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Abstract

After allogeneic hematopoietic stem cell transplantation (HSCT), the emergence of circulating cytomegalovirus (CMV)-
specific T cells correlates with protection from CMV reactivation, an important risk factor for non-relapse mortality. How-
ever, functional assays measuring CMV-specific cells are time-consuming and often inaccurate at early time-points. We
report the results of a prospective single-center, non-interventional study that identified the enumeration of Dextramer-
positive CMV-specific lymphocytes as a reliable and early predictor of viral reactivation. We longitudinally monitored 75
consecutive patients for 1 year after allogeneic HSCT (n=630 samples). The presence of 20.5 CMV-specific CD8* cells/uL
at day +45 was an independent protective factor from subsequent clinically relevant reactivation in univariate (P<0.01)
and multivariate (P<0.05) analyses. Dextramer quantification correlated with functional assays measuring interferon-y
production, and allowed earlier identification of high-risk patients. In mismatched transplants, the comparative analysis
of lymphocytes restricted by shared, donor- and host-specific HLA revealed the dominant role of thymic-independent
CMV-specific reconstitution. Shared and donor-restricted CMV-specific T cells reconstituted with similar kinetics in re-
cipients of CMV-seropositive donors, while donor-restricted T-cell reconstitution from CMV-seronegative grafts was im-
paired, indicating that in primary immunological responses the emergence of viral-specific T cells is largely sustained by
antigen encounter on host infected cells rather than by cross-priming/presentation by non-infected donor-derived
antigen-presenting cells. Multiparametric flow cytometry and high-dimensional analysis showed that shared-restricted
CMV-specific lymphocytes display a more differentiated phenotype and increased persistence than donor-restricted
counterparts. In this study, monitoring CMV-specific cells by Dextramer assay after allogeneic HSCT shed light on mech-
anisms of immune reconstitution and enabled risk stratification of patients, which could improve the clinical management
of post-transplant CMV reactivations.
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Introduction

The outcome of allogeneic hematopoietic stem cell trans-
plantation (HSCT), a therapeutic option for several hema-
tologic diseases,’ has improved dramatically in recent
years.? However, cytomegalovirus (CMV) reactivation is still
one of the most important complications of allogeneic
HSCT.

CMV serological status of the donor and recipient repre-
sents a well-recognized risk factor for CMV disease after
allogeneic HSCT.? Its impact on survival remains contro-
versial, dampened by the introduction of new detection
methods, highly effective prophylactic (e.g., letermovir)
and/or preemptive strategies, but amplified by the grow-
ing use of new transplant platforms such as post-trans-
plant cyclophosphamide,*® associated with a high
incidence of viral infections, including CMV.57
Post-transplant immune reconstitution profoundly in-
fluences the risk of CMV reactivation and survival.®® Immune
reconstruction occurs through different mechanisms, in-
cluding thymus-independent expansion of naive and
antigen-experienced T cells present in the graft, and differ-
entiation of donor-derived hematopoietic precursors edu-
cated in the host thymus.® The relative contribution of these
mechanisms in protecting patients from CMV still needs to
be fully elucidated. Functional CMV-specific immune recon-
struction, evaluated by either by interferon (IFN)-y enzyme-
linked immunospot (ELISpot),""? flow cytometry™™* or
QuantiFERON-CMV,®*® correlates with a lower rate of CMV
reactivation. Nonetheless, IFN-y ELISpot and cytokine de-
tection by flow cytometry are cumbersome and time-con-
suming techniques. QuantiFERON-CMV on whole blood can
be more easily implemented by routine diagnostic labora-
tories but a large percentage (38%) of results are “indeter-
minate”” Circulating CMV-specific T cells can also be
enumerated directly by using fluorescent-labeled multimers
of MHC-peptide complexes.®?° Gratama et al. rigorously
demonstrated that the recovery of CMV-specific T cells,
evaluated by multimer staining, within 65 days after al-
logeneic HSCT is associated with a reduced incidence of
CMV reactivation.® Recently, more powerful tools have
been developed, consisting of multiple MHC-peptide
complexes and fluorochromes covalently bound to a dex-
tran polymer backbone (i.e., Dextramer reagents). The
higher number of MHC-complexes increases the binding
avidity of these reagents compared to tetramers, allowing
more specific and sensitive monitoring of CMV-specific
CD8* T cells early after allogeneic HSCT.? The availability
of a large repertoire of Dextramer reagents allows the
evaluation of patients with different human leukocyte
antigen (HLA) haplotypes.?2

Recent European Guidelines for CMV management sug-
gest monitoring IFN-y-producing CMV-specific T lympho-
cytes to better identify patients at highest risk of
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developing viral reactivation,® but no consensus has yet
been found on the best setting for this monitoring.>* The
inclusion of CMV-specific T-cell responses in the risk
stratification and clinical decision-making of patients
undergoing allogeneic HSCT needs further validation in
prospective clinical trials.

We report herein the results of a prospective, single-
center, non-interventional study to ascertain the potential
of CMV-specific T-cell reconstitution assessed by Dex-
tramer assay in conferring protection against CMV-related
clinically relevant events (CRE) after allogeneic HSCT with
post-transplant cyclophosphamide. Furthermore, taking
advantage of the possibility afforded by flow cytometry to
quantify and characterize CMV-specific T cells restricted
for different HLA alleles, we describe the differential con-
tribution of CD8*" T lymphocytes restricted for either
shared or donor-specific HLA to the viral-specific immune
reconstitution after HLA-mismatched HSCT.

Methods

Allogeneic hematopoietic stem cell transplantation
procedures

The majority of patients received a treosulfan-based con-
ditioning regimen with post-transplant cyclophosphamide
(50 mg/kg/day), on days +3 and +4, and sirolimus.?*2¢ pa-
tients received antiviral prophylaxis with acyclovir, ac-
cording to institutional guidelines. Until 100 days after
HSCT, CMV was monitored weekly in whole blood by real-
time quantitative polymerase chain reaction assay. CRE
were defined as viral disease or viremia requiring preemp-
tive treatment,?” and CMV end-organ disease was classi-
fied according to reported criteria.?® Anti-viral therapy was
started after the first detection of CMV DNAemia above
the cutoff (10,000 IU/mL). Furthermore, in the case of de-
tectable CMV DNAemia below the cutoff value, even at low
levels (<100 IU/mL), the analysis was repeated every 2-3
days until negativity or positivity above the threshold.

All patients were treated according to institutional pro-
grams upon written informed consent for transplant
procedures, use of medical records and immunological
studies, within the non-interventional “CMVMON study?”,
approved by Ospedale San Raffaele Institutional Ethical
Committee on 09/03/2017.

Dextramer staining on fresh blood

CMV-specific CD8* T cells were quantified using a Dex-
tramer CMV kit (Immudex) according to the manufac-
turer’s instructions. High HLA resolution was required to
identify the correct Dextramer reagent to be used. More
details, including the limit of detection and the analytical
sensitivity of the assay, are provided in the Online Supple-
mentary Materials.
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Flow cytometry analysis on frozen peripheral blood
mononuclear cells

Peripheral blood mononuclear cells were obtained from
whole blood by density gradient centrifugation (Lympho-
prep, Sentinel diagnostics) and frozen. After thawing, cells
were stained with a 20-color panel. High-dimensional
analysis was performed using the application cytoChain.?®

Interferon-y ELISpot

Frequencies of CMV-specific T cells were assessed on
frozen peripheral blood mononuclear cells by IFN-y ELIS-
pot (Lophius). Specific spot-forming cells (sfc) were
counted by the ImmunoCapture 7.0 software (TLC ELISpot
Reader). Results were expressed as CMV-specific sfc/pL.%°

QuantiFERON-CMV

Peripheral blood (3 mL) was collected into QuantiFERON-
CMV (Qiagen) tubes and analyzed according to the manu-
facturer’s instruction. Data and results were analyzed
using REVELATION DSX® software.

Statistical analysis

Statistical analyses were performed by GraphPad Prism 9
and Jmp 13 software. Comparisons between two groups
were carried out by the Mann-Whitney test. For the com-
parison of more than two groups, in the presence of one
variable, a Kruskal-Wallis test was used followed by the
Dunn multiple comparison test. In the presence of two
variables, the comparison between groups was carried
out by two-way analysis of variance followed by the Sidak
(for related factors) or uncorrected Fisher LSD (for not re-
lated factors) multiple comparison tests. The Shapiro-Wilk
test was employed to check for normality. Multivariate
analysis was performed using logistic regression. For the
comparison of cumulative incidences, the Gray test was
used. The time-event analysis was performed using a log-
rank test and Wilcoxon survival test.

More details on the Methods are included in the Online
Supplementary Materials.

Results

Characteristics of the patients and allogeneic
transplants

Between December 13, 2017 and February 23, 2019, 84
consecutive adult patients who underwent allogeneic
HSCT in our center were screened for inclusion in the
study (Figure 1A). HLA class-I alleles were not covered by
the Dextramer CMV Kit in only nine patients (10.7%), who
were therefore excluded.

The characteristics of the patients and their transplants
are shown in Table 1. Most patients were affected by mye-
loid malignancies (acute myeloid leukemia, 51%; myelo-
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dysplastic syndrome, 9%). At HSCT, 38% of patients were
not in complete remission. According to the Disease Risk
Index, patients were stratified in low-intermediate (61%),
high (23%), and very high (12%) risk; three patients af-
fected by benign disorders were not classifiable. Con-
ditioning was myeloablative in most of cases (76%). The
sources of the stem cells for transplantation were
matched-unrelated donors (n=33), mismatched-related
donors (n= 26), matched-related donors (n=10) and cord
blood units (n=6).

Engraftment was obtained in 72 patients within a median
of 24 and 22 days after HSCT for neutrophils and platelets,
respectively. There were two deaths within the first 30
days, before engraftment, and one graft failure.

Eighteen patients developed grades II-1V acute graft-ver-
sus-host disease (GvHD; 24%), and 11 patients reported
grades IlI-1V acute GvHD (15%). Relapse occurred in 18 pa-
tients (24%). At last follow-up 50 patients were alive.
Causes of death were disease (n=11) or non-relapse events
(n=14).

Management of clinically relevant events and
immunomonitoring

CRE occurred in 39 patients (52%) at a median time of 68
days (range, 0-208) (Table 2). These patients received pre-
emptive treatment, mainly consisting of foscarnet, ganci-
clovir or valganciclovir. Subsequent viral reactivations
occurred in 7% of patients. Moreover, 11 patients devel-
oped end-organ CMV disease (3 cases of pneumonia and
8 of colitis/gastroenteritis), and were treated with foscar-
net (n=3) or ganciclovir (n=8).

A total of 630 samples, comprising the donor apheresis
and peripheral blood harvested before lymphodepletion
and at eight time-points after HSCT for up to 1 year, were
analyzed using the Dextramer CMV Kit (Figure 1B, Online
Supplementary Figure ST), which allows the evaluation of
seven HLA alleles covering ~95% of the European popu-
lation (Online Supplementary Table S7). In these samples
we evaluated CMV-specific CD8* T cells restricted for HLA
molecules shared (S) between the donor and the host,
and for donor-specific (D) and host-specific (H) HLA. In
about half the patients (47.9%) CMV-specific T cells re-
stricted for only one HLA allele could be evaluated with
the Dextramer CMV Kit, whereas for the remaining pa-
tients we could evaluate two (37.0%), three (13.7%) or four
(1.4%) HLA. No differences were observed in CMV-specific
T lymphocyte counts detected in patients with different
numbers of evaluable restrictions (Online Supplementary
Figure S2A), whether D-specific or S (Online Supplemen-
tary Figure S2B). CMV-specific T cells from 21 patients
who received their transplant from HLA-mismatched do-
nors and were evaluable for either D- or H-specific HLA
restrictions were deeply characterized by polychromatic
flow cytometry after thawing at +30, +60, +90, +180 and
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Figure 1. Study design and enrollment flow chart. (A)
Diagram showing the numbers of patients and samples
included in each analysis. Eighty-four consecutive pa-
tients undergoing allogeneic hematopoietic stem cell
transplantation (HSCT) were screened for inclusion in
the study. Nine patients were excluded because no HLA
class-I allele of either the patient or the donor was
evaluable for assessment by the Dextramer CMV Kit.
For the remaining 75 patients, in 630 longitudinal fresh
samples CMV-specific CD8* T cells were enumerated
by the Dextramer CMV Kit and 47 fresh samples from
16 patients were analyzed by QuantiFERON-CMV.
Eighty-four frozen samples from the 21 patients in
whom donor- or host-specific restrictions could be
evaluated were characterized by an extensive flow
cytometry panel. IFN-y ELISpot was also used to detect
CMV-specific T cells in all the samples analyzed by
QuantiFERON-CMV and/or in-depth flow cytometry. (B)
Design of the study. Peripheral blood samples were
taken before conditioning and at the indicated time-
points (solid blue arrows) after HSCT and used for the

Dextramer CMV Kit and QuantiFERON-CMV assays. Do-

nors’ apheresis samples were analyzed on the day of
infusion. At selected time-points (dotted blue arrows)
peripheral blood mononuclear cells were also frozen
for subsequent flow cytometry analysis and IFN-y ELIS-
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» Detection of CMV-specific CD8* T cells by Dextramer® CMV kit (Immudex)
*  CMV quantiFERON (+30, +60, +90, +180)

cyclophosphamide; allo-HSCT: allogeneic hemato-
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Frozen PBMC:
* in depth analysis of CMV-specific CD8* T cells by flow cytometry
* IFN-y ELISpot (+30, +60, +90, +180)

+365 days (n=84 samples). CMV-specific T-cell responses
were also quantified by quantiFERON-CMV on fresh pe-
ripheral blood samples (n=47, based on the availability of
the diagnostic kit) and by IFN-y ELISpot on frozen periph-
eral blood mononuclear cells (n=113 samples) at +30, +60,
+90 and +180 days after HSCT (Figure 1A).

Early reconstitution of cytomegalovirus-specific CD8* T
cells is associated with reduced subsequent clinically
relevant events

The majority of CRE occurred in the first 120 days after
HSCT. Within the same timeframe CMV-specific T cells in-
creased in patients, reaching the highest level at 150 days
(mean=45.0 CMV-specific T cells/uL) and then remaining
stable up to day 365 (Figure 2A). Notably, donor CMV-se-
ronegative status was associated with an increased inci-
dence of CRE (P=0.0414) (Online Supplementary Figure
S3A). Despite this, counts of CMV-specific CD8* T cells in-
fused with the graft were comparable in patients who did
or did not experience post-transplant CRE (Online Sup-
plementary Figure S3B). This finding was confirmed even

considering only patients receiving transplants from se-
ropositive donors, the only grafts with detectable CMV-
specific cells (Online Supplementary Figure S3B). These
data indicate that the infusion of CMV-specific primed T
cells is necessary but not sufficient for early protection
from CRE, and that early post-HSCT factors (e.g., prophy-
laxis and treatment for GvHD) may impinge on in vivo
CMV-specific T-cell expansion. Indeed, among post-trans-
plant variables, the occurrence of acute GvHD (P=0.0116)
(Online Supplementary Figure S3C), particularly those
cases requiring administration of systemic steroids (grade
[1-1V, P=0.0019) (Online Supplementary Figure S3D), was
associated with an increased incidence of CRE.

After HSCT, patients showed fast reconstitution of CD3",
CD8* T lymphocytes and NK cells, and delayed reconsti-
tution of B cells, CD4* and regulatory T lymphocytes (On-
line Supplementary Figure S4A), as previously described in
allogeneic HSCT with post-transplant cyclophosphamide
and sirolimus.?®

Interestingly, at 30 days (P=0.0088) and 45 days
(P=0.0084) after HSCT, CMV-specific CD8* T-cell counts
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Table 1. Characteristics of the patients (N=75) and their
transplants.

Characteristic

Patients’ age in years, median (range) 56 (22-75)
Diagnosis, N (%)*
Myeloid diseases
Acute myeloid leukemia 38 (51)
Myelodysplastic syndrome 7 (9)
Myeloproliferative neoplasm 5(7)
Lymphoid diseases
Non-Hodgkin and Hodgkin lymphomas 8 (11)
Acute lymphoblastic leukemia 9(12)
Chronic lymphocytic leukemia 2 (3)
Multiple myeloma 2 (3)
Other diseases 4 (5)
Disease status at HSCT, N (%)
First complete remission 26 (35)
Beyond first complete remission 20 (27)
Partial remission 7(9)
Active disease 22 (29)
Refined Disease Risk Index at HSCT, N (%)
Low 7(9)
Intermediate 39 (52)
High 17 (23)
Very high 9(12)
Not applicable 3 (4)
HCT-CI score, median (range) 2 (0-9)
Type of donor, N (%)*
Matched related 10 (13)
Matched unrelated (9/10) 16 (22)
Matched unrelated (10/10) 17 (23)
Mismatched related 26 (35)
Cord blood 6 (8)
Stem cell source, N (%)
Bone marrow 1(1)
Peripheral blood 68 (91)
Cord blood unit 6 (8)
Conditioning regimen, N (%)
Treosulfan-based MAC regimens 55 (73)
Treosulfan-based RTC regimens 18 (24)
Thiotepa, busulfan, fludarabine 2 (3)

N. of cells infused x10%kg, median (range)

CD34+ 6.52 (0.06-10)

CD3* 247 (2-775)
GvHD prophylaxis, N (%)

PTCy-Rapamycin-MMF 59 (79)

PTCy-Rapamycin 9(12)

Others 7(9)
Acute GvHD, N (%)

Grade | 5(7)

Grades lI-IV 18 (24)

Grades llI-IV 11 (15)
Chronic GvHD, N (%)

Overall 35 (47)

Severe 8 (11)
Disease relapse

N (%) 18 (24)

Time in days until relapse, median (range) 176 (33-686)
Alive at last follow-up, N (%) 50 (67)

Follow-up in days, median (range) 737 (28-1,246)
HSCT, hematopoietic stem cell transplantation; HCT-CI, hemato-
poietic cell transplant-comorbidity index; MAC: myeloablative con-
ditioning; RTC: reduced-toxicity conditioning; GvHD: graft-versus-host
disease; PTCy: post-transplant cyclophosphamide; MMF: mycophe-
nolate mofetil. *Values may not add up to 100% due to rounding.
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were higher in patients who did not experience CRE after
these time-points than in patients with subsequent CRE,
indicating a protective role for early CMV-specific immun-
ity against succeeding viral reactivations (Figure 2B, Online
Supplementary Table S2). This correlation was not found
at day +30 for any other immune subset evaluated (Online
Supplementary Figure S4B). High amounts of total CD8* T
cells were associated with reduced subsequent CRE only
at 90 days (Figure 2C). No association between CMV-spe-
cific CD8* T cell counts and subsequent CRE was found
from 60 to 180 days after HSCT (Figure 2B, Online Supple-
mentary Figure S5A). Receiver operating characteristic
(ROC) analysis identified the threshold of 0.5 CMV-specific
CD8* T-cells/uL at day 45 after HSCT as the best predictor
of subsequent CRE (P=0.0094, sensitivity=88.24%, specifi-
city=67.74%) (Figure 3A, Online Supplementary Table S3).
Reaching this threshold was confirmed as an independent
protective factor from CRE in both competitive risk analy-
sis with non-relapse mortality (P=0.02) (Figure 3B) and in
a multivariate analysis including acute GvHD and
host/donor serostatus (P=0.04) (Figure 3C).

CMV-specific CD8*" T-cell counts in patients’ peripheral
blood prior to HSCT did not correlate with CRE risk (Online
Supplementary Figure S5B). Interestingly, reduced risk of
CMV disease was associated with the presence of CMV-
specific T lymphocytes in pre-HSCT host peripheral blood
but not at any post-HSCT timepoint (Online Supplemen-
tary Figure S5B, C and data not shown), suggesting a role
in the protection against tissue CMV-mediated damage
for the recently described peripheral host T cells remain-
ing after HSCT.*

Overall, these data highlight the importance of an early
evaluation of CMV-specific T cells as a reliable predictor
of CRE.

Quantification of cytomegalovirus-specific T cells by
Dextramer staining correlates with functional assays

To further investigate the predictive value of CMV-specific
T-cell quantification, QuantiFERON-CMV™32 and IFN-y
ELISpot functional assays were also performed on a se-
lected subset of patients (Figure 1A).

IFN-y ELISpot at +30 days failed to predict subsequent
CRE (Online Supplementary Figure S6A-F). At later time-
points absolute counts of CMV-specific sfc/uL were lower
in patients who experienced subsequent CRE than in pa-
tients able to control the virus (P=0.0249 for 60 days;
P=0.0402 for 90 days after HSCT) (Online Supplementary
Figure S6B). ROC analysis performed on data collected at
+60 and +90 days identified 1.75 CMV-specific sfc/uL as
the threshold to discriminate patients at higher risk of
viral reactivations (P=0.0018, sensitivity=92.86%, specifi-
city=67.67%) (Online Supplementary Figure S6G).
Dextramer staining showed 81.94% agreement with IFN-y
ELISpot (n=59/72 concordant results) (Figure 4A, Online
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Table 2. Cytomegalovirus reactivation and disease after
hematopoietic stem cell transplantation.

Characteristic
CMV serostatus (H/D), N (%)
Positive/positive 49 (66)
Positive/negative 25 (33)
Negative/positive 1(1)
CMV reactivation (any viremia)
N (%) 42 (56)
Time of onset in days, median (range) 69 (0-879)
Clinically relevant CMV infection
N (%) 39 (52)
Time of onset in days, median (range) 68 (0-208)
CMV disease
N (%) 11 (15)
Time of onset in days, median (range) 69 (19-210)

CMV: cytomegalovirus; H/D: host/donor.

Supplementary Table S4) and 88.89% agreement with
QuantiFERON-CMV (n=24/27) (Figure 4B, Online Supple-
mentary Table S4). The two functional assays showed a
concordance of 81.82% (n=27/33) (Online Supplementary
Table S4). Linear regression analysis confirmed the agree-
ment between CMV-specific T-cell counts evaluated by
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Dextramer assay and those obtained by either IFN-y ELIS-
pot (P<0.0001) (Figure 4C) or QuantiFERON-CMV
(P=0.0007) (Figure 4D). Collectively, these correlations in-
dicate that quantification of CMV-specific T lymphocytes
by Dextramer staining represents a strong surrogate bio-
marker of functional viral-specific T-cell responses, able
to predict protection from viral reactivations earlier and
more rapidly than functional assays.

Cytomegalovirus-specific T cells restricted by shared,
donor, and host HLA molecules reconstitute with
different kinetics and have different impacts on the
incidence of clinically relevant events

After HSCT, the expansion of memory T cells restricted for
S HLA might be sustained by either host cells or donor-
derived hematopoietic cells, whereas only the latter ex-
press D-specific HLA and therefore activate D-restricted
CMV-specific T lymphocytes. Being absent in the donor T-
cell repertoire, H-restricted T cells require maturation in
the host thymus and priming by host antigen-presenting
cells (APC) (Figure 5A). To characterize these different dy-
namics, we separately analyzed CMV-specific CD8* T cells
restricted for S (n=64 patients), D (n=19 patients) or H
(n=13 patients) HLA molecules.

The kinetics of immune reconstruction were evaluated in
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CMV-seropositive patients who received their grafts from
either seropositive (Figure 5B-D) or seronegative (Figure
5E-G) donors. When the donor is seronegative, D-re-
stricted CMV-specific T cells can be primed and stimu-
lated in the host only by donor-derived hematopoietic
cells, whereas S-restricted lymphocytes can be primed
by either D-derived or residual host APC and can be
further stimulated by any infected cell. We found that D-
restricted reconstitution was impaired in the case of se-
ronegative donors, differently from S-restricted immune
reconstruction (P<0.001 for time, P=0.04 for restriction
type) (Figure 5E, F, H), indicating that in primary immuno-
logical responses the emergence of viral-specific T cells
is largely sustained by the antigen encounter on host in-
fected non-hematopoietic or residual tissue-resident
myeloid cells rather than by cross-priming/presentation
by non-infected donor-derived APC. Accordingly, S- and
D-restricted T lymphocytes reconstituted with similar
magnitudes and kinetics when the donor was seropositive
(Figure 5B, C, H), indicating an equal ability of infected
donor hematopoietic cells and host cells in presenting
viral antigens, thus sustaining secondary immune re-
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Figure 3. The presence of 20.5 cytomegalovirus-specific CD8*
T cells/pL at 45 days after hematopoietic stem cell transplan-
tation protects against subsequent clinically relevant events.
(A) Receiver operating characteristic analysis for the identifi-
cation of a protective amount of cytomegalovirus (CMV)-spe-
cific CD8* T cells/uL at 45 days after hematopoietic stem cell
transplantation (HSCT). (B) Competitive risk analysis for the
risks of clinically relevant events and non-relapse mortality in
patients having or not at least 0.5 CMV-specific CD8" T cells/uL
at 45 days after HSCT. (C) Left panel: forest plot showing CRE
risk according to the occurrence of acute graft-versus-host dis-
ease, host/donor CMV serostatus or the presence of at least
0.5 CMV-specific CD8* T cells/uL at 45 days after HSCT. Right
panel: results of the statistical analysis. The analysis in (B) was
performed with the Gray test and that in (C) by logistic regres-
sion: *P<0.05. AUC: area under the curve; DEX: Dextramer;
aGvHD: acute graft-versus-host disease; OR: odds ratio; Cl:
confidence interval.
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sponses. H-restricted T cells were not detected in post-
HSCT samples for up to 1 year (Figure 5D, G). H-restricted
T lymphocytes were absent also at 2 or 3 years after HSCT
in the patients evaluable at those time-points (n=4 and
n=2, respectively) or in three other younger patients (aged
20-29) evaluated for up to 4 years after haploidentical
HSCT (data not shown).

High-dimensional analysis of cytomegalovirus-specific
CD8* T lymphocytes reveals earlier maturation in T cells
restricted by donor-specific HLA molecules

Divergent differentiation, activation or exhaustion of CMV-
specific T cells might account for the different dynamics
we observed in T lymphocytes restricted for S or D HLA.
To shed light on these potential mechanisms, the pheno-
type of CMV-specific CD8" T lymphocytes was investi-
gated by multiparametric flow cytometry with additional
Dextramer reagents in 21 patients for whom either a S or
a D-specific HLA restriction could be separately evaluated
by Dextramer analysis. Overall, 68 CMV-specific T-cell
subpopulations (n=15 patients) were detected at different
time-points. A representative gating strategy is shown in
Online Supplementary Figure S7. CMV-specific CD8* T-cell
counts in frozen samples correlated with those evaluated
in fresh samples (P<0.001) (Online Supplementary Figure
S8A). By manual gating we found that CMV-specific CD8*
T cells contained more T_, (P=0.002) and fewer T
(P=0.003), T, (P=0.002) and early-differentiated
CD28*CD27" cells (P<0.001) compared to bulk CD8* T lym-
phocytes (Online Supplementary Figure S8B). CMV-spe-
cific CD8* T cells restricted by D HLA molecules displayed
a less differentiated phenotype compared to S-restricted
ones (P<0.001 for CD28-CD27-; P=0.002 for CD28-CD27")
(Figure 6A).

To identify S and D-specific signatures, we performed
high-dimensional analysis and clustering by cytoChain?®
on CMV-specific CD8" T-cell populations with at least 65
events (n=55). The results revealed a clear segregation of
the metaclusters depicting S- and D-restricted CMV-spe-
cific CD8* T cells (Figure 6B). Interestingly, this segregation
was also maintained in T cells derived from the same
samples but differentially restricted for D or S alleles (On-
line Supplementary Figure S8C). In detail, metaclusters n.
9 (P<0.001), 15 (P=0.002), 20 (P=0.02) and 21 (P=0.01) were
enriched in D-restricted T lymphocytes (Figure 6C), and
were characterized by enhanced expression of early-dif-
ferentiation markers (CD62L, P=0.046; CD27, P=0.014) and
by lower KLRG1 expression (P=0.026) compared to those
enriched in S-restricted T cells (metacluster n.1, P=0.01;
3, P<0.001; 8, P=0.009; and 11, P=0.002) (Figure 6C-E, On-
line Supplementary Figure S8D). Furthermore, HLA-DR ex-
pression was high in metaclusters n. 20 and 21, indicating
recent activation of D-restricted lymphocytes. S-re-
stricted metaclusters showed a trend to reduced CD127
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Figure 4. Quantification of cytomegalovi-
rus-specific T cells by Dextramer staining
correlates with functional assays. (A, B)
Concordance between cytomegalovirus
(CMV)-specific T-cell quantification by the
Dextramer assay (positivity threshold 0.5
cells/uL) and either IFN-y ELISpot for CMV
(A, positivity threshold 1.75 sport-forming
cells/uL after CMV antigen stimulation) or
QuantiFERON-CMV (B, positivity threshold
0.2 IU/mL in the CMV antigen tube). (C, D)
Linear regression analysis between CMV-
specific CD8* T cells quantified by the Dex-
tramer assay and the presence of functional
IFN-y producing CMV-specific T lympho-
cytes detected by either IFN-y ELISpot (C)
¢ or QuantiFERON-CMV (D). CMVag: cyto-
megalovirus antigen; sfc: spot-forming
cells; IFN: interferon.

0 10 20 30 40 0 5 10
CMVag-specific sfc/ul

expression, confirming a late differentiated phenotype. No
differences were detected in the expression of inhibitory
receptors, such as PD-1 and TIM-3, nor in 4-1BB or CD28
between D- and S-specific metaclusters (Figure 6D).
Longitudinal analysis revealed variation across time of two
metaclusters. Metacluster n. 14 was enriched at +30 days
compared to other time-points (P<0.001), and was
composed of activated T, cells. Metacluster n. 24, which
comprises early differentiated activated T__,/T,, lympho-
cytes, peaked at +90 days after HSCT compared to later
time-points (P=0.03 for day +180, P=0.007 for day +365)
(Figure 6E, F), in line with an early triggering of CMV-spe-
cific cells by CMV reactivation events. Consistently, we
also found early peaks of metaclusters expressing high
CD28 and low PD-1 (n. 6 and n. 12), features that have
been associated with higher anti-CMV activity®** (Online
Supplementary Figure S8E). Interestingly the majority of
metaclusters that accumulated in time (n. 1, 3, 8 [all S-
specific], and 9 [D-specific]) displayed a T_,,/T_, ., Pheno-
type, in part characterized by the expression of CD27
(metaclusters n. 1 and n.9) but not CD28, a phenotype
typical of memory inflation, often observed in chronic in-
fections (Figure 6E, F).®

Kinetics of D-restricted metaclusters showed the rise of
metacluster n. 9, depicting CD27* T_, /T_,,..,» and a stable
curve for metacluster n. 21, composed of activated T,
cells, while metaclusters n. 15 and n. 20 contracted
rapidly (Figure 6E, F).

Overall, these results suggest that although D- and S-re-
stricted CMV-specific T lymphocytes are triggered simul-
taneously, early after transplantation, the quality of this
triggering is different, leading to the brisk accumulation
of a pool of early memory D-restricted cells, while S-re-
stricted cells expand more robustly and persist longer.

15 20

secreted IFN-y (Ul/mL)

Discussion

CMV-specific T cells protect patients not only from CMV
reactivations but also from severe infections overall,*°
thus representing a good surrogate for general immune
competence after allogeneic HSCT. There is, therefore, a
growing interest in the use of immunomonitoring to adjust
treatment according to individual risk. In this prospective,
observational study, we performed a detailed longitudinal
analysis of CMV-specific immune reconstruction and its
dynamics.

Looking for a highly sensitive assay we relied on MHC-
multimer staining with Dextramer reagents to enumerate
CMV-specific T cells in whole blood by flow cytometry. Al-
logeneic HSCT is the ideal context for MHC multimer-
based immunomonitoring, since the HLA type of
donor-host couples is known. We observed an inverse
correlation between CMV-specific T-cell counts at
+30/+45 days after allogeneic HSCT and the risk of experi-
encing subsequent CRE. Most of the previously tested
biomarkers of CMV-specific immunity predicted relevant
clinical events at later time-points (tetramer staining at
day +65;" QuantiFERON-CMV at day +90;™ and IFN-y ELIS-
pot at day +100™), thus reflecting the advantage of Dex-
tramer staining in the management of allogeneic HSCT
patients. One of the main concerns related to MHC
multimer-based immunomonitoring is the possibility of
evaluating limited HLA restrictions. Strikingly, the large re-
pertoire of Dextramer reagents allowed us to evaluate
nearly 90% of enrolled patients. The majority of patients
in our cohort were Caucasian (76 out of 84; 90.5%), fol-
lowed by six Hispanics (71%) and two Asians (2.4%). In-
terestingly, five out of six Hispanic patients and one out
of two Asian patients could be enrolled in our study.
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Figure 5. Cytomegalovirus-specific T cells restricted by shared, donor or host HLA molecules reconstitute with different kinetics
and differentially affect the incidence of clinically relevant events. (A) Immune reconstruction after hematopoietic stem cell
transplantation (HSCT) with T lymphocytes restricted for shared, donor- or host-specific HLA molecules require priming/activation
by different antigen-presenting cells or infected cells. (B-G) Longitudinal reconstitution of cytomegalovirus (CMV)-specific CD8*
T lymphocytes evaluated by Dextramer assay at the indicated time-points before and after HSCT is shown separately for CMV-
seropositive recipients infused with cells from either seropositive (panels B-D) or seronegative (panels E-G) donors. Absolute
counts of T cells restricted for shared (B and E), donor-specific (C and F) or host-specific (D and G) HLA alleles are reported.
Lines, mean * standard deviation. (H) Means of longitudinal reconstitution of CMV-specific CD8* T lymphocytes restricted for
either shared or donor-specific HLA alleles in CMV-seropositive patients receiving grafts from either seropositive or seronegative

donors, as indicated in the graph legend. The analysis in (H) was by two-way analysis of variance. *P<0.05. DC: dendritic cell;
HLA: human leukocyte antigen; H; host; D: donor
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These data highlight the feasibility of this technique in the
Caucasian population, and possibly in other ethnicities.
It is largely recognized that both CD4* and CD8* CMV-spe-
cific T cells contribute to anti-viral immune surveil-
lance.*®¥ Thus, Dextramer reagents evaluating only CD8*
T cells can theoretically underestimate CMV-specific T-
cell immunity. In addition, MHC-multimer staining does
not measure T-cell function. To verify the impact of these
potential limitations, we compared different techniques
for the evaluation of CMV-specific immunity. The enumer-
ation of CMV-specific T cells by Dextramer staining
showed strong concordance with functional assays, prov-
ing a good surrogate biomarker of functional immunity.
Despite evaluating both CD4* and CD8* T-cell responses,
IFN-y ELISpot predicted the clinical outcome at later
time-points (day +60/+90) than did the Dextramer-binding
assay (day +30/45), underlining the higher sensitivity of the
latter and confirming previous results obtained in different
allogeneic HSCT transplant platforms.?%® The Dextramer
CMV kit is already available as an in vitro diagnostic test,
is characterized by reliable and reproducible perform-
ances, requires a smaller amount (1 mL) of peripheral
blood and should be preferred when studying individuals
with evaluable HLA. As an alternative assay for patients
lacking evaluable HLA types, we propose IFN-y ELISpot,
which is not dependent on pre-defined HLA alleles and
which predicted a lower risk of developing CMV reactiva-
tions when the threshold of 1.75 specific sfc/uL was
reached at 60/90 days after HSCT.

Flow cytometry performed after Dextramer staining also
allows single-cell multiparametric characterization of
CMV-specific lymphocytes. We exploited this feature to
shed light on the kinetics and weight of viral-specific re-
sponses that emerge during post-transplant immune re-
construction through different mechanisms. Our data
suggest that up to 1 year after HSCT the CMV-specific im-
mune reconstruction mainly relies on mature T cells in-
fused within the graft, which could be antigen-experien
ced or naive depending on the donor’s CMV serostatus
and can recognize CMV epitopes restricted by S or D-spe-
cific HLA. In the same time-frame, thymic instruction of
donor-derived progenitors is impaired. H-restricted sub-
populations of CMV- and flu-specific T cells have been
detected in adult patients 6-14 years after HSCT;®*® the ab-
sence of the thymic contribution to CMV-specific immune
reconstruction in our cohort (median age, 56 years) could
be due to age-related involution of the host thymus or to
thymic damage caused by conditioning regimens or by
subclinical GvHD.*° For this reason, in adult patients, we
suggest that Dextramers restricted by D or S HLA alleles
should be preferentially used, rather than H HLA alleles.
In recipients of grafts fromm CMV-seropositive donors, we
observed similar kinetics in S- and D-restricted CMV-spe-
cific T cells, pointing to an equal ability of donor hemato-

E. Tassi et al.

poietic cells and host cells in presenting viral antigens
thus sustaining secondary immune responses to CMV. In-
terestingly, in recipients of CMV-seronegative donors, D-
restricted CMV-specific cells appeared with delayed
kinetics and at a reduced frequency compared to S-re-
stricted cells. This observation suggests that the emerg-
ence of viral-specific T cells in primary responses is
largely sustained by infected non-hematopoietic cells,
presenting only epitopes on shared HLA alleles. Consider-
ing the wide tropism of CMV,* we may assume that the
amount and duration of antigenic stimulation may favor
S-restricted T cells. An alternative explanation for this ob-
servation could be early priming by residual infected host
APC,*? able to prime S-restricted T cells from seronegative
donors, thus providing them an initial advantage and im-
pairing the contribution of the latecoming D-restricted
cells.*®* The more extensive evaluation of S- and D-re-
stricted CMV-specific T cells in patients receiving trans-
plants from CMV-seronegative donors and that experience
delayed CMV reactivation in the absence of host APC, such
as in the context of prophylaxis with letermovir,?” could
allow these hypotheses to be discriminated. The memory
phenotype of CMV-specific T lymphocytes, a critical par-
ameter for protective CMV-specific immunity after
HSCT,*“ indicates that CMV-specific cells restricted for
D or S HLA alleles contribute differentially to memory
subpopulations. D-restricted T lymphocytes display an
earlier memory phenotype and lower persistence than S-
restricted cells. In contrast, S-restricted cells expand pro-
gressively, peaking at 150 days, when CMV reactivations
contract, and remain stable thereafter.

Our study indicates the benefits of evaluating CMV-spe-
cific immunity by Dextramer assay and allowed us to
identify a threshold of CMV-specific T cells which strat-
ifies patient’s risk of CRE in the context of allogeneic
HSCT with post-transplant cyclophosphamide. Letermovir
has recently been approved for the prophylaxis of CMV in-
fection in seropositive transplant recipients?” and is as-
sociated with reduced non-relapse mortality by
preventing or delaying CRE.*® However, late CMV reactiva-
tions occur,¥ and in the few patients experiencing CMV
DNAemia during letermovir prophylaxis the currently used
assays cannot discriminate between non-infective DNA
from abortively infected cells and infective virions.*® Im-
paired polyclonal T-cell reconstitution and CMV-specific
immunity have recently been reported in patients receiv-
ing prophylaxis with letermovir.**%° In this context, enu-
meration of CMV-specific T cells might allow identification
of the patients who need prophylaxis to be prolonged
beyond day 100.

In conclusion, monitoring CMV-specific T-cell counts in
peripheral blood by Dextramer assay may become an im-
portant biomarker-driven strategy to facilitate risk strat-
ification and to optimize anti-viral therapy, minimizing
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Figure 6. Unsupervised analysis of CD8*Dextramer* T lymphocytes reveals earlier maturation in donor-restricted T cells. (A)
Manual gating analysis for the distribution of differentiation T-cell subsets in CD8*Dextramer* T lymphocytes restricted for shared
or donor-specific HLA. Differentiation T-cell subsets were defined according to the expression profile of CD45RA, CD62L and
CD95 markers (left panel) or to the combination of CD28 and CD27 (right panel). T, (T-naive): CD45RA*CD62L*CD95; T, (T stem
cell memory): CD45RA*CD62L*CD95"; T, (T central memory): CD45RA-CD62L*; T, (T effector memory): CD45RA-CD62L~; T, (T
effector memory RA): CD45RA*CD62L". (B) tSNE map (left panel) and Flow-SOM metacluster overlay (middle panel) of CD8*Dex-
tramer* T cells from all the concatenated samples. The right panel shows the different distribution of Dextramer* T lymphocytes
restricted for donor-specific (blue) or shared (red) HLA molecules. (C) Frequency of metaclusters expressed as the percentage
of cells in each metacluster for each type of HLA restriction among total CD8*Dextramer* T lymphocytes. Shared subpopulations
(n=29), donor-specific subpopulations (n=26). (D) Percentage of events positive for the indicated markers in the metaclusters
enriched in CD8*Dextramer® T cells restricted for donor-specific (blue, metaclusters n. 9, 15, 20 and 21) or shared (red, meta-
clusters n. 1, 3, 8, and 11) HLA alleles. (E) Heatmap for the 25 Flow-SOM metaclusters; the ratio of fluorescence intensity of each
marker with respect to the maximum is indicated in the color-legend. Blue and red rectangles highlight the clusters significantly
enriched in CD8*Dextramer* T cells restricted for donor-specific or shared alleles, respectively. (F) The frequency of each meta-
cluster over time expressed as the percentage of events in each metacluster among total CD8*Dextramer* T lymphocytes. Among
the cytomegalovirus (CMV)-specific T-cell populations evaluated, three were obtained at 30 days after hematopoietic stem cell
transplantation, 11 at day +60, 16 at day +90, 12 at day +180 and 13 at day +365. Red, blue and black contours highlight metaclusters
enriched in shared or donor-restricted CMV-specific T cells or common metaclusters, respectively. The analyses in (A), (C) and
(D) were conducted using two-way analysis of variance. *P<0.05; **P<0.01; ***P<0.001. DEX: Dextramer; tSNE: t-distributed sto-

chastic neighbor embedding; HSCT: hematopoietic stem cell transplantation.

drug exposure, thus improving the clinical management
of patients undergoing allogeneic HSCT.
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