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CD4+ T cells are the major
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Introduction: Human cytomegalovirus (HCMV) causes significant morbidity and
mortality in allogeneic stem cell transplant (alloSCT) recipients. Recently, antiviral
letermovir prophylaxis during the first 100 days after alloSCT replaced PCR-
guided preemptive therapy as the primary standard of care for HCMV
reactivations. Here, we compared NK-cell and T-cell reconstitution in alloSCT
recipients receiving preemptive therapy or letermovir prophylaxis in order to
identify potential biomarkers predicting prolonged and symptomatic HCMV
reactivation.

Methods: To that end, the NK-cell and T-cell repertoire of alloSCT recipients
managed with preemptive therapy (n=32) or letermovir prophylaxis (n=24) was
characterized by flow cytometry on days +30, +60, +90 and +120 after alloSCT.
Additionally, background-corrected HCMV-specific T-helper (CD4+IFNy+) and
cytotoxic (CD8+IFNy+CD107a+) T cells were quantified after pp65 stimulation.

Results: Compared to preemptive therapy, letermovir prophylaxis prevented
HCMV reactivation and decreased HCMV peak viral loads until days +120 and
+365. Letermovir prophylaxis resulted in decreased T-cell numbers but
increased NK-cell numbers. Interestingly, despite the inhibition of HCMV, we
found high numbers of "memory-like” (CD56dimFceRly- and/or CD159c+) NK
cells and an expansion of HCMV-specific CD4+ and CD8+ T cells in letermovir
recipients. We further compared immunological readouts in patients on
letermovir prophylaxis with non/short-term HCMV reactivation (NSTR) and
prolonged/symptomatic HCMV reactivation (long-term HCMV reactivation,
LTR). Median HCMV-specific CD4+ T-cell frequencies were significantly higher
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in NSTR patients (day +60, 0.35 % vs. 0.00 % CD4+IFNy+/CD4+ cells, p=0.018)
than in patients with LTR, whereas patients with LTR had significantly higher
median regulatory T-cell (Treqg) frequencies (day +90, 2.2 % vs. 6.2 % CD4+CD25
+CD127dim/CD4+ cells, p=0.019). ROC analysis confirmed low HCMV specific
CD4+ (AUC on day +60: 0.813, p=0.019) and high Treg frequencies (AUC on day
+90: 0.847, p=0.021) as significant predictors of prolonged and symptomatic
HCMV reactivation.

Discussion: Taken together, letermovir prophylaxis delays HCMV reactivation
and alters NK- and T-cell reconstitution. High numbers of HCMV-specific CD4+
T cells and low numbers of Tregs seem to be pivotal to suppress post-alloSCT
HCMV reactivation during letermovir prophylaxis. Administration of more
advanced immunoassays that include Treg signature cytokines might
contribute to the identification of patients at high-risk for long-term and
symptomatic HCMV reactivation who might benefit from prolonged

administration of letermovir.
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Introduction

Allogeneic hematopoietic stem cell transplantation (alloSCT)
remains the only curative treatment for many patients suffering
from hematologic malignancies (1). However, alloSCT recipients
are highly susceptible to opportunistic infections (1-3). Human
cytomegalovirus (HCMYV) is the most frequent viral complication
in alloSCT recipients (4). Upon primary infection, it establishes a
life-long latency in its human host; however, a functional
immune system is able to efficiently prevent clinically
symptomatic HCMV reactivation. In contrast, the delayed
reconstitution of the immune system after alloSCT provides a
window of opportunity for HCMV reactivation. While some
alloSCT patients manage to rapidly control or even prevent
HCMV reactivation as measured by weekly quantitative PCR,
others develop prolonged and symptomatic HCMV reactivations
and potentially end-organ disease (EOD), resulting in high
morbidity and mortality (2, 5).

The magnitude, functionality, and specificity of HCMV-
specific T- and natural killer (NK)-cell-mediated responses
determine the risk and severity of HCMV disease in these
patients (4, 6, 7). Delayed or dysfunctional HCMV-directed T-
cell responses are the main risk factors for prolonged HCMV
viremia and HCMV disease (8, 9). In addition, delayed NK-cell
reconstitution also contributes to HCMV reactivation (6, 7).
Specifically, so-called “memory-like” NK cells (FceRIy and/or
CD159c¢"), which belong to the CD56%™ NK-cell compartment,
have been shown to play an important role in preventing or
controlling HCMV reactivation and disease (6, 7).

Two main strategies have been adopted to prevent HCMV
disease: antiviral prophylaxis and preemptive therapy. Preemptive
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therapy, that is, monitoring for HCMV reactivation by viral (real-
time quantitative) polymerase chain reaction [(q)PCR] performed
on a weekly basis and initiation of antiviral treatment upon HCMV
detection, used to be the standard of care for HCMV in alloSCT
recipients for decades (10, 11). However, the recent approval of
letermovir for antiviral prophylaxis has substantially changed the
management of HCMYV in alloSCT recipients.

Letermovir inhibits the pUL56 subunit of the HCMV terminase
complex, thereby preventing cleavage of the concatemeric viral
DNA and interfering with HCMYV replication. Due to its excellent
toxicity profile, its primary prophylactic administration for the first
100 days post-transplantation in seropositive alloSCT recipients is
now regularly employed and has led to a significant decrease in
virus reactivations and reduced non-relapse mortality (12, 13).
Following the introduction of letermovir prophylaxis, early-onset
HCMV reactivations have become rare. In contrast, late-onset
HCMV reactivations have emerged as a frequent cause of HCMV
disease (4). Furthermore, alloSCT patients are still monitored by
gPCR for HCMV reactivations. Preemptive therapy is initiated
when a certain HCMV load is detected during letermovir
prophylaxis. However, it is important to note that while qPCR
testing can detect HCMV DNA, it does not necessarily indicate
whether the virus is actively replicating or not. Letermovir stops
HCMV replication after DNA replication has occurred, which
might lead to an abortive infection (14).

The effects of letermovir on T- and (“memory-like”) NK-cell
reconstitution has been only partially studied so far (8, 9).
Specifically, HCMV-specific T-cell reconstitution kinetics and
their impact on transplantation outcomes in patients on
letermovir prophylaxis are poorly understood. Here, we compare
rates of HCMYV reactivation and kinetics of HCMV-specific T- and
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NK-cell reconstitution in patients receiving PCR-guided
preemptive therapy or letermovir prophylaxis in order to identify
potentially predictive T- and NK-cell biomarkers for HCMV
reactivation and disease.

Materials and methods
Institutional review board approval

The study was approved by the Ethics Committees of the
University of Wuerzburg (protocol code 17/19-sc). Written
informed consent was obtained from all subjects.

Study population

Fifty-four adult HCMV-seropositive (Recipient [R]*Donor
[D]", R'D") patients after alloSCT were enrolled at the University
Hospital of Wuerzburg from 09/2015 until 11/2021. HCMV
DNAemia was quantified by real-time PCR once weekly until day
100 post-transplant and every other week after day +100. PCR-
guided preemptive therapy was used as the primary antiviral
strategy until 12/2019 (n=32). Preemptive therapy for hospitalized
patients was started whenever HCMV DNAemia exceeded 1,000
DNA copies/mL. Patients received a two-week induction therapy
with oral/IV (val)ganciclovir, followed by maintenance therapy with
the same medication for up to an additional two weeks or until two
consecutive negative tests for HCMV viremia were documented.
Starting in 1/2020, letermovir prophylaxis was administered to
HCMV-seropositive alloSCT recipients (n=22) at a dose of 480
mg letermovir once daily (reduced to 240 mg for patients receiving
cyclosporine A), from day +1 to day +100 according to institutional
standard practice. Whenever HCMV DNAemia exceeded 1,000
DNA copies/mL, letermovir prophylaxis was stopped and
systemic preemptive antiviral treatment was initiated. Peripheral
blood for immunoassays was collected at day +30, +60, +90 and
+120 after transplantation. The study design is summarized
in Figure 1A.

For some analyses, we further subdivided alloSCT recipients
receiving letermovir prophylaxis or preemptive therapy into non/
short-term HCMV reactivating (NSTR) and long-term HCMV
reactivating (LTR) patients. NSTR patients were defined as those
with no HCMYV disease and no more than one HCMYV reactivation
shorter than three weeks. NSTR patients needed to become PCR
negative within three weeks and antiviral treatment needed to be
discontinued in the same time period. LTR patients included those
with HCMV EOD, more than one reactivation, or a single
reactivation exceeding the aforementioned duration. In this study,
HCMYV reactivation was defined as either two or more consecutive
PCR detections with HCMV viral loads falling between 300 and
1000 copies/mL, or a single PCR detection with viral loads equal to
or exceeding 1000 copies/mL. HCMV EOD was defined according
to the definition of Ljungman and colleagues (15). All patients
suffering from HCMV EOD were diagnosed with probable or
proven EOD.
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Clinical chart review

The following clinical parameters were recorded: Age, sex,
underlying hematological disease, HLA-I matching of the
transplant, stem cell source, conditioning regime, administration
of antithymocyte globulin, hematopoietic cell transplantation
comorbidity index (HCT-CI), HCMV serotype of recipient and
donor. Occurrence of acute (a) or chronic (c) graft versus host
disease (GvHD), glucocorticosteroid therapy, HCMV load, and
mortality were recorded until day +365. Furthermore, complete
blood counts (CBC; performed by the institution’s clinical
hematology laboratory) were reviewed at the time of blood
collection for immunoassays. Clinical characteristics are
summarized in Tables 1, S1, and S2.

Blood collection, cryopreservation, and
thawing process

Monovette blood collection tubes (Sarstedt, Niirnbrecht,
Germany) containing ethylenediaminetetraacetic acid (EDTA)
were used to collect 36 mL of venous blood. Peripheral blood
mononuclear cells (PBMCs) were isolated via a density gradient
(Histopaque, 1.077 g/mL, Merck, Darmstadt, Germany). After
isolation, PBMCs were counted with a Neubauer improved
counting chamber (Laboroptik, Lancing, England). Up to 2x10
PBMCs were resuspended in 1.5 mL cryopreservation medium,
consisting of 40 % Roswell Park Memorial Institute 1640 Medium
(RPMI) Glutamax (Gibco, Thermo Fisher Scientific, Waltham,
USA), 50 % fetal calf serum (FCS, Sigma-Aldrich, St. Louis,
USA), and 10 % Dimethyl sulfoxide (DMSO, Sigma-Aldrich).
PBMCs were initially frozen at -80 °C and transferred to liquid
nitrogen for long-term storage.

Cells were thawed in pre-warmed immune cell medium (ICM),
consisting of RPMI Glutamax + 10 % FCS + 50 ug/mL Gentamycin
(Gibco). Cells were washed with 10 mL of phosphate-buffered saline
(PBS, Gibco), resuspended in 10 mL ICM, and rested for 3 h at 37 °
C, 5 % CO,. Thereafter, the cell suspension was passed through a
70-pum cell strainer (EASYstrainer, Greiner) and adjusted to a
concentration of 2.5x10° cells per mL of ICM.

Preparation and staining of cells
for flow cytometry

Flow cytometry was used to analyze global T- and NK-cell
phenotypes and to quantify HCMV-specific T cells. Antibodies used
for cell staining are summarized in Supplementary Methods (Table
S3). Staining and measurement were performed in 4-mL round-
bottom polystyrene tubes (Sarstedt). All centrifugation steps were
performed at 300xg and 4 °C or room temperature for 5-10 min.

Staining protocol for T-cell phenotyping: 3x10° PBMCs were
washed with 1 mL of PBS + 1 % FCS (PBS/F), resuspended in the
reflux of the supernatant, and stained for 20 min at RT. Thereafter,
cells were washed twice and resuspended in 200 puL PBS/F
for analysis.
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FIGURE 1

Study design and influence of letermovir prophylaxis on HCMV reactivation. (A) Schematic study design. (B) Number of patients included in the
study, subdivided by treatment and duration of HCMV reactivation (non/short-term HCMV reactivation vs. long-term reactivation). (C) 1** median
HCMYV reactivation in alloSCT recipients receiving letermovir prophylaxis or preemptive therapy. (D) Peak HCMV DNA copies/mL measured by PCR
until day +120 and day +365 in alloSCT patients receiving letermovir prophylaxis or preemptive therapy. (E) Peak HCMV DNA copies/ml measured by
PCR until day +120 and day +365 in alloSCT patients receiving letermovir prophylaxis (right) or preemptive therapy (left), with long-term HCMV
reactivation (grey) or non/short-term HCMV reactivation (green). (B-E) Fisher's exact test (B) or Mann—Whitney U test (C-E) were used to test for
statistical significance: * p < 0.05, *** p < 0.05. Median values are shown (bars and lines). alloSCT, allogeneic stem cell transplantation; CD, cluster of
differentiation; d, day; LVR, letermovir; PCR, polymerase chain reaction; PT, preemptive therapy.

Staining protocol for NK-cell phenotyping: 5x10° PBMCs were
washed with 1 mL of PBS/F and resuspended in 100 UL of blocking

buffer, consisting of 80 % WB and 20 % FcR blocking reagent
(Miltenyi, Bergisch Gladbach, Germany). After incubation for 10
min at 4 °C, extracellular staining antibodies were added and cells
were incubated for another 20 min at 4 °C. Cells were washed twice
with PBS/F, resuspended in 250 pL permeabilization solution (10x
FACS2 solution [Becton Dickinson, Franklin Lakes, USA], diluted 1:10
in aqua ad iniectabilia [Delta Medica, Reutlingen, Germany]), briefly
vortexed, and incubated for 12 min at RT. Thereafter, cells were washed
twice with PBS/F, resuspended in blocking buffer, and incubated for 10
min at 4 °C. The intracellular staining antibody was added, and cells
were incubated for another 20 min at 4 °C. Cells were washed twice
with PBS/F and resuspended in 200 pL PBS/F for analysis.
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Protocol for HCMV-specific T-cell analysis: PBMCs (5x10°
cells in 200 pL ICM) were seeded in a 96-well round bottom plate

(Falcon, Corning Incorporated-Life Sciences, Durham, USA) and
rested for 2 h (total resting time: 5 h, considering the 3 h resting
period after thawing) at 37 °C, 5 % CO,. Thereafter, PBMCs were
stimulated with either 0.1 pug/mL of a pp65 peptide mix (PepMix
HCMVA pp65, >90 % (HPLC-MS) purity, JPT, Berlin, Germany)
or 0.1 pg/mL of an HIV (NEF) peptide mix (PepMix HIV-1 NEF,
Ultra, JPT, background control). Negative and positive control wells
remained unstimulated. After 1 h of incubation at 37 °C, 5 % CO,,
Brefeldin A (10 pug/mL, Sigma-Aldrich), GolgiStop (1.2 uL per well,
Becton Dickinson), and CD107a-APC (2.5 uL per well, Becton
Dickinson) were added to all wells. In addition, phorbol myristate
acetate (PMA, 0.5 pg/mL) and Ionomycin (1 pg/mL, both Sigma-
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TABLE 1 Characteristics of HCMV-seropositive patients after allogeneic stem cell transplantation receiving preemptive therapy or letermovir

prophylaxis.

Variables

Preemptive Therapy

(n=32)

Letermovir
(n = 24)

Age, median (range) 55 (23 - 78) 62 (22 - 77) 0.22
Sex, n (%)
Male 21 (66) 15 (63)
>0.99
Female 11 (34) 9 (37)
‘ Underlying disease, n (%)
Chronic leukemia 2(6) 1(4)
Multiple myeloma 309 1(4)
Acute leukemia 16 (50) 16 (67) -
Lymphoma 2 (6) 1(4)
Others 9 (29) 5(21)
HLA matching, n (%)
Matched related 5 (16) 5(21)
Matched unrelated 20 (63) 15 (63)
Haploidentical 4 (13) 0 (0) )
Mismatch 3(9) 4 (17)
‘ Stem cell source, n (%)
PBSC ‘ 32 (100) 24 (100) 1
Conditioning Regimen, n (%)
Reduced intensity ‘ 32 (100) 24 (100) 1
‘ Antithymocyte globulin, n (%)
No 39 4(17)
0.45
Yes 29 (91) 20 (83)
‘ HCT-Cl, n (%)
0-2 19 (59) 15 (63)
3-4 8 (25) 7 (29) -
25 5 (16) 2(8)
‘ Serostatus (R/D), n (%)
+/+ 27 (84) 18 (75)
0.50
+/- 5 (16) 6 (25)
‘ aGvHD, n (%)
0-1 19 (59) 17 (71)
0.41
2-4 13 (41) 7 (29)
‘ cGVHD, n (%)
No 27 (84) 20 (83)
>0.99
Yes 5 (16) 4(17)
‘ Steroid AUC, median (range)
by day 100 (mg/kg per day), 0 (0 - 30) 0 (0 - 20) 0.10
(Continued)

Frontiers in Immunology

05

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1148841
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lauruschkat et al.

TABLE 1 Continued

Preemptive Therapy

Variables (n=32)
One-year mortality, n (%)
Alive 24 (75)

Dead 8 (25)

10.3389/fimmu.2023.1148841

Letermovir %
(n = 24) p

23 (96)
0.06
1(4)

Mann-Whitney U test or Fisher’s exact test were used as applicable.

aGvHD, acute graft versus host disease; AUC, area under the curve; cGvHD, chronic graft versus host disease; HCT-CI, hematopoietic cell transplantation comorbidity index; HLA, human

leukocyte antigen; PBSC, peripheral blood stem cells; R/D, recipient/donor.

Aldrich) were added to previously unstimulated wells as a positive
control. PBMCs were then incubated for another 16-18 h at 37 °C, 5
% CO,. Thereafter, cells were transferred to 4-mL round-bottom
polystyrene tubes, washed with PBS/F, and resuspended in PBS/F +
0.5 ug/mL ethidium-monoazide bromide (EMA, Sigma-Aldrich).
PBMCs were incubated on ice for 10 min in the dark and for
another 10 min illuminated by an LED light. After incubation, cells
were washed twice with PBS/F and stained extracellularly for 20 min
at 4 °C. After another PBS/F wash step, intracellular staining and
analysis of HCMV-specific T cells was performed as described above
for NK-cell phenotyping, except for omission of FcR blocking.

Flow cytometry

Cells were measured using a CytoFLEX cytometer (AS34240)
and CytExpert v.2.4 software (both Beckman-Coulter, Brea, USA).
Data were analyzed using Kaluza v.2.1 (Beckman Coulter). Gating
strategies are shown in Supplementary Methods (Figures S1, S2, S3).
Frequencies of cell populations determined by flow cytometry were
multiplied with the absolute lymphocyte count per puL of whole
blood (as determined by clinical CBCs) to estimate the abundance
of T-cell and NK-cell subpopulations in peripheral blood.
Background-corrected HCMV-specific T-cell frequencies were
calculated by subtracting HIV-induced responses (considered
unspecific background in HIV-negative individuals) from
HCMV-induced responses.

Statistical analysis

Mann-Whitney U test or Fisher’s exact test were used for statistical
significance, as indicated in the figure legends. If applicable, Benjamini-
Hochberg procedure was used to test for a false-positive discovery rate
(FDR) of < 0.2. R was used to perform ROC analysis according to (16).

Data were compiled, analyzed, and visualized using Microsoft Excel,
GraphPad Prism v.9.2, and R v.4.2.1.

Results
Patient characteristics

The cohort for analysis included 56 alloSCT recipients, 32
patients in the preemptive therapy group and 24 patients in the
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letermovir group. The two groups did not differ significantly in
terms of baseline patient characteristics (age, sex, underlying
disease, donor type, donor HCMV status, stem cell source,
conditioning regimen, HCT-CI score) and duration of follow-up.
Detailed patient characteristics are summarized in Tables 1, S1, and
S2 and the numbers of patients included in each subfigure can be
found in Table S4.

HCMYV reactivation and viral load

Fourteen out of 32 patients (43.8 %) in the preemptive therapy
group showed LTR, while 7 out of the 24 patients (29.2 %) in the
letermovir group showed LTR, resulting in comparable reactivation
rates until day +365 (p=0.40, Figure 1B). Expectedly, letermovir
prophylaxis significantly delayed the first HCMV reactivation
compared to the preemptive therapy cohort (median: day +171,
range: day +30-202 vs. day +33, range: day +5-77, p<0.001,
Figure 1C). Furthermore, letermovir prophylaxis significantly
decreased HCMV peak viral loads until day +120 (median: 0 vs.
1,550 copies/mL, p<0.001) and day +365 (median: 151 vs. 1,550
copies/mL, p=0.043) (Figure 1D). Patients receiving preemptive
therapy who suffered from LTR had significantly higher HCMV
peak loads until day +120 (median: 5,400 vs. 300 copies/mL,
p<0.001) and day +365 (median: 5,800 vs. 300 copies/mL,
p<0.001) than NSTR patients. Similarly, LTR patients on
letermovir prophylaxis showed elevated peak HCMV loads until
day +365 compared to NSTR recipients (median: 52,000 vs. 0
copies/mL, p=0.011). There were no differences in HCMV peak
loads between NSTR and LTR recipients on letermovir prophylaxis
until day +120 (median: 0 vs. 0 copies/mL, p=0.569, Figure 1E),
indicating successful suppression of viral replication during
letermovir intake.

Reconstitution of the global T- and NK-
cell repertoire in alloSCT recipients
receiving preemptive therapy or
letermovir prophylaxis

In a first step, we compared the immune reconstitution of
alloSCT recipients managed with preemptive therapy and
letermovir prophylaxis, regardless of the duration of the HCMV
reactivation. Antiviral strategies had no impact on absolute
lymphocyte counts (Figure 2A). However, alloSCT recipients
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alloSCT, allogeneic stem cell transplantation; CD, cluster of differentiation; LVR, letermovir; PT, preemptive therapy

receiving preemptive therapy showed a trend toward higher T-cell
counts from day +30 to day +120 than those on letermovir
prophylaxis, most markedly at day +120 [median: 235 vs. 58
CD3"CD56 T cells/uL, median-to-median ratio (MMR)=4.1,
p=0.135, Figure 2B]. Inversely, NK-cell counts were higher in
patients receiving letermovir prophylaxis at all sampling points,
with the largest difference seen at day +120 (median: 244 vs. 131
CD3°CD56" NK cells/uL, p=0.006 Figure 2C). Together, these
findings resulted in an increased T-/NK-cell distribution in
preemptive therapy-managed patients compared to patients on
letermovir, which was most noticeably at day +120. Preemptive
therapy-receiving alloSCT recipients had higher frequencies of
circulatory T cells at day +120 (median: 48 % vs. 19 %
CD3*CD56™ T cells of lymphocytes, p=0.003), while letermovir
recipients showed higher NK-cell frequencies (median: day +120:
77 % vs. 34 % CD56"CD3” NK cells of lymphocytes,
p<0.001) (Figure 2D).

T-cell reconstitution in alloSCT recipients
managed with preemptive therapy or
letermovir prophylaxis

CD4" T-helper cell counts were comparable in alloSCT
recipients on either antiviral strategy (Figure 3A). In contrast,
counts of CD8" cytotoxic T lymphocytes were higher in alloSCT
recipients managed with preemptive therapy than in the letermovir-
treated cohort, reaching significance at day +120 (median: 126 vs.
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26 CD8" T cells/uL, p=0.024, Figure 3B). As a result, we found a
significantly increased CD8"/CD4" T-cell ratio in patients receiving
preemptive therapy compared to patients on letermovir at day +60,
+90, +120 (Figure 3C). The distribution of CD4" memory/effector
cell subsets (CD4"CCR7*"CD45RA*"") was mostly similar between
the two treatment groups. However, letermovir recipients had
higher naive CD4" T-cell frequencies than patients managed with
preemptive therapy at day +120 (median: 1.8 % vs. 0.8 %
CD4"CCR7"CD45RA" of CD4" T cells, p=0.031, Figure S4A).

As expected, quantification of HCMV-specific T cells revealed a
trend toward higher numbers of HCMV-specific T cells in alloSCT
recipients receiving preemptive therapy compared to patients on
letermovir prophylaxis. Compared to patients receiving letermovir,
HCMV-specific CD4" T-cell counts were elevated in recipients
managed with preemptive therapy at day +60 (median: 11.3 vs.
1.2 CD4"IFNY" T cells/100uL, MMR=9.4, Figure 3D), shortly after
the median time point of first HCMV reactivation in the preemptive
therapy cohort. Additionally, HCMV-specific CD8" T-cell counts
were higher in patients receiving preemptive therapy than in those
receiving letermovir at all sampling points. This trend was most
prominent at day +60 (median: 28.0 vs. 6.7 CD8" IFNy"CD107a* T
cells/100uL, MMR=4.2) and day +120 (median: 43.4 vs. 14.4 CD8"
IFNY"CD107a" T cells/100pL, MMR=3.0) (Figure 3E).
Interestingly, even though letermovir recipients showed lower
HCMV-specific T-cell numbers than patients managed with
preemptive therapy, HCMV-specific T-cell counts expanded from
day +30 to day +90 in NSTR letermovir recipients. HCMV-specific
CD4" T cells significantly increased from 1.6 CD4"TFNY" T cells/
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Total and HCMV-specific T-helper cell and cytotoxic T-cell counts, and frequencies are decreased by letermovir prophylaxis. AloSCT recipients
receiving letermovir (LVR, orange squares) or preemptive therapy (PT, blue circles) were compared by flow cytometry. (A-C) T-helper (CD4") (A) and
cytotoxic T-cell (CD8) (B) numbers and their percentage of all CD3" cells (C) were quantified. (D, E) Measurement of background-corrected
HCMV-specific (D) T-helper cells (CD4*IFNy*) and (E) cytotoxic T cells (CD8*IFNy" CD107a") after 16-18 h of stimulation with a pp65 HCMV peptide
mix. (F, G) (F) Numbers of background-corrected HCMV-specific T-helper cells (CD4*IFNy*) and (G) HCMV-specific cytotoxic T cells (CD8"IFNy*
CD107a*) at day +30 and +90 in non/short-term HCMV reactivating alloSCT recipients on letermovir prophylaxis. Mann—Whitney U test was used to
test for statistical significance: * p < 0.05, ** p < 0.01. Median values are shown. Error bars = interquartile ranges. alloSCT, allogeneic stem cell
transplantation; CD, cluster of differentiation; LVR, letermovir; PT, preemptive therapy.

100uL at day +30 to 7.8 CD4"IFNY" T cells/100uL at day +90
(median, p=0.029, Figure 3F) in NSTR letermovir patients.
Significantly elevated HCMV-specific CD8" T cells from 0.9
CD8" IFNY'CD107a" T cells/100uL at day +30 to 6.9 CD8"
IFNY'CD107a" T cells/100uL at day +90 (median, p=0.044,
Figure 3G) were also found in these patients.

NK-cell reconstitution in alloSCT
recipients receiving preemptive
therapy or letermovir prophylaxis

Next, we analyzed NK-cell reconstitution. Fold-changes of NK-
cell populations in patients receiving letermovir or preemptive

Frontiers in Immunology

therapy are shown in Figure 4A. As outlined above, letermovir
recipients showed increased numbers of NK cells with the largest
differences at day +120 (median: 244 vs. 131 CD3 CD56" NK cells/
uL, p=0.006, Figures 2C, 4A) compared to preemptive therapy-
managed patients. This observation resulted from significantly
higher counts of both, CD56"¢" and CD56%™ NK cells
(Figures 4A, B). We found differences in relative CD5¢Pright/dim
proportions between the two cohorts: While letermovir recipients
showed higher frequencies of CD56" 8™ NK cells (median:
day +90: 43 vs. 28 % CD56""¢"'CD3/CD56"CD3" NK cells,
p=0.009 Figures 4A, B), alloSCT recipients receiving preemptive
therapy had higher CD56™ NK-cell frequencies (median: day +90:
72 vs. 57 % CD56dimCD3'/CD56+CD3’, p=0.009 Figures 4A, B).
CD56%™ NK cells comprise a subset of NK cells that possess
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Flow cytometric analysis revealed increased numbers of (‘“memory-like”) NK-cells in alloSCT patient receiving letermovir prophylaxis compared to
preemptive therapy. AlloSCT recipients receiving letermovir (LVR, orange) or preemptive therapy (PT, blue) were compared by flow cytometry.

(A) Heat map showing the MMR (LVR/PT) of NK-cell and "memory-like” NK-cell counts depending on HCMV management. Orange and blue color
intensity indicate higher cell numbers in patients on LVR prophylaxis and patients receiving preemptive therapy, respectively. (B) CD56°"9"
(CD56°"9M CD37), CD569™ (CD56%™CD37) and their respective percentages of the total NK-cell (CD56"CD3") population. (C) Number of “memory-
like” CD56%™FceRly (left) or “memory-like” CD56 “MCD159c¢* (right) NK-cells. (D) Number of mature “memory-like” CD56™FceRIly CD57" (left) or
mature “memory-like” CD569™MCD159¢*CD57* (right) NK-cells. Mann-Whitney U test and Benjamini-Hochberg procedure to test for a false-positive
discovery rate (FDR) of < 0.2 were used to test for statistical significance. * p < 0.05, ** p < 0.01. Median values are shown. Error bars = interquartile
ranges. abs., absolute; alloSCT, allogeneic stem cell transplantation; CD, cluster of differentiation; d, day; LVR, letermovir; PT, preemptive therapy;

MMR, median-to-median ratio.

“memory-like” characteristics. These NK cells undergo
proliferation and display enhanced anti-HCMV properties in
response to HCMV infection, thereby contributing to more
efficient control of the virus (17-24). Interestingly, “memory-
like” (CD56%™CD159¢*(NKG2C)* and CD56“™FCeRIy) and
mature “memory-like” NK-cell (CD56%™CD159¢* CD57* and
CD56"™FCeRIy CD57%) numbers were significantly increased in
letermovir recipients compared to patients managed with
preemptive therapy (Figures 4A, C, D).

Association of T-cell reconstitution and
HCMV control

Next, we compared the lymphocyte reconstitution of alloSCT
recipients with NSTR and LTR (Figure 5A). NSTR alloSCT
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recipients managed with preemptive therapy showed significantly
higher global CD4" and CD8" T-cell counts compared to LTR
recipients, with the highest differences found at day +120 (median:
139.5vs. 6.7 CD4™ T cells/pL, p<0.001, Figures 5A, B; 316.6 vs. 25.0
CD8" T cells/uL, p=0.002, Figures 5A, C). In contrast, global CD4™
and CD8" T-cell counts were comparable in patients receiving
letermovir prophylaxis with NSTR and LTR (Figures 5A-C).
NSTR alloSCT recipients in both cohorts (letermovir and
preemptive therapy) had higher HCMV-specific CD4" and CD8"
T-cell numbers and frequencies than LTR patients (Figures 5A, D,
E). Significantly elevated counts of HCMV-specific CD4" were
found in NSTR versus LTR patients on letermovir prophylaxis as
early as day +60 (median: 7.6 vs. 0 CD4'IFNy" T cells/100uL,
p=0.021). Additionally, NSTR letermovir patients showed
significantly higher HCMV-specific CD4" frequencies at day +60
(median: 0.35 vs. 0.00 % CD4"IFNY"/CD4" T cells, p=0.018) and

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1148841
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lauruschkat et al.

PT LVR

MMR (Non/short-term / Long-term) MMR (Non/short-term / Long-term)

abs. cellnumbers % of CD4* or CD8" resp. abs. cell numbers % of CD4" or CD8" resp.

d30 d60 dso d120

d30 d60 d9o0 d120 d30 d60 d90 d120 d30 d60 d90 d120

cD4*

cD4'CD25°CD127¢4™

HCMV sepe. (IFNy*)CD4*
cDs*

HCMV-sepc. (IFNy*CD107*)CD8"

<0.25 1

24 MMR
Higher in long-term Higher in non/short-term
PT LVR PT LVR
00" 1500
'
200 g &0 msox
= 150 ES !
2 » 300 '
g 100 3 H
+ . 200 '
3 H P
o 80 G 100 !
(1S
o
30 60 90 120 30 60 90 120 30 60 90 120 30 60 90 120
B ) .
< 100 ' 2 1500 '
E 3 5
g%, v = I It = L P I
S 2 . S 80 t
2 0 So !
3 154 ' ag 6o '
. ' o8 \
- ' - '
s 10 ! = 40 !
ic ' i '
o 5 ' i 20 - '
= o
Q9 1 _n Q Y
o o~ o T L

CD8*IFNy*CD107a*
1CD8* (%)

CD4*IFNy*/ CD4" (%)
o o © o
S B & e

3

+ T
30 60 90 120 30 60 90 120
F days post alloSCT

® Nonishort-term reactivating
© Long-term reactivating

T
30 60 90 120

days post alloSCT

cD4*cD25'cD1279™ / cD4* CD4*CD25*CD1279™ / pL
o
T

30 60 90 120

FIGURE 5

Non/short-term HCMV reactivation in letermovir recipients is associated with an increased HCMV-specific T-helper cell response and decreased
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cells (CD4") and (C) cytotoxic T-cells (CD8"). (D, E) Background-corrected numbers and percentages of HCMV-specific (D) T-helper cells
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day +90 (median: 0.20 vs. 0.05 % CD4'IFNY'/CD4" T cells,
p=0.040) compared to LTR letermovir patients. Moreover, NSTR
alloSCT recipients on letermovir prophylaxis showed higher
HCMV-specific CD8" T-cell counts and frequencies than

LTR patients.
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In alloSCT recipients receiving preemptive therapy, regulatory T
cells (Tregs, CD4'CD25"CD127%™) expanded in NSTR in contrast
to LTR patients. However, relative frequencies of Tregs among CD4"*
T cells remained comparable between the two groups. In contrast,

LTR recipients on letermovir prophylaxis showed increased Treg
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counts compared to NSTR patients at day +30 (median: 1.9 vs. 0.1
CD4*CD25"CD1279™ T cells/uL, p=0.047). Furthermore, Treg
frequencies were significantly elevated in LTR letermovir-treated
patients at day +90 (median: 6.2 vs. 2.2 CD4*CD25'CD1274™/
CD4" T cells, p=0.019) and day +120 (median: 7.0 vs. 3.6
CD4"CD25°CD127%™ T cells/uL, p=0.003) compared to NSTR
patients (Figure 5F).

Association of NK-cell reconstitution and
HCMYV control

NK-cell numbers were similar between NSTR and LTR
recipients with both antiviral strategies (Figure 6A). However,
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while preemptive therapy-managed alloSCT recipients with LTR
showed elevated CD56""8"/CD56%™ NK-cell ratios compared to
NSTR patients (median: day +60: 0.80 vs. 0.21, p<0.001), this trend
was not seen in letermovir recipients (Figure 6B).

“Memory-like” (CD56™CD159c(NKG2C)" and CD56"™FCeRIy)
NK-cell numbers and CD56“™FCeRIy frequencies were elevated in NSTR
alloSCT recipients receiving preemptive therapy compared to LTR patients
(Figures 6C, D). In contrast, we did not find statistically significant
differences in “memory-like” or mature “memory-like”
(CD56%™CD159¢*CD57%) NK-cell numbers between patients on
letermovir prophylaxis with and without LTR (Figures 6C-E). However,
NSTR patients on letermovir prophylaxis showed strong trends toward
higher CD56%™CD159¢" (median: 22.7 vs. 11.8 % CD56"™CD159¢"/
CD56"CD3’, p=0.089) and CD56"™"CD159¢"CD57" (median: 183 vs. 5.4
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Reconstitution of total NK-cells and “memory-like” NK-cells in non/short-term or long-term HCMV reactivating alloSCT recipients receiving preemptive
therapy or letermovir. AloSCT recipients, who suffered from non/short-term (green) or long-term (grey) HCMV reactivation and either received letermovir
prophylaxis (LVR, orange) or preemptive therapy (PT, blue) were compared by flow cytometry. (A) NK-cell numbers (CD56*CD3"). (B) Median ratios of
CD56"9" and CD56%™ NK-cells. (C-E) Absolute cell numbers and percentages of (C) FceRly CD56%™, (D) CD159¢*CD56%™, and (E) CD57*CD159¢*CD56%™
NK cells. Mann—-Whitney U test was used to test for statistical significance: * p < 0.05, ** p < 0.01. Median values are shown. Error bars = interquartile ranges.
alloSCT, allogeneic stem cell transplantation; CD, cluster of differentiation; d, day; LVR, letermovir, PT, preemptive therapy.
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% CD56™CD159¢"CD57"/CD56"CD3', p=0.065) frequencies compared
to LTR recipients at day +120 (Figures 6D, E).

Identification of immune markers
predicting HCMV control and reactivations

Finally, we performed ROC analysis to identify the most
promising biomarkers on days +30, +60, and +90 to predict
future LTR during letermovir prophylaxis (Figure 7A). The
strongest predictor of LTR were low HCMV-specific CD4™ T cells
and high regulatory CD4" T cells at day +60 and day +90
(Figure 7A). Specifically, frequencies of HCMV-specific CD4" T
cells at day +60 were the best discriminator between NSTR and LTR
letermovir-treated recipients [median: 0.35 vs. 0.00 % CD4"TFNYy"/
CD4", p=0.019, area under the curve (AUC)=0.81, Figure 7B],

10.3389/fimmu.2023.1148841

closely followed by Tregs at day +90 (median: 2.2 vs. 6.2 %
CD4*CD25'CD127%"/CD4". p=0.021, AUC=0.85, Figure 7C). In
addition, frequencies of CD57*CD159¢*CD56%™ memory-like NK
cells at day +60 yielded relatively good yet non-significant
discrimination between LTR (9.4 %) and NSTR (13.3 %)
letermovir recipients (p=0.124, Figure 7D). In contrast, HCMV-
specific CD8" reconstitution was less predictive for HCMV
control (Figure 7E).

Discussion

A better understanding of the influence of letermovir on
immune reconstitution and the identification of immune markers
to predict HCMV control will be essential to improve and
individualize HCMV prophylaxis and management in alloSCT
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FIGURE 7

ROC-analysis revealed CD4"* T cells as promising biomarker for future long-term HCMV reactivations. (A) ROC analysis was performed for numbers
and frequencies of the following populations of alloSCT recipients with non/short-term or long-term HCMV reactivation(s) on letermovir
prophylaxis: Global T cells (CD3*, CD4*, CD8*, CD4*CD25"CD127*), HCMV-specific T cells (CD4*IFNy", CD8*IFNy"*CD107a"), global NK cells
(CD56*CD3’) and “memory-like” NK cells [(CD57%)CD159¢*CD56%™ and (CD57*) FceRly CD56dim]. The table shows results with a p-value < 0.1 as
well as the lowest p-value for “memory-like” NK cells and HCMV-specific CD8" T cells. (B-D) ROC analysis of selected cell frequencies of non/
short-term (green dots) and long-term (grey dots) HCMV reactivating patients on letermovir prophylaxis: (B) HCMV-specific CD4* T cells,

(C) regulatory T cells, (D) "“memory-like” NK cells, (E) HCMV-specific CD8" T cells. Results with a significant Mann-Whitney U test and non-significant
Benjamini-Hochberg procedure to test for a false-positive discovery rate (FDR) of < 0.2 were marked as * p < 0.05. Black lines = median. alloSCT,
allogeneic stem cell transplantation; CD, cluster of differentiation; IFN, Interferon; ROC, receiver operating characteristic.
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recipients. Letermovir prophylaxis decreases the HCMV load and
delays the first HCMV reactivation (8, 25). Therefore, the immune
system is given additional time to reconstitute an efficient immune
response to prevent LTR. However, the lack of HCMV reactivation
during letermovir prophylaxis and lack of immune exposure to
HCMYV antigens can alter the reconstitution of T cells and NK cells.

Compared to patients receiving preemptive therapy, we found
that letermovir prophylaxis decreased T-cell numbers but led to
higher NK-cell numbers. In line with the literature, we found
increased numbers of “memory-like” NK cells in NSTR compared
to LTR patients receiving preemptive therapy (18, 23, 24).
Interestingly, we also found a strong trend towards increased
frequencies of CD159¢" and mature CD57'CD159¢" “memory-
like” NK cells in NSTR vs. LTR patients in the letermovir group.
Thus, CD159¢" NK cells and their strong potential for expansion,
cytokine secretion, and cytotoxicity might help to control the virus
after discontinuation of letermovir (17-20). It is likely that HCMV
reactivation events, which would be expected to occur
predominantly after the end of our observation period, will
further shape the “memory-like” NK-cell repertoire. Future
research should determine how “memory-like” NK cells can
expand despite letermovir and clarify their role in late-onset
HCMYV disease after discontinuation of letermovir prophylaxis.

As many other viral infections, HCMV reactivations result in
clonal expansion of CD4" and CD8" T cells (26-28). Consistent
with recent publications, we found that letermovir prophylaxis
decreases the expansion of T cells compared to preemptive
therapy. This observation likely results from decreased
proliferation of HCMV-specific CD8*- and CD4" T cells due to
impaired HCMV antigen exposure resulting from inhibition of
HCMV replication by letermovir (8, 9, 29). Consequently,
letermovir results in an altered CD8/CD4" ratio. CD4" T cells
are more abundant than CD8" T cells in most HCMV-seronegative
healthy adults, whereas HCMV infection commonly inverts this
ratio (30, 31). Therefore, our results align with the expectation of
higher CD8"/CD4" ratios in the early post-transplant stage in
patients managed with preemptive therapy than in those receiving
letermovir. However, we hypothesize that delayed expansion of
CD8" T cells may occur after discontinuation of letermovir
prophylaxis and subsequent (sub)clinical HCMV reactivation.
Reactivation of HCMV has been linked to post-transplant
immune dysfunction, including defects in the T-cell compartment
(32-35). It is interesting to speculate that inhibition of HCMV
replication by letermovir prophylaxis might prevent these negative
effects on the T-cell compartment. The median 71-day delay in
HCMYV reactivation following letermovir discontinuation observed
in our patient cohort could be attributed to this effect, and it may
also contribute to reduced transplant-related mortality associated
with letermovir prophylaxis (12, 13, 32). In addition, HCMV-
specific T cells proliferated in NSTR patients during letermovir
prophylaxis. Potential explanations for this observation could be the
presentation of HCMV antigens that are expressed early in the
HCMV replication cycle, cross reactivity, or minor, subclinical
HCMV reactivations despite letermovir. In contrast, patients with
LTR did not show a significant increase in HCMV-specific T-cell
numbers during letermovir administration.
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Notably, our finding that NSTR alloSCT recipients receiving
letermovir had significantly higher frequencies of HCMV-specific
CD4" T cells than LTR patients indicate that antigen-specific CD4"
T-cell responses are pivotal to suppress post-transplant HCMV
reactivations. This finding aligns with numerous publications that
showed a protective effect of CD4" T cells in the resolution of
primary HCMV infection, prevention of prolonged HCMV
shredding, and development of a functional memory response
against HCMV (26, 36-38). In alloSCT recipients, an early and
robust global and HCMV-specific CD4™ T-cell reconstitution is
associated with reduced HCMV viremia and HCMV disease (39—
41). Consequently, adoptive HCMV-specific T-cell transfer has
been proposed to fight recurrent, treatment-resistant HCMV
reactivation. Of note, prior studies suggested that CD4" T-cell
reconstitution has to precede and subsequently orchestrate CD8"
T-cell reconstitution in order to establish increased protection
against HCMV diseases (42-46). Due to the inhibition of HCMV
replication by letermovir, CD4" T cells have more time to
reconstitute before the first HCMV reactivation and might be a
major contributor to the less frequent LTR in letermovir patients
(8, 25).

Even though the protective effect of the CD4™ T cells against
HCMYV is apparent, our results imply that closer characterization of
the HCMV-specific CD4" T-cell response may help to identify
patients at risk for late-onset HCMV disease. The anti-HCMV
CD4" T-cell repertoire consists of three main populations: CD4"
cytolytic T cells, CD4" memory T cells and Tregs (26, 47). Patients
receiving preemptive therapy, who only showed NSTR, had
increased numbers of all three populations, indicating a balanced
expansion of T-cell populations compared to the very limited T-cell
expansion in LTR patients. In contrast, we found significantly
increased numbers and frequencies of total Tregs in LTR patients
on letermovir prophylaxis compared to NSTR patients, suggesting
that Tregs might promote long-term HCMV reactivation in a
setting of letermovir prophylaxis. Tregs are the most common
HCMV-specific CD4" subtype in HCMV-seropositive healthy
individuals (47). They modulate the response of conventional T
cells in order to establish self-tolerance and prevent tissue damage
(48, 49) but also inhibit the establishment of conventional T-cell
responses in patients with HCMV and other viral infections (48,
50-52). For instance, depletion of Tregs from PBMCs resulted in
increased IFNY production of T cells in response to HCMV antigens
(50). Similarly, depletion of Tregs after establishment of murine (M)
CMV latency enhanced MCMV-specific CD4*- and CD8" T-cell
numbers and counteracted splenic MCMV latency in a mouse
model (50). Given these immunomodulatory Treg functions,
alterations in the patients’ total Treg repertoire could also explain
recent reports of less common cGvHD in patients receiving
letermovir prophylaxis (29, 53).

The differentiation and expansion of Tregs is known to be
facilitated by antigen stimulation in combination with lacking
innate immune response and co-stimulation (54). In patients on
letermovir prophylaxis, HCMV replication below the PCR threshold
and/or the presentation of early HCMV antigens could lead to low-
level HCMV antigen presentation. In these scenarios, limited
inflammation could result in a lack of secondary and tertiary T-cell
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stimulation signals. This might create an immune environment
favoring HCMV-specific Treg differentiation and expansion. These
Tregs could in turn inhibit the conventional T-cell response needed
for HCMV control, potentially contributing to HCMV reactivation
after discontinuation of letermovir. However, we only measured total
Tregs and it remains to be determined whether the total Treg
population correlates with HCMV-specific Tregs.

Our finding of high CD4" T-cell counts and low Treg
frequencies being major predictors of HCMV control after
letermovir prophylaxis could have translational significance.
Assays designed to quantify the IFNY release after stimulation of
PBMCs or whole blood with various antigens [so-called Interferon-
Y release assays (IGRAs)] are commercially available and have
proven their ability to predict the risk of long-term HCMV
reactivations in alloSCT recipients during preemptive therapy
(55-58). Our data imply that IGRA measurements might also be
beneficial for risk stratification before discontinuation of letermovir
prophylaxis. Given the stronger association of HCMV-specific
CD4" cells with NSTR compared to HCMV-specific CD8" cells in
our study, it would be useful to develop or optimize distinct
stimulation pools for both major T-cell populations. An
immunoassay kit with two separate stimulation pools for CD4"
and CD8" T cells is already available for tuberculosis and HCMV
(59, 60), underscoring the feasibility of such an approach. In
addition, efforts have been made to diversify cytokine readouts
for other infective diseases (61-63). In view of our present data,
addition of specific Treg cytokine readouts such as TGFf and IL10
might be particularly beneficial. Such refined assays could
contribute to the identification of patients with a high risk for
HCMYV reactivation and disease and thereby facilitate risk-adapted
clinical management approaches, including closer follow-up
monitoring and individualized duration of letermovir prophylaxis.
Extended letermovir prophylaxis from 100 to 200 days has
demonstrated to decrease clinical significant HCMV events in a
double-blinded placebo-controlled clinical trial (ClinicalTrials.gov,
Identifier: NCT03930615) (64). However, limitation of extended
prophylaxis to alloSCT recipients at particularly high risk for LTR
and disease, identified by immunoassays, might be an attractive and
possibly more cost-effective future approach.

Our study has some limitations. Firstly, the observation period
of the study was limited to 120 days post-transplant. Thus, effects of
HCMV reactivation after discontinuation of letermovir were not
captured. In addition, only seven patients developed LTR after
letermovir prophylaxis. Groups were well-matched for relevant
patient characteristics; however, it is conceivable that additional
clinical factors (e.g., HCMV serotypes of recipient and donor) may
have influenced immune reconstitution and the duration of the
HCMYV reactivation after alloSCT (4, 65, 66).

There are additional technical limitations. PBMCs were
analyzed after cryopreservation. Although common practice, it is
known that cryopreservation can alter T-cell phenotypes and
antigen-specific T-cell responses (63, 67-69). Moreover, absolute
numbers of specific cell subsets were approximated using a
combination of flow cytometry and lymphocyte counts measured
by routine hematology. Therefore, these cell numbers should be
considered an estimate. In addition, HCMV-specific T cells were

Frontiers in Immunology

14

10.3389/fimmu.2023.1148841

measured after PBMC stimulation with HCMV antigen.
Quantification via multimers could have provided a more precise
estimate of total HCMV-specific T cells in the peripheral blood.
However, unlike multimers, our stimulation approach was not
HLA-restricted and specifically quantified functional HCMV-
specific T cells. Thus, we argue that our approach is more suited
to detect functional anti-HCMV T-cell response.

Despite limitations, we herein showed significant changes in T-
cell reconstitution in alloSCT on letermovir prophylaxis when
compared to patients managed with preemptive therapy.
Furthermore, we provided inaugural evidence that letermovir
prophylaxis also alters NK-cell reconstitution. Importantly, we
identified HCMV-specific CD4" T cells as a major predictor of
NSTR in letermovir recipients. In contrast to patients receiving
preemptive therapy, increased Treg numbers and frequencies were
associated with LTR. In the future, HCMV-specific CD4" responses
in alloSCT patients on letermovir prophylaxis should be studied
prospectively in larger patient cohorts to evaluate whether HCMV-
specific CD4" T cells and Tregs are predictive biomarkers for the risk
of HCMYV reactivation following cessation of antiviral prophylaxis.
This might allow clinicians to prolong the duration of letermovir
prophylaxis for patients at high risk for LTR and to further decrease
morbidity and mortality associated with HCMV reactivations and
disease. Finally, future studies should include extended observation
periods to investigate immune reconstitution and anti-HCMV
response in alloSCT recipients after discontinuation of letermovir
prophylaxis and potential HCMV reactivation.
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