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Human herpesvirus 6 (HHV6) encephalitis is a rare but life-threatening complication for patients undergoing allogeneic
hematopoietic stem cell transplantation (allo-HSCT). However, reports on susceptibility factors and clinical outcomes are limited. We
enrolled HHV6 encephalitis patients following allo-HSCT between 2018 and 2022, then conducted a 1:4 nested case-control cohort
study to evaluate risk factors and long-term outcomes. Among 1350 patients, 20 (1.48%) developed HHV6 encephalitis, with a
median onset time of 25.5 days after HSCT. Patient age<30 (odds ratio [OR], 3.24, P =0.016) and NK cell count<115/ul at 21 days
(OR, 6.07, P = 0.018) were identified as independent risk factors in multivariate analysis. Moreover, the HHV6 encephalitis group was
significantly associated with higher incidence of grade II-IV graft-versus-host disease (aGVHD) (hazard ratio [HR], 5.52, P < 0.001) and
transplant-associated microangiopathy (HR,9.86, P < 0.001), and demonstrated a significantly higher non-relapse mortality (NRM)
(HR, 5.28, P = 0.004) and a lower overall survival (HR, 4.34, P = 0.001) or progression-free survival (HR, 3.94, P = 0.001) compared to
control group. In conclusion, patients <30 years old or with delayed NK cell recovery are more susceptible to HHV6 encephalitis
after allo-HSCT, and patients with HHV6 encephalitis after transplantation have poorer clinical outcomes.

Bone Marrow Transplantation; https://doi.org/10.1038/s41409-024-02332-0

INTRODUCTION

Human herpesvirus 6 (HHV6) was first identified in 1986 [1],
encoding several conserved homologous genes with cytomega-
loviruses identified in herpesvirus families [2]. The virus is
generally ubiquitous, mostly acquired in the earliest stages of life
or transmitted through saliva, and exhibits a preference for
infecting activated CD4" T cells. It can be divided into two non-
overlapping subgroups: HHV6A and HHV6EB [3, 4]. Unlike other
herpesviruses, this virus has a 1% chance of integrating into the
telomeres of host cell chromosomes, passing it on to the next
generation (known as ciHHV-6, chromosomally integrated HHV-6),
which has been confirmed to be completely inactivated [5].
Besides, three main routes are involved in causing an active HHV6
infection: primary infection, reactivation, or exogenous infection
[4]. However, the enduring latency characteristic of the virus and
the observation that most infected individuals remain asympto-
matic frame the issue in a relatively less alarming light [5]. But it
differs in allogeneic hematopoietic stem cell transplantation
(HSCT) patients, who exhibit a human herpesvirus 6 (HHV6)
reactivation rate of up to 50% under circumstances where testing
is not performed routinely. Upon reactivation, variable clinical
manifestations could be observed [1], while HHV6 encephalitis is
rare. HHV6 encephalitis was observed more frequently among

patients receiving umbilical cord blood transplantation
(4.9-21.4%), and less frequently in bone marrow/peripheral blood
stem cell transplantation (0-11.6%) [2]. Other Factors for devel-
oping HHV6 encephalitis include T-cell-depleted allografts, mis-
matched or unrelated donors, aGVHD, and treatment with
glucocorticoids [6]. To date, the prevalence of HHV6 encephalitis
following T-cell replete allogeneic peripheral blood stem cell
transplantation (PB-HSCT), as well as its relationship with
transplantation outcomes, remains unclear. Aiming to resolve this
issue, we initiated a retrospective nested-control study through
the transplant cohort of our center to identify potential risk
factors, onset characteristics, complications, and the long-term
prognosis of HHV6 encephalitis.

MATERIALS AND METHODS

Patients

We reviewed all consecutive patients who underwent PB-HSCT for
hematological malignancies and were >12 years old between January
2018 and June 2022 at our center. Written informed consent was obtained
from each patient or a relative before transplantation. The exclusion
criteria were: (1) secondary or more than secondary transplantation; (2)
death during the conditioning period. A total of 1350 patients were
enrolled. Twenty of these patients met the criteria for the diagnosis of
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HHV6 encephalitis. The study protocol was in accordance with the
Declaration of Helsinki and was approved by the Ethics Review Committee
of the First Affiliated Hospital of Zhejiang University. The authors had full
access to the data and assumed responsibility for its authenticity. The end
of the follow-up was August 30, 2023.

Control selection

Once the HHV6 encephalitis patient was identified, patients for the control
group were chosen at a ratio of 1:4. The selection of the control group is
mainly based on two points: (1) a male-to-female ratio of 1:1; (2) the
transplantation time is within a week before or after the transplantation
time of the case, but if in certain extreme circumstances where sex
matching cannot be accomplished as described, priority will be afforded to
those with matching transplantation times. MRI and psychiatric consulta-
tion are performed before HSCT to exclude preexisting central nervous
system (CNS) diseases, and all the controls enrolled are free of any
abnormal mental symptoms during the time.

Definitions

Patients were classified as standard and high-risk according to the criteria
described previously [7, 8], on the basis of cytogenetic abnormalities, white
blood cell (WBC) count at diagnosis, response to induction chemotherapy,
and relapse after first complete remission (CR1). HHV-6 encephalitis was
diagnosed if the patient satisfied all the following criteria [9]: (1) presence
of neurological symptoms, such as disorientation as to time and place, loss
of consciousness, abnormal behaviors, memory loss, convulsions, or
dysesthesia not attributable to peripheral neuropathy (2) HHV-6 DNA
detection in CSF, and (3) absence of other identified causes of CNS
dysfunction. Neutrophil engraftment was defined as the achievement of an
absolute neutrophil count >500/pl for 3 consecutive days. Platelet
engraftment was defined as a platelet count >20,000/ul for three
consecutive days and no transfusion dependence [9]. Acute GVHD was
defined and graded based on the Mount Sinai Acute GVHD International
Consortium consensus [10]. Hematopoietic stem cell transplant-associated
microangiopathy (TMA) was diagnosed according to the International
Working Group (IWG) consensus [11]. Overall survival (OS) was defined as
the duration from transplant until death from any cause. Progression-free
survival (PFS) was defined as the time from transplant until death or
relapse. Relapse was defined as the reappearance of leukemia in patients
who had previously achieved complete remission. Complete remission was

defined as <5% leukemic cells in the bone marrow and the absence of
leukemia cells in peripheral blood or extramedullary sites. Non-relapse
mortality (NRM) was defined as death resulting from causes unrelated to
underlying malignancy relapse.

Transplantation protocols

Human leukocyte antigen (HLA) allele typing was performed at HLA-A,
HLA-B, HLA-C, HLA-DQ, and HLA-DRB1. The conditioning regimens utilized
at our institution have been described in detail previously [12]. All patients
received peripheral blood stem cell transplantation mobilization by
recombinant human granulocyte-colony stimulating factor (G-CSF) (donors
used G-CSF 5-10ug/ (kgxd) continuous subcutaneous injection for
4-5 days and then collected peripheral blood stem cells. The GVHD
prophylaxis regimen consisted of cyclosporine, short-course methotrexate,
and mycophenolate mofetil. Patients developing aGVHD were treated with
methylprednisolone as the first-line therapy. Second-line therapies
included ruxolitinib, TNF-alpha receptor inhibitors, and mesenchymal stem
cells. Supportive care included G-CSF administration until neutrophil
engraftment and prophylaxis with levofloxacin, fluconazole or posacona-
zole, and acyclovir for infections.

Treatment of HHV6 encephalitis and response

Immediately after diagnosis, antiviral drugs like ganciclovir, or sodium
foscarnet, or a combination of both will be applied. A complete response
was defined by the resolution of all clinical signs and symptoms and
radiologic findings, partial response was defined by CTCAE grade =1 and
no worsening radiologic and clinical findings and failure of therapy was
defined by worsening disease.

Statistical analysis

Continuous variables were compared using the Mann-Whitney U test or t-
test, while the comparisons of categorical variables were performed by the
chi-square or Fisher’s exact test. The cutoff values for continuous variables
were determined by receiver operating characteristic (ROC) curve analysis
and Youden'’s index. Cumulative incidences (Cl) were estimated for aGVHD,
TMA, NRM, and relapse to accommodate competing risks. Relapse was a
competing risk for NRM. Relapse and death from any cause were
competing risks for HHV-6 encephalitis, aGVHD, and TMA. The Gray
method was applied to compare the cumulative incidence of competing-
risk endpoints. OS and PFS (progression-free survival) curves were plotted

All consecutive patients with hematological malignancies aged > 12 years who underwent allo-HSCT at bone marrow transplantation center of The
First Affiliated Hospital of Zhejiang University between January 2018 and June 2022

Excluded:
n =9, secondary or more than secondary transplantation
n = 3, death during conditioning period

Patients meeting inclusion criteria

n=1350

HHV6 encephalitis group
n=20

At last follow-up
n=10, alive
n=10, died

Fig. 1 Consort diagram. Enrolled procedures of the patients.
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Matched controlled group
n=280

At last follow-up
n =64, alive
n=12, died
n =4, missing follow-ups
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Table 1.

encephalitis patients and control patients.

Total
(n=100)

Median age 36 (12-67)

(years, range)

Sex, n (%)

Female 53 (53)
Male 47 (47)

Primary disease, n (%)
AML/MDS 65 (65)
ALL/ 32 (32)
Lymphoma
CML/MPN 3(3)

Risk classification, n (%)
Standard 65 (65)
High risk 35 (35)

HCT-CI
0-2 87 (87)
>2 13 (13)

HLA match, n (%)
HLA-identical 10 (10)
sibling
transplant
10/10 10 (10)
Unrelated
transplant
Haploidentical 80 (80)
transplant

Median age of 33 (12-56)

donors (years,
range)

Donor-patient sex matching, n (%)

HHV-6
encephalitis
group
(n=20)

28 (18-58)

13 (65)
7 (35)

10 (50)
9 (45)

1(5)

12 (60)
8 (40)

17 (85)
3(15)

0 (0)

3 (15)

17 (85)

36 (14-53)

5 (25)
15 (75)

20 (100)
18 (90)

19 (95)
1(5)

15 (75)
5 (25)

0 (0)
10.7 (3.7-19.9)

4.2 (1.7-9.3)

123 (1-496)

Female-male 14 (14)
Others 86 (86)
GVHD prophylaxis, n (%)
ATG+ 91 (91)
MMF-+ 87 (87)
Conditioning regimen, n (%)
MAC 87 (87)
RIC 13 (13)
Remission status at time of HCT, n (%)
CR1 76 (76)
>CR2 18 (18)
No CR 6 (6)

MNCs in 12.1
transplant (x10® (3.7-38.0)
/kg, range)

CD34" cells in 5.2
transplant (x10° (1.7-17.3)
/kg, range)

CD3" cells at 21 158
days after HSCT (0-3075)
(/pl, range)

CD19" cellsat 21 8 (0-44)

days after HSCT
(/pl, range)

Bone Marrow Transplantation

12 (0-42)

Comparison of clinical characteristics between HHV6

Control
group

(n =80)
40 (12-67)

40 (50)
40 (50)

55 (68.8)
23 (28.7)

2 (2.5)

53 (66.3)
27 (33.7)

70 (87.5)
10 (12.5)

10 (12.5)

7 (8.8)

63 (78.7)

33 (12-56)

9 (11.3)
71 (88.7)

71 (88.8)
69 (86.3)

68 (85)
12 (15)

61 (76.3)

13 (16.2)

6 (7.5)

12.4 (5.3-38.0)

5.3 (1.9-17.3)

164 (0-3075)

8 (0-44)

Table 1. continued
Total HHV-6 Control
encephalitis group
group
(n=100) (n=20) (n=280)
NK cells at 21 104 (0-728) 34 (0-152) 121 (0-728)
days after HSCT
(/pl, range)
Median time of 13 (7-54) 13 (10-54) 13 (7-45)
platelet
engraftment
(days, range)
Median time of 13 (9-26) 12 (10-26) 12 (9-20)
neutrophil
engraftment

(days, range)

HHV6 human herpesvirus type 6, AML acute myeloid leukemia, MDS
myelodysplastic syndrome, ALL acute lymphoblastic leukemia, CML chronic
myelogenous leukemia, MPN myeloproliferative neoplasms, HCT-Cl hema-
topoietic cell transplantation-specific comorbidity index, HLA human
leukocyte antigen, GVHD graft versus host disease, ATG anti-thymocyte
globulin, MMF mycophenolate mofetil, MAC myeloablative conditioning,
RIC reduced intensity conditioning, HCT/HSCT hematopoietic stem cell
transplantation, CR complete remission, CR1 first complete remission, CR2
second complete remission, MNCs mononuclear cells, CD cluster of
differentiation, NK cells natural killer cells.

using the Kaplan-Meier method and the log-rank test. All variables with a
P < 0.1 in the univariate analysis were included in the multivariate analysis.
In multivariate analysis, a Cox proportional hazard regression model was
adopted for OS and PFS, while the Fine-Gray proportional hazard
regression model was constructed for competing-risk endpoints. P < 0.05
was considered statistically significant. All statistical analyses were
performed using SPSS version 26 (Chicago, IL, USA) and R software
(version 4.3.1, R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Incidence of HHV-6 encephalitis and patient characteristics
The patient selection process is illustrated in Fig. 1. A total of 1350
eligible patients between January 2018 and January 2023 were
included, 20 (1.48%) were finally diagnosed with HHV-6 encepha-
litis. The patients’ characteristics are listed in Table 1. The HHV6
encephalitis group encompassed 13 males and 7 females, with a
median age of 28 years (range, 18-58), including 6 with acute
myeloid leukemia (AML), 4 with myelodysplastic syndromes
(MDS), 6 with acute lymphoblastic leukemia (ALL), 3 with
lymphoma, and 1 with chronic myelogenous leukemia (CML).
According to the disease risk stratification before HSCT, twelve
patients (60%) were classified as standard risk and eight (40%) as
high risk. Of the 20 patients with HHV6 encephalitis, the majority
(17, 85%) underwent haploidentical transplantation, and 3 (15%)
underwent unrelated donor HSCT, while none received HLA-
identical sibling transplantation. The usage ratio of ATG and MMF
for GVHD prophylaxis was 20 (100%) and 18 (90%), respectively.
The median onset of HHV-6 encephalitis was 25.5 (range, 21-56)
days after HSCT.

Risk factors of HHV-6 encephalitis

We performed a nested case-control study to identify the risk
factors. The control cohort of 80 recipients was successfully
matched as previously described. The baseline clinical character-
istics of patients with HHV6 encephalitis and their controls are
listed in Table 1. There was no significant difference in diagnosis of
the primary disease, disease risk classification, hematopoietic cell
transplantation-specific comorbidity index (HCT-ClI), HLA match,
donor-patient sex matching, acute GVHD prophylaxis regimens,

SPRINGER NATURE
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Table 2. Univariate analysis and multivariate analysis of different
factors between patients of both groups.
Univariate Multivariate
P-value 0Odds ratio P-value
(95% ClI)
Age <30 0.012 3.24 (1.25-8.42) 0.016
Sex 0.201
Female
Male
Primary disease 0.380
AML/MDS
ALL/Lymphoma
CML/MPN
Risk classification, n (%) 0.637
Standard
High risk
HCT-CI 0.754
0-2
>2
HLA match 0.836
HLA-identical sibling transplant
10/10 Unrelated transplant
Haploidentical transplant
Median age of donors 0.451
(years, range)
Donor-patient sex 0.083
matching
Female-male 1.00 [Reference]
Others 0.94 (0.34-2.60) 0.900
GVHD prophylaxis
ATG+ 0.696
MMF+ 0.712
Conditioning regimen 0.250
MAC
RIC
Remission status at 0.642
time of HCT
CR1
>CR2
No CR
MNCs in transplant 0.044 0.91 (0.80-1.03) 0.140
CD34" cells in 0.026 0.85 (0.65-1.10) 0.220
transplant
CD3" cells at 21 days 0.340
after HSCT
CD19" cells at 21 days 0.233
after HSCT
NK cells < 115 at 21 0.006 6.07 (1.37-26.99) 0.018

days after HSCT

Median time of platelet 0.545
engraftment

Median time of 0.592

neutrophil engraftment

Bold values highlight the factors that have statistical significance.

AML acute myeloid leukemia, MDS myelodysplastic syndrome, ALL acute
lymphoblastic leukemia, CML chronic myelogenous leukemia, MPN
myeloproliferative neoplasms, HCT-C/ hematopoietic cell transplantation-
specific comorbidity index, HLA human leukocyte antigen, GVHD graft
versus host disease, ATG anti-thymocyte globulin, MMF mycophenolate
mofetil, MAC myeloablative conditioning, RIC reduced intensity condition-
ing, HCT/HSCT hematopoietic stem cell transplantation, CR complete
remission, CR1 first complete remission, CR2 second complete remission,
MNCs mononuclear cells, CD cluster of differentiation, NK cells natural killer
cells.

SPRINGER NATURE

conditioning regimens, or remission status at the time of HSCT,
while patients with HHV-6 encephalitis tended to be younger than
the controls (median age, 28 versus 40 years, P=0.012). The
donor's age is almost the same (median age, 36 versus 33,
P =0.451).

Compared with the control group, the HHV6 encephalitis group
shows a slightly lower median amount of MNCs (x10%/kg, 10.7
versus 12.4, P = 0.044) in grafts, as the CD34" cells (x10%/kg, 4.2
versus 5.3, P=0.026) do. We assessed the immune recovery by
measuring cell counts 21 days post-HSCT. The counts of CD3"
cells (per pl, 123 versus 164, P = 0.340) and CD19™" cells (per pl, 12
versus 8, P =0.233) in recipients were comparable between HHV6
encephalitis and the control group, while NK cells displayed a
completely different situation (P =0.006), with 34/ul (range,
0-152) for the HHV6 group but 121/ul (range, 0-728) for the
control, which raised our strong interest. HHV6 encephalitis didn’t
affect the median time for both platelet and neutrophil
engraftment (13 days versus 13 days, P =0.545; 12 days versus
12 days, P =0.592, respectively).

In the univariate analysis shown in Table 2, age under 30 years,
low MNCs and CD34" cell counts in grafts, and NK cell counts
<115 per pl of recipient blood at 21 days after HSCT were
associated with HHV6 encephalitis incidence after allo-HSCT.
Factors with a p-value < 0.1 and factors that were strongly related
to HHV6 encephalitis according to previous studies were
subsequently included in the multivariate analysis, by which two
independent risk factors were identified: age under 30 years
(P =0.016; odds ratio [OR], 3.24; 95% confidence interval (Cl), 1.25
to 8.42), and counts of NK cells <115 per pl at 21 days after HSCT
(P=0.018; OR, 6.07; 95% Cl, 1.37-26.99).

Clinical manifestation and clinical outcomes of HHV-6
encephalitis

Figure 2 illustrates the key clinical manifestations observed in our
case cohort. Among the 20 patients with HHV6 encephalitis, fever
is the most prevalent symptom, occurring in 70.0% of cases,
followed by confusion, accounting for 55% of cases. Syndrome of
Inappropriate Antidiuretic Hormone Secretion (SIADH), sensory
disorders, and short-term memory loss all present with a similar
prevalence, each affecting approximately 50.0%, 45.0%, and 45.0%
of the population, respectively. Seizures constitute the least
commonly observed symptom, presenting in only 20% of cases,
but they are the most serious. These findings underscore the need
for a heightened level of vigilance in HHV6 infections, given the
broader spectrum of clinical symptoms.

With the intervention of antiviral drugs, 65.0% of the HHV6
encephalitis patients (13/20) achieved the standard of complete
remission (CR), as shown by controlled fever, dissipated itching,
improved mental symptoms, or others. Four (20.0%, 4/20) patients
reached PR, and the remaining three patients (15.0%, 3/20)
resulted in NR.

Unfortunately, with a median follow-up time of 516 (35-1936)
days, only half of the 20 HHV6 encephalitis patients stay alive.
Among the mortalities, four died from disease relapse, three from
TMA, one from primary graft failure, one from severe infection,
and the last one succumbed to a combined complication of both
TMA and GVHD.

The impact of HHV6 encephalitis on transplant outcomes

As previously highlighted, HHV6 encephalitis is closely associated
with acute GVHD. Our study further supports this assertion,
showing a significantly increased incidence of grade II-IV aGVHD -
at a striking 70% compared to a mere 13.8% within the control
group (P <0.001). The incidence of TMA was also higher in the
HHV6 encephalitis group than controls (35% versus 2.5%,
P <0.001), but there was no statistically significant difference in
relapse, with rates of 25.6% versus 16.1% (P = 0.182). Patients with
HHV6 encephalitis experienced significantly more non-relapsing

Bone Marrow Transplantation



0.8

Y. Yu et al.

Incidence of symptoms/signs in HHV6 encephalitis patients (n = 20)
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Fig. 2 Key clinical manifestations. The key clinical manifestations and incidences observed in the case after HHV6 encephalitis. (n = 20).

Table 3.

encephalitis group and control group.

The incidences of different clinical outcomes for HHV6

cell-depleted transplant approach [15]. Compared with our lower
infection rate of 1.48%, it suggests a higher prevalence among
pediatric allo-HSCT patients. Therefore, it is reasonable to
conclude that age is a significant risk factor. In our cohort, none

H:YI'E’ encephalitis C:)::rol P-value of the cases of HHV6 encephalitis were identified in the context of

group group HLA-matched allo-HSCT without the administration of ATG. This

aGVHD -V (Cl)  70.0% 13.8% <0.001 finding aligns with previous demonstrations that T-cell-depleted
TMA (CI) 35.0% 2.5% <0.001 allo-HSCT increases the odds of HHV6 encephalitis [16], emphasiz-
NRM (Cl) 30.0% 7.3% 0.002 i;'\sgcfrh(? r0|§d(‘)f' CD3* cslls inI prevzntihng HHY6_rinf<a|Ttion aftgr a!lo—
Relapse (C) Sy E— - - In addition, we have learned that early T-cell reconstitution
plays a crucial role in improving HSCT outcomes [17-19]. However,

0s 40.0% 81.8% <0.001 our center didn’t screen T-cell subset counts as frequently as the
PFS 44.4% 78.9% <0.001 referenced article, so the data may not reflect a more

Bold values highlight the factors that have statistical significance.

HHV6 human herpesvirus type 6, aGVHD acute graft versus host disease,
TMA hematopoietic stem cell transplant-associated microangiopathy, NRM
non-relapse mortality, OS overall survival, PFS progression-free survival.

mortality (NRM) than the control group (30.0% versus 7.3%,
P =0.002), resulting in a lower OS (40% versus 81.8%, P < 0.001)
and PFS (44.4% versus 78.9%, P <0.001). All data are shown in
Table 3 and Fig. 3.

We further conducted a Cox regression model to assess the
impact of HHV6 encephalitis on transplant outcomes. As
illustrated in Fig. 4, it is not surprising to observe that HHV6
encephalitis emerges as an independent risk factor associated
with the occurrence of II-IV aGVHD (hazard ratio [HR], 5.52; 95% Cl,
2.19-1391, P<0.001) and TMA (HR, 9.86; 95% Cl, 1.34-72.47,
P =0.024). Moreover, HHV6 encephalitis has been identified as
one of the independent prognostic factors for NRM (HR, 5.28; 95%
Cl, 1.70-16.50, P=0.004), OS (HR, 4.34; 95% Cl, 1.84-10.25,
P=0.001), and PFS (HR, 3.94; 95% Cl, 1.77-8.76, P =0.001),
providing additional evidence that HHV6 encephalitis significantly
impacts HSCT outcomes.

DISCUSSION

Given the rare prevalence of HHV-6 encephalitis after HSCT,
previous studies have not been powered to evaluate the risk
factors and prognostic significance. Our findings have clearly
revealed that factors like age and NK cell population would
influence the occurrence of HHV6 encephalitis. Primary infection
directly correlates with young age; however, few studies have
worked on HHV6 encephalitis and pediatric HSCT. Two pediatric
studies reported infection rates of 3.4% and 7.0% [13, 14],
respectively, while they would reach 18% when employing a T-
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comprehensive T-cell reconstruction. With a longer follow-up
period, we would be able to draw more accurate conclusions.

As the key participant in the innate immune system, NK cells are
the first donor-derived lymphocyte population to recover follow-
ing allo-HSCT. They play a critical role in antiviral defense against
viruses such as the herpesvirus, poxvirus, papillomavirus, etc. An
in vitro assay illuminated the elimination ability of NK cells when
co-cultured with HHV-6B CD4" T cells at a ratio of 2:1 [15]. A
subsequent clinical study conducted in Spain, involving the
infusion of NK cells on day 7 after CD45RA™ T-cell-depleted allo-
HSCT in children, demonstrated that despite some patients
experiencing virus reactivation, early adoptive NK cell infusion
was still effective in preventing HHV-6B encephalitis [20]. The
newly reconstituted NK cells post-allo-HSCT are reported to
consist of more CD56™"9M cells (50%) than in health donors
(10%). During maturation, these cells express higher levels of
NKG2A, NKG2C, KIR, and NCRs, which contributes to the immune
system'’s ability to recognize and eliminate the HHV6-infected
cells. This explains why NK cells are highlighted in our data.
However, further research is needed to understand the underlying
mechanisms for efficiently reconstituting NK cells [21, 22].

Regarding the prognostic significance of HHV6 encephalitis on
HSCT outcomes, our study observed that patients tend to develop
aGVHD and TMA. The latter was usually related to severe illness
and non-relapse mortality. The etiology may be mainly due to the
virus causing tissue damage or endothelial injury, promoting pro-
inflammatory or type | immune responses, and delaying the
immune reconstruction with CD4+ T cells, especially Tregs
[23-27].

Nevertheless, our study has limitations. Firstly, our data is
center-specific, offering a partial perspective without incorporat-
ing data from other transplantation centers. To address this, a
multi-center study could validate our conclusions and explore
additional risk possibilities. Secondly, due to the impracticality of
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Fig. 3 Key clinical outcomes. a-d aGVHD, TMA, NRM, relapse for patients. e, f OS and PFS by Kaplan-Meier method for HHV6 encephalitis
patients (n = 20) and control (n = 80) patients.
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Fig. 4 Forest plot showing multivariate analysis for clinical outcomes of HHV6 encephalitis patients. The multivariate analysis show HHV6
encephalitis is an independent risk factor for patients developing II-IV aGVHD and TMA, affecting the patients’ OS, PFS, and NRM. HHV6
human herpesvirus type 6; GVHD graft versus host disease; ALL acute lymphoblastic leukemia; TMA hematopoietic stem cell transplant-
associated microangiopathy; HCT-Cl hematopoietic cell transplantation-specific comorbidity index; MNCs mononuclear cells; CD cluster of
differentiation; NK cells natural killer cells; OS overall survival; MMF mycophenolate mofetil; PFS progression-free survival; NRM non-relapse

mortality.

brain biopsy, we rely on lumbar puncture upon symptom
development, with HHV6 detection through next-generation
sequencing (NGS). While not a guideline gold standard, NGS's
effectiveness is widely acknowledged. However, in atypical cases
lacking typical symptoms or with low CSF viral loads, potential
misdiagnosis exists. Dynamic monitoring of the virus in serum/
plasma, CSF/blood replication ratio, or qualitative/quantitative CSF

SPRINGER NATURE

assays, as recommended in other studies, could complement
ciHHV6 diagnosis after excluding alternative causes [28, 29]. The
delayed recovery of NK cells post-HSCT is closely linked to HHV6
encephalitis. Early recognition based on risk factors and typical
symptoms is crucial due to its variable symptoms and poor
prognosis. Establishing consensus on accurate diagnosis, suitable
treatments, and optimal intervention timing is imperative.
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