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Background: Chronic active Epstein-Barr virus disease (CAEBVD) faces a challenging prognosis due to its inflammatory and
tumorigenic nature and lack of standard treatment. The outcomes of adults are more disheartening. We aim to elucidate the efficacy of
allogeneic hematopoietic stem cell transplantation (allo-HSCT) in adult CAEBVD, while clarifying whether the combination of
antithymocyte globulin (ATG) and post-transplant cyclophosphamide (PTCy) can improve survival and reduce transplant-related
complications.

Methods: We conducted a retrospective study analyzing adult CAEBVD patients who underwent allo-HSCT sequentially in the
Department of Hematology at Tongji Hospital, Huazhong University of Science and Technology, from June 2015 to January 2022.
Results: Of 20 patients included. The median age at diagnosis was 30.5 years, and the median follow-up time post-transplantation was
26.9 months. The 5-year overall survival (OS), progression-free survival (PFS), GVHD-free and relapse-free survival (GRFS), and
non-relapse mortality (NRM) rates were 54.5%, 39.4%, 44.4%, and 37.4%, respectively. These data were similar in ATG alone
(50.0%, 33.3%, 33.3%, and 40.0%) and ATG+PTCy (56.3%, 41.7%, 49.0%, and 37.5%). On multivariable Cox regression, pre-
transplant hemophagocytic syndrome (25.0% vs. 75.0%, P=0.029) and higher EBV copies (25% vs. 61.9%, P=0.048) reduced the OS.
On multivariable logistic regression, ATG+PTCy showed a lower incidence of grade II-IV acute GVHD (14.3% vs. 66.7%, P=0.037)
and chronic GVHD (14.3% vs. 66.7%, P=0.037). Additionally, faster EBV clearance (P=0.002) and lower EBYV reactivation (P=0.018)
were observed in ATG+PTCy.

Conclusion: Allo-HSCT can facilitate long-term survival in approximately half of adult CAEBVD. ATG+PTCy regimen did not
improve survival but demonstrated advantages over ATG alone in reducing GVHD, eliminating EBV, and decreasing EBV
reactivation.

Keywords: chronic active Epstein-Barr virus disease, hematopoietic stem cell transplantation, post-transplant cyclophosphamide, anti-
thymocyte globulin, graft-versus-host disease

Introduction

Chronic active Epstein-Barr virus disease (CAEBVD) is a rare lymphoproliferative disorder caused by an EBV infection
of T lymphocytes (T) or natural killer (NK) cells, and is predominantly observed in Asian populations.'™ It is
characterized by significantly increased EBV-DNA levels in the peripheral bloodstream, persistent fever, liver failure,
enlarged lymph nodes, hepatosplenomegaly, and other infectious mononucleosis (IM)-like symptoms. CAEBVD can be
potentially fatal because it exhibits both inflammatory and neoplastic characteristics. While some patients (13—17%) may
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achieve a transient self-limiting remission with minimal therapeutic measures (eg, corticosteroids, etoposide), others can
progress to life-threatening complications, including hemophagocytic lymphohistiocytosis (HLH), disseminated intra-
vascular coagulation (DIC), and multiple organ failure progressing into lymphoma, ultimately resulting in death.*®
Prompt diagnostic and therapeutic interventions are essential. Currently, allo-HSCT remains the only method for EBV
clearance and CAEBVD treatment.” Children and adolescents with CAEBVD have a good prognosis, with most
achieving long-term survival post-transplantation. Studies report 3-year overall survival (OS) rates of 60—87% in these
populations.®* However, increasing evidence indicates that adult CAEBVD experience rising disease incidence and
worse transplantation outcomes, with faster progression and more aggressive disease.'®'* In the transplant group, the
3-year OS of adults was 31%, which was much lower than that for children (100%) and adolescents (57%)."* In a study
by Kimura et al focusing on the statistical analysis of CAEBVD transplantation data by age, §-year overall survival rates
were 59.7% for transplantations in patients with age < 15 years and only 4% for those in patients with age > 27 years.'’
However, most existing literature is outdated, while allo-HSCT theory and technology have advanced significantly over
the past decade. It is crucial to determine if these advancements have improved survival and transplantation outcomes for
CAEBVD in adult hematology units. There is also limited research on how different graft versus host disease (GVHD)
prophylaxis strategies, such as post-transplant cyclophosphamide (PTCy), anti-thymocyte globulin (ATG), or their
combination, affect post-transplant complications and prognosis in adult CAEBVD. This study aims to examine survival
rates of adult CAEBVD patients in the current transplantation network through a single-center retrospective analysis and
compare the effects of ATG alone versus a combination of ATG and PTCy on post-transplant complications and
prognosis.

Materials and Methods

Patients

Adult CAEBV patients who received allo-HSCT at Tongji Hospital’s Department of Hematology, Huazhong University
of Science and Technology, between June 2015 and January 2022 were included in this retrospective analysis. Inclusion
criteria (all conditions must be met): 1) Adults over 18 years old with a confirmed diagnosis of chronic active Epstein—
Barr virus disease (CAEBVD); 2) Candidates willing to undergo transplantation and with a suitable donor available; 3)
Eastern Cooperative Oncology Group (ECOG) performance status < 3; 4) Absence of severe organ dysfunction and
ability to tolerate conditioning chemotherapy for transplantation. Diagnostic criteria for CAEBVD were derived from

literature, WHO classification, and updated Japanese Health Ministry guidelines'™'®

(all conditions must be met): 1)
Persistent or recurrent infectious mononucleosis-like symptoms for more than three months; 2) Increased EBV-DNA load
(>10*° copies/mL) in the peripheral blood and/or infected tissues; 3) EBV-infected T- or NK-cells in peripheral blood
and/or infected tissues; and 4) A chronic condition that cannot be explained by other illnesses at diagnosis. IM-like
symptoms included fever, enlarged lymph nodes, hepatosplenomegaly, and hematologic, digestive, pulmonary, skin, and
other related disorders. Matched sibling or matched unrelated donors were prioritized, followed by haploidentical donors.

The age of donors did not exceed 55 years.

Distinction of Cells Infected by EBV

Identify the cell types infected by EBV using flow cytometry. Cells were classified as B lymphocytes, T lymphocytes,
and NK cells by measuring surface antigen expression on leukocytes, such as CD3, CD19, and CD56. A significantly
higher EBV copy number in a specific cell subset compared with other cell types indicated that this cell type was
predominantly infected with EBV.

Pre-Transplantation Treatment

Patients with CAEBVD received pre-transplant therapy to lower EBV-DNA levels and alleviate IM-like symptoms
before allo-HSCT. The regimen included steroids (dexamethasone or methylprednisone), etoposide, ruxolitinib, and
cyclosporine, either alone or in combination. Some underwent multiple chemotherapy courses, such as CHOP+E or
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P-GemOx. Patients with hemophagocytic syndrome (HPS) received HLH1994, HLH2004, or DEP regimens. Those with
persistent IM-like or phagocytic symptoms after treatment but before transplantation were classified as activated.

HSCT Procedures and GVHD Prophylaxis

Patients in the ATG group were given busulfan at 3.2 mg/kg from day —10 to —7, cyclophosphamide at 1.8 g/m* on
days —6 to —5, and rabbit ATG at 2 mg/kg on days —4 to —1. Patients in the ATG+PTCy group received rabbit ATG
2 mg/kg on days —10 to —8, fludarabine 30 mg/m* on days —7 to —3, and busulfan 3.2 mg/kg on days —5 to —2.
Cyclophosphamide at 50 mg/kg was administered from days +3 to +4. From day —1, cyclosporine or tacrolimus was
given with methotrexate and mycophenolate mofetil (MMF). MMF started at 0.5 mg twice daily from day +7,
tapered from day +30, and stopped by day +60, with adjustments for clinical conditions. Four doses of methotrexate
were given: 15 mg/m? on day +1 and 10 mg/m?® on days +3, +6, and +11. Both groups followed the same post-
transplant immunosuppressant tapering strategy.

Post-Transplant Evaluation

Post-transplant evaluation metrics included hematopoietic engraftment, acute and chronic GVHD, chimerism, EBV-DNA
changes, cytomegalovirus and EBV reactivation, overall survival (OS), progression-free survival (PFS), GVHD-free and
relapse-free survival (GRFS), and non-relapse mortality (NRM). Neutrophil recovery was marked by an absolute
neutrophil count > 500/mL for three consecutive days, and platelet recovery was a count > 20x10°/L for seven
consecutive days without transfusions.'”'® OS was defined as the time span from transplantation to either death or the
last follow-up, PFS was the interval from transplantation to disease progression, relapse, or death, and GRFS was
characterized by the absence of death, relapse, severe acute GVHD, or systemic therapy for chronic GVHD.

Monitoring of EBV Copy Number Post-Transplantation

Post-transplant monitoring of EBV copy number was conducted weekly during the first 3 months and every two weeks
for the subsequent 3—6 months. A viral load exceeding 1000 copies was considered a sign of reactivation. No
prophylactic measures were taken.

Ethical Considerations

Ethical approval for the study (Number TJ-IRB202402025) was obtained from the Ethics Committee of Tongji Hospital,
Tongji Medical College, Huazhong University of Science and Technology, and the research followed the principles
outlined in the Helsinki Declaration and Good Clinical Practice Guidelines. Informed consent was duly obtained from
all patients.

Statistical Analysis

GraphPad Prism 9 and SPSS 26.0 were used for statistical analyses. Categorical variables were analyzed using Fisher’s
exact test, while continuous variables were examined with the Wilcoxon rank-sum test. Survival was evaluated using
Kaplan-Meier Curves, and the Log rank test was used for comparisons. Analyses were conducted using Cox regression
for survival and logistic regression for GVHD, incorporating both univariate and multivariate approaches. X-Tile
software determined a survival-related cut-off value. All tests were two-sided with significance set at P<0.05.

Results

Patients

As shown in Table 1, A total of 20 patients were included in this study. The median age was 30.5 years (range, 18-56).
Most patients exhibited IM-like symptoms such as fever (85%), hepatosplenomegaly (70%), and hepatic impairment
(70%). The median time from disease onset to diagnosis was 4.2 months (range, 3.13-30.0). Before transplantation, 55%
underwent chemotherapy, and 65% developed phagocytic syndrome with a median onset of 4.3 months (range,
3.13-28.6). The median interval from diagnosis to transplantation was 4.02 months (range, 0.83-30.3). 14 (75%) had
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Table | Characteristics of Patients

Characteristics No. of Patients (%) or Median of Clinical Feature (Range) P value
All Patients (n=20) ATG+PTCy Group ATG Group (n= 6)
(n=14)
Age (years) 30.5 (18-56) 29(18-56) 32(2442) 0.457
Gender 0.921
Female 7 (35%) 5(35.7%) 2(33.3%)
Male 13(65%) 9(64.3%) 4(66.7%)
EBV-infected subset 0.583
T cell 5 (25%) 4(28.6%) 1(16.7%)
NK cell 15 (75%) 10(71.4%) 5(83.3%)
Clinical symptoms
Fever 17 (85%) 13(92.9%) 4(66.7%) 0.143
Skin lesions 3 (15%) 3(21.4%) 0(0%) 0.231
lymphatic node enlargement 9 (45%) 5(35.7%) 4(66.7%) 0.214
Hepatomegaly and/or Splenomegaly 14 (70%) 9(64.3%) 5(83.3%) 0.406
Hepatic impairment 14 (70%) 9(64.3%) 5(83.3%) 0.406
With HLH 13 (65%) 10(71.4%) 3(50%) 0.370
Prior lines of therapy 0.492
Hormonal/Antiviral/lmmunotherapy 9(45%) 7(50%) 2(33.3%) 0.269
Combined chemotherapy 11(55%) 7(50%) 4(66.7%)
Time from diagnosis to HSCT(months) 4.02(0.83-30.3) 3.42(0.83-30.3) 5.44(1.83-9.70) 0.967
EBV-DNA copies before transplantation (10%copies/mL)
In plasma 32.75(500-3590) 105.40(5-3590) 9.95(5-149) 0.117
In PBMCs 827(0-20,900) 473.50(0-9670) 40.55(5-20,900) 0.306
Activated patients before HSCT 15(75%) 10(71.4%) 5(83.3%) 0.583
Donor relation 0.266
Unrelated match 4(20%) 3(21.4%) 1(16.7%)
Related match 5(25%) 3(21.4%) 2(33.3%)
Haplo 11(55%) 8(57.1%) 3(50%)
HCT-CI score 0.921
0-2 13(65%) 9(64.3%) 4(66.7%)
23 7(35%) 5(35.7%) 2(33.3%)
Mononuclear cell (108/kg) 15.84 (7.26-29.43) 15.84 (7.26-29.43) 16.64 (11.90-19.18) 0.805
CD34+ cell (10%/kg) 5.30 (2.81-16.70) 6.00 (2.81-6.52) 4.54 (3.34-16.70) 0.564
Source of stem cells 0.583
PB 14(70%) 10(71.4%) 4(66.7%)
PB+BM 6(30%) 4(28.6%) 2(33.3%)

Abbreviations: PB, peripheral blood; PB+BM, peripheral blood and bone marrow.

active disease, including 8 with HLH. 35% had an HCT-CI score above 3, and 55% received haploidentical grafts.
Peripheral blood stem cells were used as the graft source in 70% of patients. 6 (33.3%) received ATG as a GVHD
prophylaxis strategy, and 14 (66.7%) received ATG+PTCy.

The Influence of the ATG + PTCy Combination on the Development of GVHD
Neutrophil engraftment rate by day 30 was 90.0% (95% CI, 76.9—-100) and platelet engraftment rate by day 100 was
85.0% (95% CI, 69.4-100) for all patients. The ATG and ATG+PTCy groups had similar 30-day neutrophil (83.3% vs
92.9%, P=0.998) and 100-day platelet (83.3% vs 81.0%, P=0.798) engraftment rates (Figure 1). Additionally, there was
no significant difference in the median time to neutrophil engraftment (14 vs. 14, P=0.526) and platelet engraftment (15
vs. 14, P=0.894) between the ATG and ATG+PTCy groups.
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Figure | Engraftment of patients in two groups. (a) Neutrophils. (b) Platelets.

Within 100 days, the overall occurrence of grade II-IV aGVHD was 34.4% (95% CI, 17.0-61.5), while grade III-IV
aGVHD was 22.3% (95% CI, 8.9-49.4). The cumulative incidence of cGVHD at one year was 40.0% (95% CI,
20.4-68.2), with extensive cGVHD being 20.0% (95% CI, 7.0-50.0). The ATG+PTCy group showed a lower occurrence
in grade II-IV aGVHD (17.5% vs. 75.0%, P=0.004) and cGVHD (14.3% vs. 66.7%, P=0.037), but no significant benefit
was noted for grade III-1IV aGVHD (9.1% vs. 16.7%, P=0.515) or extensive cGVHD (9.1% vs. 50.0%, P=0.080).

We chose age, sex, infected cell type, donor type, graft origin, HLH occurrence, HCT-CI score, and transplantation
regimen for univariate analysis. Significant factors for multivariate analysis included HLH occurrence, HCT-CI score,
and transplantation regimen. The analysis showed that ATG+PTCy independently reduced the incidence of GVHD (OR
0.08, 95% CI, 0.01-0.80, P=0.031) (Table 2).

Table 2 Univariate and Multivariate Analyses of the Occurrence of GVHD in All Patients

Variable aGVHD cGVHD
Univariate Multivariate Univariate Multivariate
OR P value OR P value OR P value OR P value
[95% CI] [95% CI] [95% CI] [95% CI]

Gender: 3.75 0.279 - - 0.363 - -
Female vs. male (0.34-41.08)

Cell: 2.00 0.578 - - 2.00 0.578 - -
T cell vs. NK cell (0.17-22.95) (0.17-22.95)_

Age (years): 0.50 0.496 - - 1.33 (0.20-9.08) 0.769 - -
<30.5 vs. 230.5 (0.07-3.68)

Donor type: 1.33 0.769 - - 0.15 (0.01-1.64) 0.120 - -
Match vs. Haplo (0.20-9.09)

Underwent HLH: I.11 0919 2.54 0.493 0.14 (0.02-1.14) 0.066 0.12 0.112
No vs. Yes (0.15-8.37) (0.18-36.48) (0.01-1.63)

HLH before HSCT: 1.80 0.552 - - 0.20 (0.02-2.18) 0.187 - -
No vs. Yes (0.26-12.50)

Source of stem cells: 6.00 0.109 - - 6.00 0.109 - -
PB vs. PB+MB (0.67-53.68) (0.67-53.68)

HCT-CI score: 0.90 0919 0.88 0915 0.90 (0.12-6.78) 0919 1.14 0.921
<3 vs. 23 (0.12-6.78) (0.08-9.62) (0.08-15.87)

Regimen: 0.08 0.031 0.06 0.033 0.08 (0.01-0.80) 0.031 0.08 0.053
ATG vs. ATG+PTCy (0.01-0.80) (0.01-0.80) (0.01-1.04)
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The Impact of Pre-Transplant Hemophagocytic Syndrome and Elevated EBV Copy

Numbers on Overall Survival

The median follow-up after transplantation was 26.9 months (range: 0.3-95.0 months). The OS, PFS, and GRFS at 5
years in overall patients were 54.5% (95% CI, 30.7-73.2), 39.4% (95% CI, 18.6-59.7) and 44.4% (95% ClI, 22.5-64.4),
respectively (Figure 2a). In the ATG group, the OS, PFS, and GRFS at 5 years were 50.0%, 33.3%, and 33.3%,
respectively, which were lower than 56.3% (P=0.738), 41.7% (P=0.593), and 49.0% (P=0.232) in the ATG+PTCy group,
with no statistically significant differences (Figure 2c—¢). The 5-year non-recurrent mortality NRM was 37.4% (95% CI,
19.8-63.2) overall (Figure 2b), 40.0% in the ATG group, and 37.5% in the ATG+PTCy group (P=0.990) (Figure 2f). OS,
PFS, and GRFS stabilized after 2 years, suggesting that patients who survived for 2 years after transplantation may be
cured.

All patients were reclassified based on HLH status prior to transplantation. Patients with pre-transplant HLH
exhibited a significantly worse 5-year OS (25.0% vs. 75.0%, HR 4.01, 95% CI, 1.00-16.06, P=0.029) (Figure 2g) but
no significant difference in 5-year PFS (25% vs. 50%, P=0.470). To evaluate the impact of pre-transplant EBV copies on
survival, plasma EBV copies, which reflect disease status more accurately compared to PBMCs, were analyzed.'® All
patients were regrouped using 25,000 copies/mL as the cut-off value. Patients with pre-transplant plasma EBV copies
above the cut-off value had a worse 5-year OS and PFS (25% vs. 61.9%, P=0.048; 0% vs. 50%, P=0.008) (Figure 2h).
Subgroup analyses based on age, sex, and infected cell type showed no significant impact on survival, as results showed
no significant differences (Table 3).

ATG+PTCy Was More Effective in Clearing EBV-DNA

Seven days before transplantation, the median plasma EBV-DNA copies were 995 (range, 500-14900) and 10540 (range,
500-359000) in the ATG and ATG+PTCy groups, respectively (P=0.117). Median EBV-DNA copies in PBMCs in both
groups were 405500 (range, 500-2090000) and 47350 (range, 0-967,000), respectively (P=0.306). At 28 days post-
transplantation, median plasma EBV DNA copies were 1084.5 (range, 500-7500) and O (range, 0-1010) (P=0. 002) in
the ATG and ATG+PTCy groups, respectively, while median EBV DNA copies in PBMCs were 15775 (range,
815-64600) and 0 (range, 0-23,000) (P=0.002), respectively. The rate of EBV clearance was significantly higher in
the ATG+PTCy group than in the ATG group (Figure 3).

The Impact of the ATG + PTCy Combination on the Incidence of Infections

The 100-day cumulative EBV reactivation rate was 83.3% (5/6) in the ATG group, which was significantly higher than 21.4%
(3/14) in the ATG+PTCy group (P=0.018). The 100-day cumulative reactivation rate of CMV was 16.7% (1/6) in the ATG
group and 35.7% (5/14) in the ATG+PTCy group (P=0.613). In terms of early bacterial and fungal infections, the rates were
50.0% (3/6) and 16.7% (1/6) in the ATG group and 28.6% (4/14, P=0.613) and 7.1% (1/14, P=0.521) in the ATG+PTCy
group, respectively. Although the ATG+PTCy group showed a trend of higher CMV reactivation rate but lower bacterial and
fungal infection rates than the ATG group, the differences were not statistically significant (Table 4).

Discussion

This study examined the outcomes of CAEBVD patients admitted to an adult hematology unit and treated with
hematopoietic stem cell transplantation. The incidence of acute and chronic GVHD, viral activation, early complications,
and survival was compared between the two transplantation regimens. The ATG+PTCy regimen demonstrated significant
advantages in controlling GVHD incidence, EBV clearance rate, and EBV reactivation post-transplantation. Despite the
lack of significant differences in OS, PFS, and NRM between the two groups, the survival curve suggested a trend
favoring the ATG+PTCy group, with a higher 5-year survival rate and lower non-relapse mortality rate compared to the
ATG group. Additionally, our regrouping of transplanted patients revealed that patients with pre-transplant hemophago-
cytic syndrome and those with pre-transplant EBV-DNA copies exceeding 25,000 copies/mL had worse overall OS.
These findings suggest the importance of avoiding phagocytic syndrome pre-transplantation and securing the eradication
of plasma EBV-DNA copies for improved survival post-transplantation. Despite slightly higher pre-transplant median
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plasma EBV-DNA copies in the PTCy group compared to the ATG group, there was no significant difference in overall

survival between the two groups post-transplant, suggesting that PTCy could partially mitigate the adverse effects on

survival associated with high plasma EBV-DNA copies.
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Table 3 Unifactorial and Multifactorial Analyses of Survival

Variable os PFS
Univariate Multivariate Univariate Multivariate
HR P value HR P value HR P value HR P value
[95% CI] [95% CI] [95% CI] [95% CI]

Gender: 5.38 0.078 3.39 0.286 1.45 0.580 - -
Female vs. male (0.67-43.44) (0.36-31.98) (0.39-5.42)

Cell: 3.71 0.186 - - 1.03 0.960 - -
T cell vs. NK cell (0.46-29.83) (0.28-3.83)

Age (years): 0.63 0.504 3.09 0.237 1.12 0.848 - -
<30.5 vs. >30.5 (0.16-2.51) (0.48-20.14) (0.35-3.57)

Status before HSCT: 4.48 0.029 7.18 0.040 1.53 0.470 2.00 0.325
Non-HLH vs. HLH (1.05-19.16) (1.10-47.02) (0.48—4.88) (0.50-7.92)

From diagnosis to HSCT 0.75 0.672 - - 1.14 0.818 - -

(months): (0.20-2.81) (0.37-3.56)
<4.02 vs. >4.02

HCT-CI score: .16 0.833 - - 1.24 0.726 2.0l 0.349
<3 vs. 23 (0.29-4.66) (0.37-4.15) (0.47-8.71)

EBV-DNA copy (/mL): 3.75 0.048 4.89 0.069 5.07 0.008 5.39 0.014
<25000 vs. >25,000 (0.92-15.30) (0.89-26.84) (1.34-19.25) (1.40-20.71)

Regimen: 0.79 0.738 - - 0.72 0.593 - -
ATG vs. ATG+PTCy (0.20-3.17) (0.22-2.41)

Chronic active Epstein-Barr virus disease (CAEBVD) is a rare T/NK-cell lymphoproliferative disorder that primarily
affects individuals in Asia and Latin America, presenting significant treatment challenges. Lacking a specific, definitive
therapy, CAEBVD has a poor overall prognosis. In a study by Kimura et al, 44% of 108 patients ultimately died from
severe organ dysfunction caused by the disease.' Japanese researchers have proposed a “three-step strategy” for treating
CAEBVD, comprising immunosuppression, combination chemotherapy, and hematopoietic reconstitution. However, the
success rates after the first two steps are only 13% to 17%,°%*' requiring allogeneic hematopoietic stem cell transplanta-
tion (allo-HSCT) for most patients to achieve long-term survival and better outcomes. Additionally, CAEBVD presents
with both inflammatory and neoplastic features. Once T or NK cells are infected with Epstein- Barr virus (EBV), standard
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Figure 3 EBV-DNA copy changes pre- and post-transplantation in the ATG and ATG+PTCy groups. 7 days before transplantation (a) 28 days post-transplantation (b).
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Table 4 The Early Complications of 20 Patients After Transplantation

Patient Group Early Complications After HSCT EBV Reactive in 100 Days
| ATG Sepsis (bacteria), Graft failure Yes
2 ATG Sepsis (bacteria) No
3 ATG None Yes
4 ATG TMA Yes
5 ATG TMA, CMV infection, Pneumonia (bacteria) Yes
6 ATG Pneumonia (fungus), Intracranial infection Yes
7 ATG+PTCy | None Yes
8 ATG+PTCy | None No
9 ATG+PTCy | CMV infection, Pneumonia (bacteria), Hemorrhagic cystitis No
10 ATG+PTCy | Graft dysfunction of platelet No
Il ATG+PTCy | Sepsis (bacteria), Hemorrhagic cystitis, CMV pneumonia No
12 ATG+PTCy | Hemorrhagic cystitis, CMV encephalitis No
13 ATG+PTCy | Hemorrhagic cystitis, CMV pneumonia No
14 ATG+PTCy | Sepsis (bacteria) No
15 ATG+PTCy | None No
16 ATG+PTCy | None Yes
17 ATG+PTCy | None No
18 ATG+PTCy | Sepsis (bacteria), CMV infection Yes
19 ATG+PTCy | None No
20 ATG+PTCy | Pneumonia (bacteria and fungus), Hemorrhagic cystitis No

treatments such as antiviral drugs, chemotherapy, or immunotherapy often fail to completely eliminate the infected cells.
This suggests that allo-HSCT might be the only curative option for CAEBVD. Recent advances, including single-cell
sequencing, have shown that EBV can infect hematopoietic stem cells and lymphoid progenitors, thereby driving the
development and progression of CAEBVD. This underscores the critical role of allo-HSCT in treatment. In a study by
Yonese et al involving 100 CAEBVD patients, mostly children and adolescents, those who underwent HSCT achieved
a 3-year overall survival (OS) rate of up to 82%, compared to 65% for patients who received chemotherapy followed by
transplantation, and 0% for those treated with chemotherapy alone.'® Another study by Masahide Yamamoto et al, which
included 102 CAEBVD patients with a median age of 21 years (more than 30% under 18), reported a 3-year OS of 72.
5%.2% Although transplantation significantly improves the prognosis for CAEBVD patients, the high rates of GVHD and
non-relapse mortality remain major concerns.'*?'-*?

In the current landscape of GVHD prophylaxis strategies for allogeneic transplantation, two major systems stand out:
the ATG-based “Beijing Protocol” and the PTCy-based “Baltimore Protocol”. ATG is an immunosuppressive drug used
widely in allogeneic hematopoietic stem cell transplantation. It reduces the risk of grade II-IV aGVHD by 32% and the
risk of overall cGVHD by 47%.%> However, its use is associated with an increased EBV activation rate, which is
positively correlated with the dosage and is a significant risk factor for post-transplant lymphoproliferative disease
(PTLD).**? For diseases closely related to EBV infection, such as CAEBVD, it is crucial to explore strategies to reduce
post-transplant EBV reactivation and disease recurrence. As a novel prophylactic strategy for GVHD, PTCy can induce
immune tolerance, eliminate donor and host-derived alloreactive T cell clones early after transplantation, and relatively
retain Treg cells.”*>° Studies have shown that PTCy is effective in preventing both GVHD and PTLD.*"* Masaya
Maegaki et al reported a successful case of a 60-year-old CAEBVD patient who underwent haploidentical transplantation
with PTCy prevention.>* However, PTCy carries a higher risk of engraftment failure, which can be mitigated by the use
of ATG.***° In a prospective study involving 239 transplant patients, the ATG+PTCy group demonstrated significantly
lower cumulative incidence rates of grade III-IV aGVHD and NRM within 100 days compared to the ATG group.
Moreover, the ATG+PTCy group showed a significant improvement in GRFS (63% vs. 48%; P=0.039).>” Combining
PTCy with a reduced ATG dose could theoretically reduce EBV reactivation. This combined strategy has been tested on
numerous other diseases, including acute leukemia and myelodysplastic syndrome.>® The EBV activation rate after
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transplantation is around 15-21%.%">%° However, there is no existing literature specifically addressing CAEBVD. Our
study was the first to compare the ATG regimen with the ATG+PTCy regimen in CAEBVD and confirmed that the ATG
+PTCy transplantation regimen provides greater benefit to adult CAEBVD patients, particularly in reducing the
occurrence of GVHD and the reactivation of EBV.

Our study combined the classical ATG transplantation system, which has been used for almost ten years, with the
PTCy regimen. We found that under this combined system, the 5-year overall survival rate for adults with CAEBVD
post-transplantation reached 54.5%, while the GRFS reached 49%. These outcomes are better than those reported in
historical literature.

Our study also showed that the EBV clearance rate was faster in the ATG + PTCy system, and the occurrence of
bacterial and fungal infections was lower compared to the ATG group. However, the cytomegalovirus (CMV) reactiva-
tion rate seemed to be higher in the ATG + PTCy system. This finding is consistent with observations in other studies.
Wang Yu et al compared the ATG and ATG+PTCy cohorts in acute leukemia and found that the cumulative CMV
activation rate at 100 days in the ATG+PTCy group was 70%, which was significantly higher than that in the ATG
group.’” Similarly, Yang et al reported a CMV reactivation rate of 37.5% in the ATG+PTCy group in haploidentical
peripheral blood HSCT.*! CMV reactivation under the ATG+PTCy system is a concern, possibly because of delayed
T cell reconstitution in the combined system.

In this study, allo-HSCT facilitated long-term survival in approximately half of adult CAEBVD patients, although
pre-transplant hemophagocytic syndrome and high EBV copy numbers diminished this effect. Furthermore, the ATG
+PTCy regimen offered significant advantages over ATG alone in reducing GVHD, eliminating EBV, and decreasing
EBYV reactivation, but did not improve survival.

Although this study provides valuable insights, it has some limitations. First, it is a retrospective investigation, which
inevitably involves selection bias and confounding factors. Second, due to the rarity of CAEBVD and the exclusion of
pediatric and adolescent cases, the sample size is limited. Third, although both groups received myeloablative condition-
ing regimens, the specific drugs used differed, which could be a confounding factor. This is a preliminary study aimed at
offering insights for future research. Future studies should involve a larger sample size and an appropriately adjusted
ATG dose.
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