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Abstract

Horse-derived anti-thymocyte globulin (ATGAM) in combination with long-term ciclosporin is the first-line treatment for
most immune-mediated aplastic anemia (AA) patients. The exact impact of this immunosuppressive therapy (IST) on he-
matologic recovery and the immune landscape, however, remains poorly understood. We report a longitudinal analysis of
the pharmacodynamic effects of ATGAM-based IST in a cohort of 44 AA patients. We used flow cytometry to quantify plas-
ma levels of lymphocyte-binding ATGAM, which is believed to mediate the therapeutic effect. Population pharmacokinetic
modeling revealed substantial between-patient variability in ATGAM exposure, with higher exposure levels associating with
earlier hematologic recovery. ATGAM bound all lymphoid lineages and profoundly depleted T and natural killer cells at high
plasma concentrations. Strikingly, ATGAM did not deplete B cells but instead induced an increase in CD27* B cells. Deep
immunophenotyping on series of peripheral blood samples collected up to three years after start of IST demonstrated that
ATGAM induced rapid depletion of T cells, including KLRG1* terminally differentiated CD8* T cells and Th17-like CCR6*CD4*
T cells. Although naive and pathogen-specific T cells were also depleted, they recovered quickly, indicating preservation of
protective immunity. Notably, CCR6** B cells, implicated in AA pathogenesis, escaped ATGAM depletion but reduced gradu-
ally over time along with residual potentially pathogenic T cells, including the CCR6*CD4* T cells. This could explain the
crucial contribution of long-term ciclosporin to successful IST. Collectively, our results identify ATGAM exposure as a factor
influencing hematologic recovery and indicate that the therapeutic effect of IST goes beyond total lymphodepletion but is
rather the result of selective depletion and suppression of key lymphocyte subpopulations.

Introduction

Immune-mediated aplastic anemia (AA) is a bone marrow
failure syndrome caused by an autoimmune attack on the
hematopoietic stem and progenitor cells (HSPC).! The re-
sulting peripheral cytopenias can lead to severe bleeding
and infections. Effective treatments are allogeneic hema-
topoietic stem cell transplantation or immunosuppressive
therapy (IST). IST is the first-line treatment for most patients
due to older age or lack of a matched donor.?

Standard first-line IST for AA combines anti-thymocyte
globulin (ATG) with long-term ciclosporin. ATG is a poly-
clonal antibody mixture that can be produced by immuniz-
ing horses or rabbits with human thymocytes. In AA, both
horse-derived ATG (ATGAM®, Pfizer) and rabbit-derived

ATG (Thymoglobulin®, Sanofi) have been applied. However,
ATGAM is preferred since it results in superior response
rates and overall survival.** Approximately 70% of patients
show hematologic recovery after ATGAM-based IST, with
a gradual improvement in peripheral blood counts over
several months.?#5

The pharmacodynamics of ATGAM-based IST are poorly un-
derstood. Its therapeutic effect is attributed to the depletion
of autoreactive immune cells implicated in AA pathogenesis.
ATGAM, administered at 40 mg/kg/day for four consecutive
days,? is thought to induce immediate lymphodepletion,
possibly through complement-dependent lysis or activa-
tion-induced apoptosis.®” Subsequently, long-term ciclo-
sporin is believed to suppress residual and reconstituted
lymphocytes through calcineurin and IL-2 blockade.?® Since
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ATGAM is manufactured in horses, it contains antibodies
against both non-human and human antigens. Therefore,
only a small ‘active’ fraction can bind human immune cells
and mediate its immunomodulatory effects. The precise
specificities of this active ATGAM fraction are unknown
and its activity differs from the more extensively studied
rabbit-derived ATG;”™© however, ATGAM has been shown
to bind a spectrum of proteins on the surface of immune
cells," and to reduce CD4*, CD8" and regulatory T cells in
vivo.*"® Similarly, the relationship between active ATGAM
exposure and lymphodepletion is unclear, and the impact
of ATGAM plus ciclosporin on the immune landscape has
not been characterized in detail. Previously, we identified
potentially pathogenic T- and B-cell subpopulations in AA
patients.*”® These CCR6** B cells, Th17-like CCR6*CD4* T
cells and KLRG1* terminally differentiated CD8* T cells were
enriched at diagnosis, co-localized in bone marrow, and
were significantly reduced at six months post ATGAM. This
decrease could imply that IST selectively depletes specific
lymphocyte subpopulations.

In this study, we aimed to identify the effects of ATGAM ex-
posure on hematologic recovery in 44 AA patients. For the
first time, we quantified active ATGAM concentrations in
patient plasma using flow cytometry, and applied population
pharmacokinetic (POPPK) modeling to estimate exposure.
Furthermore, to elucidate the impact of IST with ATGAM
plus ciclosporin on the immune landscape, we performed
spectral flow cytometry on peripheral blood samples col-
lected before and at multiple time points after start of IST.

Table 1. Patients’ characteristics.
Characteristic

Age at diagnosis, years, median (range)

Sex, N
Male
Female

Weight at diagnosis, Kg, median (range)

BMI at diagnosis, median (range)

Height at diagnosis, cm, median (range)

Severity of disease at diagnosis, N
Non-severe AA
Severe AA
Very severe AA

Total lymphocyte count pre-ATGAM, x10°/L, median (range)**
CD4* T-cell count pre-ATGAM, x108/L, median (range)**
CD8* T-cell count pre-ATGAM, x108/L, median (range)**
NK-cell count pre-ATGAM, x108/L, median (range)**
B-cell count pre-ATGAM, x10°%/L, median (range)*

Response to IST 6 months post-ATGAM, N
Non-response
Partial response

Complete response
Unknown (died <6 months after first ATGAM infusion)

E.S. Pool et al.

Our results present active ATGAM exposure as a factor in-
fluencing hematologic recovery and reveal that successful
IST involves selective removal and suppression of key lym-
phocyte subpopulations rather than a full immune ‘reset.

Methods

Patients and plasma samples

Plasma samples (N=381) were collected from 44 treat-
ment-naive AA patients before each ATGAM infusion and
up to 82 days after the first infusion (median 9, range
4-13 samples/patient). Peripheral blood mononuclear cells
(PBMC) were collected from 3 of 44 patients at diagnosis
and up to 3.5 years post ATGAM (7-10 samples/patient),
and 5 healthy donors. Patients’ characteristics are listed
in Table 1. Patients <40 years of age were screened for
Fanconi anemia to exclude congenital bone marrow fail-
ure. Patients received IST according to Dutch guidelines:
four consecutive days 40 mg/kg/day ATGAM and 5 mg/
kg/day ciclosporin for at least six months.”® Exceptions
were patients (two days ATGAM), UPNQ (four days ATGAM
with two-day break after infusion two), and UPN46 (118
days ciclosporin). ATGAM was administered intravenously
over 12 hours. Nineteen of 44 patients responded within
six months after start of IST, which was defined as be-
coming transfusion-independent and a neutrophil count
of 20.5x10°/L.2 Plasma or PBMC were stored at -80°C or
-196°C until bioanalysis, respectively. This study was ap-

Patients
N=44

54 (20-79)

26
18

80 (51-120)
24.7 (17.6-34.3)
176 (156-198)

7
23
14
1375 (260-2,890)
732 (21-1,479)
363 (71-949)
77 (4-291)
124 (17-631)

21
14
5
4

AA: aplastic anemia; ATGAM: horse-derived anti-thymocyte globulin (ATGAM®); BMI: Body Mass Index; IST: immunosuppressive therapy;NK: nat-
ural killer. *Cell counts between days -2 to 0 pre-ATGAM infusion. #Data missing for 2 patients.
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proved by the Medical Ethical Committee of the Leiden
University Medical Center (B21.003).

ATGAM measurement and spectral flow cytometry

Flow cytometry was used to quantify active ATGAM con-
centrations in plasma, and to perform deep immunophe-
notyping in peripheral blood. For active ATGAM measure-
ment, cryopreserved PBMC from a single healthy donor
were incubated with serial dilutions of patient plasma
using a protocol based on a previously validated assay for
quantifying lymphocyte-binding antibody concentrations,"”
and stained with a six-marker antibody panel including
anti-horse I1gG. Subsequently, cells were measured by flow
cytometry, and active ATGAM plasma concentrations were
determined. For deep phenotyping of lymphocytes, cryo-
preserved PBMC samples were stained with a 25-mark-
er panel (Online Supplementary Table S7), measured by
spectral flow cytometry, and analyzed by dimensionality
reduction.® A detailed description of all methods used,
including the quantification of total ATGAM in plasma by
ELISA, is provided in the Online Supplementary Methods
and Online Supplementary Figures S1-S3.

Exposure-response analyses

Population pharmacokinetic modeling (POPPK) was per-
formed in NONMEMP® to estimate ATGAM exposure as de-
tailed in the Online Supplementary Methods, Online Supple-
mentary Tables S2, S3, and Online Supplementary Figure S4.
Downstream exposure-response analyses used clinical data
collected until day 180, because IST-response is assessed
3-6 months post ATGAM.? As a measure for hematologic
recovery, we evaluated peripheral blood neutrophil and
reticulocyte counts from routine measurements, general-
ly taken at least weekly. Thrombocyte and hemoglobulin
levels were not analyzed to avoid potential bias caused by
blood transfusions. To study lymphodepletion and immune
reconstitution, we analyzed peripheral blood lymphocyte
counts from routine measurements, typically collected
once every two weeks. To correct for missing immune re-
constitution data, non-linear mixed effect modeling was
performed using SAEMIX.® (See the Online Supplementary
Methods and Online Supplementary Figure S5.) Data vi-
sualization and statistical analyses were performed in R
v4.41 (Rstudio v2023.03) using Mann-Whitney U test for
continuous variables, Fisher’s Exact test for categorical
variables, and Spearman’s correlation tests. P<0.05 was
considered statistically significant.

Results

Active ATGAM binds all major lymphoid lineages

To study the effects of ATGAM, the concentration of AT-
GAM capable of binding PBMC from an unrelated healthy
donor (active ATGAM hereafter) was quantified in plasma

E.S. Pool et al.

from 44 adult AA patients using flow cytometry (Figure
1A). In patients that received the standard regimen of four
consecutive days 40 mg/kg/day ATGAM, active ATGAM
concentrations increased over the four days of infusion
and reached a median peak concentration of 131 AU/mL
on day 4 (Figure 1B). After the last infusion, concentrations
rapidly decreased, and typically fell below the concen-
tration of 10 AU/mL by day 20. The pharmacokinetics of
active ATGAM varied considerably between patients in
both peak concentrations (range 31-497 AU/mL on day
4) and clearance rates (Figure 1B). Similar variability was
observed in total ATGAM concentrations (e.g., active AT-
GAM and ATGAM binding to other [non]-human targets
combined) quantified in the same plasma samples using
ELISA (Online Supplementary Figure S6A). Active ATGAM
in patient plasma was detected on donor T, natural killer
(NK) and B cells. However, pharmacokinetics differed as
B-cell binding active ATGAM was detected longer than
T- or NK-cell binding active ATGAM (Figure 1C, Online
Supplementary Figure S6B).

Active ATGAM exposure is increased in aplastic anemia
patients with higher body weight

Given the variability in active ATGAM concentrations be-
tween patients, POPPK modeling was performed to estimate
the full concentration-time curve of active ATGAM exposure.
The POPPK of intravenously administered active ATGAM were
best described by a two-compartment model with first-or-
der linear elimination (Online Supplementary Figure S7).
This model showed adequate agreement between observed
and model-estimated active ATGAM concentrations (Online
Supplementary Figures S8, S9). Exposure (AUCO-inf) was
defined as the estimated area under the concentration-time
curve (Online Supplementary Table S4). Since this study is
the first to report on active ATGAM, we also validated the
accuracy of our approach by performing POPPK modeling
for total ATGAM (Online Supplementary Table S5, Online
Supplementary Figures S10, S71) to simulate the dosing
regimens described in the manufacturer’s brochure.?® This
revealed strong agreement between model-estimated and
reported total ATGAM concentrations for an external cohort
of AA patients (Online Supplementary Figure S12).

To identify factors driving between-patient variability in
active ATGAM pharmacokinetics, the impact of clinical co-
variates was evaluated. No significant effects of sex, age
and lymphocyte counts pre-ATGAM were observed (Online
Supplementary Figure S13). Since ATGAM dose is based on
body weight, we anticipated clearance to increase with body
weight to obtain similar ATGAM exposures across patients.
However, we found that patients with higher body weights
had higher active ATGAM concentrations in time, resulting
in higher exposures (Figure 1D), as neither clearance nor
volume of distribution were influenced by weight (Figure
1E, F).
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Higher active ATGAM exposure associates with earlier and reticulocyte counts served as a measure for bone mar-
hematologic recovery row recovery. The data of two patients in the low-exposure
To investigate the effect of active ATGAM exposure on group, one patient in the medium-exposure group, and one
hematologic recovery, patients were categorized into low, in the high-exposure group were censored before day 180
medium and high exposure groups based on the exposure because of death. There was no significant difference in
tertiles of 1,515 and 2,216 AU/day/L (Figure 2A). Neutrophil age, sex, disease severity, eltrombopag use and ciclosporin
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Figure 1. Active ATGAM binding specificities and concentration-time profiles in plasma from aplastic anemia patients. (A) Exper-
imental approach. Donor peripheral blood mononuclear cells (PBMC) were incubated with plasma samples collected pre- and
post-infusion of horse-derived anti-thymocyte globulin (ATG; ATGAM®), stained and analyzed by flow cytometry to determine the
plasma levels of free active ATGAM capable of binding to human lymphocyte lineages. (B) Measured active ATGAM levels in patient
plasma (in arbitrary units/mL; N=44 patients) in time before, during and after ATGAM infusion on days 0-4. (C) Flow cytometric
plots demonstrating the binding of active ATGAM in plasma from a representative patient (UPN33) to CD4* T cells, CD8* T cells,
natural killer (NK) cells or B cells from a healthy donor, measured using an Alexa Fluor 488-conjugated anti-horse IgG antibodly.
(D) Model-estimated active ATGAM plasma concentrations over time before, during and after ATGAM infusion on days 0-4. Mean
active ATGAM concentrations are presented for patients within the lowest (blue), medium (yellow), and highest (red) body weight
quantiles, who received four consecutive days 40 mg/kg/day ATGAM. Insert: correlation between model-estimated active ATGAM
exposure and body weight. (E and F) Covariate plots showing the relationship between body weight and the inter-individual vari-
ability in estimated active ATGAM clearance (E) or volume of distribution (F). Each dot represents one patient. Only patients that
received the standard dosing regimen of four consecutive days 40 mg/kg/day ATGAM are shown.
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discontinuation between the groups, and none of the pa-
tients started second-line treatment before day 180 (Online
Supplementary Table S6). In all three exposure groups,
neutrophil and reticulocyte counts gradually increased
post-ATGAM (Figure 2B, C). Reticulocyte counts peaked in
a few patients within the first 120 days post-ATGAM. No-
tably, the high- and medium-exposure groups tended to
have higher neutrophil and reticulocyte counts from day 60
onward, despite similar baseline counts compared to the
low-exposure group (Figure 2B, C). This difference was most
pronounced around day 90 (Figure 2B, C) and diminished
180 days post-ATGAM infusion, suggesting that increased

E.S. Pool et al.

ATGAM induces profound depletion of T and natural
killer cells but not of B cells

As we showed that ATGAM binds all major lymphoid
lineages, we studied the response of active ATGAM ex-
posure on T-, NK- and B-cell counts in peripheral blood.
To correct for missing immune reconstitution data, total
lymphocyte, T- and NK-cell counts were estimated by
non-linear mixed modeling. ATGAM induced a strong re-
duction in CD4*T cells, CD8* T cells and NK cells, with no
differences between the active ATGAM exposure groups
(Figure 2D). Depletion of these lineages was short-lived
and only observed immediately post-infusion, suggesting

active ATGAM exposure associates with earlier hematologic
recovery but does not impact 6-month response rates.

that T- and NK-cell depletion requires a minimal active
ATGAM plasma concentration (+/-100 AU/mL, estimated
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Figure 2. Impact of active ATGAM exposure on peripheral blood counts. (A) Histogram showing the distribution of active horse-de-
rived anti-thymocyte globulin (ATG; ATGAM®) exposure across the patient cohort. (B and C) Absolute neutrophil (B) and reticulo-
cyte (C) counts over time up to 180 days after ATGAM infusion on days 0-4. Light gray lines present individual patients. Blue,
yellow and red lines present group medians of low, medium and high active ATGAM exposure groups, on days 0, 30, 60, 91, 122,
152 and 180 +/- 7 days, respectively. Cell counts were unavailable for 2 (day 30), 5 (day 60), 9 (day 91), 9 (day 122), 7 (day 152) and
9 (day 180) patients divided across all exposure groups. Box plots represent the group median, whiskers represent 1.5 * interquar-
tile range. (D) Median model-estimated active ATGAM concentrations capable of binding to all lymphocytes, CD4* T cells, CD8* T
cells, natural killer (NK) cells or B-cell plotted against absolute total lymphocyte, CD4* T-cell, CD8* T-cell, NK-cell or B-cell counts,
respectively. Light gray lines present cell counts of individual patients. Blue, yellow and red lines present median cell counts of
low, medium and high active ATGAM exposure groups, respectively. Model-estimated lymphocyte, CD4* T-cell, CD8* T-cell, NK-cell
counts are presented, whereas observed B-cell counts are shown. AA: aplastic anemia.
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from Figure 2D). Strikingly, B-cell counts did not show
a consistent trend between patients post-ATGAM and,
therefore, could not be modeled. Interestingly, B-cell
counts even peaked post-ATGAM before returning to
baseline around day 30, indicating that although ATGAM
binds all lymphoid lineages, it exerts differential effects
among different cell types.

E.S. Pool et al.

Detection of ATGAM on patient lymphocytes confirms
B-cell binding in vivo

To study the paradox that ATGAM binds donor B cells but
does not induce B-cell depletion, we investigated the
presence of ATGAM directly bound to patient PBMC. Unique
series of PBMC samples collected from 3 AA patients
before and immediately after ATGAM infusion were stud-
ied. A 25-marker spectral flow cytometry panel including
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Figure 3. Binding of ATGAM and the impact of ATGAM-based immunosuppressive therapy on lymphocytes from aplastic anemia
patients. (A) 3x10° single, live lymphocytes downsampled from all peripheral blood mononuclear cells (PBMC) samples (UPN13,
UPN15, UPN31 and 5 controls) visualized using an Uniform Manifold Approximation and Projection (UMAP) analysis. Colors indicate
major lymphoid lineages or marker expression values. (B) UMAP plots showing the cellular composition of the lymphoid compart-
ment in peripheral blood from UPN31 before and over time following horse-derived anti-thymocyte globulin (ATG; ATGAM®) infu-
sion on days 0-4. The signal of the Alexa Fluor 488-conjugated anti-horse IgG antibody is shown. 0.1x10° single, live lymphocytes
are shown per time point. (C) Frequencies of major lymphoid lineages, shown as a percentage of all single, live lymphocytes per
time point. Each line represents an individual patient. (D) Flow cytometry plots visualizing the presence of ATGAM directly bound
to T, natural killer (NK) or B cells from UPN31 over time, detected using an Alexa Fluor 488-conjugated anti-horse IgG antibody

incorporated into the spectral flow cytometry panel.
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anti-horse 1gG enabled the detection of ATGAM on the
surface of in-depth phenotyped lymphocytes. To study
the long-term effects of ATGAM plus ciclosporin, samples
collected up to 3.5 years post-ATGAM were also analyzed
(total of 7-10 samples/patient). Patients received 40 mg/
kg/day ATGAM on four consecutive days, responded to IST
(Online Supplementary Figure S14), and were cytomega-
lovirus (CMV) seropositive. Ciclosporin was discontinued
after tapering two years post-ATGAM in Patient UPN31, and
three years post-ATGAM in UPN13 and UPN15. As a refer-
ence, PBMC from 5 age-, sex- and CMV status-matched
healthy donors were included.

To directly compare the immune landscape between time
points, UMAP were generated after downsampling 0.1x10°
single, live lymphocytes from each sample (Figure 3A).
The following major lymphoid lineages were identified:
1) CD3*CD4"* T cells; 2) CD3*CD8" T cells; 3) CD3*TCRyd* T
cells; 4) CD3*CD4*FoxP3* regulatory T cells; 5) CD3-CD56*
NK cells; and 6) CD19* B cells. Visualization of all samples
from a representative patient in the UMAP revealed a shift
in the lymphoid compartment over time, with the most
obvious changes observed immediately after the last AT-
GAM infusion on day 4, when T and NK cells were reduced
but B cells were still present (Figure 3B).

E.S. Pool et al.

Quantification of lineage frequencies confirmed the pres-
ence of the major lymphoid lineages at AA diagnosis, with
some heterogeneity between patients and no consider-
able differences compared to controls (Figure 3C, Online
Supplementary Figure S15A). Immediately after the last
ATGAM infusion (day 4/5) the composition of the lymphoid
compartment changed dramatically. In agreement with
previous observations, percentages of CD4*, CD8*, TCRyd*
and regulatory T and NK cells decreased in all patients,
whereas B-cell frequencies increased. A trend towards
normalization was observed from two weeks post-ATGAM
onwards. Normalization of the lymphoid compartment
continued up to six months post-ATGAM.

With anti-horse IgG, ATGAM was best detectable on day
4, and could be detected until day 26 on all circulating
lymphocytes from the representative patient post-infu-
sion (Figure 3B, D). There was no difference in the amount
of ATGAM bound to T or B cells (Online Supplementary
Figure S15B). To rule out a potential influence of ATGAM
Fc-binding to the Fc-receptor on B cells, Fc-receptor
blockade experiments were performed and no Fc-bind-
ing was found (Online Supplementary Figure S16). ATGAM
binding to patient lymphocytes gradually decreased within
one month post-infusion. Lower concentrations of ATGAM
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Figure 4. Impact of ATGAM-based immunosuppressive therapy at the immune subpopulation level in a representative aplastic
anemia patient. (A-C) Flow cytometry plots visualizing the composition of the (A) CD4* T-cell compartment, (B) CD8* T-cell com-
partment, and (C) B-cell compartment from patient UPN31 before and over time following start of horse-derived anti-thymocyte
globulin (ATG; ATGAM®)-based immunosuppressive therapy (IST) on day 0. CM: central memory, EM: effector memory; EMRA:
terminally differentiated effector memory.
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again correlated with T- and NK-cell recovery from two
weeks post-infusion onwards. These findings confirm that
while ATGAM binds to all lymphoid lineages, it does not
induce B-cell depletion to the same extent as observed
in T and NK cells.

ATGAM profoundly depletes memory T cells but induces
an increase in CD27* B cells

Next, we studied the immediate effects of ATGAM and
long-term impact of ATGAM plus ciclosporin at the im-
mune subpopulation level. In the representative patient,
we observed a more profound decrease in memory T cells
compared to naive T cells post-ATGAM, with the stron-
gest depletion of CD45RA*CCR7- terminally differentiated
effector memory (EMRA) CD8* T cells (Figure 4A, B, Online
Supplementary Figure S15C, D). In contrast, we observed
a striking increase in memory CD27* B cells immediately
post-ATGAM (Figure 4C, Online Supplementary Figure S15E).
The profound depletion of memory T cells and increase
in memory CD27* B cells was observable across all pa-
tients post-ATGAM (Figure 5A-C). Only in patient UPN15
did memory T-cell frequencies remain high, which was
attributable to the low number of T cells analyzed, as this
patient experienced the strongest T-cell depletion (Figure
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3C). Within two weeks post-ATGAM, both memory T cells
and CD27* B-cell frequencies showed a trend towards
normalization (Figure 5A-C). Notably, this normalization
occurred independently of T- and B-cell proliferation, in-
dicating that recovery was not driven by proliferation of
remaining circulating cells (Online Supplementary Figure
S17).

To further characterize the increase in CD27* B cells, we
examined the identity of these cells in patient UPN31 on
day 13 using a B-cell-oriented spectral flow cytometry
panel. This revealed that the CD27* B cells comprised a
heterogeneous population of both unswitched (IgM*I1gD*)
and switched (IgG*, IgA*) memory B cells (Figure 5D). Com-
pared to healthy controls, these cells preserved high levels
of CD21 and CD24, compatible with a resting B-cell state
(Figure 5E). Additionally, they did not differentially express
the activation markers CD80, CD86 and CD95 or comple-
ment inhibitors CD46 and CD55 (Figure 5E, F), illustrating
that the increase in CD27* B cells is not the result of cell
expansion or resistance to complement-mediated lysis.
Consistent with these findings, the CD27* B cells harbored
tetanus-specific cells, indicating their increase was driven
by a recruitment of resting, pre-existing memory B cells
in circulation (Figure 5G).

A Memory CD4* T-cells B Memory CD8* T-cells c CD27* B-cells
100 100 " 100,
L) . ® R S e . @
* [ B o4
875 . 875 oy, ¥ B 75/
X % = / 2 S
% 50] & © 501 — 50{ /
o 5 =
e} *y
5 25 %5 25 < 251 A
S a S g 0 . s o s
Dx4 10 30 90 365 1095 Ctrl Dx4 10 30 90 365 1095 Ctrl Dx4 10 30 90 3651095 Ctrl
Day after first ATGAM infusion Day after first ATGAM infusion Day after first ATGAM infusion
—4—UPN13 ~®-UPN15 -®--UPN31
—————————————————————————————————————— Phenotyping of CD27* B-cells from UPN31onDay 13 -
D isotype distribution & - Activation status - Finhggg,?g'gggg;ion . Cell origin -
.00 36—CD21 CD24 CD80 CD86 CD95 38 CD46 CD55 ~ UPN31 Day 13 Control
$ W.e  Tetanus-specific Tetanu
m 75 . = .CD27* B-cells CD27*B-cells
+ OlgA &> o kel “
N olger o4 S 24 S 0015% . 0.028%
O 50 @IgM*lgD* — o S0
< elgh’ L, < 12 '
.f_f 25 ®lgM* = = %0
(o] —— o
™ E :)E QE QE QE C‘:)E QE 23 104 0 104 ‘105 10 40* 0 10 10° 10°
S O SO S0 S0 S0 S0 >0 >0 Tetanus toxoid APC >
@© © [0 @© @© @© © ©
a O o 0o Qo 0o QO 0o

Figure 5. Dynamics of memory T cells and CD27* B cells, and identity of CD27* B cells, post-ATGAM. (A-C) Frequencies of mem-
ory CD4* T cells, memory CD8* T-cells or CD27* B-cells over time, quantified in all three aplastic anemia (AA) patients and con-
trols. Memory T cells include central memory, effector memory and terminally differentiated effector memory T cells. (D) Isotype
distribution of the CD27* B cells from UPN31 on day 13 after the first horse-derived anti-thymocyte globulin (ATG; ATGAM®) infu-
sion, and the mean of 2 age-matched controls. (E) Expression of CD21, CD24, CD80, CD86 and CD95 on CD27* B cells from patient
UPN31 on day 13, and the mean of 2 age-matched controls. Median fluorescence intensities (MFI) are shown. (F) Expression of
complement inhibitors CD46 and CD55 on CD27* B cells from patient UPN31 on day 13, and the mean of 2 age-matched heathy
controls. MFI are shown. (G) Flow cytometry plots showing the presence of tetanus toxoid-specific CD27* B cells in patient UPN31
on day 13, and an age-matched healthy control. 0.1x10¢ CD27* B cells are shown per plot.
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ATGAM-based immunosuppressive therapy depletes
potentially pathogenic subpopulations while allowing
the recovery of virus-specific lymphocytes

The rapid recovery of the T-cell compartment in the absence
of proliferation, along with the persistence of pre-existing
memory B cells post-ATGAM, raises the question of how
profoundly ATGAM depletes the T-cell compartment. There-
fore, we investigated the origin of reconstituted T cells by
tracking the presence of CMV-specific CD8* T cells using
CMV peptide-HLA tetramers incorporated into our spectral
flow cytometry panel. In one of 3 patients (UPN13), these
analyses were not possible due to HLA-incompatibilities
between the patient and the tetramers. In the representative
patient (UPN31), we detected CMV-specific CD8* T cells at
diagnosis, which were no longer detectable immediately
following ATGAM infusion, consistent with the observed
T-cell depletion (day 4) (Figure 6A). However, CMV-specific
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CD8* T cells were detectable from day 13 onwards, and a
similar trend was observed in UPN15 (Figure 6B).

Given that our results indicate the persistence of pre-ex-
isting T and B cells post-ATGAM, we reasoned that the
therapeutic effect of IST, comprising ATGAM and long-term
ciclosporin, may not depend on a full immune ‘reset’. In-
stead, it may rely on the selective depletion and suppression
of pro-inflammatory CCR6** B cells, CCR6* memory CD4* T
cells and KLRG1* EMRA CD8"* T cells, which we previously
identified as part of a disease-specific immune cell net-
work.* These subpopulations were enriched in AA patients
at diagnosis, and co-localized in bone marrow regions har-
boring the active immune response.*® In all 3 patients, we
confirmed higher frequencies of CCR6** B cells at diagnosis
compared to controls (Figure 6C). CCR6 expression on B
cells remained high immediately post-ATGAM but gradu-
ally decreased with long-term ciclosporin use, with the
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Figure 6. Effects of ATGAM on pre-existing and potentially pathogenic subpopulations. (A) Flow cytometry plots showing the
presence of cytomegalovirus (CMV)-specific CD8* T cells within the CD8* T-cell compartment at diagnosis and after the first

horse-derived anti-thymocyte globulin (ATG; ATGAM®) infusion

in patient UPN31. (B) Frequencies of CMV-specific CD8* T cells,

quantified as a frequency of all CD8* T cells in patients UPN15 and UPN31, and all controls. (C and D) Histograms showing CCR6
expression on all CD19* B cells (C) or CCR6* memory CD4* T cells (D) in the 3 aplastic anemia (AA) patients over time following
ATGAM infusion and ciclosporin treatment. (E-H) Frequencies of all KLRG1* terminally differentiated effector memory (EMRA) CD8*
T cells, CMV-specific KLRG1* EMRA CD8* T cells, Granzyme B* cytotoxic T cells and CD38* activated T cells in all 3 AA patients

over time following ATGAM infusion. EBV: Epstein-Barr virus.
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strongest decrease in CCR6 expression seen more than six
months post-ATGAM. CCR6 expression remained reduced
after ciclosporin was discontinued (=3 years post-ATGAM).
A similar decrease in CCR6 expression on CCR6* memory
CD4* T cells was observed (Figure 6D). In contrast, KLRG1*
EMRA CD8" T cells were strongly depleted immediately
post-ATGAM (Figure 6E), and their recovery was delayed
compared to other CD8* T cells (Figure 3C). Further analysis
showed that only a small fraction of these KLRG1* EMRA
CD8* T cells were CMV-specific, suggesting depletion also
affected potentially autoreactive T cells within this pop-
ulation (Figure 6F). Over time, KLRG1* EMRA CD8* T-cell
frequencies returned to pre-ATGAM levels, indicating a
temporary rather than a permanent depletion. A depletive
effect was also observed for Granzyme B* cytotoxic T cells
(Figure 6G), while expression of the activation marker CD38
remained unaffected by ATGAM plus ciclosporin (Figure
6H). These findings underscore the observation that IST
results in an immediate but selective depletion of key T-cell
populations by ATGAM, while other potentially pathogenic
populations are reduced over several months, possibly
through selective suppression by ciclosporin.

Discussion

In this study, we investigated the pharmacodynamics of
first-line IST with ATGAM plus long-term ciclosporin in AA
patients. Our analysis is the first to focus on active ATGAM,
the fraction capable of binding human lymphocytes and
mediating the immunomodulatory effects that are be-
lieved to underly its therapeutic efficacy. POPPK modeling
revealed that active ATGAM exposure varies considerably
among patients and tends to correlate with hematologic
recovery. At high plasma concentrations, ATGAM binds
T and NK cells and drastically reduces their counts in
vivo. Paradoxically, while ATGAM also binds B cells, it
does not induce their depletion but rather results in an
increase in resting memory CD27+ B cells in circulation.
Following ATGAM infusion, immune reconstitution occurs
rapidly within two weeks and is marked by the recovery
of pre-existing cells alongside a selective suppression of
specific pro-inflammatory subpopulations over time. Thus,
the therapeutic effect of ATGAM-based IST goes beyond
‘simple’ lymphodepletion.

So far, ATGAM has been administered at a fixed dose per
kilogram bodyweight, although its optimal dose remains
unclear since its exposure-response profile has not been
characterized in detail.>?"*? This study provides unique
insight into ATGAM pharmacokinetics and offers important
considerations regarding dosing. Consistent with data on
rabbit-derived ATG,?*?* we demonstrate that linear weight-
based dosing causes variability in active ATGAM exposure
between patients. In line with a previous report?® that
suggested a benefit of higher ATGAM exposures on relapse
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rates, we found that higher active ATGAM exposures tend
to associate with increased neutrophil and reticulocyte
counts starting 60 days post-ATGAM infusion. Although
these associations did not reach statistical significance,
the observed trend could be suggestive of a possible re-
lationship between active ATGAM exposure and the timing
of hematologic recovery. These findings may complement
previous studies that identified patient- and disease-spe-
cific characteristics predicting response to IST, suggesting
that hematologic recovery may be controlled by multiple
factors.?6-32 The biological mechanism by which active
ATGAM exposure may influence hematologic recovery re-
mains unclear. In our study, active ATGAM exposure was
not significantly associated with the extent or duration
of T- or NK-cell depletion. Although we did not assess
ciclosporin levels, their impact seems limited, given that
ciclosporin dosing was concentration-controlled to a
pre-specified target.? Interestingly, it has been reported
that ATGAM can stimulate progenitor cells®® and the re-
lease of factors regulating hematopoiesis.®** Thus, higher
ATGAM exposures could have a favorable effect through a
stronger influence on the progenitors in the bone marrow.
By applying flow cytometry, we provide a detailed de-
scription of both the short- and long-term immunological
effects of ATGAM plus ciclosporin in AA patients. Although
it is known that ATGAM results in less profound lym-
phodepletion compared to other ATG preparations,* our
findings show that immune reconstitution occurs early
post-ATGAM while active ATGAM concentrations are still
detectable. This indicates that a minimal level should be
exceeded for adequate lymphodepletion, and that a better
understanding of the exposure-response relationship of
ATGAM is needed to optimize treatment across patients.
Importantly, our analyses revealed how successful IST
may reshape the immune landscape to enable bone mar-
row recovery in AA patients. Our study, therefore, builds
upon recent reports demonstrating the added value of
high-dimensional single-cell techniques in deciphering
the pathogenesis of AA#%:3%36 and complements a com-
prehensive review of their application in AA.*" Previously,
using (imaging) mass cytometry on bone marrow samples
from AA patients, we identified a disease-specific immune
cell network of CCR6** B cells, Th17-like®?383° CCR6* mem-
ory CD4* T cells and KLRG1* EMRA CD8* T cells.*" These
immune cells were significantly enriched in AA patients
at diagnosis compared to healthy donors, and showed a
trend towards normalization six months after successful
IST, implying a pathogenic role. In this study, we extend
these findings by confirming their increased presence at
diagnosis. Importantly, we further show how these cells
are reduced with IST through an analysis of unique se-
ries of PBMC samples collected pre- and up to 3.5 years
post-ATGAM. Our study thereby provides a more dynamic
visualization of the reshaping of the immune landscape
compared to previous reports that generally focused on
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samples collected pre- and six months post-ATGAM.415:36:39
Although the analysis included only 3 patients, it allowed
for a deeper investigation beyond the major immune lin-
eages assessed in the full cohort of 44 AA patients, and
sets the stage for more widely applied longitudinal anal-
yses in future studies. We demonstrate that successful
IST depletes potentially pathogenic populations via two
distinct mechanisms. Firstly, KLRG1* EMRA CD8* and CCR6*
memory CD4* T cells are depleted by ATGAM. In contrast,
CCR6"* B cells and residual T cells, including CCR6* mem-
ory CD4* T cells, gradually decrease within several months
during long-term ciclosporin use. These data indicate the
persistence of potentially pathogenic immune cell sub-
populations post-ATGAM and could explain why long-term
ciclosporin is needed to achieve durable response rates.
Based on prior studies,*” we expected ATGAM to bind T
cells and to cause rapid but short-lived T-cell depletion.
Our data confirm this effect and further reveal important
differences among T-cell subpopulations. Specifically,
memory T cells were more profoundly depleted than
naive T cells, suggesting that ATGAM targets cytotoxic T
cells, while preserving part of the antigen-naive T-cell
repertoire that provides protection against future patho-
gen encounters. This effect is more pronounced among
CD8* T cells compared to CD4* T cells, and remains de-
tectable up to six months post-ATGAM, likely due to the
inhibition of T-cell proliferation and differentiation by cic-
losporin.*® During this period, we observed reconstitution
of CMV-specific CD8" T cells, implying that ATGAM does
not result in a full immune ‘reset’. Although the recovery
of pre-existing cells has been described with other ATG
preparations,* it raises questions on how successful IST
eliminates potential autoreactive T cells while preserving
protective immune memory. We consider three possible
explanations. First, ATGAM may exert a stronger effect on
autoreactive T cells compared to other memory T cells,
possibly due to differences in cellular state. Similarly, it
is possible that, in the absence of infections, remaining
autoreactive T cells post-ATGAM may be more susceptible
to ciclosporin compared to pathogenic-specific T cells
due to continued antigenic triggering. Finally, it could be
that ATGAM depletes memory T cells in the blood and
bone marrow, while not affecting tissue-resident T cells.
This would suggest that autoreactive T cells are limited
to the blood and bone marrow, and that targeting these
compartments alone could suffice to enable bone marrow
recovery.

Since ATGAM has strong effects on T cells, it is noteworthy
that our data confirm that ATGAM does not have the same
effect on B cells.” Instead of depletion, we report a shift in
the B-cell compartment, characterized by an increase in
memory CD27* B cells immediately post-ATGAM infusion,
which gradually normalizes within one month. These CD27*
B cells comprised a heterogeneous population of both
non-switched and switched memory B cells in a resting
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state. The CD27* B-cell population included pre-existing
pathogen-specific cells as evidenced by the presence of
tetanus toxoid-specific B cells and was not proliferating.
Therefore, we believe that the observed increase in CD27* B
cells may reflect redistribution of memory B cells from the
lymphoid organs into the circulation. This could be driven
by an imbalance of chemotactic factors released following
T-cell apoptosis. How B cells survive ATGAM binding to
their cell surface while T cells are depleted needs to be
clarified in future studies. Our data revealed no increased
resistance of B cells to complement-mediated lysis, nor an
influence of Fc-binding. Given that ATGAM is a polyclonal
antibody preparation generated against thymocytes, it is
possible that ATGAM induces T-cell apoptosis by triggering
T-cell activation (e.g., via anti-CD3 or TCR binding), without
activating apoptotic pathways in B cells.

To conclude, we reveal active ATGAM exposure to be a
clinically relevant factor influencing hematologic recovery
in AA. We further demonstrate that successful IST with
ATGAM plus long-term ciclosporin exerts differential ef-
fects among major lymphoid lineages, leading to selective
depletion and suppression of CCR6* and KLRG1* T- and
B-cell subpopulations implicated in AA pathogenesis.
These findings confirm their potential pathogenicity and
establish these subpopulations as a promising focus for
targeted treatment.
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