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m Human herpesvirus 6 (HHV-6) can reactivate after allogeneic hematopoietic stem cell

o transplant (allo-HSCT) and may lead to severe symptoms. HHV-6-specific immune

: HH\_/'6 reactlva.tlon can responses after HSCT are largely unexplored. We conducted a prospective observational
be .Ilfe-threatenlng g study on 208 consecutive adult patients who received allo-HSCT to investigate HHV-6
::r’:::rllir:jcv;:::)::‘]ise d reactivations and specific immune responses. Interferon gamma-producing HHV-6-specific

T cells were quantified using enzyme-linked immunospot assay (ELISpot). HHV-6

* Posttransplant HHV-6- reactivation occurred in 63% of patients, at a median of 25 days from allo-HSCT. Only 40%
specific T ce'lls, of these presented a clinically relevant infection, defined by the presence of classical HHV-6
detectable V_'a I,E,LISPOt end-organ diseases (EODs), based on European Conference on Infections in Leukaemia
assay, are significantly (ECIL) guidelines, and other possible HHV6-related EODs. Using multivariate analysis, we

associated with . . . - .
. identified risk factors for HHV-6 reactivation: previous allo-HSCT, posttransplant
clinically relevant

st cyclophosphamide (PT-Cy), and time-dependent steroids introduction. The use of PT-Cy and

steroids were associated with clinically relevant infections, whereas higher CD3" cell counts
seemed to be protective. Interestingly, circulating HHV-6-specific T cells were significantly
higher in patients with reactivated virus. Moreover, HHV-6-specific T-cell responses,
quantified at >4 days after the first viremia detection, predicted clinically relevant
infections (P < .0001), with higher specificity (93%) and sensitivity (79%) than polyclonal
CD3" cells per pL. Overall survival and transplant-related mortality were not affected by
time-dependent HHV-6 reactivation, whereas a significant association was observed
between clinically relevant infections and acute graft-versus-host disease. These results
shed light on the role of HHV-6 in allo-HSCT and may affect HHV-6 monitoring and
treatment.
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Introduction

Over the past decade, the use of hematopoietic stem cell trans-
plant (HSCT) has been constantly growing, along with the intro-
duction of different conditioning regimens and graft-versus-host
disease (GVHD) prophylaxis platforms.” Despite improvements in
HSCT outcomes, double-stranded DNA viruses' reactivation still
represents an unsolved issue, contributing substantially to early
posttransplant morbidity,”® particularly in the context of post-
transplant cyclophosphamide (PT-Cy).*® Although the introduction
of letermovir might be a turning point in cytomegalovirus (CMV)
prevention, other double-stranded DNA viruses are still lacking
specific management.

Post-HSCT reactivation of human herpesvirus 6 (HHV-6) has been
associated with impaired immune reconstitution and end-organ
diseases (EODs).*” HHV-6 is a member of the p-herpesvirus
subfamily associated with roseola infantum. After primary infection,
the virus remains latent and can be reactivated during lymphopenia
and immune depression. HHV-6 subtype B is responsible for
majority of post-HSCT reactivation cases.® Genome-integrated
HHV-6 has been reported, but its pathogenic role is less
defined.® Known risk factors for HHV-6 reactivation in transplant
recipients include the use of umbilical cord and HLA-mismatched
donors as graft source, T-cell depletion, steroid administration,
and acute GVHD.'® Among different clinical symptoms, limbic
encephalitis is the most life-threatening HHV-6-related complica-
tion."" Although no antivirals have been approved, foscarnet,
ganciclovir, and cidofovir are often used,® and initial evidence of
brincidofovir activity has been reported.'?

Knowledge on posttransplant HHV-6—specific T-cell immunor-
econstitution is still limited."®'* Despite HHV-6 high seropreva-
lence, specific interferon gamma (IFN-y)-producing T cells are
rarely detected in healthy donors (HDs) (<0.1% of the total CD4'®)
and low frequencies of specific spot forming cells (SFCs) were
reported upon stimulation with immunodominant proteins (mean, 3
SFCs per 10° peripheral blood mononuclear cells [PBMCs]).'*'®
After allo-HSCT, the level of response to HHV-6 immunodominant
targets was between 21 and 47 SFCs per 10° PBMCs in an adult
patient directly evaluated ex vivo at the time of acute HHV-6
infection (day 29 after HSCT),'” and between 0 and 36 SFCs
per 10° PBMCs in children who experienced a viral reactivation at
a median of 14 days after HSCT and were evaluated ex vivo at
2 months.'®

Early T-cell reconstitution protects against HHV-6 reactivation in
transplant recipients,' with high CD3* counts at the time of viral
reactivation being associated with less severe infections and
improved outcomes.”° De Pagter et al reported high HHV-6-spe-
cific CD8™ T-cell proliferation and IFN-y production in patients with
early HHV-6 reactivation after HSCT.'® However, they did not
investigate any association between the magnitude of HHV-6—
specific T-cell response and the severity of the viral reactivation.
Furthermore, Hanson et al documented a higher HHV-6 viremia in
patients with HSCT who received 10-fold fewer donor-derived
HHV-6-specific CD4* T cells than in patients experiencing
milder (<200 copies per mL) or no viral reactivations, corroborating
the hypothesis of a potential protective role of HHV-6—specific T
cells.”!
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The aim of this study was to prospectively analyze the clinical
aspects and the risk factors for HHV-6 reactivation, its influence on
main transplant outcomes and, finally, to investigate the role of
HHV-6-specific T-cell immune responses upon viral reactivation.

Materials and methods
Study design and definitions

In this prospective, monocentric, noninterventional study, we
analyzed all adult consecutive allogenic HSCT recipients who
received the transplant between 2013 and 2015 in our center. A
total of 208 consecutive HSCT recipients affected by hematolog-
ical malignancies (Table 1; supplemental Material) were included in
the study. The median follow-up was 4 years after HSCT (range,
0.4-5.7).

Polyclonal immune reconstitution was evaluated via flow cytometry
and analyzed with the FCS Express software (de novo software).

HHV-6 was monitored weekly via real-time quantitative polymerase
chain reaction (PCR; commercial kit HSV6 Elite MGB from ELIT-
ECH group SPA, target gene U67; sensitivity limit between 100
and 2.5 x10° copies per mL) using plasma samples until day 100
after HSCT; HHV-6 was monitored twice weekly in case of a
positive result. All patients and donors were screened before
HSCT?®; chromosomally integrated HHV-6 with persistent high
levels of HHV-6 DNAemia, registered in 6 cases (2.7% of the entire
cohort), were excluded from the study. All patients received
acyclovir as an antiviral prophylaxis. Our center's policy, based on
European Conference on Infections in Leukaemia (ECIL) guide-
lines® and center experience,"?%?” adopts a multidisciplinary
model based on different tools for the diagnosis of HHV-6 reac-
tivation and clinically relevant HHV-6 infection (supplemental
Material).

Briefly, HHV-6 reactivation was defined as the detection of HHV6
DNA in the peripheral blood, with 2 consecutive positive PCR
samples and an eventual association with fever and rash, whereas
clinically relevant HHV-6 infection was arbitrarily defined by the
presence of (1) classical HHV-6 related EODs recognized by ECIL-
consensus guidelines (proven encephalitis, delayed engraftment,
or myelosuppression [detailed definitions are given in supplemental
Material]); or (2) possible HHV-6-related EODs for clinical entities
with a weaker association with HHV-6 infection (probable or
possible encephalitis, pneumonitis, hepatitis, and gastrointestinal
disease), prospectively ruling out potential concomitant causes and
always in the presence of HHV-6 DNA-positive samples (detailed
definitions in supplemental Material).

HHV6 DNA encephalitis were treated with ganciclovir and/or fos-
carnet per international recommendations,® whereas antiviral ther-
apy of HHV-6 cases was based on clinician judgment per the
institutional guidelines.

HHV-6-specific T cells were enumerated at a median of 32 days
after HSCT in all patients experiencing viral reactivation
within +60 days, in the presence of >25 circulating CD3™ cells per
pL, with available samples stored in the institutional biobank.
Concomitantly, we evaluated a cohort of patients who tested
negative for HHV-6 as the control group. Inclusion criteria for HHV-
6 negative patients were (1) availability of PBMC samples at 30 £
10 days after allo-HSCT (median +33 days), (2) adequate numbers
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Table 1. Patient and transplant characteristics (n = 208)

Patient age, y, median (range) 53 (19-77)
Sex, male (%) 129 (62)
Diagnosis, n (%)
Myeloid diseases
AML 122 (59)
MDS or MPN 32 (15)
Lymphoid diseases/myeloma 54 (26)
Disease status at HSCT, n (%) 57 (27)
CR1
CR>1 28 (14)
Active disease 123 (59)
R-DRI at HSCT, n (%)
Not applicable 10 (5)
Low or intermediate 82 (39)
High 93 (45)
Very high 23 (11)
HCT-CI score, median (range) 2 (0-8)
Type of donor, n (%)
MRD 39 (19)
ub 63 (30)
MMRD 99 (48)
CBU 7 (3)
Stem cell source, n (%)
PB 181 (87)
BM 20 (10)
CBU 7 (3)
Conditioning regimen, n (%)
MAC 169 (81)
RTC 39 (19)
CMV serostatus (H/D), n (%)
Pos/pos 115 (65)
Pos/neg 66 (32)
Neg/pos 7 (3)
Neg/neg 20 (10)
GVHD prophylaxis, n (%)
In vivo T-cell depletion
PT-Cy-based 101 (49)
ATG-based 84 (40)
None 23 (11)
Immunesuppression
Sirolimus-based 161 (78)
CsA-based 47 (22)

AML, acute myeloid leukemia; ATG, antithymocyte globulin; BM, bone marrow;
CBU, cord blood unit; CR, complete remission; CsA, cyclosporine A; HCT-CI,
hematopoietic cell transplant—-comorbidity index; H/D, host/donor; HL, Hodgkin
lymphoma; MAC, myeloablative conditioning®*?%; MDS, myelodysplastic syndrome;
MPN, myeloproliferative neoplasm; MRD, matched-related donor; MMRD,
mismatched related donor; neg, negative; PB, peripheral blood; pos, positive; R-
DRI, refined-disease risk index; RTC, reduced-toxicity conditioning®?°; UD, unrelated
donor.
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of circulating CD3" cells (>25 cells per pL), and (3) survival
beyond day 30 after allo-HSCT. Patients developing a disease
relapse within day 30 after allo-HSCT were excluded from both
groups.

Sampling and IFN-y enzyme-linked immunospot
assay (ELISpot)

Peripheral blood samples were collected either on day 30 after
HSCT in patients who tested negative for HHV-6 or starting from
the fourth day after the first HHV-6 DNAemia. PBMCs were iso-
lated from patients and HD samples by density gradient centrifu-
gation (Lymphoprep, Sentinel diagnostics) and frozen. Frequencies
of IFN-y—producing HHV-6-specific T cells were determined via
ELISpot assay®® using cryopreserved PBMCs (details in
supplemental Materials). Cells were stimulated overnight at 37°C
and 5% CO, with a library of overlapping peptides covering the
entire sequence of the immunodominant viral protein U54 from
HHV-6B strain (10 pg/mL; acquired from JPT).'”?° CMV-specific
responses were also assessed using the glycine extract of a
human fibroblast cell line infected with the CMV strain AD169.2
(CMV antigen), as previously reported.>° Polyclonal stimulation
with phytohemagglutinin (Sigma) was used as the positive control.
Specific SFCs were counted using a computer-assisted video
image analysis (Ely Analyze V4.2 Reader). Negative controls
(medium alone and unstimulated PBMCs) were subtracted, and
the frequency of HHV-6-specific T cells was expressed as a
specific SFC per 10° PBMCs.

To enrich samples from HDs for HHV-6-specific T cells, PBMC
were stimulated with a library of overlapping peptides covering the
U54 protein (10 pg/mL; JPT)'® in Iscove modified Dulbecco
medium (Lonza) supplemented with 1% glutamine, 1% penicillin/
streptomycin, and 10% human serum. After 3 days, recombinant
human IL-2 (60 Ul/mL; Novartis) was added, and the medium was
replaced every 2 or 3 days for a 14-day culture. Cells were tested
via IFN-y ELISpot for the recognition of HHV-6—specific peptides
before and after the in vitro enrichment.

Statistical analysis

The following outcomes were measured from the time of stem cell
infusion: overall survival (OS), transplant-related mortality (TRM),
and progression-free survival (PFS). Definitions are provided in
supplemental Materials.

Cumulative incidences (Cls) were estimated for HHV-6 reactivation
and clinically relevant infection, GVHD (acute and chronic), relapse,
and TRM, to accommodate the competing risks. Relapse/pro-
gression was a competing risk for TRM. Relapse/progression and
death from any cause were competing risks for GVHD and HHV-6
reactivation or clinically relevant infection.

The probabilities of OS and PFS were estimated using the Kaplan-
Meier estimator. Log-rank test was used for univariate comparisons
of survival curves, whereas the Gray test was conducted to
compare Cls of competing-risk end points.

Cox regression models were used to study factors predicting HHV-
6 and analyze whether HHV-6 reactivation influenced the risks of
GVHD, TRM, relapse, PFS, and OS. Included variables are defined
in supplemental Materials. The proportional hazard assumption was
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met for all variables. A P value of .05 was considered significant for
determination of factors associated with the time to event.

Receiver operating characteristic curve allowed for the selection of
the cut-off value of continuous variables able to segregate among
different outcomes with the best compromise between sensitivity
and specificity. Comparison between 2 groups were carried out
using nonparametric Mann-Whitney test or paired t test, as
appropriate. In case of >2 groups, Kruskal-Wallis followed by Dunn
multiple comparison test or Wilcoxon test were used.

Statistical analyses were performed using R 4.0.4 (R Development
Core Team, Vienna, Austria) and GraphPad PRISM version 9.

Ethics statement

All patients were treated in accordance with the institutional pro-
grams upon obtaining written informed consent for transplant
procedures, use of medical records for research, and immunolog-
ical studies for patients undergoing allo-HSCT within the non-
interventional ALMON study approved by the San Raffaele
Institutional Ethical Committee on 19 October 2007.

Results
Transplant outcomes

Engraftment was obtained in 202 patients after a median of
18 days (range, 10-83 days) since HSCT for neutrophils and
32 days since HSCT for platelets (range, 8-93 days). Six patients
did not achieve engraftment because of early transplant-related
death (n = 4), disease relapse (n = 1), or graft rejection (n = 1).

Overall, 107 patients (51%) reached the threshold of >100/uL
CD3™ cells within 30 days since HSCT. On day 30, we observed
medians of 65/uL (range, 0-2650/uL) CD4* T cells, 92/uL (range, O-
6450/uL) CD8* T cells, and 0/uL (range, 0-109/uL) CD19" cells.

Transplant outcomes are shown in Table 2. The primary causes of
death were disease relapse (n = 53) and TRM (n = 51); there was
no death because of HHV-6—-related infection.

HHV-6 reactivation

HHV-6 reactivation occurred in 130 patients (63%; Cl, 57% % 7%
at 100 days; Figure 1A). The median time from allo-HSCT to the

Table 2. Transplant outcomes

first HHV-6 reactivation was 25 days (range, 3-538 days). At onset,
the median value of viremia in the peripheral blood was 885 (range,
26-207 042) copies per mL, reaching a peak of 1721 (range, 26-
1 537 606) copies per mL. At the time of viral reactivation, 68
patients were on steroid therapy: in 22 patients, <0.5 mg/kg
(17%); in 28 patients, 1 mg/kg (21%); and in 18 patients, 2 mg/kg
(14%).

Within the group of HHV-6—positive patients, clinically relevant
HHV-6 infections were observed in 52 patients (40%; Cl, 24% %
6% at 100 days; Figure 1B). Furthermore, we observed the
following classical HHV-6-related EODs: delayed engraftment or
myelosuppression (n = 39) and proven encephalitis (n = 4), with a
concomitant syndrome of inappropriate antidiuretic hormone
secretion (SIADH) in 1 case. Moving to possible HHV-6 related
EODs, we observed: probable/possible encephalitis (n = 5; prob-
able n = 3 and possible n = 2), with concomitant SIADH in 3
cases: pneumonitis (n = 3), gastrointestinal diseases (uppern=18
and lower n = 28), and hepatitis (n = 1). Some patients had >1
symptom compatible with EOD. At onset, the median value of
viremia in the peripheral blood was 1091 (range, 181-6875) copies
per mL, reaching a peak of 5259 (range, 475-22 519) copies per
mL. At the time of clinically relevant HHV-6 infection, 27 patients
were on steroid therapy: in 15 patients <0.5 mg/kg, in 6 patients,
1 mg/kg; and in 6 patients, 2 mg/kg.

The timeframe from first HHV-6 DNA positivity in the peripheral
blood to the development of clinical entities was at least 15 days
(median, 1 month). Overall, the 52 patients who developed clini-
cally relevant HHV-6 infections received antiviral therapy for a
median of 21 days, consisting of ganciclovir (n = 32), foscarnet
(n = 9), or combination therapy (n = 11).

Via multivariate analyses (Table 3), HHV-6 reactivation was signif-
icantly associated with a history of prior allo-HSCT (hazard ratio
[HR], 2.89; confidence interval [CI], 1.49-5.60; P<.01), use of PT-
Cy as GVHD prophylaxis (HR, 2.59; Cl, 1.50-4.47; P < .01), and
the time-dependent introduction of any dose of steroids after
HSCT (1 mg/kg vs no steroids: HR, 3.64; Cl, 2.34-5.66; 2 mg/kg
vs no steroids: HR, 4.2; Cl, 2.29-7.70; P < .01). Moreover, CD3*
cell counts >100 cell per pL upon viral reactivation (HR, 0.23; Cl,
0.07-0.81; P=.02) were protective against clinically relevant HHV-
6 infection, whereas the use of PT-Cy (HR, 3.77; Cl, 1.47-9.64;

30 days

100 days 1y 4y

HHV-6 reactivation (Cl) 46% * 7%
Clinically relevant HHV-6 infection (Cl)
Grade 2, 3 or 4 aGVHD (Cl)

Grade 3 or 4 aGVHD (Cl)

cGVHD (CI)

TRM (CI)

Relapse (Cl)

[eS]

PFS

20% =+ 5%

57% £ 7%
24% * 6%
28% *+ 6%
13% % 4%

25% + 6% 33% * 6%
18 % * 5% 26% *+ 6%
26% *+ 6% 32% * 6%
64% * 6% 47% £ 7%

56% * 7% 42% % 7%

aGVHD, acute graft-versus-host disease; cGVHD, chronic graft-versus-host disease.
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Figure 1. HHV-6 reactivation and clinically relevant infection. (A) Cl of total HHV-6 reactivation; (B) Cl of HHV-6 clinically relevant infection.

P <.01) and of steroids at any dose (1 mg/kg vs no steroids: HR,
2.74; Cl, 1.44-5.24; 2 mg/kg vs no steroids: HR, 3.54; Cl, 1.31-
9.53; P < .01) increased the risk of developing clinically relevant
HHV-6 infection significantly (Table 3).

Correlations between HHV-6 clinically relevant infection and
transplant outcomes are shown in Table 4. In our cohort, we
observed a significant correlation with grade 2, 3, or 4 (HR, 3.32;
Cl, 1.65-6.69; P<.01) and 3 or 4 (HR, 4.13; Cl, 1.568-10.79; P<
.01) acute GVHD. No relation with chronic GVHD was found, in
line with early post-HSCT timing of HHV-6 reactivation. Further-
more, no association with TRM and OS was documented.

HHV-6-specific immune reconstitution

Given the association between low CD3" cell counts (<100/uL)
and high risk of developing clinically relevant HHV-6 infections, we
further investigated HHV6-specific T-cell responses. We collected
data from 150 individuals screened for HHV-6-specific T-cell
immunity, including 33 HDs and 117 HSCT recipients fulfilling the
inclusion criteria described in “Methods” (49 controls and 68
patients with virus reactivation). To date, limited data on the fre-
quency of HHV-6-specific T cells in both HDs and allo-HSCT
recipients are available. Therefore, we initially stimulated PBMCs
harvested from HDs with a library of overlapping peptides covering
the entire sequence of the immunodominant viral protein U54, a
tegument protein expressed during the lytic cycle of viral replication
and described as a relevant antigen in the context of allo-HSCT."”
Although the response to both polyclonal stimulation (phytohe-
magglutinin) and CMV viral antigens was sustained as expected,
the immunological response to HHV-6 in HDs was undetectable
ex vivo (n = 33; Figure 2A). HHV-6-specific T cells could be
uncovered only after in vitro enrichment, obtained after a 14-day
culture in presence of HHV-6 viral peptides (n = 9; P < .01;
Figure 2B). In allo-HSCT recipients, HHV-6-specific T cells were
undetectable before reactivation (n = 6; median, 1 SFC per 10°
PBMCs) or between 0 and 3 days after the first viremia detection
(n=12; median, 1 SFC per 10° PBMCs), and increased within the
first 4, 5, or 6 days (n = 30; median, 24 SFCs per 10% PBMCs; P<
.05) or >7 days after the initial viremia detection (n = 38; median,
11 SFCs per 10° PBMCs; P < .01; Figure 2C). In selected

5450 NOVIELLO et al

patients (n = 9), in whom HHV-6-specific T-cell responses could
be evaluated at 2 different time points, we observed that the fre-
quency of HHV-6—-specific T cells increased 18-fold at later time
points compared with at an earlier time point (day 0-3 after viremia;
P <.01; Figure 2D).

Based on these results, the test was then performed starting from
the fourth day after the first HHV-6 DNAemia detection. Because
HHV-6 reactivations and symptoms usually occur early after
HSCT,*®*" and considering that the high variability of T-cell counts
across different time points after the transplant might affect the
magnitude of T-cell responses, we focused on patients developing
the viral reactivation within 60 days after HSCT. Accordingly, among
the 130 patients experiencing HHV-6 reactivation, 115 cases
occurred in the first 60 days after HSCT. Of these, 38 patients could
not be tested because of the absence of biobanked samples (28
patients) or low CD3" cell counts (10 patients). The test was per-
formed in the remaining 77 patients evaluable for the quantification
of HHV-6—specific T cells. In 9 cases, the test was not informative
because of internal controls failure. Overall, 68 patients were
analyzed (median, 32 days after allo-HSCT) via IFN-y ELISpot,
accounting for ~90% of the 77 evaluable patients in whom HHV-6
reactivated within 60 days after HSCT. Results were compared with
those of a cohort of 49 patients who tested negative for HHV-6 and
were evaluated at a median of 33 days after HSCT.

In HHV-6—-positive patients, the frequency of viral-specific T cells
(median, 14.5 SFCs per 10° PBMCs) was higher than that in
patients in whom HHV-6 did not reactivate (median, 4.0 SFCs per
10° PBMCs; P = .0013) and in HDs (median, 1.0 SFC per 10°
PBMCs; P < .0001; Figure 2E). Given the high degree of homol-
ogy between HHV-6 and CMV, patients’ samples were tested in
parallel for both HHV-6 and CMV-specific responses. Linear
regression analysis performed on all tested samples (n = 109)
showed that there was no association between the 2 specificities
(P = .88; supplemental Figure 1A). Interestingly, although in the
cohort of patients experiencing a HHV-6 reactivation, the frequency
of HHV-6—specific T cells was measurable and comparable with
that of CMV-specific T cells (supplemental Figure 1B); patients
who did not develop HHV-6 reactivations displayed a lower amount
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Table 3. Risk factors for HHV-6 reactivation (multivariate analysis)

Any HHV-6 reactivation

t HHV-6 infection

Risk factors P value HR (ci 95%) P value HR (ci 95%)
CD3 counts >100 cell per pL .09 0.55 (0.27-1.10) .02 0.23 (0.07-0.81)
Age >53y .06 1.47 (0.99-2.19) .20 1.51 (0.81-2.82)
Disease (vs acute leukemia) .16 14

Lymphoma/MM .75 1.08 (0.67-1.74) .76 0.90 (0.44-1.82)

MDS/MPN .08 0.59 (0.33-1.06) .05 0.34 (0.12-0.98)
Disease status (vs CR1) .62 .22

Active disease 57 0.83 (0.43-1.60) 19 0.48 (0.16-1.43)

CR>1 .33 0.78 (0.48-1.28) A1 0.55 (0.27-1.43)
HCT-CI > 2 14 0.75 (0.51-1.10) A1 0.78 (0.43-1.41)
Previous allo-HSCT <.01 2.89 (1.49-5.60) .68 1.26 (0.42-3.82)
MAC (vs RTC) 12 1.59 (0.81-3.13) .61 1.35 (0.42-4.32)
Donor (vs haploidentical) .40 .95

MRD .97 0.99 (0.53-1.83) .57 1.29 (0.54-3.10)

MUD .24 1.44 (0.78-2.66) .78 1.16 (0.41-3.31)

CBU .33 0.47 (0.10-2.14) .33 0.47 (0.11-2.14)
PT-Cy (vs ATG) <.01 2.59 (1.50-4.47) <.01 3.77 (1.47-9.64)
Steroids <.01 <.01

1 mg/kg <.01 3.64 (2.34-5.66) <.01 2.74 (1.44-5.24)

2 mg/kg <.01 4.2 (2.29-7.70) <.01 3.54 (1.31-9.53)

Significant values are shown in bold.

ATG, antithymocyte globulin; CBU, cord blood unit; CR, complete remission; HCT-CI, hematopoietic cell transplant—comorbidity index; MAC, myeloablative conditioning; MDS,
myelodysplastic syndrome; MM, multiple myeloma; MPN, myeloproliferative neoplasm; MRD, matched-related donor; MUD, matched-unrelated donor; RTC, reduced-toxicity conditioning.

of HHV-6-specific T cells with respect to CMV-specific ones (P <
.0001; supplemental Figure 1C), similarly to what was observed in
HDs (Figure 2A). The lack of correlations between the 2 specific-
ities highlights that the emergence of HHV-6-specific T-cell
responses during reactivation episodes was independent of CMV-
specific T-cell responses.

Notably, we observed a remarkably higher HHV-6-specific
response in patients who would later develop clinically relevant
infection (median, 44 SFCs per 10° PBMCs) than that in patients
who had subclinical reactivation (median, 4 SFCs per 10° PBMCs;
P < .0001; Figure 2F). In contrast, the comparison of CD3 cell
counts on day 30 in patients developing clinically relevant or sub-
clinical reactivations showed no significant differences (Figure 2G).

Interestingly, the frequency of HHV-6-specific T cells was
compared in patients displaying classical HHV-6-related EODs (ie,
proven encephalitis and delayed engraftment or myelosuppression)
and other possible EODs, without significant differences
(supplemental Figure 2). The receiver operating characteristic
analysis identified the specific threshold of 18 SFCs per 10°
PBMCs, found to be highly significant in distinguishing the 2 out-
comes (area under the curve, 0.902; 95% ci, 0.822-0.981;
Figure 3A) with higher specificity (93%) and sensitivity (79%) than
polyclonal CD3" cell counts (<100/uL; specificity = 59%; sensi-
tivity = 369%; supplemental Table 1). Accordingly, we report a
significant correlation between high levels of HHV-6-specific T
cells at >4 days after HHV-6 reactivation (>18 SFCs per 10°
PBMCs) and the risk of developing clinically relevant HHV-6
infection by day 60 (P <.0001; Figure 3B; supplemental Table 2).
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When comparing HHV-6 viremia at onset between patients
developing clinically relevant and subclincal HHV-6 reactivation
(n = 130, supplemental Figure 3A), a significant difference was
found, indicating that the enrichment of HHV-6-specific T cells can
be at least partially explained by the higher antigen exposure.
Despite this observation, no significant association was found
between the viremia in peripheral blood and high or low levels of
HHV-6-specific T cells based on the identified threshold of 18
specific SFCs per 10° PBMCs (supplemental Figure 3), probably,
because the viral load in tissues can also affect HHV-6-specific T-
cell responses. Indeed, some patients had classical or possible
EODs despite low viremia in the peripheral blood in our cohort.

These data indicate the clinical utility of evaluating HHV-6—specific
T-cell responses at HHV-6 reactivation diagnosis to assess the
individual with risk of developing subsequent severe symptoms.

Discussion

HHV-6, the etiological agent for roseola infantum, remains in a
latent state after primary infection. Viral reactivation can be life-
threatening for patients who are immunocompromised. Further-
more, the high prevalence of latent infection and asymptomatic
reactivation, the difficulties in obtaining an accurate diagnosis,
controversial results on the clinical efficacy of antiviral therapies,®
and their associated side effects (ie, myelotoxicity and renal
toxicity) complicate the treatment.

Therefore, it is important to distinguish between HHV-6 reac-
tivation, which is merely defined as a newly detected HHV-6 DNA
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Table 4. Multivariate analysis of the association between patient/transplant characteristics and HSCT outcomes

os PFS TRM Relapse aGVHD 2-4 aGVHD 3-4 cGVHD
HR (95% ci) Pvalue HR(95%ci) Pvalue HR(95%ci) Pvalue HR(95%ci) Pvalue HR((95%ci) Pvalue HR(95%ci) Pvalue HR(95% ci) P value
Clinically relevant HHV-6 infection 1.13 (0.69-1.84) .63 0.94 (0.58-1.54) .82 1.08 (0.52-2.25) .84 0.88 (0.45-1.71) .70 3.32 (1.65-6.69) <.01 4.13 (1.58-10.79) <.01 0.84 (0.42-1.69) .62
Age >53y 1.17 (0.77-1.78) 47 1.19 (0.79-1.79) 41 1.81 (0.96-3.41) .07 0.82 (0.47-1.45) 49  0.76 (0.44-1.30) .31 0.81 (0.39-1.67) .56 1.08 (0.62-1.89) .80
Disease (vs AML) .45 13 .62 .05 14 .92 <.01
Lymphoma/MM 1.05 (0.61-1.81) .86 1.20 (0.72-2.01) .49 1.40 (0.64-3.09) .40 0.97 (0.48-1.97) .94  0.76 (0.35-1.65) 48 1.00 (0.38-2.67) .99 2.66 (1.24-5.71) .01
MDS/MPN 0.68 (0.35-1.33) .26 0.59 (0.30-1.14) A1 1.42 (0.58-3.49) 44 0.25 (0.08-0.77) .02 1.92 (0.87-4.22) A1 1.27 (0.39-4.15) .70 3.08 (1.32-7.22) <.01
Disease status (vs CR1) <.01 <.01 .25 <.01 49 .26 19
Active disease 1.06 (0.46-2.45) .90 1.12 (0.49-2.52) .79 1.50 (0.53-4.26) .45 0.70 (0.17-2.83) .62 1.44 (0.53-3.90) .48 1.31 (0.33-5.18) .70 0.79 (0.32-1.99) .62
CR>1 2.95 (1.66-5.25) <.01 3.28 (1.84-5.82) <.01 1.99 (0.88-4.46) .10 4.77 (2.09-10.86) <.01 1.52 (0.76-3.02) 24 2.18 (0.82-5.83) 12 1.56 (0.76-3.18) .22
HCT-CI>2 1.57 (1.03-2.40) .04 1.30 (0.86-1.94) .21 1.18 (0.64-2.17) .60 1.29 (0.74-2.26) .36 0.94 (0.54-1.62) .82 0.89 (0.42-1.90) 77 1.19 (0.66-2.12) .57
Previous allo-HSCT 0.59 (0.26-1.34) .20 0.54 (0.24-1.23) 14 0.35 (0.08-1.55) A7 0.72 (0.27-1.94) .52 1.05 (0.40-2.71) .93 1.24 (0.37-4.11) .73 1.46 (0.58-3.69) .43
MAC (vs RTC) 1.01 (0.47-2.13) .99 0.97 (0.45-2.06) .93 0.94 (0.34-2.55) .90 1.20 (0.36-3.97) .76 0.67 (0.29-1.55) .35 0.52 (0.16-1.67) .27 1.08 (0.40-2.96) .88
Donor (vs haplo) .29 .65 .00 .82 .31 .67 .01
MRD 0.57 (0.26-1.23) .15 0.73 (0.35-1.52) .40 0.00 (0.00-5.81) .97 1.30 (0.58-2.89) .53 0.44 (0.15-1.30) 14 0 (0-1.61) .97 0.32 (0.09-1.18) .09
MUD 1.12 (0.53-2.34). .77 1.08 (0.53-2.19) .84 1.04 (0.38-2.83) .95 1.06 (0.37-3.02) 91 0.73 (0.29-1.84) .50 0.56 (0.16-1.98) .37 0.29 (0.12-1.69) <.01
PBSC (vs BM) 2.72 (1.07-6.91) .04 2.54 (1.08-5.99) .03 1.30 (0.43-3.89) .64 4.53 (1.07-19.23) .04 1.26 (0.47-3.35) .65 2.98 (0.39-22.75) .29 2.52 (0.71-8.91) .15
PT-Cy (vs ATG) 0.74 (0.39-1.41) .36 0.69 (0.37-1.30) .25 1.22 (0.50-2.98) .67 1.58 (0.64-3.93) .32 0.95 (0.43-2.11) .90 0.60 (0.21-1.74) .35 0.81 (0.39-1.67) .57
CMV status neg/neg (vs others)  0.76 (0.36-1.60) .47 0.80 (0.39-1.64) .54 0.63 (0.21-1.89) 41 0.95 (0.36-2.53) .92 0.87 (0.32-2.37) .79 0.57 (0.12-2.63) 47 1.36 (0.60-3.12) .46

Risk factors with a significant influence on outcomes and their respective HRs are shown in bold.

aGVHD, acute graft-versus-host disease; cGVHD, chronic graft-versus-host disease; ATG, antithymocyte globulin; AML, acute myeloid leukemia; BM, bone marrow; CR, complete remission; haplo, haploidentical; HCT-CI, hematopoietic cell
transplant—-comorbidity index; MAC, myeloablative conditioning; MDS, myelodysplastic syndrome; MM, multiple myeloma; MPN, myeloproliferative neoplasms; MRD, matched-related donor; MUD, matched-unrelated donor; neg, negative;

PBSC, peripheral blood stem cells; RTC, reduced-toxicity conditioning.
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Figure 2. IFN-y ELISpot for HHV-6-specific T cells. (A) Ex vivo T-cell responses in HDs upon stimulation with the phytohemagglutinin control (PHA), CMV antigens, and HHV-
6. Results are expressed as SFC/10° PBMC. Lines indicate medians with interquartile range. (B) HHV-6-specific T-cell responses in HD at steady state (day 0) and 14 days
after in vitro stimulation. (C) Frequencies of HHV-6-specific T cells at the indicated time points from the first day of viremia in HSCT recipients. (D) HHV-6-specific SFC/

10° PBMC measured at >3 or at >7 days from the first day of viremia in samples collected from the same patient. (E) Frequencies of HHV-6-specific T cells in different groups:
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Figure 3. Correlation of HHV-6 reactivation and specific immune reconstitution. (A) Receiver operating characteristic (ROC) analysis for HHV-6-specific immune
reconstitution by ELISpot (threshold of 18 SFCs per 10° PBMCs; specificity 0.933; sensitivity 0.789); (B) Cl of clinically relevant HHV-6 reactivations by the identified threshold
(in blue, patients below threshold and in red, patients above the threshold of 18 HHV-6-specific SFC/10° PBMC).

in the peripheral blood, and HHV-6-related EODs. In this study, we
described our center policy in monitoring HHV-6 viremia during
early posttransplant phase, in line with centrer experience,*?%2”
adopting a multidisciplinary model based on different tools to
identify as clinically relevant HHV-6 infection, both classical HHV-
6-related EODs according to ECIL-consensus and possible HHV-
6-related EODs. Although aware that we have arbitrarily defined
the entity of clinically relevant HHV-6 infection going beyond ECIL-
consensus definitions, we are confident that this model may be
helpful in providing new insights in the management of HHV-6
morbidity, given the controversial and unclear role of this viral
infection in the context of HSCT.

Over the last decade, very few studies have analyzed the value of
HHV-6-specific T cells in transplant recipients. In the pediatric
transplant settings, de Pagter et al'® showed how HHV-6-specific
CD8* T—cell proliferative capacity was increased at 6 months after
HHV-6 reactivation compared with that in patients in whom HHV-6
did not reactivate. Nonetheless, to this day, no laboratory assess-
ments for viral-specific immunoreconstitution have been used as
standard in clinical practice.

We performed a first study on HHV-6 infection in the context of
haploidentical transplant,?° reporting a correlation between T-cell
immune reconstitution (CD3™ cell count >200/uL) and favorable
transplant outcome in the presence of viral reactivation. More

recently, we have reported a higher occurrence of viral infections,
including HHV-6, with the use of PT-Cy."

In this prospective observational study, we assessed the incidence
and clinical implications of HHV-6 viremia, paralleled by the analysis
of HHV-6-specific T cells via an IFN-y ELISpot assay. HHV-6
reactivation occurred in 63% of patients at 100 days, with a
median time of 25 days after HSCT. However, only 40% of patients
in whom HHV-6 reactivated presented HHV-6 positivity receiving
antiviral treatment, for the presence of HHV-6-related clinical
manifestations and/or HHV-6 disease.

The clinical impact of HHV-6 viremia remains often difficult to
distinguish at diagnosis, because some patients had EOD despite
low viremia. Indeed, a multidisciplinary effort with a focus on patient
global picture is warranted to properly identify patients who are at
risk for virus-related clinically relevant infection and would benefit
from antiviral treatment.

Controversy regarding the clinical impact of HHV-6 at diagnosis
and therapy®°®%°® remains because of the high prevalence of latent
infection and asymptomatic reactivation and the discrepancy in
viral loads measured in peripheral blood and tissue samples.

We identified predicting factors for the occurrence of clinically
relevant infections, such as the use of PT-Cy and steroid treatment,
together with low CD3* cell counts. This finding is in line with

Figure 2 (continued) reactivating patients (HHV6+, red), controls (nonreactivating patients; HHV6-, green) and HD (violet). (F) Frequencies of HHV-6-specific T cells in patients
developing HHV-6 clinically relevant infection (red) and in patients experiencing HHV-6 subclinical reactivation (blue). (G) Absolute counts of polyclonal CD3+ cells in patients
developing HHV-6 clinically relevant infection (red) and in patients experiencing HHV-6 subclinical reactivation (blue). Statistical analysis in panels B and D were performed by

Wilcoxon t test. Statistical analyses in panel E were performed using Kruskal-Wallis test, and in panels A, C, F, and G using Mann-Whitney test. ‘P<.05; "P<.01; ""P<.0001.

ns, not significant.
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recent literature reporting high viral infection rates among PT-Cy
recipients,*>***° as compared with anti T-lymphocyte globulin—
based GVHD prophylaxis,®® and may contribute to the infectious
risk stratification for HSCT recipients if it is further validated in
larger and different patient populations.

We observed a significant association between the development of
clinically relevant HHV-6 infection and acute GVHD, both for
grades 2, 3, or 4 and 3 or 4, as already reported.>” The OS and
TRM were not affected by clinically relevant HHV-6 infection. Dis-
ease status during the transplant remained a strong determinant for
a good transplant outcome, because HSCT recipients in complete
remission showed the best OS, better PFS, and low relapse rates
(43% of patients who had active disease during transplant and
14% of patients in complete remission experienced relapse).
Patients in our cohort mainly (87% of the cases) received unma-
nipulated peripheral blood stem cells.

A second issue addressed in this study relates to the dynamics of
HHV-6-specific T-cell responses. As described in literature,'® we
observed limited immunological responses to HHV-6 in the PBMCs
of HDs. Nonetheless, after in vitro stimulation with viral antigens,
the frequencies of HHV-6-reacting T cells in HD increased at
levels detectable via ELISpot, underlining the immunogenicity of
the tegument protein, U54'° and the adequate sensitivity of the
assay.

We reported data from 117 adult patients, including 49 controls in
whom HHV-6 did not reactivate controls and 68 patients in whom
HHV-6 reactivated. The number of IFN-y—producing HHV-6—spe-
cific T cells were significantly higher in patients in whom HHV-6
reactivated than in whom HHV-6 did not reactivate. To evaluate
HHV-6 and CMV cross reactivity, patient samples were stimulated
parallelly in the presence of CMV-specific peptides. There was no
association between the 2 specificities, indicating that the expan-
sion of HHV-6-specific T-cell responses during viral reactivations
was independent of CMV-specific immunity.

We observed that in patients in whom HHV-6 reactivated, the
informative time point for the ELISpot assay was at least 4 days
from the first day of viral DNAemia. Interestingly, we found that
reaching the threshold of 18 SFCs per 10° PBMC from the fourth
day after HHV-6 DNAemia predicted a clinically relevant infection
with higher specificity and sensitivity than that of polyclonal CD3*
cell counts. This information might be potentially useful in clinical
routine, given the timeframe of at least 15 days from the first HHV-6
DNA PCR positivity in the peripheral blood to the development of
clinical symptoms. Notably, the frequency of HHV-6-specific T
cells was higher in patients with clinically relevant HHV-6 infection
than in patients with subclinical reactivation. Intriguingly, T-cell
responses were superimposable in patients with classical HHV-6
EODs (proven encephalitis and delayed engraftment or myelo-
suppression) and other possible EODs. Even if higher CD3*
counts were independently associated to a lower risk of developing
clinically relevant reactivations in multivariate analysis, total CD3*
cell counts were less reliable than HHV-6-specific T-cell
responses as a predictive biomarker.

Overall, these results highlight IFN-y ELISpot as an innovative and
informative assay for confirming the diagnosis of clinically relevant
HHV-6 infections, supporting the value of the immunological find-
ings particularly for nonconventional possible EODs. Confirmatory
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studies are needed to foster its implementation in a real-life HSCT
setting.

The positive correlation between the frequency of HHV-6—specific
T cells and the clinical manifestations is counterintuitive and
opposite to the correlation described with other posttransplant viral
reactivation events, such as CMV reactivation. There are important
differences in the frequencies and functional phenotype of HHV-6
and CMV-specific T cells in HDs and in patients in whom HHV-6
did not reactivate. Although the high rate of viral reactivation in
immune suppressed participants indicates that long-term immunity
is elicited by primary infection, HHV-6—specific T cells are present
at very low frequencies in healthy participants, which is in sharp
contrast to the strong responses observed for CMV that correlate
with a lower rate of CMV reactivations and disease in HSCT
context.>®*" Although CMV-specific T cells tend to accumulate
with age, a phenomenon known as memory inflation,*> HHV-6-
specific T cells circulate at very low frequency in HDs'®'® or in
patients in whom HHV-6 did not reactivate, probably because of
the induction of a higher frequency of immunomodulatory, virus-
specific regulatory T cells.*® Accordingly, HHV-6-specific T cells
displayed a less differentiated phenotype than CMV-specific T
lymphocytes. The low frequencies of HHV-6-specific T cells might
also be related to the lymphotropism of the virus and to its immu-
nosuppressive properties. HHV-6 infection inhibits interleukin-2
synthesis and T-cell proliferation, induces CD4 T—cell apoptosis,
cell-cycle arrest, and major histocompatibility complex and T-cell
receptor downmodulation.**

Thus, the emergence of HHV-6-specific T cells at frequencies
detectable by ELISpot in patients who underwent transplant is likely
the effect of a new wave of antigen exposure, able to boost the
otherwise scanty immune response. Interestingly, the level of T-cell
response directly correlates with clinical symptoms, being low but
detectable in subclinical cases and higher in HHV-6-related EOD.

In our study, ~90% of the evaluable patients in whom HHV-6
reactivated within 60 days after HSCT could be successfully
screened for HHV-6-specific immune response. Besides the
availability of viable cryopreserved samples, some patients failed to
reach the threshold of 25 CD3* cells per pL at the time of sam-
pling, a threshold required for an informative T-cell test. This limi-
tation should be taken into account in the design of future trials that
test the role of HHV-6—specific T-cell responses in the manage-
ment of viral reactivations and should prompt the comparison of
IFN-y ELISpot with alternative immunomonitoring approaches, that
is, dextramer or tetramer—based approaches, potentially more
informative during lymphopenia.*’

Overall, our results provide a complete overview on HHV-6 reac-
tivation after allo-HSCT, describing clinically relevant infections, risk
factors, and details on posttransplant HHV-6-specific immune
reconstitution. The decision to treat HHV-6 infection in HSCT
recipients may be taken by combining virological and immunolog-
ical findings. Notably, immunological findings may represent inno-
vative and additional criteria in the diagnosis of HHV-6-related
EQOD, particularly in case of nonconventionally possible EODs. We
are convinced that a deeper knowledge on HHV-6-specific
immunity could pave the way for studies on donor-derived and off-
the-shelf virus-specific T cells therapies as well as on timing for
treatment strategies.
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