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Autologous hematopoietic stem cell transplantation is an effective therapeutic option for patients with treatment-refractory
multiple sclerosis (MS) and may be considered as first line treatment in aggressive forms. Currently, a variety of conditioning and
serotherapy regimens are employed across transplant centers. In this study, we compared immune reconstitution at days 30 and
100 post-transplant in MS patients undergoing AHSCT with cyclophosphamide-based conditioning, combined with in vivo T-cell
depletion using either polyclonal rabbit anti-thymocyte globulin (ATG; Thymoglobulin, Genzyme-Sanofi) or rabbit anti-T-
lymphocyte globulin (ATLG; Grafalon, Neovii). We observed a significantly faster immune reconstitution for CD3*, CD3*HLA-DR",
CD3*CD4*, CD4"CD45RA*, CD4"CD45R0O™", CD3*CD8*, CD8*CD45RA*, CD8"CD45R0O", and CD4*CD25*CD127low cells in patients
receiving ATLG compared to ATG at day 30 post-transplant. Although infections resulting in rehospitalization by day 180 were
similarly distributed between groups, viral reactivations occurred exclusively in patients receiving ATG. No sign of high grade

infectious complications or death was noted.

Bone Marrow Transplantation (2026) 61:172-178; https://doi.org/10.1038/s41409-025-02730-y

INTRODUCTION

Multiple sclerosis (MS) is an autoimmune disease of the central
nervous system characterized by neuroinflammation and neurode-
generation [1]. Autologous hematopoietic stem cell transplantation
(AHSCT) is recommended as a clinically proven therapeutic option for
selected patients with treatment-resistant neurological autoimmune
diseases and may also be considered as an upfront option in
aggressive disease [2-5]. Studies indicate that AHSCT offers superior
outcomes in reducing relapses, achieving NEDA and limiting MRI
activity compared to standard disease-modifying therapies [6-8].
High-dose chemotherapy with lymphodepleting serotherapy fol-
lowed by AHSCT aims to eliminate the aberrant immune system and
restore one that is more self-tolerant, supporting sustained remission
[9]. Although various chemotherapy regimens are available, the EBMT
guidelines recommend cyclophosphamide with anti-thymocyte
globulin (Cy-ATG) or BEAM combined with ATG (BEAM-ATG) as
regimen for MS patients [3]. Serotherapy with polyclonal ATG consists
of purified IgG from rabbits, horses, or occasionally goats immunized
with human thymocytes or T cell lines. Among available formulations,
anti-thymocyte globulin (ATG; Thymoglobulin, Genzyme-Sanofi,
Cambridge, Massachusetts, USA) is derived from rabbits immunized
with human thymocytes, while anti-T-lymphocyte globulin (ATLG;
Grafalon®, Neovii, Rapperswil, Switzerland) is generated by immuniz-
ing rabbits with the Jurkat T-cell line resembling activated T cells [10].

To date, the selection of anti-T cell serotherapy is predominantly
determined by therapeutic availability, institutional protocols, and/or
participation in clinical trials. Real-world data from EBMT centers
showed that although all centers employed polyclonal anti-
thymocyte globulin, there was substantial variation in both the total
dose and administration schedule of serotherapy [11]. Thus,
comparative data on serotherapy approaches are needed to
eventually support the development of a harmonized lymphodeplet-
ing regimen for patients undergoing AHSCT for MS.

This study aims to evaluate the effects of ATG and ATLG on
immune reconstitution and early infectious complications follow-
ing cyclophosphamide-based AHSCT in patients with MS.

METHODS

Data source

The study included 63 patients with relapsed-remitting MS (RRMS; n = 34),
primary-progressive MS (PPMS; n=20) or secondary-progressive MS
(SPMS; n=9) who underwent first AHSCT at the Department of Stem
Cell Transplantation at the University Medical Center Hamburg-Eppendorf,
Germany, between 2020 and 2025. The study was approved by the
institutional review board and was conducted in accordance with the
Declaration of Helsinki and Good Clinical Practice guidelines. All patients
provided written informed consent approved by the Ethic committee of
the chamber of physicians Hamburg (2022-100940-BO-ff).
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Fig. 1

Different conditioning regimen. Overview of conditioning regimens including administration schedule and dosing of ATG and ATLG.

The x-axis depicts the timeline of the conditioning regimen, showing the sequence and days of administration of each component relative to
transplantation (day 0). ATG anti-thymocyte globulin, ATLG anti-T-lymphocyte globulin, BW body weight.

Table 1. Patient characteristics.
Characteristic Thymo ATLG P
Age, median (r) 33 (22-48) 37 (25-49)
Sex, n (%) 0.22
Male 20 (53) 11 (69)
Female 18 (48) 5(31)
ECOG, n (%) 0.72
0 5(14) 3 (23)
1 26 (70) 8 (62)
2 6 (16) 2 (15)
Unknown 1 3
Multiple sclerosis form, 0.40
n (%)
PPMS 12 (32) 8 (50)
RRMS 21 (55) 7 (44)
SSMP 5(13) 1(6)
Conditioning, n (%)
Cy 38 (100) 16 (100)
Time from diagnosis to 5.7 (1.3-21.8) 7.0 (2.1-11.5) 0.61
auto in years, median
(range)
Follow-up in years, 9.1 (0.4-27) 3.1 (0.5-6.7) 0.03
months (range)
Leukocyte engraftment, 10 (7-12) 10 (7-12) 0.91
median (r)
Platelet engraftment, 10 (5-14) 10 (4-13) 0.60

median ()

Patient characteristics and conditioning regimen

All patients received conditioning chemotherapy consisting of four doses
of cyclophosphamide at 50 mg/kg body weight, administered from day —5
to day —1. A total of 42 patients received ATG, while 21 patients were
treated with ATLG (see Fig. 1). In the ATG cohort, 38 patients (post-ATG
group) received a cumulative dose of 7.5 mg/kg body weight on days +1
and +2 post-transplant, while 4 patients (pre-ATG group) received the
same total dose in a fractionated schedule from day —3 to day —1 prior to
transplantation. In the ATLG group, 16 patients (pre-ATLG group) received
a total dose of 30 mg/kg body weight in escalating doses from day —4 to
day —1, and 5 patients (post-ATLG group) received a cumulative dose of
60 mg/kg body weight on days +1 and +2 post-transplant.
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Immune phenotyping

Peripheral blood lymphocyte immunophenotyping was conducted via
flow cytometry to characterize T cells (CD3"), activated T cells (CD3*/HLA-
DR*), T helper (CD3*/CD4"), and cytotoxic T cells (CD3*/CD8"), B cells
(CD19%), regulatory B cells (CD19*/CD5*/CD1d*), memory (CD19*/CD27%)
and naive B cells (CD19*/CD27/CD10™), natural killer (CD56*/CD3") and
natural killer T cells (CD56*/CD3*), naive (CD4*/CD45RA*) and memory T
helper cells (CD4*/CD45RO*), naive (CD8"/CD45RA*) and memory
cytotoxic T cells (CD8*/CD45R0"), y6 T cells (TCRy&*/CD3™), and regulatory
T cells (CD4%/CD25%/CD127low). Immune status was systematically
assessed on days +30 and +100 post-AHSCT to evaluate immune
reconstitution across treatment groups.

Viral reactivations

Epstein-Barr virus (EBV) DNA load was assessed using PCR performed on
whole blood samples as previously described [12]. Significant EBV DNA
detection was defined as >1000 copies per microliter.

For cytomegalovirus (CMV) quantification, real-time quantitative (q)PCR
was carried out on genomic DNA isolated from whole blood samples using
QlAamp DNA Blood Minikit (Qiagen). QPCR was performed in duplex
reactions to simultaneously measure both the number of CMV copies and
the number of cells using a diploid reference gene (hematopoietic cell
kinase, HCK) as target as described [13]. For absolute and relative
quantification, ct and delta-ct values (ctCMV-ctHCK) were used. CMV
reactivation was defined as high viral load corresponding to a delta-ct <12
and/or >1000 viral copies per ml.

Statistical analysis

Primary endpoint of this study was to compare immune reconstitution
between the ATG and the ATLG group at the two time points. Secondary
endpoints included infections leading to rehospitalization until day 180,
infections leading to intensive care treatment or death, EBV and
cytomegalovirus reactivations.

Patient characteristics were described with median and range for
continuous variables and frequencies for categorical variables. Immune
profiles and dynamics were compared in a categorical and time-dependent
fashion using Wilcoxon tests. All analyses were performed using R version
4.4.2 (R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Patients

Baseline characteristics were comparably distributed when analysis
was restricted to the main treatment groups, specifically patients
receiving post-transplant ATG (n=38) and those receiving pre-
transplant ATLG (n = 16) (see Table 1). However, patients receiving
pre-transplant ATLG had a shorter follow-up period (p = 0.03). Both
groups exhibited similar hematopoietic recovery, with median
neutrophil and platelet engraftment occurring at 10 days.
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Fig.2 T cell reconstitution at day 30 and day 100 comparing pretransplant ATLG to posttransplant ATG. Counts of T cell subpopulations
at day 30 and day 100 comparing pre-transplant ATLG with post-transplant ATG. ATG anti-thymocyte globulin, ATLG anti-Tlymphocyte

globulin.
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Fig. 3 B cell reconstitution at day 30 and day 100 comparing pretransplant ATLG to posttransplant ATG. Counts of B cell subpopulations
at day 30 and day 100 comparing pre-transplant ATLG with post-transplant ATG. ATG anti-thymocyte globulin, ATLG anti-Tlymphocyte

globulin.
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Immune reconstitution day 30
Comparing the main treatment groups, we observed a signifi-
cantly faster immune reconstitution at day 30 in patients receiving
pre-transplant ATLG compared to those receiving post-transplant
ATG as indicated by higher counts of CD3+, CD3*/CD4", CD4*/
CD45R0O", CD3*/CD8* T-cell subsets (see Fig. 2). Additionally,
significantly higher counts of regulatory T cells (CD4+/CD25+/
CD127low) and B cells (CD19+), especially naive B cells (CD19*/
CD277/CD10™"), were observed in the pre-ATLG group. (Fig. 3)
Beyond the primary cohorts treated with either post-transplant
ATG or pre-transplant ATLG, we additionally included subgroups
of patients who received either pre-transplant ATG or post-
transplant ATLG. Although the limited number of cases precluded
meaningful statistical comparison, we continued to observe
higher counts for CD3+, CD3*/CD4*, CD4*/CD45R0O*, CD3*/CD8*
and CD4+/CD25+/CD127low T cell subsets in the post-transplant
ATLG group compared to the pre- and post-transplant ATG groups
at day 30 (see Fig. 4). Patients who received pre-transplant
serotherapy exhibited comparable B cell counts across groups,
with levels exceeding those observed in recipients of post-
transplant serotherapy.

Immune reconstitution day 100

At day 100 post-transplant, T-cell reconstitution was not significantly
more advanced in recipients of pre-transplant ATLG compared to
those who received post-transplant ATG. We observed significantly
higher counts for CD19+, CD19+/CD27—/CD10+, and CD19+/CD27+B
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cell subsets in the post-transplant ATG group compared to the pre-
transplant ATLG group.

Regarding immunoglobulin measurements, no significant dif-
ferences were observed between the groups at day 30 or day 100
(see Fig. 5).

Complications

No mortality or need for intensive care support was observed in
any patient. Within the first 180 days post-transplant, eight
infection-related rehospitalizations were recorded, with a mean
hospital stay of 7.3 (2-18) days. The majority of infections were
categorized as fever of unknown origin (n =5), with single cases
of CMV reactivation, pulmonary infection, and sinusitis also
documented. Infection-related rehospitalizations were similarly
distributed in the ATG group (15.8%, n=6) and the ATLG group
(12.5%, n = 2). Viral reactivations were observed exclusively in the
ATG cohort. CMV reactivation was detected in five patients, four of
whom were managed in the outpatient setting with oral
Valaciclovir. EBV-DNA was detected in the peripheral blood of
one patient, which resolved spontaneously without the need for
therapeutic intervention.

DISCUSSION

This study provides valuable insights into the differential effects
of ATG and ATLG on immune reconstitution in MS patients
undergoing AHSCT. ATLG was associated with significantly faster
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T cell reconstitution at day 30 post-AHSCT compared to ATG. This
effect seems to occur irrespective of the timing of serotherapy
administration. While some studies comparing the two ATG
formulations in the context of allogeneic stem cell transplanta-
tion observed no differences within immune reconstitution
[14, 15], others emphasize the here-described delayed recon-
stitution within the T-cell compartment in patients receiving ATG
[16-18]. This effect may partly result from the more pronounced
T-cell depletion mediated by ATG. Due to differences in the
sources of immunization cell, ATG formulations exhibit distinct
antigen specificities: ATG displays broad reactivity, targeting a
wide range of surface antigens, including T-cell markers (CD2,
CD3, CD4, CD6, and CD8), as well as molecules expressed on B
cells, natural killer cells, macrophages, dendritic cells, and major
histocompatibility complex proteins (HLA class | and HLA-DR). In
contrast, ATLG has a more limited antigen profile and lacks
significant reactivity against CD3, CD4, and HLA-DR, resulting in a
comparatively reduced immunosuppressive effect [19]. Besides
differences in antigen specificity, ATG and ATLG also vary in the
pharmacokinetics of their active compounds: a pediatric study
on allogeneic transplantation demonstrated faster clearance of
active ATLG compared to ATG [16]. The combination of a
narrower antigen profile and reduced active drug persistence
may explain the more rapid T-cell reconstitution observed
with ATLG.
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Immunoglobulin measurements. Inmunoglobulin measurements over time in patients receiving pre- and post-transplant ATLG or

Conversely, the greater cytotoxicity of ATG toward human
thymocytes may impair thymic regeneration [20]. As reactivation
of thymopoiesis plays a pivotal role in immune reconstitution after
AHSCT in MS patients [21], thymic cytotoxicity might also
contribute to delayed T-cell recovery in patients receiving ATG.

In line with the accelerated immune reconstitution of T cell
subsets, patients receiving ATLG showed significantly higher
counts of regulatory T cells than those treated with ATG. Following
AHSCT, MS patients experience a transient expansion of regulatory
T cells during the early post-transplant phase. Although their
levels typically return to baseline over time, this initial surge may
play a pivotal role in re-establishing immune tolerance by exerting
enhanced regulatory activity during a critical phase for the naive,
newly regenerated immune system [22]. In a study comparing
patients with BEAM conditioning for Non-Hodgkin Lymphoma
(NHL) and MS, where only the MS cohort received ATG, Treg cell
frequencies in MS patients showed a significant and lasting
increase after transplantation, while Treg levels remained stable in
NHL patients. This effect may reflect a correction of immune
dysregulation that contributes to the containment of neuroin-
flammation after AHSCT, or may alternatively be attributable to
the immunomodulatory effects of ATG [23]. Our data suggests a
more pronounced Treg expansion following ATLG. Further studies
are warranted to investigate whether the observed effects
translate into differences in clinical outcomes.
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Regarding B cell reconstitution, we observed earlier reconstitu-
tion in the pretransplant ATLG group compared to the post-
transplant ATG group. Rather than a substance-specific effect, this
phenomenon seems to be more driven by the timing of
serotherapy administration, as similar high counts were observed
in patients receiving pre-transplant ATG. Our findings emphasize
that, in addition to the serotherapy used, the timing of application
might influence post-transplant immune reconstitution. In con-
trast, we observed a faster reconstitution of B cells within patients
receiving ATG compared to ATLG on day 100. Similar dynamics
were observed comparing high-dose ATG and ATLG in the setting
of allogeneic transplantation [16]. The reason for this remains
unclear.

In addition to administration timing, dosing differences may
influence variations in immune reconstitution between ATG- and
ATLG-treated patients. In ASCT for MS, most centers use a ATG
dose of 6 mg/kg BW [11], which is slightly lower than the dose
used in this study. While dose-finding studies did not identify
significant differences between 6 and 8 mg/kg BW in the allogenic
setting [24], recent data of ASCT in MS patients indicate
significantly better progression-free survival in patients receiving
<6 mg/kg BW [25]. For ATLG, applied doses ranged from 7.5 to
90 mg/kg BW with no single dose consistently favored across
centers [11]. Studies in allogenic transplantation have demon-
strated dose-dependent differences in immune reconstitution for
both ATG [26] and ATLG [27], yet a clear dosing equivalence still
needs to be defined [28, 29].

While infections leading to rehospitalization were nearly equally
distributed among patients receiving ATG and those receiving
ATLG, virus reactivations were solely observed in the ATG group.
These results could be explained by the observed slower T cell
reconstitution within the ATG group, thereby emphasizing that
delayed T cell reconstitution renders patients at risk for infectious
complications, in particular virus reactivations. Studies comparing
ATG and ATLG in allogeneic stem cell [28, 30, 31] and kidney
transplantation [32-34] support these findings by also reporting a
higher number of viral infections in patients receiving ATG
compared to those receiving ATLG.

We acknowledge certain limitations in the presented study. The
limited sample size and retrospective design of the study increase
its susceptibility to bias. Also, due to the small sample size of
patients receiving posttransplant ATLG and pretransplant ATG, we
were unable to include these groups in the comparable statistical
analysis. The limited follow-up period enabled only the analysis of
early immune reconstitution and infectious complications.
Because reconstitution of the adaptive immune is reported to
take up to 2 years post-AHSCT [22], long-term assessment could
provide a more complete picture of differences with regard to
immune reconstitution trends and infectious complications in
patients receiving ATG or ATLG. We aim to extend and deepen the
analysis of the provided data in future work.

To the best of our knowledge, this is the first study comparing
immune reconstitution in MS patients following AHSCT with either
ATG or ATLG. Patients receiving pretransplant ATLG demonstrated
a significantly faster immune reconstitution in T cell subsets and
fewer early infectious complications than patients receiving post-
transplant ATG. Our study thereby not only contributes to the
understanding of the different immunogenic effects of these two
serotherapies but also provides important insights regarding the
safety of MS patients undergoing AHSCT. Further prospective
studies are warranted to evaluate the potential impact of different
serotherapy agents on clinical outcomes.
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