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KEY PO INT S

•Anti-GARP:TGF-β1 mAb
exerts antitumor
activity in
myeloproliferative
neoplasms by
selectively blocking
Treg-derived TGF-β1.

• Targeting Treg
functions is feasible and
has immune-mediated
therapeutic activity in
blood cancers.
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Primary myelofibrosis (PMF) is a myeloproliferative neoplasm characterized by the clonal
expansion of myeloid cells, notably megakaryocytes (MKs), and an aberrant cytokine
production leading to bone marrow (BM) fibrosis and insufficiency. Current treatment
options are limited. TGF-β1, a profibrotic and immunosuppressive cytokine, is involved in
PMF pathogenesis. While all cell types secrete inactive, latent TGF-β1, only a few activate
the cytokine via cell type–specific mechanisms. The cellular source of the active TGF-β1
implicated in PMF is not known. Transmembrane protein GARP binds and activates latent
TGF-β1 on the surface of regulatory T lymphocytes (Tregs) and MKs or platelets. Here, we
found an increased expression of GARP in the BM and spleen of mice with PMF and tested
the therapeutic potential of a monoclonal antibody (mAb) that blocks TGF-β1 activation
by GARP-expressing cells. GARP:TGF-β1 blockade reduced not only fibrosis but also the
clonal expansion of transformed cells. Using mice carrying a genetic deletion of Garp in
either Tregs or MKs, we found that the therapeutic effects of GARP:TGF-β1 blockade in
/blood_bld-2022-01
PMF imply targeting GARP on Tregs. These therapeutic effects, accompanied by increased IFN-γ signals in the spleen,
were lost upon CD8 T-cell depletion. Our results suggest that the selective blockade of TGF-β1 activation by GARP-
expressing Tregs increases a CD8 T-cell-mediated immune reaction that limits transformed cell expansion, providing a
novel approach that could be tested to treat patients with myeloproliferative neoplasms.
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Introduction
Philadelphia-negative myeloproliferative neoplasms (MPNs) are
hematopoietic stem cell (HSC) disorders characterized by the
clonal expansion of differentiated myeloid cells. They encom-
pass polycythemia vera, essential thrombocythemia and pri-
mary myelofibrosis (PMF). PMF bears the worst prognosis with a
median overall survival of 4.4 years.1 Characteristic features of
PMF include abnormal proliferation of immature megakaryo-
cytes (MKs) and aberrant production of proinflammatory cyto-
kines, leading to progressive bone marrow (BM) fibrosis, BM
failure, and extramedullary hematopoiesis. Transformation into
acute myeloid leukemia can also arise and constitutes a major
concern. The physiopathology of the disease is not completely
understood. Identification of somatic mutations in JAK2, CALR,
or MPL in nearly 90% of patients with PMF underscores the
central role of the JAK/STAT pathway activation in the disease.2

Although JAK inhibitors provide symptomatic relief and a
limited survival benefit,3-6 allogeneic stem cell transplantation
remains the only curative treatment option. However, only the
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youngest patients are eligible, given the high toxicity of this
approach.7 Novel therapeutic strategies are thus needed.

Several cytokines are suspected to be abnormally produced
and contribute to PMF pathogenesis. Among these, TGF-β1 has
received much attention owing to its profibrotic properties that
contribute to PMF in several murine models.8-11 However, the
cell types that produce the pathogenic TGF-β1 in PMF is
unknown.

Virtually all cell types produce TGF-β1 in a latent, inactive form.
In latent TGF-β1, the mature TGF-β1 dimer remains non-
covalently associated with the latency associated peptide (LAP),
which forms a ring around the mature TGF-β1 and masks sites of
interaction with the TGF-β receptor. To exert activity, mature
TGF-β1 must be released from LAP, a process referred to as
TGF-β1 activation. Only a few cell types were shown to activate
TGF-β1 via molecular mechanisms that are cell type-specific. In
stimulated regulatory T lymphocytes (Tregs), the trans-
membrane protein GARP binds to LAP by disulfide linkage,
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allowing the presentation and activation of latent TGF-β1 on the
Treg surface by integrin αVβ8.12-17 GARP:(latent)TGF-β1 com-
plexes are also expressed on the surface of B cells, MKs, and
platelets.18,19 Upon stimulation, B cells and platelets release
active TGF-β1 from surface GARP:TGF-β1 complexes, but the
other protein that contributes to TGF-β1 activation by these
cells is not fully elucidated.20

We previously derived anti-human or mouse GARP:TGF-β1
monoclonal antibodies (mAbs) that block TGF-β1 activation by
GARP-expressing cells in vitro and in vivo.15,17 The anti-
GARP:TGF-β1 clone 58A2 blocked TGF-β1 activation and
immunosuppression by mouse Tregs and induced an immune-
mediated rejection of mouse tumors when combined with anti–
PD-1.17 The antibody-mediated GARP:TGF-β1 blockade is
currently being tested in patients with locally advanced or
metastatic solid tumors (ClinicalTrials.gov: NCT03821935).

Here, we hypothesized that pathogenic TGF-β1 is produced by
GARP-expressing cells during PMF development and we tested
whether anti-GARP:TGF-β1 could exert therapeutic activity in a
murine model of the disease.
lications.net/blood/article-pdf/141/5/490/2074907/blood_bld-2022-017097-m
ain.pdf by guest on 08 M

ay 2024
Methods
Retroviruses
HEK293-EBNA cells were transfected with pMegix-MPLW508A

–

internal ribosome entry site– green fluorescent protein (IRES-
GFP) or pMegix-MPLWild Type (WT)-IRES-GFP and packaging
plasmids. Supernatants were collected within 72 hours and
concentrated from 60 to 100× on Centricon Plus 70 columns
(Merck Millipore, UFC703008). Titers of retroviral stocks were
determined by fluorescence-activated cell sorting analysis of
GFP expression 48 hours after spin infection (300g for 2 hours at
37◦C) of 293T cells in the presence of Polybrene (8 μg/mL).

Mouse experiments
C57BL/6J, VavCre × JAK2L2/WT, Tg(Pf4Cre) × Garpfl/fl, and
Foxp3Cre × Garpfl/fl mice were bred at the specific pathogen
free animal facility of UCLouvain. Tg(Pf4Cre) ×Garpfl/fl and
Foxp3Cre × Garpfl/fl mice were kindly provided by Wim Maes
(KULeuven). UBC-GFP mice (C57BL/6-Tg(UBC-GFP)30Scha/J)
were purchased from Jackson Laboratory. Animal studies were
performed in accordance with national and institutional guide-
lines, under permit numbers 2017/UCL/MD/019 and 2019/
UCL/MD/032. MPLW508A and MPLWT mice were generated by
BM transplantation. Donor mice were injected with
5-fluorouracil [5-FU, 3 mg intraperitoneal (IP)] to increase the
proportion of cycling HSCs. After 4 days, BM cells were flushed
from femurs and tibias and passed through 70 μm nylon
meshes. After red blood cell lysis, BM cells were stimulated with
murine fms-like tyrosine kinase 3-ligand, stem cell factor,
interleukin-3, interleukin-6, and thrombopoeitin (10 ng/mL
each, all from Miltenyi) for 24 hours in α-MEM (Gibco # 32561-
029). Spin infections (300g for 2 hours at 37◦C) were performed
at a 5:1 retrovirus-to-cell ratio in the presence of Polybrene (8
μg/mL). Cells were incubated for an additional 48 hours in the
presence of retrovirus and cytokines, then collected, washed,
and injected retro-orbital into lethally irradiated (2 × 500 cen-
tigray) recipients (2 × 105 cells per mouse). In some experi-
ments, BM cells were isolated from donors that had not
TARGETING TREG IMMUNOSUPPRESSION IN BLOOD CANCER
received 5-FU and transplanted without prior retroviral trans-
duction into lethally irradiated recipients (2 × 106 cells per
mouse). In competitive transplantation experiments, BM cells
were isolated from VavCre × JAK2L2/WT and UBC-GFP donors (no
5-FU), mixed at a 1:1 ratio, and transplanted into lethally irra-
diated UBC-GFP recipients (3 × 106 BM cells per mouse).
Where indicated, recipients received weekly injections (400 μg
per mouse IP) of an isotype control (motavizumab, mIgG2a) or
anti-GARP:TGF-β1 (clone 58A2, mIgG2a, WT, or Fc-Dead),
starting 1 day before transplantation. To deplete CD8+ T
cells, recipients received anti-mouse CD8α (Bio X Cell, clone
2.43) on days −2 and 0 of transplantation (500 μg per mouse IP),
then weekly (250 μg per mouse IP) thereafter. Blood samples
were collected weekly for cell counting and flow cytometry.
Mice were euthanized, at the end of the experiment (days 32-
34, as indicated), to collect spleen and femurs for histopathol-
ogy, western blot, flow cytometry, and RNA sequencing
(RNAseq [see supplemental Material for detailed methods,
available on the Blood website]).

Human PBMC samples
Whole blood samples from patients initially diagnosed with
PMF or from patients with post–essential thrombocythemia/
polycythemia vera PMF who were treated following the clinical
practice guidelines were collected at the follow-up consulta-
tions. All patients provided written informed consent. The study
was approved by the Commission d’Ethique Biomédicale
Hospitalo-Facultaire, Brussels, Belgium (reference CEHF 2019/
21NOV/518). Peripheral blood mononuclear cell (PBMC) isola-
tion and analyses by flow cytometry are described in
supplemental Methods.

RNAseq analyses
In Figure 5, 58A2-treated mice were considered as responders
if their MPLW508A/GFP+ white blood cell (WBC) count was
inferior compared with the median WBC count (<3.8 × 104/μl).
Nonresponders had MPLW508A/GFP+ WBC counts similar to that
of the isotype control group and were excluded to avoid biased
effect sizes and to identify transcriptional changes associated
with a measurable therapeutic effect. Spleens were disrupted
using Ultra Turrax (Ika). Total RNA was extracted using the
NucleoSpin RNA kit (Macherey Nagel, 740955.50). RNA quality
was verified using Agilent Bioanalyzer, and sequencing was
performed via Macrogen using Illumina SBS technology
(paired-end reads; 30 million reads/sample). Sequences were
aligned to the GRCm38 mouse genome using the STAR soft-
ware (www.star.mit.edu), and read counts were determined with
the HTSeqCount software. Raw read counts were normalized
using the DESeq2 package21 and the R software. Gene set
enrichment analyses (GSEAs) were performed on normalized
read counts using the GSEA Software.22 Molecular Signature
Database v7.2 (MSigDB) was used for hallmark signatures23,
and Panglao Database for cell-type signatures.24 Of the 178
existing cell-type signatures in Panglao, 60 were excluded
because of small gene set size (<15). The mouse fibrosis
signature was extracted from published results.25

Statistical analyses
Statistical analyses were performed using GraphPad Prism
software (version 9). Differences between groups were
compared using unpaired two-tailed t test (for blood cell
2 FEBRUARY 2023 | VOLUME 141, NUMBER 5 491
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counts), or unpaired two-tailed Mann–Whitney test (for fibrosis
scores and TGF-β1 concentrations in the serum). The threshold
for statistical significance was 0.05.
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Results
Increased GARP levels in the BM and spleen of
mice with PMF
TGF-β1 is thought to be pathogenic and contribute to fibrosis in
PMF, but the cells that produce and activate the cytokine dur-
ing disease progression is unknown. GARP-expressing cells are
interesting candidates because the TGF-β1 activation by these
cells, but not by other cells, can be blocked with anti-
GARP:TGF-β1 mAbs. We thus examined whether GARP-
expressing cells are present or enriched in the BM and spleen
of mice with PMF.

Most clinical features observed in patients with PMF, including
leukocytosis, splenomegaly, and BM and spleen fibrosis, can be
induced in mice by transplanting syngeneic BM cells retrovirally
transduced to express a constitutively active mutant TPO
receptor (MPLW508A), the homolog of the pathogenic human
MPLW515A variant. Expression of MPLW508A in BM cells activates
the JAK/STAT pathway.26,27 Here, briefly, BM cells were iso-
lated from 5-FU treated C57BL/6 mice, transduced with a
retroviral vector encoding MPLW508A and GFP (MplW508A-IRES-
GFP), and transplanted into lethally irradiated C57BL/6 recipi-
ents (Figure 1A). Transduction efficacy ranged from 5% to 15%
according to the GFP expression. Severe leukocytosis devel-
oped within 14 to 28 days after transplantation of BM cells
transduced with MplW508A-IRES-GFP, but not with MplWT-IRES-
GFP, taken as controls here (supplemental Figure 1A). We will
refer to these mice as MPLW508A or MPLWT controls, respec-
tively. Leukocytosis reflects the proliferation of transformed
MPLW508A/GFP+ cells. It is accompanied by the development of
spleen and BM fibrosis measured by the histological analyses of
organs collected 4 to 5 weeks after transplantation
(supplemental Figure 1B). Phosphorylated STAT5 (pSTAT5)
levels were higher in BM and splenocytes of MPLW508A mice
than in BM and splenocytes of MPLWT controls, confirming the
constitutive activation of the JAK/STAT pathway in this murine
model of PMF (Figure 1B).

GARP protein levels were significantly higher in BM and spleen
of MPLW508A mice than in those of the controls (Figure 1B).
Tregs (FOXP3+ cells) and MKs (CD41high cells) represented the
vast majority (>95%) of GARP-expressing cells in these organs
(supplemental Figure 2A) and virtually all Tregs and MKs
expressed GARP (supplemental Figure 2B). Nearly all GARP+

cells were Tregs in the BM and spleen of MPLWT mice, whereas
Tregs represented only ~50% of GARP+ cells in MPLW508A mice,
with MKs representing the other ~50% (supplemental
Figure 2A). Altogether, the proportions of GARP+ Tregs within
live cells reduced 2- to 3-fold, but proportions of GARP+ MKs
increased 20- to 30-fold in MPLW508A mice in comparison with
that in the controls (Figure 1C). Increased proportions of MKs in
BM and spleen were expected because the activation of the
JAK/STAT pathway in PMF drives differentiation and prolifera-
tion of myeloid cells, notably MKs. Increased proportions of
MKs, combined with very high expression of GARP per single
MK (supplemental Figure 2B) most likely accounts for the
492 2 FEBRUARY 2023 | VOLUME 141, NUMBER 5
observed increase in GARP protein levels in the BM and spleens
of MPLW508A mice (Figure 1B). As expected, all MKs were GFP+,
indicating that they originated from transformed cells express-
ing MPLW508A, whereas Tregs were GFP-, indicating that they
mostly originate from non-transformed lymphoid progenitors
(Figure 1D).

Altogether, the results above show that in mice undergoing
MPLW508A-induced PMF, GARP-expressing cells are present
and GARP levels are increased in the BM and spleen as a
consequence of increased proportions of tumoral GARP+ MKs.
A blocking anti-GARP:TGF-β1 mAb reduces tumor
burden in mice with PMF
Next, we explored whether blocking TGF-β1 activation by
GARP-expressing cells could exert a therapeutic activity in PMF.
We used the anti-GARP:TGF-β1 clone 58A2 (mouse immuno-
globulin G2a [mIgG2a]), which was shown to block TGF-β1
activation by mouse Tregs.17 We first verified that 58A2 also
blocks TGF-β1 activation by mouse platelets, which are easier to
isolate than MKs. Production of active TGF-β1 in mouse serum
during blood coagulation in vitro was significantly reduced in
the presence of 58A2 (supplemental Figure 3). Next, we
administered 58A2 weekly to the MPLW508A and MPLWT mice,
starting 1 day before the BM transplantation. On comparison
with the mIgG2a isotype control, 58A2 reduced spleen and BM
fibrosis measured on day 34 in MPLW508A mice, although this
did not reach statistical significance (Figure 2A). Unexpectedly,
58A2 significantly reduced the tumor burden in MPLW508A mice:
counts of total (GFP+and −) platelets and WBCs were markedly
reduced (Figure 2B). This reduction was due to reduced
numbers of tumoral MPLW508A/GFP+ cells and, notably, GFP+

neutrophils, which accounted for the majority of the GFP+

WBCs in MPLW508A mice. Counts of nontransduced GFP- WBCs,
neutrophils, and platelets were not reduced. The GARP:TGF-β1
blockade by 58A2 did not reduce counts of nontumoral
MPLWT/GFP+or − cells in MPLWT controls, which did not develop
pathological leukocytosis or fibrosis (Figure 2A-B). In line with
this, no reduction in WBC and platelet counts was observed in
mice transplanted with nontransduced BM cells and treated
with 58A2, in comparison with the isotype control
(supplemental Figure 4).

Altogether, our results suggest that anti-GARP:TGF-β1 reduces
tumor burden in murine PMF by selectively killing or limiting the
expansion of MPLW508A-transformed cells.
Reduced tumor burden in PMF does not require
the effector functions of anti-GARP:TGF-β1
58A2 could reduce tumor burden in PMF by killing tumoral
GARP+ cells via antibody-dependent cellular cytotoxicity or
phagocytosis. To test this possibility, we used an Fc-dead
version of 58A2 containing D265A/N297A substitutions in the
Fc region that preclude binding to mouse FcγRs. We previously
showed that Fc-dead 58A2 exerts antitumor activity against
CT26 and MC38 tumors as efficiently as wild-type 58A2.17 As
shown in Figure 3A, the tumor burden and fibrosis in MPLW508A

mice were reduced to similar levels upon treatment with wild
type or Fc-dead 58A2, indicating that the therapeutic effects of
anti-GARP:TGF-β1 in PMF did not require antibody binding to
LECOMTE et al
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Figure 1. GARP protein is increased in murine PMF and is expressed exclusively on MKs and Tregs. (A) Schematic representation of the experimental design. BM cells
were isolated from 5-FU-treated donor mice, transduced with a retrovirus encoding MPLW508A or MPLWT and transplanted into lethally irradiated recipient mice (n = 5 mice/
group). BM cells and splenocytes were isolated from MPLW508A or MPLWT control mice 34 days after transplantation. (B) Western blot analyses of BM cells and splenocytes
with antibodies against GARP, pSTAT5, or β-actin. Bar graphs show quantification of enhanced chemiluminescence signals. P values were calculated using a two-tailed
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FcγRs and thus, did not imply killing of GARP+ tumor cells by
antibody-dependent cellular cytotoxicity or phagocytosis.

Reduced tumor burden may result from reduced
cytostasis exerted by TGF-β1 on normal
hematopoietic progenitors
Alternatively, 58A2 could reduce the cytostasis exerted by TGF-
β1 on nontransformed hematopoietic progenitors, favoring
their proliferation and, in turn, reducing the competitive growth
advantage of malignant cells that are resistant to TGF-β1
cytostasis. Resistance to TGF-β1 cytostasis was suggested to
favor transformed cell expansion in mouse and human PMF.29-31

We observed that the expression of constitutively active
MPLW508A, but not MPLWT, reduced the ability of recombinant
TGF-β1 to suppress the proliferation of murine myeloid 32D
cells in vitro (Figure 3B). This was true using transduced 32D
cells or clones, in the absence or presence of IL-3 or TPO, and
similar observations were made with murine myeloid Ba/F3 cells
transduced to express the constitutively active human
MPLW515K mutant (Figure 3B; supplemental Figure 5). Thus, our
results show that the constitutive activation of the JAK/STAT
pathway by mutant MPL in myeloid cells induces resistance to
the cytostatic effects of TGF-β1 in vitro. It remains to be
determined whether this mechanism contributes to the thera-
peutic effect of GARP:TGF-β1 blockade in murine or human
PMF.

Targeting GARP:TGF-β1 complexes on Tregs
reduces tumor burden in murine PMF
Tregs and MKs represent the vast majority of GARP-expressing
cells in the spleen and BM of mice undergoing PMF. To define
which GARP-expressing cells need to be targeted by anti-
GARP:TGF-β1 to observe therapeutic effects, we induced PMF
in mice carrying a Treg- or an MK/platelet–specific deletion of
the Garp gene.17

In preliminary experiments with UBI-GFP BM donor cells, 100%
of MKs and platelets (CD41+) were of donor origin as early as 19
days after transplantation. However, more than 50% of Tregs
(CD4+GARP+) were still of recipient origin on day 36, when full
reconstitution was achieved (supplemental Figure 6A-C). This is
due to the known resistance of T cells to irradiation, in com-
parison to that of B cells and myeloid cells (32 and supplemental
Figure 6D). Thus, to ensure that all Tregs (donor and recipient
origin) carry a deletion of Garp in MPLW508A mice, BM cells from
Foxp3Cre × Garpfl/fl mice were transduced with MplW508A-IRES-
GFP and transplanted into irradiated Foxp3Cre × Garpfl/fl

recipients. PMF in these mice was compared with that induced
by transplanting transduced BM cells from Foxp3Cre × Garpwt/wt

donors into Foxp3Cre × Garpwt/wt recipients. Similar to what was
observed by blocking GARP:TGF-β1 with a mAb, counts of
transformed MPLW508A/GFP+ WBC were significantly reduced
in the absence of GARP:TGF-β1 on Tregs (Figure 4A).
MPLW508A/GFP+ platelet counts and fibrosis were also reduced,
although this did not reach statistical significance.
Figure 1 (continued) Student t test. (C) Proportions of GARP+ Tregs and GARP+ MKs in
proportions in MPLW508A and MPLWT mice are indicated above bar graphs. (D) Histog
representative MPLW508A mouse. Cells from a C57BL/6 mouse that did not undergo transp
3 other independent experiments.
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Next, we transplanted transduced BM cells from MK/platelet–
specific Garp knockout (KO) [Tg(Pf4Cre) × Garpfl/fl] or WT lit-
termates (Garpfl/fl ) into WT recipients (Garpfl/fl). WT recipients
could be used in the 2 conditions because all MKs and platelets
are from donor origin early after transplantation. In contrast to
the observations with Treg-specific Garp KOs, tumor burden
was not reduced in MPLW508A mice transplanted with MK/
platelet–specific Garp KO cells, when compared with that in WT
mice (Figure 4B).

Altogether, our results suggest that anti-GARP:TGF-β1 mAb
reduces tumor burden in PMF by blocking GARP:TGF-β1 on
Tregs, but not on MKs or platelets. This was unexpected. While
a role for MKs in PMF pathogenesis is well established,33,34 a
role for Tregs has not been reported. A plausible hypothesis to
explain our observations is that Tregs suppress antitumor T-cell
responses in PMF, as they do in many types of human or murine
cancers, and this immunosuppression is relieved at least in part
by GARP:TGF-β1 blockade.

GARP:TGF-β1 blockade during PMF increases
interferon-γ (IFNγ) signals in spleen
We used RNAseq to confirm the effects of 58A2 on tumor
burden and fibrosis, and tested the hypothesis that GARP:TGF-
β1 blockade could relieve suppression of T cell-mediated anti-
tumor immunity by Tregs.

RNAseq of spleens collected from nontreated MPLW508A mice
on days 13 and 20 were compared to establish signatures of
PMF progression. The RNAseq of spleens collected on day 34
from MPLW508A mice responding to 58A2 were compared with
that of nontreated controls to analyze effects of treatment with
58A2 (Figure 5A). We performed GSEA22 of genes ordered
according to the fold-change expression during PMF progres-
sion (day 20 vs 13 in controls), or according to the fold-change
expression in response to treatment (58A2 responders vs con-
trols on day 34).

As shown in Figure 5B (white bars), 5 myeloid cell-specific gene
signatures from the PanglaoDB24 and a signature of murine
MF25 showed a significant positive enrichment during PMF
progression [enrichment score (ES) > 0.4 and false discovery
rate (FDR) <5%]. The same signatures were negatively enriched
in 58A2 responders (ES < −0.4 and FDR < 5%; black bars in
Figure 5B). Thus, GSEA detects progression of tumor burden
and fibrosis between days 13 and 20 in nontreated controls and
reduced tumor burden and fibrosis on day 34 in responders vs
in controls.

We then used the 50 hallmark signatures from the MSigDB
database23 to search for the mechanisms of actions by which
58A2 could exert this antitumor activity. Five and 6 hallmark
signatures were positively or negatively enriched in 58A2
responders, respectively. Reverse enrichments were observed
during PMF progression in controls (Figure 5B). Signatures that
were negatively enriched in responders comprised hallmarks of
live single cells, as determined by flow cytometry. Fold differences between mean
rams showing GFP expression on Tregs and MKs in the BM and spleen from 1
lantation were used as negative controls. The experiment is representative of at least
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Figure 2. Blocking anti-GARP:TGF-β1 mAbs reduces fibrosis and tumor burden in murine PMF. MPLW508A and MPLWT control mice, generated as indicated in Figure 1,
were injected IP weekly with the indicated mAbs, starting 1 day before transplantation of the transduced BM cells (n = 8-10 mice per group). C57BL/6 mice that did not
undergo transplantation served as additional controls (ctrl). Blood was taken on day 28 and mice were euthanized on day 34 to collect femurs and spleens. (A) Histological
assessment of fibrosis in sections of paraffin-embedded spleens and femurs after silver staining. Representative sections are shown on the left. Fibrosis scores, corresponding
to reticulin staining grades expressed on a modified Bauermeister scale,28 are indicated on the right. Data points: scores in individual mice; horizontal bars: mean + SEM per
group. (B) Blood cell counts and GFP expression were determined using a hematological analyzer and flow cytometry. Data points on the left: blood cell counts in individual
mice; horizontal bars: mean + SEM per group. Stacked bar graphs on the right: mean + SEM of GFP+ and GFP- cells. Data from 1 of at least 4 independent experiments. P
values calculated using a two-tailed Student t test. SEM, standard error of the mean.
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Figure 3. Reduced tumor burden and fibrosis in PMF do not require effector functions of anti-GARP:TGF-β1 mAbs. (A) MPLW508A mice were treated with wild-type or Fc-
dead mAbs as indicated in Figure 2 (n = 8-10 mice per group). Blood was taken on day 21 and mice were euthanized on day 32 to collect femurs and spleens. Blood cell
counts, GFP expression, and spleen fibrosis were measured as indicated in Figure 2. Data points: values in individual mice; horizontal lines: mean ± SEM per group; stacked
bars: mean + SEM. P values were calculated using a two-tailed Student t test. (B) 32D cells were transduced with MplWT-IRES-GFP or MplW508A-IRES-GFP RV and GFP+ cells
were sorted by flow cytometry. Parental 32D cells, sorted MPLWT/GFP+, or MPLW508A/GFP+ bulk cell populations, or clones (supplemental Figure 6) were cultured in complete
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platelet components or functions (coagulation), fibrotic pro-
cesses (epithelial to mesenchymal transition), and inflammation
(inflammatory response and IL6 JAK STAT3 signaling), again
likely reflecting reductions in tumor burden, fibrosis or other
PMF features, such as inflammation in response to treat-
ment.34,35 Less expected were the hallmarks of IFNα and IFNγ
signaling, which were positively enriched in responders
(Figure 5B). Genes composing the IFNα and IFNγ signatures
partially overlap, but 43% of the genes in the leading edge of
the IFNγ signature are not present in the IFNα signature
(Figure 5C). Levels of IFNγ- and/or IFNα-induced mRNAs
inversely correlated with MPLW508A/GFP+ WBC counts, sug-
gesting an association between increased interferon signaling
and decreased tumor burden (Figure 5D).
496 2 FEBRUARY 2023 | VOLUME 141, NUMBER 5
Finally, negative enrichments for signatures of TGF-β1 signaling
in CD4+ T cells and fibroblasts13,36 were also found in
responders, even though they did not reach statistical signifi-
cance (FDR = 7.6% and 10.6%) (Figure 5B).

Altogether, the analyses of transcriptional profiles in murine
PMF confirmed reduced disease burden in response to the
GARP:TGF-β1 blockade, but it also suggested that therapeutic
activity of 58A2 is associated with reduced TGF-β1− and
increased interferon− signals. Reduced TGF-β1 activity was
expected as 58A2 blocks TGF-β1 activation by GARP-
expressing cells, such as Tregs. Increased interferon signals
may indicate increased T-cell activity resulting from reduced
Treg immunosuppression.
LECOMTE et al
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Therapeutic efficacy of anti-GARP:TGF-β1 mAbs in
PMF requires CD8+ T-cell function
We previously observed in CT26-bearing mice that blocking
GARP:TGF-β1 on Tregs increased IFNγ production by antitumor
CD8+ T cells.17 To test the involvement of CD8+ T cells in the
therapeutic activity of the GARP:TGF-β1 blockade in PMF, we
depleted these cells by repeated injections of an anti-CD8α
mAb (Figure 6A; supplemental Figure 7). CD8+ T-cell depletion
abolished the reduction of MPLW508A/GFP+ neutrophil counts
obtained with 58A2 (Figure 6B). It had no effect in mice that did
not receive 58A2, which was expected because PMF develops
very rapidly in this model, leaving little opportunity for spon-
taneous antitumor CD8 T cells to control the disease. Thus, the
therapeutic efficacy of 58A2 in murine PMF requires CD8+ T
cells.

GARP:TGF-β1 blockade reduces tumor burden in
another murine model of MPN
We tested whether 58A2 could exert antitumor activity in a non-
PMF model of MPN. BM cells from mice carrying a heterozy-
gous JAK2V617F knockin mutation in HSCs37 were mixed at a 1:1
ratio with BM cells from UBI–GFP mice and transferred into
irradiated UBI–GFP recipients (supplemental Figure 8A).
Recipients developed a moderate form of MPN that resembles
polycythemia vera more than PMF and includes mild eryth-
rocytosis, thrombocytosis, and leukocytosis. 58A2 significantly
reduced WBC counts in recipient mice, but not red blood cells
TARGETING TREG IMMUNOSUPPRESSION IN BLOOD CANCER
and platelets (supplemental Figure 8B). Reduction in WBCs was
mostly in JAK2V617F/WT (GFP−) neutrophils (supplemental
Figure 8C). Counts of other JAK2V617F/WT myeloid cells,
including monocytes, eosinophils, and basophils, were also
reduced, although this did not reach statistical significance.
Counts of JAK2WT/WT myeloid cells and JAK2V617F/WT or
JAK2WT/WT lymphocytes were not modified (supplemental
Figure 8C). These results suggest that GARP:TGF-β1 blockade
may also reduce tumor burden in non-PMF MPNs.

GARP is expressed on the surface of stimulated
Tregs and platelets isolated from the blood of
patients with MF
We isolated human PBMCs from the blood of patients with MF
or from hemochromatosis, non-MF controls. Cells were stained
immediately or after a short stimulation of T cells in vitro to
analyze surface GARP expression using flow cytometry. As
expected, GARP was not detected on unstimulated T cells
(CD8+, CD4+, or Tregs), but its expression was induced by the
T-cell receptor stimulation on CD4+FOXP3+ T cells (ie, mostly
Tregs). GARP-expressing Tregs comprised 30.4 ± 12.5%
(mean ± SD) of all CD4+FOXP3+ cells in patients with MF and
control patients, with no significant difference between the 2
groups. We also examined GARP expression on platelets that
were co-purified with PBMCs (FSClowCD41+ events): a vast
majority expressed GARP, with no difference between control
patients with or without MF (supplemental Figure 9). We
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therapeutic strategy for MPNs, most particularly MF.
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Discussion
The effects of GARP:TGF-β1 blockade on tumor burden in
murine PMF are the most important results of this report. They
were completely unexpected, as our hypothesis was that the
GARP:TGF-β1 blockade would reduce fibrosis owing to the
previously reported profibrotic roles of TGF-β1 in PMF.8-11 We
repeatedly observed reductions in spleen and BM fibrosis, but it
did not reach statistical significance andmay be secondary to the
significant tumor burden reduction in response to treatment.
Thus, although we do not exclude a direct profibrotic role for
TGF-β1 in PMF, our data suggest that TGF-β1 exerts deleterious
effects by favoring the clonal expansion of transformed cells. In
homeostatic conditions, TGF-β1 reduces hematopoiesis. It
imposes cytostasis on normal BM progenitors, maintaining them
in a state of quiescence to prevent exhaustion.38-41 Recent
studies suggested that inMPNs,malignant cells fail to respond to
the cytostatic activity of TGF-β1, which could even promote their
proliferation, either directly or competitively by decreasing the
growth of normal HSCs.30,31 In these studies, the clonal domi-
nance of JAK2V616F cells over WT cells in competitive trans-
plantation assays was abrogated by the genetic deletion of the
TGF-βRII receptor in WT cells but not in JAK2V616F cells.31 Here,
we observed that expression of mutant MPLW508A in murine
myeloid cells induced resistance to the cytostatic effect of TGF-
β1. Thus, the antitumor activity of the GARP:TGF-β1 blockade in
PMF could result from the reactivation of normal hematopoiesis
and competition with transformed cells. A direct antiproliferative
effect of the GARP:TGF-β1 blockade on transformed cells, via a
mechanism not yet determined, cannot be excluded.
Figure 5 (continued) fold-change between day 20 and 13 in nontreated controls. Black
non-treated controls. Green bars: FDR obtained by calculating ES for 1000-gene-set p
indicating position of genes from various gene sets in the ordered transcript list for
Heatmap representation of the expression of genes in the leading edge of the IFNγ r
boxes on the right indicate genes that are also present in IFNα response signature. (D
number of MPLW508A/GFP+ WBCs in all mice.

TARGETING TREG IMMUNOSUPPRESSION IN BLOOD CANCER
A second unexpected result is that tumor burden reduction in
response to the GARP:TGF-β1 blockade depends on GARP
expression on Tregs but not on tumoral MKs or platelets. Given
their known pathogenic role in PMF, MKs were considered to
be the most likely source of pathogenic TGF-β1 in this dis-
ease.10,42-44 Our data however, comparing Treg- and MK/
platelet-specific Garp KO mice, suggest that TGF-β1 pre-
sented and activated by GARP on the Treg surface plays a more
important role than MK/platelet-derived TGF-β1 in PMF. Tregs
are potent suppressors of adaptive immunity and are known to
exert detrimental immunosuppression in patients with solid
cancer.45,46 Immunosuppression by Tregs is mediated, at least
in part, by the ability of Treg-derived TGF-β1 to inhibit the
effector functions of CD8 T cells, which include IFNγ production
and cytolysis. Strikingly, we observed that the therapeutic
activity of anti-GARP:TGF-β1 in PMF was accompanied by
increased IFNγ signals and was lost upon CD8 T-cell depletion.
Thus, in addition to limiting the clonal expansion of transformed
cells, blocking TGF-β1 activation could reduce immunosup-
pression by Tregs, thereby increasing the activity of CD8 T cells
directed against transformed cells in PMF. Whether T lympho-
cytes can recognize and kill transformed cells in murine or
human PMF has not been formally established. Several HLA
class I binding peptides derived from mutated human CALR
and MPL proteins have been identified.47 T cells directed
against mutated CALR have been detected in the blood of
patients with PMF carrying a CALR mutation.48-50 Even though
improved survival upon PD-1 blockade in murine MPNs sug-
gests the existence of an antitumor T cell activity,51 this therapy
has failed to show evidence of antitumor efficacy in early phase
clinical trials.52,53 However, the absence of response to the
immune checkpoint blockade cannot be interpreted as an
absence of antitumor T-cell immunity.47 Whether Tregs sup-
press the activity of the putative antitumor T cells is not known.
Our results suggest that it could be the case, at least in murine
PMF.
bars: ES in transcripts ordered by mean fold-change between 58A2 responders and
ermutations. Right panel shows representative GSEA plots, with black vertical bars
the responder vs control comparison. EMT, epithelial mesenchymal transition. (C)
esponse signature. Each row represents a gene and each column a mouse. Black
) Correlation between expression of IFN-induced genes by RNAseq analysis and
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Therapeutic approaches to block TGF-β signals in patients with
cancer are in clinical development.54 Current drug candidates
include anti–TGF-β antibodies, inhibitors of TGF-β receptor kinase,
TGF-β antagonists, and decoy TGF-β receptor constructs. Until
now, only limited antitumor effects were observed, together with
sometimes severe adverse events, consistent with the importance
and diversity of the biological effects mediated by TGF-β. The
toxicity of anti–TGF-β drugs has resulted in the early termination of
early phase clinical trials, and thus has limited the assessment of
their antitumor efficacy. Interestingly, early clinical trials evaluating
TGF-β blockade in MF have shown encouraging signs of activity
against the disease, with acceptable side effects. One of 2 patients
with MF who received repeated administrations of fresolimumab,
an mAb that neutralizes the activity of TGF-β1, β2, and β3, ach-
ieved anemia improvement and transfusion independence.55

AVID200, a similar drug that neutralizes TGF-β1 and β3, showed
reduced serum levels of its target cytokines and frequent increases
in platelet levels.56 These 2 observations support the active role of
TGF-β in PMF-associated anemia and thrombocytopenia and
validate the TGF-β signaling pathway as a meaningful therapeutic
target in this disease. Anti-GARP:TGF-β1 mAbs, by selectively
blocking TGF-β1 production from GARP-expressing cells, such as
Tregs, could represent a less toxic alternative. One such antibody
is currently being tested as monotherapy or in combination with
anti–PD-1 in patients with locally advanced or metastatic solid
tumors (ClinicalTrials.gov: NCT03821935).

Our present observations support the clinical evaluation of anti-
GARP:TGF-β1 antibodies in patients with MF. Here also, their
association with other immunotherapy approaches, and partic-
ularly with PD-1/PD–L1 blockade, seems attractive. Combina-
tion with other drugs active against myeloproliferative diseases,
such as JAK inhibitors, should be handled with caution because
the latter drugs may exert suppressive effects on both T-cell
activation and antigen presentation.
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