicella-zoster virus, BKV,
BK virus; JCV, John Cunningham virus.

Bold text indicates that these items are statistically different.

(GTCGTGTTGAACTGAACATGTCACTG). Aliquots of 2 pL of
the PCR products were further amplified with the same forward
primer for each V§ chain, along with C3-FAM-labeled constant
primer (5-ACGGATGGTTTGGTATGAGGCTGA-3’), for 10
cycles under the same PCR conditions. Separation of the labeled
products was performed using an ABI 3500 DNA Sequencer
(Applied Biosystems). The fluorescence intensity for each sample
was then analyzed using GeneScan Version 3.0 software
(Applied Biosystems).

Generation of polyclonal y0 T-cell lines

Fresh PBMCs were isolated from CMV reactivation recipients
at +180d post-HSCT. Following the isolation of 8 T cells from
PBMC using the TCRy/8" T cell isolation kit (Miltenyi Biotec),
V8278 v8 T cells were sorted out from yd T cell population using
anti-Vd2 (BD Biosciences PharMingen) monoclonal antibodies.
Sorted cells were then expanded using a modified protocol as
previously described (25). Polyclonal ¥ T-cell cultures were
initiated with 1 pg/mL PHA-L (Sigma-Aldrich), 200 IU/mL of
human recombinant IL-2 (R&D Systems), and irradiated allogeneic
PBMC:s (35 Gy). After 2 to 3 weeks of culture, polyclonal lines were
immunophenotyped, and purity (routinely > 95%) was determined
through multicolor fluorescent staining.
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CMYV infection of MRC5 cells

Human embryonic lung fibroblast MRC5 cells were sourced
from the Institute of Cell Biology, Chinese Academy of Sciences.
These cells were cultured at 37°C in a 5% CO2 incubator using
MEM medium (Gibco) supplemented with 2mM L-glutamine
(Sigma-Aldrich) and 10% FCS (Gibco). Fibroblasts utilized were
within 32 and 40 passage range and were maintained at 37°C in a
humid atmosphere containing 5% CO,. The clinical CMV strain
TB40/E was obtained from Institute of Virology, Chinese Academy
of Sciences. CMV suspensions were generated as previously
described (25). Briefly, MRC-5 cells were infected with CMV at a
multiplicity of infection (MOI) of 0.1 and incubated for 10 days at
37°C in serum-depleted culture medium. The resulting supernatant
was harvested and initially centrifuged for 15 minutes at 1,200 g to
eliminate cell debris. Subsequently, the virus was concentrated by
centrifugation at 6,900 g for 18 hours. The resulting pellet was
resuspended in PBS (1:100) without Ca®" or Mg*" and sonicated in
an ultrasonic bath for 2 minutes. The protein concentration of the
virus preparation was adjusted to 1 mg/mL, and the material was
stored at -70°C. For lysis experiments, MRC5 fibroblasts were
incubated with the CMV suspension at a MOI of 1 for 2 h,
washed, and then cultured for indicated time at 37°C.
Microscopic examination was conducted to confirm infection and
assess cytopathic effects. Infected cell layers were washed before
being used for coculture experiments.

Detection of cytokines production

To assess the function of cultured polyclonal T-cells, cultured
polyclonal ¥8 T cells were co-cultured with monolayers of CMV-
infected or noninfected MRCS5 at a ratio of 5:1 for 6 hours at 37°C.
For the blocking assay, polyclonal Y3 T cells were preincubated for 1
hour with 20ug/mL of anti-NKG2D (R&D), anti-TCRY/
(Beckman), or control mouse IgG. IFN-y released into the
supernatant was quantified by ELISA according to the
manufacturer’s recommendations (Bender Medsystems).

To evaluate the responses of freshly isolated Y0 T cells to CMV-
infected MRCS5 cells, peripheral 0 T cells were isolated from PBMC
of three recipients without CMV reactivation. Isolated Y0 T cells
were then co-cultured with monolayers of CMV-infected or
noninfected MRC5 at a ratio of 5:1 for 6-8 days at 37°C. During
the final 6 hours of co-culture, Brefeldin A (BioLegend) working
solution was added at a ratio of 1:1000. After culturing, cells were
collected for detection of intracellular IFN-y in ¥ T cells. Surface
markers, including CD3, pan TCR /3, and TCR V&2, were labeled
as described above. Cells were fixed with 1 mL of Cytofix buffer
(BioLegend) for 20 minutes, followed by centrifugation to remove
the supernatant. Subsequently, cells were washed twice with 2 mL of
Cytoperm buffer (BioLegend) and incubated at room temperature,
protected from light, with anti-IFN-y (BioLegend) for 20 minutes.
After washing with Cytoperm buffer, cells were collected using a
flow cytometer (BD Cantoll) for analysis.
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Cytotoxicity assays

To assess the cytotoxic effect of freshly isolated V&2neg T cells
on CMV-infected cells, V62"® T cells were obtained from three
CMV reactivation recipients at day +180 post-transplant. Effector
V82" T cells were co-incubated at effector/target ratios (E:Ts) of
10:1 with CMV-infected MRC5 cells or non-infected MCR5 cells as
controls. Cytotoxicity was measured after 4-hour culture at 37°C.
For the blocking assay, cultured polyclonal yd T cells were evaluated
for cytotoxicity via flow cytometry after co-culture with monolayer
CMV-infected MRCS5 cells in the absence or presence of 20 pg/mL
of anti-NKG2D, anti-TCRY/S or control mouse IgG. Following PBS
washing, FV510 was added for cell staining for 15 minutes in PBS.
Cells were then stained with PE-anti-pan TCR /3 in the dark for an
additional 20 minutes. At least 10 000 target cells were acquired
after gating out the TCR /3 positive cells, and the proportion of
FV510-positive cells to TCR Y/ negative cells were calculated.
Background target cell death was determined from cells incubated
in the absence of effector cells.

Statistical analysis

Data processing and statistical graph generation were carried
out using IBM SPSS 26.0 and Graphpad Prism 9.5 software. Flow
cytometry data were expressed as percentages. Normally distributed
quantitative data were described using means (standard deviations)
and analyzed for intergroup differences using one-way analysis of
variance or independent-sample t-tests under conditions of
homogeneity of variance. Non-normally distributed quantitative
data were analyzed using the Mann-Whitney U test for intergroup
differences. Categorical variable data were described using case
counts and compared between groups using the chi-square test,
with pairwise comparisons performed using Least Significant
Difference (LSD) test. A significance level of P < 0.05 was
considered statistically significant.

Results
Subjects’ characteristics

The characteristics of the enrolled patients were summarized in
Table 1. The median age of the 64 transplant patients was 46 years
(range: 15-69 years). Patients were categorized into two groups based
on whether CMV reactivation occurred during the follow-up period:
the CMV reactivation group (n = 28) and the CMV-negative group (n
= 36). No significant differences were observed between the two groups
regarding age, gender, hematopoietic cell transplantation-specific
comorbidity index (HCT-CI), underlying hematologic diseases,
transplant methods, donor sources, or the incidence of chronic
GvHD (Table 1). However, disparities were noted in the rates of
acute GvHD and non-CMV herpesvirus (NCH) reactivation, with the
CMYV reactivation group experiencing more cases of grade II to IV
acute GVHD and NCH reactivation. Specifically, the percentages of
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EBV reactivation (EBV DNA > 1x10* IU/mL) were 71.4% and 22.2%
in the CMV reactivation group and CMV-negative group, respectively
(P <0.001, Table 1). The reactivation rates of HSV1, HHV6B, and VZV
exhibited no significant differences between the two groups (Table 1).

Specific expansion of ¥ T cells in HSCT
patients with CMV reactivation

To investigate alterations in Y0 T cells among HSCT patients in
response to CMV reactivation, we initially compared the levels and
subset compositions of circulating 8 T cells between CMV -negative
patients and those with initial viremia during CMV reactivation. Flow
cytometry analysis of Y0 T cells and their subsets is depicted in
Figure 1A. Results revealed that the proportion of ¥d T cells to total
CD3" T cells in the CMV reactivation group was significantly higher
compared to that in the CMV-negative group (8.473% =+ 6.240% vs.
3.060% + 2.118%, P < 0.01). Further analysis of the 3 T cell subset
composition unveiled that in the CMV-negative group, the majority
of Y0 T cells expressed V&2, with V&2"® v T cells constituting
approximately 39.96% + 25.75% of total Y0 T cells. Conversely, in the
CMV reactivation group, there was an inversion in the V2P to
V82" ratio, with a significantly higher proportion of V82" v T
cells, accounting for 88.68% + 17.14% of total y0 T cells. The
difference in the proportion of V82" y§ T cells to total ¥ T cells
between the two groups was statistically significant (P < 0.001,
Figure 1B), suggesting an association between CMV reactivation
and the expansion of Y3 T cells, particularly the V32" subset.

Analysis of HSCT patients with CMV"*/EBV" (n = 12),
CMV"%€/BKV" (n = 23), and CMV"*¢/HHV6A/B" (n = 8)
revealed that, in contrast to the negative control group, these
patients showed no significant increase in peripheral blood Y8 T
cell levels and no notable changes in the proportion of V82" to
V62"°8 (Figure 1B). Another group of patients with reactivation of
both CMV and EBV (CMV*/EBV™, n = 9) was evaluated, and their
levels and constitution of Y3 T cell were comparable to those of
patients with only CMV reactivation (Figure 1C).

CMV reactivation promotes and maintains
expansion of V82™9 v3 T cells

To further clarify the association between CMV reactivation
and Y0 T cells expansion, we compared the levels and subset
compositions of Y0 T cells before and during DNAemia in HSCT
patients (n = 19). The median interval between sampling before
DNAemia and DNAemia confirmation was 5 days (range 3~14
days). Figure 2A illustrates changes in y0 T cells in three CMV
reactivation patients, representative of the nineteen patients, before
and at the onset of DNAemia. The proportion of 3 T cells to total
CD3" T cells in these patients’ blood increased significantly from
2.10% + 1.59% before DNAemia to 4.91% + 3.24% at the time of
CMV DNAemia (P < 0.01, Figure 2B). Moreover, V52" v T cells
expanded significantly, escalating from 27.3% + 13.6% to 63.0% *
21.8% of total Y3 T cells (P < 0.01, Figure 2B).
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FIGURE 1

Proportions and subgroup distribution of y3 T cells in CMV reactivation group (CMV*) and negative group (CMV"). (A) Gating strategy: Initially,
displacement scattering not produced by laminar flow was excluded based on side scatter (SSC) and Time. Subsequently, lymphocytes were gated
based on forward scatter (FSC) and SSC, with a minimum of 5000 lymphocytes counted for percentage determination. Dead cells were excluded
based on Fixable Vialbility-BV510 (FV510), and the CD3" T cell population was gated. Within the T cell populations, y3 T cell populations were
identified using CD3 and TCRy3 staining. Within the ¥§ T cell population, V82" y8 T cells and V32"9 y3 T cells were gated based on TCRySd and V&2
staining. (B) Comparison of y3 T cell levels in total T cells and V§2"%9 8 T cell levels among control (n = 28), CMV* (n = 36), CMV/EBV* (n = 12),
CMV/BKV* (n = 23), and CMV/HHV6A/B* (n = 8) groups. Difference among groups were determined by one-way ANOVA, and Tukey's test was
used for pairwise comparison. (C) Comparison of 3 T cell levels in total T cells and V82"°9 v8 T cell levels between CMV*/EBV™ (n = 36), CMV*/EBV*
(n = 9) groups. Mann Whitney test was used to compare these two groups, with P < 0.05 considered statistically significant.
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FIGURE 2

Proportions and distribution of ¥3 T cell subgroups before and during CMV DNAemia in the same patients. (A) Representative flow cytometry results
depicting the proportions and distribution of ¥ T cell subgroups before and during CMV DNAemia in the same patient. The numbers in the figure
indicate the percentages of cells within the gated populations. (B) Dynamic changes in the proportions and subgroup distribution of 3 T cells before
and after CMV reactivation among 19 patients. Statistical analyses were performed using Mann Whitney test, with a significance level set at 0.05.
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We conducted continuous monitoring from viremia onset to
DNAemia clearance in a subset of patients with refractory CMV
infection (n = 6). These patients were sampled 4-6 times during the
observation period, with a median interval of 6 days between each
of the two adjacent analyses (range 3-10 days). The median
duration from the last positive sampling and the negative
sampling was 7 days (range: 4-12 days). The levels of plasma
CMV DNA load compared to yd T cells and V82" y8 T cells at
different sampling time points in a representative patient are shown
in Figure 3A. Figure 3B demonstrates that Y3 T cell levels,
particularly V827® v§ T cells, swiftly increased with CMV
DNAemia duration of in these refractory patients. However, even
after DNAemia clearance, Y0 T cells persisted at a high level, with
V8278 cells still predominating. Figure 3C shows the corresponding
plasma CMV DNA loads at different yd T cell analysis time points.

CMV reactivation reshapes yo
T cells differentiation

To elucidate whether alterations in Y3 T cells following CMV
reactivation coincide with changes in their differentiation status, we
categorized total ¥0 T cells into distinct subsets based on the
expression of CD27 and CD45RA markers (26). These subsets
included the Naive (CD45RA*CD27"), Central Memory (CM,
CD45RA"¢CD27"), Effector Memory (EM, CD45RA"CD27"8),
and Effector Memory CD45RA" cells (EMRA, CD45RA*CD27"®)
as depicted in Figure 4A.

10.3389/fimmu.2024.1397483

Our findings revealed that in the peripheral blood Y3 T cell
population of CMV reactivation patients, the proportion of
Naive cells to total Y3 T cells was significantly lower compared
to the CMV-negative group, while the proportion of EMRA cells
significantly increased. However, there were no statistically
significant differences in the proportions of CM and EM cells
between the two groups (Figure 4B). Further examination of
CD27 and CD45RA expression patterns in different 0 T cell
subsets, specifically in V32" vd T cells and V82" vd T cells,
revealed distinct trends. In the CMV-negative group, Naive cells
predominated in the V32" y§ T cell subset. However, in the
CMV reactivation group, this subset exhibited a clear shift
toward EM and EMRA phenotype (Figure 4C). Conversely,
V2P v& T cells in the CMV-negative group primarily
exhibited CM and Naive phenotypes. In the CMV reactivation
group, while a notable increase in EM and EMRA cells was
observed in 5 patients, the proportion of EM and EMRA cells did
not reach significant difference between the CMV-negative and
CMV-reactivation groups (Figure 4D). These findings suggest a
pivotal role of V82"°® y§ T cells in the immune response against
CMYV infection.

Expansion of V32" 3 T cells is
clonally restricted

To assess the impact of CMV reactivation on the clonal
expansion of proliferated V2" ¥ T cells in patients, we
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FIGURE 3

Proportions and subgroup distribution of ¥3 T cells during CMV reactivation and after clearance of DNAemia. (A) Representative flow cytometry
results depicting the proportions and subgroup distribution of y8 T cells during CMV reactivation and after clearance of DNAemia. The numbers in
the figure represent the percentages of cells within the gated populations. (B) Dynamic changes in the proportions and subgroup distribution of ¥o
T cells before (Before), during CMV reactivation (CMV*), and after clearance of DNAemia (CMV") in 6 patients. (C) Dynamic changes of CMV load in

serum during the analysis of peripheral v T cells.
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FIGURE 4

Differentiation of yd T cells and subgroups in CMV reactivation and negative patients. (A) Representative flow cytometry plots illustrating the
differentiation of 8 T cells and subgroups in CMV reactivation and negative patients. Cells were categorized into four subgroups based on the
differential expression of CD27 and CD45RA: Naive T cells (T naive, CD45RAYCD27%), Central Memory T cells (Tcy, CD45RACD27%), Effector Memory
T cells (Tgm, CD45RA™CD277), and Effector Memory CD45RA* T cells (Tgmra, CD45RATCD277). (B) Differentiation status of y8 T cells in CMV
reactivation patients (CMV*) and negative patients (CMV"). (C) Differentiation status of V82* y3 T cells in CMV reactivation patients (CMV™") and
negative patients (CMV"). (D) Differentiation status of V§2"°? v T cells in CMV reactivation patients (CMV*) and negative patients (CMV").

Paired t-tests were performed, with P < 0.05 considered statistically significant

conducted complementary-determining region (CDR3)
spectratyping analysis of the TCR-81 and TCR-82 chain
repertoire, as previously reported (10). The complexity of the
TCR-§ chain repertoire was evaluated by counting the total
number of peaks in each histogram. As a control, analyses were
initially performed on seropositive (n=10) and seronegative (n=2)
healthy donors. Representative profiles of monoclonal (1 peak),
oligoclonal (2-6 peaks), and polyclonal (7 or more peaks)
distributions are depicted in Figure 5A. Seronegative healthy
donors exhibited diverse CDR3 profiles for V&1, displaying
numerous peaks indicative of various CDR3 length
rearrangements. Conversely, seropositive healthy donors showed
a range of polyclonal (three cases), oligoclonal, (five cases) and
monoclonal (two cases) expansions in V91 cells. Notably, V32 cells
displayed comparable polyclonal TCR repertoires in both
seropositive and seronegative donors.

In recipients, the reconstituted TCR repertoires of V&1 T cells
from CMV-reactivated patients (CMV™, n = 13) during the CMV
activation phase showed similar clonal restriction to those from
non-activated patients (CMV’, n = 18) at matched post-transplant
time points. Furthermore, both CMV™ and CMV recipients
exhibited greater clonal restriction in their V31 TCR repertoire
compared to healthy donors. Over time, the diversity of TCR
repertoires in V81" T cells increased in CMV" patients, but not in
CMV™ patients. Two months after DNAemia conversion, the CDR3
diversity of V81 T cells was significantly lower in CMV™ recipients
than in CMV- recipients at the same time after transplantation
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(Figure 5B). Regarding recipient V82P*° T cells, the diversity of their
CDR3 profiles progressively increased over time after
transplantation, regardless of CMV reactivation. There was no
significant difference in the diversity of V82" T cell TCR profiles
between CMV-positive and CMV-negative patients at matched
time points (Figure 5C). These results suggest that peripheral
expansion of V32" yd T cells is clonally restricted during CMV
reactivation in patients undergoing allo-HSCT.

Yo T cells response to CMV-infected MRC5
cells in vitro

To explore the response of Y0 T cells to CMV-infected cells in
vitro, freshly isolated ¥d T cells from three HSCT recipients without
CMV reactivation were co-cultured with CMV-infected or non-
infected MRC5 for several days. The results unveiled that CMV-
infected cells significantly spurred the expansion of V2" v T
cells and their secretion of IFN-y in comparison to uninfected cells.
Moreover, CMV-infected MRC5 cells notably amplified IFN-y
secretion by V32" cells, while little such effect was observed
within V82P% cells (Figure 6A).

Furthermore, cytotoxicity assays revealed that V32" cells from
both seropositive donors and CMV reactivation recipients
displayed specific cytotoxicity against CMV-infected fibroblasts,
but not against uninfected ones (Figure 6B). In contrast, V82" yd
T cells did not exhibit cytotoxicity against CMV-infected cells

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1397483
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Huang et al. 10.3389/fimmu.2024.1397483
A polyclonal oligoclonal monoclonal
I ; .
UJJ A ¥ A u N AN
B C
P=10.050 P =0.009
15- - p=
@ P=0.044 P 0.044 w 159 P=0.020
x N 2 A P=0.013
o " P=0.047 © A
[F) [ ]
o 10" A [ ] o 10_ PY'S
s b4 S ‘ 'Y 'vv o.c
- . e Yy e
2 M v e oy _I- YY es VY -;-
54 v o VvV _;_ Q 5{aa VvYY o _w. =3
£ vy = = £ A ¥ % Y
P e exs S |1 /S YN
AA WY @@ W em c "' ?. w :
G T T T T T 0 T T T T T
*x \\x Y \\x Ny x . x K%
& S
~?~°°\\ & & & S Q&,,}“\ oﬁé o‘s\ &
™ T2 ™ T2
FIGURE 5

CDR3 spectratyping analysis of the TCR-§ chains in patients after transplantation. (A) Representative polyclonal (left), oligoclonal (middle), and
monoclonal (right) CDR3 spectratypes of the TCR-8 chain are depicted, expressed as relative fluorescent intensity versus CDR3 length size. Profiles
of the CDR3 distribution of V81 (B) and V32 (C) were generated from PBMCs of healthy seropositive donors (Healthy*, n = 10), CMV reactivation
recipients (CMV*, n = 13) and recipients without CMV reactivation (CMV", n = 18) after allo-HSCT. CMV™ recipient samples were collected at the
time point of CMV reactivation (T1) and two months later post-DNAemia clearance (T2). CMV™ recipient samples were collected at comparable time
points as those of CMV™ recipients. Samples were analyzed using the nonparametric Mann-Whitney test between indicated groups, and P <0.05

considered statistically significant. P values more than 0.05 were not shown

(Supplementary Figure 1). These results unequivocally underscore
the anti-CMV capabilities of V52" T cells, distinguishing them
from V&2pos T cells.

Recognition by V52" v8 T cells of CMV-
infected cells is independent of NKG2D
and NKG2C ligands

To clarify the involvement of NKG2D and NKG2C in V82"°¢ v
T cells’ response to CMV-infected MRC5 cells, V52" v T cells
from 5 CMV reactivation recipients were evaluated the expression
of NKG2D and NKG2C. In accordance with previous reports (9,
25), NKG2D demonstrated consistent surface expression on the
surface of all five cases (Supplementary Figure 2). In contrast,
NKG2C is barely expressed in V52"® cells. These findings suggest
that NKG2C might not play a significant role in the recognition of
CMV-infected cells by ¥ T cells. Further investigation into the role
of NKG2D in cell lysis involved co-culturing V82" v3 T-cell lines
with CMV-infected fibroblasts in the presence or absence of
blocking anti-TCRY/8 and anti-NKG2D antibodies. Surprisingly,
blocking TCRY/6 and NKG2D, either separately or in combination,
led to a decrease in IFN-y production by T cells (Figure 7A).

Frontiers in Immunology

However, the specific lysis of CMV-infected targets by cultured ¥
T cells remained unaffected by blocking antibodies (Figure 7B).

Discussion

In addition to of T cells and NK cells, the distinctive immune
properties of y& T cells position them as another crucial
subpopulation in immunocompromised settings for combatting
CMV infection. Firstly, y0 T cells directly recognize viruses or
virus-induced antigens in an MHC-independent manner (27),
offering a unique advantage against viruses like CMV that inhibit
MHC antigen expression (28). Secondly, common
immunosuppressive drugs such as cyclosporine A are often
administered to transplant patients, and yd T cells have been
shown to counteract the effects of such drugs in vivo (29).
Thirdly, ¥8 T cells predominantly reside in mucosal epithelial
tissues, precisely where CMV replication occurs (30). These
factors underscore the growing significance of ¥§ T cells in the
context of combating CMV infection.

In China, the high prevalence of CMV infection means that the
majority of Chinese transplant recipients are D*/R" patients at high
risk of CMV recurrence. However, little is known about the pattern
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IFN-y production and cytotoxicity of V829 y3 T cells against CMV-infected MRCS5 cells. (A) IFN-y levels producted by different y8 T cell subgroups
after co-culture with CMV-uninfected (CMV") or infected (CMV*) MRC5 cells. The ratio of ¥3 T cells to MRC5 cells is 5:1, and cells cocultured for 6
days. (B) Cytotoxicity of V82" y8 T cells against CMV-infected cells in vitro. Monolayers of uninfected or CMV-infected MRC5 fibroblasts were
cocultured for 5 hours at 37°C with sorted V82" v T cells from three CMV-seropositive healthy donors and three CMV-reactivation transplantation
recipients at the E:T ratio of 10:1. Fixable Viability staining positive cells indicate the lysed MRC5 cells. The numbers in the figure represent the

percentages of cells within the gated populations.

of Y8 T cell changes and their response to CMV recurrence in such
recipients. In this study, we observed significant expansion of y0 T
cells in the peripheral blood of D*/R" recipients after CMV
reactivation. Additionally, the dominance of Y3 T cell subtypes
shifted from V82P® to V82"°® subgroups. Notably, recipients
without CMV reactivation did not exhibit significant expansion
or subtype conversion of Y5 T cells, suggesting a specific response of
¥d T cells to CMV reactivation. This finding aligns with previous
observations in renal transplant patients (31) and in vitro ¥ T cell
cytotoxicity experiments (25). The preferential expansion of V52"
cells may be attributed to their antigen recognition properties.
Unlike V382" cells, which primarily recognize non-peptidic
phosphorylated antigens (32), V32"°® cells predominantly
recognize stress-induced antigens expressed by epithelial cells,
lymphoma cells, and other inducible sources, with CMV infection
being a significant stress inducer for epithelial cells (33). Serial
monitoring of patients with refractory CMV infection showed that
expansion of V82" y3 T cells occurred early at the onset of viremia,
peaked rapidly, and remained at high levels in peripheral blood after
viremia turned negative, indicating a potential memory expansion

Frontiers in Immunology 10

of V82" 3 T cells following antigenic stimulation (9, 34, 35). Such
memory expansion has been implicated in the successful control of
latent CMV infection in the elderly (36).

We further analyzed the differentiation status of Y0 T cells in
HSCT patients. The results indicated that CMV reactivation led to a
shift in Y3 T cells from Naive to EMRA subsets, as evidenced by the
loss of the CD27 antigen. In patients without CMV reactivation, the
V82"8 subgroup was mainly composed of Naive cells, whereas in
CMV reactivation recipients, there was a significant expansion of
the EMRA subgroup. Tgyra cells have previously been shown to
possess cytotoxic activity against latent virus infections and exhibit
highly migratory capabilities with potent effector functions (13).
Therefore, the change in the differentiation state of y§ T cells,
particularly the V§2"°® sub-population, upon CMV reactivation
likely reflects their attempt to generate a positive immune response
to the virus and clear the infection.

It has been reported that V82" cells exhibit a TCR repertoire
characterized by stable diversity over the course of an individual’s
life, whereas that of V32" cells tends to decrease during adulthood,
which is associated with CMV infection (24). To analyze the impact
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NKG2D-independent recognition of CMV-infected cells by V82™9 8 T cells. (A) Detection of IFN-vy secretion in the culture supernatants after 6-hour
stimulation of V82™9 8 T cell lines raised from CMV-reactivation recipients (n = 5) with CMV-infected fibroblasts at an E:T ratio of 10:1 in the
presence of mouse IgG (mlgG), anti-NKG2D, anti-TCR-y/3, and anti-TCR-y/d + anti-NKG2D. Supernatant from CMV-infected MRC5 cells was
included as control. (B) Coculture of CMV-infected MRC5 fibroblasts with V829 8 T polyclonal cell lines in the presence of mouse 1gG (mlgG),
anti-NKG2D, anti-TCR-v/$, and anti-TCR-v/3 + anti-NKG2D. After 6 hours of culture, the percentage of lysed cells among total MRC5 cells was
quantified. One-way ANOVA and Tukey's test were used for statistical analysis, with P < 0.05 considered statistically significant.

of CMV reactivation on the repertoire of the Y0 T cells, we
employed TCR-§ chain CDR3 spectratyping for the TCR- chains
V&1 and V&2 subsets in patients after transplantation and in healthy
donors. The results showed that the V31 cells were susceptible to
CMYV infection in both seropositive healthy donors and transplant
recipients. Patients without DN Aemia after transplantation showed
a gradual increase in the TCR diversity of their V81 cells over time,
but the recovery of TCR profiles of V81 cells in patients with
recurrence of CMV was markedly impeded. This result is similar to
what has recently been found in patients with common variable
immunodeficiency infected with CMV (37). Unlike V31 cells, the
TCR profiles of V82 cells tended to increase progressively in
transplant recipients regardless of CMV reactivation. These
results suggest that the y0 T cells that undergo reactive clonal
expansion upon CMYV infection or reactivation primarily belong to
the V32"°® subset. It is essential to acknowledge that V32" vd T
cells are not the sole cells capable of responding to CMV infection.
CMV reactivation also leads to a significant expansion of Some
V82" v T cell clones (31, 38), such as the Vy9"*8V82" T cells
observed in kidney transplant patients in response to CMV
reactivation, with this expansion correlating with the severity of
CMV infection (31). Consequently, future studies employing single-
cell sequencing and other analytical techniques (38) may elucidate
the oligoclonal characteristics of Y0 T cells that respond to CMV
and facilitate the identification of potential CMV-
associated antigens.

To address whether expanded V32"® y§ T cells were CMV-
reactive, we first identified V2" cells as the main IFN-y-producing
effector cells by co-culturing T cells derived from CMV-unreactivated
transplant recipients with CMV-infected MRC5 fibroblasts.
Subsequent cell lysis experiments further confirmed that V32"
cells, either from healthy donors or CMV-reactivated recipients,
effective lysed virus-infected fibroblasts, whereas V82" cells did not.
These results further emphasize the critical role of V82" cells in
countering CMV reactivation in HSCT recipients.
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Previous studies have described that V&1 yd T cells recognized
stress-induced antigens, such as MHC class I-related chain A
(MICA and MICB), expressed on epithelial tumor cells through
the ligand, natural killer group member 2-D (NKG2D) (39).
However, whether NKG2D is involved in V&2"¢ y§ T cells
recognizing CMV-infected cells remains contentious (10, 11, 25).
NKG2C has also been demonstrated to respond to acute CMV
infection in recipients of HSCT (40), and is induced on yd T cells
from infants with primary CMV infection (41). In our study, initial
analysis of NKG2D and NKG2C expression levels excluded the
possibility of NKG2C involvement in the anti-CMV response of Y8
T cells, as NKG2C was rarely expressed on V82" v T cells.
Furthermore, it appears that NKG2D is not necessary for V2"°¢ y5
T-cell-mediated anti-CMV cytotoxicity. This is supported by the
observation that although blocking NKG2D reduced IFN-y
production by cultured ¥ T cells, it did not affect the lysis of
CMV-infected cells. These findings suggest that while both NKG2D
and NKG2C have demonstrated responsiveness to CMV infection
and recognition of stress-induced antigens (25, 39-41), the lysis of
CMV-infected cells by V52" y8 T cells may rely more on other co-
receptors. Further studies are needed to address this issue.

In conclusion, this study delineates the role of Y5 T cells in the
immune response against CMV reactivation in allo-HSCT transplant
recipients, particularly high-risk D*/R" patients. The implications of
this study are profound. Firstly, the results showcase the antiviral
capacity of V82" y3 T cells directed toward CMV-infected cells,
potentially opening avenues for novel immunotherapy in allogeneic
transplantation recipients. Additionally, this study underscores the
importance of preserving yd T cells in the grafts to maintain resistance
to CMYV infection. Finally, quantification of V62" y3 T cells in blood
proves beneficial for detecting anti-CMV immune responses in
transplant recipients. Current diagnostic methodologies for detecting
CMV-specific T cells typically involve restimulating CD4" and/or
CD8" effector cells with overlapping peptide pools, pre-selected CMV
immunodominant peptide cocktails, or CMV-infected cell lysates.
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Subsequently, induced cytokine production (e.g. IFN-y) or cell
proliferation, is measured using techniques such as flow cytometry,
enzyme-linked immunosorbent assay (ELISA) or enzyme-linked
immunospot assay (ELISpot) (42, 43). These methods are often
labor-intensive and time-consuming, with limited standardization. A
novel approach has recently emerged, involving direct staining with
CMV polypeptide polymers and enumerate CMV-specific CD8" T
cells by flow cytometry (44). However, this method lacks functional
readouts and is restricted to certain HLA types, limiting its utility in

neg

routine diagnosis. In contrast, peripheral blood V82" y3 T-cell assays
offer a one-step direct staining approach in whole blood using anti-
CD3, anti-pan 0, and anti-V32 antibodies, potentially offering a more
cost-effective and convenient method if its reliability can match that of

the CMV-specific off T cell assay.
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