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ABSTRACT

Background A better understanding of the molecular
mechanisms that manifest in the immunosuppressive
tumor microenvironment (TME) is crucial for developing
more efficacious immunotherapies for hepatocellular
carcinoma (HCC), which has a poor response to current
immunotherapies. Regulatory T (Treg) cells are key
mediators of HCC-associated immunosuppression.

We investigated the selective mechanism exploited by
HCC that lead to Treg cells expansion and to find more
efficacious immunotherapies.

Methods We used matched tumor tissues and blood
samples from 150 patients with HCC to identify key factors
of Treg cells expansion. We used mass cytometry (CyTOF)
and orthotopic cancer mouse models to analyze overall
immunological changes after growth differentiation factor
15 (GDF15) gene ablation in HCC. We used flow cytometry,
coimmunoprecipitation, RNA sequencing, mass spectrum,
chromatin immunoprecipitation and Gdf157", OT-1 and
GFP transgenic mice to demonstrate the effects of GDF15
on Treg cells and related molecular mechanism. We used
hybridoma technology to generate monoclonal antibody to
block GDF15 and evaluate its effects on HCC-associated
immunosuppression.

Results GDF15 is positively associated with the elevation
of Treg cell frequencies in patients wih HCC. Gene ablation
of GDF15 in HCC can convert an immunosuppressive TME
to an inflammatory state. GDF15 promotes the generation
of peripherally derived inducible Treg (iTreg) cells and
enhances the suppressive function of natural Treg (nTreg)
cells by interacting with a previously unrecognized
receptor CD48 on T cells and thus downregulates STUB1,
an E3 ligase that mediates forkhead box P3 (FOXP3)
protein degradation. GDF15 neutralizing antibody
effectively eradicates HCC and augments the antitumor
immunity in mouse.

Conclusions Our results reveal the generation and
function enhancement of Treg cells induced by GDF15 is
a new mechanism for HCC-related immunosuppression.
(D48 is the first discovered receptor of GDF15 in the
immune system which provide the possibility to solve the
molecular mechanism of the immunomodulatory function
of GDF15. The therapeutic GDF15 blockade achieves HCC
clearance without obvious adverse events.

INTRODUCTION

Cancer immunotherapies have led to remark-
able clinical responses in a broad spectrum of
advanced cancers, but their efficacies are not
uniform among cancer types.' For instance,
the objective response rate to nivolumab
(anti-programmed cell death protein 1 (anti-
PD-1) antibody) in patients with advanced
hepatocellular carcinoma (HCC) is 14%.?
which is inferior to that in patients with
advanced melanoma (31%-44%),” renal cell
carcinoma (22%-25%)* and other cancer
types.” A better understanding of the molec-
ular mechanisms that manifest in the immu-
nosuppressive  tumor  microenvironment
(TME) is crucial for developing more effi-
cacious immunotherapies and combinations
for HCC.

Regulatory T (Treg) cells are key mediators
of tumor-associated immunosuppression, and
a surge of studies in various types of tumors
including HCC have highlighted the elevated
numbers of Treg cells in the TME and circu-
lation of patients with cancer.”” Recently,
single-cell analysis of tumor-infiltrating
lymphocytes (TILs) further confirmed the
expansion of Treg cells in HCC and revealed
their highly suppressive nature.’ In addition,
Treg cell-mediated immune suppression
plays important roles in both HCC-induced
immune tolerance and the tolerogenic liver
environment of chronic viral infection, a
major cause and promoter of HCC.'"" More
importantly, the immunosuppressive char-
acteristics of Treg cells in HCC are not as
controversial as in other individual tumor
types.'' '* Therefore, targeting Treg cells is an
appealing approach to evoke an efficient anti-
tumor immune response in HCC. However,
in a wide variety of preclinical cancer models,
punctual ablation of Treg cells results in rapid
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tumor regression and extensive immune cells alterations
within the TME," '* but profound systemic autoimmune
and inflammatory consequences ensue.'” A deep under-
standing of the selective mechanisms exploited by HCC
that lead to the expansion of Treg cells in tumors and
the circulation, especially those that are dispensable for
maintaining crucial physiological functions and Treg cell
development, will provide improved strategies for orches-
trating the immune system to eradicate cancers without
deleterious responses.

Growth differentiation factor 15 (GDF15) is a distant
transforming growth factor B (TGF-B) family member
that is expressed at a very low level under physiological
conditions but strongly upregulated in inflammation-
related diseases and cancers.'”® Recently, the roles of
GDF15 to induce cachexia, anorexia and loss of body
weight were deeply elucidated.'®** However, as a cytokine
that can be induced by inflammation, its immunomod-
ulatory function is controversial'” 2% and, especially,
its effects on Treg cells remain largely unknown. Here,
we identified that GDF15 upregulates in HCC and it is a
key promoter of Treg cells, which promotes the genera-
tion of peripherally derived inducible Treg (pTreg) cells
and modulates the suppressive function of natural Treg
(nTreg) cells through a previously unrecognized receptor
CD48 on T cells and post-transcriptional mechanism.
This is a new molecular mechanism for immunomodu-
latory function of GDF15. More importantly, our results
support that GDF15 targeting may achieve ‘the idealized
outcome of optimal immunotherapy’: tumor clearance
without obvious adverse events in HCC.

MATERIALS AND METHODS
The complete experimental protocols are described in
the online supplemental material.

RESULTS

GDF15 is positively associated with the elevation of Treg cell
frequencies in HCC

To identify the selective mechanisms exploited by tumors
to upregulate the Treg cell frequency in patients with
tumor, we sorted CD3"'CD4" T cells from the tumor tissues
of 60 treatment-naive patients with HCC into CD25" and
CD25" populations by gating on the top 4% of blood
CD4" T cells from volunteers according to a previously
reported method.” The expression of FOXP3, the master
transcription factor of Treg cells, in the gated CD25™ and
CD25" populations confirmed that the Treg cells were
correctly enriched (online supplemental figure 1A).
Then, from the above 60 patients, we selected 8 patients
whose tumors had a relatively high Treg frequency and 8
patients whose tumors had a relatively low Treg frequency
among CD4" TILs and performed RNA sequencing
(RNA-seq) on their tumor samples (figure 1A and online
supplemental table 1). The selected patients with a rela-
tively high Treg cell frequency among CD4" TILs also had

a relatively high Treg cell frequency in draining lymph
nodes (figure 1B) and in peripheral blood (figure 1C).
The cumulative distributions of the differentially
expressed messenger RNAs (mRNAs) in these two types
of tumors showed that Treg cell-related genes identified
by gene ontology (GO) terms were upregulated in tumors
with a relatively high Treg cell frequency (online supple-
mental figure 1B), which validated the relevance of our
samples for sequencing. Intriguingly, among the differen-
tially expressed mRNAs in these two types of tumors, we
failed to find TGF-B, a canonical molecule required for
the maintenance of pTreg cells in vivo and the generation
of in vitro-induced Treg cells (iTreg cells),?” *® but instead
discovered GDF15, a distant member of the TGF-f super-
family (figure 1D). Overexpression of GDF15 in tumors
with a relatively high Treg cell frequency was confirmed
by western blot analysis, reverse transcription quantitative
PCR (qRT-PCR) and immunofluorescence (IF) staining
(online supplemental figure 1C-E).

Next, we analyzed another 90 patients with HCC to
evaluate the correlation of GDF15 expression in the TME
with the abundance of Treg cells. The clinicopatholog-
ical characteristics of the patients revealed that GDF15
expression in the TME was positively correlated with the
clinical stage (online supplemental table 2). We sepa-
rated the 90 HCC samples into two cohorts by the mean
frequency of Treg cells among CD4" TILs (figure 1E)
and validated GDF15 upregulation in tumors with a rela-
tively high Treg cell frequency by ELISA (figure 1F) and
IF staining (figure 1G). We also found that the concen-
tration of GDF15 in tumors was positively associated with
the frequencies of Treg cells in tumors (figure 1H and
online supplemental figure 2A), draining lymph nodes
(figure 1I) and peripheral blood in these patients wih
HCC (figure 1]). To confirm our findings with additional
data, we retrieved mRNA-seq data from The Cancer
Genome Atlas (TCGA) datasets. We found that GDFI5
mRNA expression was upregulated in HCC (figure 1K)
and that high expression of GDFI5 was significantly asso-
ciated with shorter overall survival times (figure 1L).
After normalization to CD4 mRNA expression, GDFI5
mRNA expression in TCGA HCC samples was positively
correlated with several Treg cell signature transcripts,
such as CTLA4, TIGIT and TNFRSFIS8 or BATF (online
supplemental figure 2B). Clustering these HCC tumor
samples into two cohorts by unsupervised hierarchical
clustering with a correlation matrix according to the
mRNA expression levels of CD4 and CD25 (figure 1M)
revealed that the cohort with high levels of both CD4 and
CD25 exhibited significantly increased GDFI5 expression
(figure 1N). Collectively, these data indicate that GDF15,
as a detrimental factor in HCC, may play important roles
in the generation or regulation of Treg cells.

The immunosuppressive function of GDF15 in vivo is related

to Treg cells

To demonstrate that the detrimental effect of
GDFI5 on HCC is relevant to Treg cell-mediated
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Figure 1 Identification of growth differentiation factor 15 (GDF15) as a modulator of regulatory T (Treg) cells in hepatocellular
carcinoma (HCC). (A) Treg cell frequencies among CD4* T cells in 60 HCC tissues, 48 normal liver tissues and 5 blood samples
from volunteers. HCC tissues with a relatively high (red, Treg_hi) and low (blue, Treg_lo) Treg cell frequency were selected

for RNA sequencing (RNA-seq) (n=8 per group). (B, C) Treg cell frequency among CD4* T cells in draining lymph nodes and
peripheral blood of the 16 patients whose tissues were submitted for RNA-seq. (D) Heatmap of differentially expressed genes
(fold change >2). (E-G) A 90 HCC patient cohort was classified into two groups by the mean Treg cell frequency among CD4*
tumor-infiltrating lymphocytes (TILs) (17.04%, n=38vs n=52) (E). GDF15 expression in TME was measured by ELISA (F) and
quantitative immunofluorescence (GDF15 (purple), CD4 (red) and FOXP3 (green) and DAPI (blue)) (G). (H-J) The correlations
between GDF15 concentrations and the frequencies of Treg cells in TME (H), draining lymph nodes (l) and peripheral blood (J).
(K) Messenger RNA (MRNA) expression levels of GDF15 in HCC versus corresponding normal tissues, as determined by meta-
analysis of the The Cancer Genome Atlas (TCGA) database (n=367 vs 149 samples of tumor vs normal tissues, respectively).
(L) Kaplan-Meier survival curves for patients wih HCC with low and high GDF15 expression as determined by meta-analysis of
the database. The cut-off value is the average GDF15 mRNA expression level (low GDF15 cohort, n=246; high GDF15 cohort,
n=121). The 95% Cls are shown by dotted lines. TCGA data analysis is finished using GEPIA (gepia.cancer-pku.cn) online

tool. (M, N) Heatmap for CD4 and CD25 expression of 367 patients in TCGA HCC cohort. Two clusters (1 and 2) were found

by unsupervised hierarchical clustering with a correlation matrix on the basis of CD4 and CD25 expression levels (M). Relative
GDF15 mRNA levels after normalization to CD4 mRNA levels in two clusters are shown (N). Data are representative of two
independent experiments performed for the tissues isolated from each of patients (B, C, E, F, H-J). P values were determined by
two-tailed unpaired t-test (A-C, F, G, N) or Pearson’s correlation coefficient (H-J).
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immunosuppression, we first evaluated GDF15 expres-
sion in a spectrum of human (online supplemental figure
3A,B) and mouse HCC cell lines (online supplemental
figure 3C). GDF15 was overexpressed in most of the
HCC cell lines compared with normal liver cells. Neither
knockout of GDF15 (online supplemental figure 3D-H
and L) nor GDF15 addition (online supplemental figure
31-K,M) affected the growth of human or mouse HCC cells
in vitro. Similarly, knockout of GDF15 in Hepal-6 mouse
HCC cells did not affect their growth in the livers of Ragl
“mice (online supplemental figure 4A). However, when
Hepal-6 or H22 mouse HCC cells was inoculated into
the livers of normal syngeneic mice, knockout of GDF15
dramatically slowed tumor growth (figure 2A and online
supplemental figure 4B), prolonged the survival of the
mice (figure 2B and online supplemental figure 4C) and
significantly decreased the GDF15 concentrations in the
circulation and TME of the mice to a physiological level
(figure 2C and online supplemental figure 4D). Impor-
tantly, a markedly decreased frequency of Treg cells
among CD4" T cells was found in both the tumors and
spleens of mice inoculated with GDF15 knockout cells
(figure 2D and online supplemental figure 4E).

To evaluate overall immunological changes in tumors,
we profiled TILs of Hepal-6 GDF15 knockout and mock
knockout tumors from normal syngeneic mice using mass
cytometry (CyTOF), in which 42 monoclonal antibodies
(mAbs) were used to determine immune cell lineages as
well as functional molecules at a single cell dimension.
The analysis of the CD4" T cell population revealed a
noticeable reduction in Treg cell frequencies in GDF15
knockout tumors (figure 2E,F and online supplemental
figure 4F). The expression of Treg cell-related immuno-
suppressive molecules on CD4" T cells of GDF15 knockout
tumors was significantly decreased, while the expression
of Ki67 was markedly upregulated (figure 2G). Further
analysis of the total CD45" hematopoietic cell population
revealed 22 distinct cell subsets (clusters) (figure 2H,I
and online supplemental figure 4G). We found signif-
icant expansion of CD4" T cells (cluster 2), CD8"
effector/memory T cells (cluster 3) and CD38 BST2" B
cells (cluster 9) in GDF15 knockout tumors (figure 2J),
resembling the recently reported global impact of Treg
cell deficiency on the cellular composition in the TME."*
Together, these observations suggest that the detrimental
effect of GDF15 on HCC is associated with its immuno-
suppressive function, and Treg cells play important roles
in mediating the immunosuppressive effects of GDF15.

GDF15 efficiently converts naive CD4* T cells to iTreg cells in
vitro

Next, we aimed to acquire direct evidence to demonstrate
the regulatory role of GDF15 on Treg cells. In vivo, Treg
cells are generated either in the thymus (nTreg cells)® or
derived from the existing pool of naive CD4" T cells in
peripheral tissues (pTreg cells). In vitro, Treg cells derived
from naive CD4" T cells after T cell receptor (TCR) stim-
ulation in the presence of TGF-} and interleukin (IL)-2

are referred to as iTreg cells.”” *® The identity of GDF15
as a distant member of the TGF- superfamily prompted
us to first determine its role in iTreg cell generation. To
this end, we added GDF15 to an in vitro culture of human
CD45RA'CD25 naive CD4" T cells stimulated with anti-
CD3/anti-CD28-specific mAbs and IL-2 (online supple-
mental figure 5A). Similar to TGF-B, GDF15 induced a
high frequency of FOXP8'CD25" Treg cells (figure 3A)
and resulted in decreased proliferation of naive CD4" T
cells (online supplemental figure 5B). Further analysis
of GDF15-induced cells showed enhanced expression of
key Treg cell-suppressive molecules, including CTLA4,
TNFRSF4, TIGIT and GITR (figure 3B-E). Functionally,
GDF15-induced iTreg cells showed strong suppressive
activity against carboxy fluorescein succinimidyl ester
(CFSE)-labeled human naive CD4'CD25 T cells when
cultured with anti-CD3/anti-CD28 antibodies and IL-2 in
vitro (figure 3F). Like human naive CD4" T cells, Jurkat
T cells were also induced to differentiate into iTreg cells
in the presence of GDFI5 (online supplemental figure
5C). Mouse GDF15 (mGDF15) and human GDF15 share
68.1% sequence identity and 84.1% sequence simi-
larity (online supplemental figure 5D). Both mGDF15
(figure 3G,H) and human GDFI15 (online supplemental
figure 5E) induced the differentiation of mouse naive
CD4' T cells into iTreg cells, comparable to the effect of
human GDF15 on human cells. Furthermore, we isolated
naive CD4°CD25™ T cells from the spleens of C57BL/6
green fluorescent protein (GFP) transgenic mice and
cocultured them with mGDF15-induced iTreg cells from
mouse naive CD4" T cells. Significant inhibitory effects
of mGDF15-induced iTreg cells on these autofluorescent
naive CD4" T cells was visually observed via real-time
confocal microscopy (figure 31, and online supplemental
videos 1 and 2). These data support the hypothesis that
GDF15 promotes efficient differentiation of naive CD4" T
cells into FOXP3"CD25" iTreg cells in vitro.

GDF15 but not TGF-p substantially contributes to the
inhibitory activity of nTreg cells in vitro

Some studies support that nTreg cells make a greater
contribution to the intratumoral Treg compartment
than iTreg cells, although the source of Treg cells in
tumors remains controversial.’® To investigate whether
GDF15 contributes to the plasticity of nTreg cells, we
isolated CD4'CD25"CD127° primary nTreg cells from
human peripheral blood or mouse spleens as described
in previous studies.”” * Then, we assessed the effects of
GDF15 on the expansion and function of nTreg cells
in vitro. Neither human GDF15 nor mGDFI15 effec-
tively increased the proliferation of human or mouse
nTreg cells in the presence of anti-CD3/anti-CD28 anti-
bodies and IL-2 in vitro (online supplemental figure 6).
However, GDF15 and mGDF15 noticeably elevated the
expression levels of FOXP3 (online supplemental figure
7A,C) and cytotoxic T lymphocyte-associated molecule 4
(CTLA4) (online supplemental figure 7B,D) in the corre-
sponding human or mouse nTreg cells. Unlike GDF15,
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Figure 2 The immunosuppressive function of growth differentiation factor 15 (GDF15) in vivo is related to regulatory T (Treg)
cells. (A-D) GDF15 knockout Hepai-6-luc cells (sgRNA2) or mock cells (Vec) were inoculated into the livers of syngeneic
C57BL/6 mice (n=6 mice per group). Tumor growth was monitored by values of bioluminescence (p/s/cm?/sr) (A, right).
Representative bioluminescence imaging of three mice in each group on day 16 and the liver images of all mice acquired on
day 28 after euthanasia (A, left; the tumor is identified by the red line) are shown. Survival was evaluated by using another
two groups of mice (n=6 mice per group) (B). GDF15 concentrations in the tumor and circulation of mice on day 28 after
euthanasia (C) and the frequencies of Treg cells among CD4* tumor-infiltrating lymphocytes (TILs) and splenic cells (D) were
analyzed. (E-J) Sixteen days after Hepa1-6-sgRNA or Hepa1-6-Vec cells inoculation (n=9 mice per group), the tumor of each
mouse was digested and filtered to obtain a single cell suspension. The cell suspensions of every three mice in each group
were pooled. CD45"* tumor-infiltrating leukocytes were analyzed by mass cytometry (CyTOF) (n=3 samples per group). The
t-distributed stochastic neighbor embedding (t-SNE) plot of CD4" tumor-infiltrating leukocytes of total six samples (pooled
data) (E, left panel; overlaid with color-coded clusters) and density t-SNE plots of CD4" tumor-infiltrating leukocytes in Hepa1i-
6-sgRNA or Hepa1-6-Vec group (E, right two panels; 2x10° cells per group were displayed) are shown. The frequencies of the
CD4" clusters were calculated as the assigned cell events divided by the total CD4* cell events in the same sample (F). The
normalized expression values (mean mass intensities) of Treg cell-related molecules and Ki67 in the CD4" population are shown
as a heatmap (G). The CD45"* population was plotted by t-SNE and density t-SNE with same methods, and it overlaid with

22 clusters (H, ). The frequencies of the indicated immune cell subsets within the CD45" population are shown (J). Data are
representative of three independent experiments (A-D). P values were determined by a two-tailed Mann-Whitney U test (A), a
log rank test (B) and a two-tailed unpaired t-test (C, D, F, J). n.s., not significant; p>0.05.
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Figure 3 Growth differentiation factor 15 (GDF15) induces the generation of inducible regulatory T (iTreg) cells in vitro with

an effect comparable to that of transforming growth factor B (TGF-B). (A-E) The iTreg cell generation from human naive CD4*
cells after GDF15, TGF-3 or Mock conversion (A). The expression of Treg cell signature genes (CTLA4, TNFRSF4, TIGIT, GITR)
of the converted CD4" T cells (B-E). (F) The inhibition of iTreg cells induced from human naive CD4" T cells by GDF15 (GDF15
iTregs) or mock treatment (Mock iTregs) to the proliferation of naive CD4*CD25™ T cells was determined by carboxy fluorescein
succinimidyl ester (CFSE) dilution assay (n=4 cell cultures from four healthy donors). (G, H) The iTreg cell generation from mouse
splenic naive CD4* T cells after mouse GDF15 (mMGDF15) or mock conversion (G). The inhibition of iTreg cells induced from
mouse naive CD4" T cells by mouse GDF15 (MGDF15 iTregs) or mock treatment (Mock iTregs) to the proliferation of mouse
naive CD4" T cells was determined by CFSE dilution assay (H). (I) The inhibitions of iTreg cells induced from mouse naive
CD4" T cells (transparent) by mouse GDF15 (mMGDF15 iTregs) or mock treatment (Mock iTregs) to GFP CD4* T cell was visually
observed with real-time confocal microscopy for 8 hours (see online supplemental videos 1 and 2). Live GFP CD4" T cells were
counted 3 hours after mixing (for each cell culture, 10 high-power fields (HPFs) were counted) (n=4 cell cultures). Mock, anti-
CD3/anti-CD28 monoclonal antibodies (mAbs) and interleukin (IL)-2 stimulations. Data are representative of three independent
experiments. P values were determined by a two-tailed unpaired t-test. Iso, isotype control; n.s., not significant; p>0.05.
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TGF-B did not exhibit similar effects. Corroborating the
promotive effect of GDF15 on the inhibitory molecules of
nTreg cells, the suppressive activity of human or mouse
nTreg cells against the corresponding CFSE-labeled naive
CD4'CD25 ™ T cells were noticeably enhanced after GDF15
exposure (online supplemental figure 7E,F). Moreover,
we cocultured mGDF15-treated mouse nTreg cells with
CD8" T cells obtained from OT-I TCR transgenic mice
(OTI T cells) and Hepal-6-OVA cells. Hepal-6-OVA is a
mouse HCC cell line stably transfected with chicken oval-
bumin (OVA), which allows antigen-specific cytotoxicity
to OVA,, .., peptide-activated OT-I T cells. mGDFI5-
treated mouse n'Treg cells demonstrated superior suppres-
sive activity against OT-I T cells compared with untreated
mouse nTreg cells in the xCELLigence real-time cellular
impedance assay (RTCA) (online supplemental figure
7G). These results indicate that unlike TGF-8, GDF15
facilitates the generation of iTreg cells, and enhances the
suppressive function of nTreg cells.

GDF15-deficient mice are defective in the generation of
competent Treg cells

To verify our in vitro findings, we generated a GDF15
whole-body knockout mouse strain (GDF15 KO) and
confirmed the absence of GDFI15 in serum and various
organs (online supplemental figure 8A). Knockout
of GDFI15 did not affect the viability of fetal mice. At
10 months, GDF15 KO mice did not display obvious
disease phenotypes as evaluated by pathological scoring
of the inflammatory status in the main organs (online
supplemental figure 8B). However, GDF15 KO mice
produced few HCC nodules in liver when a transposon
system™ containing the plasmids encoding myr-AKT1
and N-RasV12 along with sleeping beauty transposase was
delivered to hepatocytes via hydrodynamic tail vein injec-
tion to induce orthotopic HCC (online supplemental
figure 8C). The intact GDFI5 KO mice had significant
lower frequency of FOXP3'CD25" Treg cells among
CD4" T cells in peripheral organs, including the spleen,
mesenteric lymph nodes (MLNs), gut lamina propria
(gLP) and blood than their wild-type (WT) littermates.
The percentage of Treg cells in the thymus, the source
of nTreg cells in vivo, did not noticeably differ between
GDF15 KO mice and their WT littermates (figure 4A). In
addition, CD4" T cells isolated from the spleens of GDF15
KO mice exhibited an activated phenotype with more
CD4'CD62L°CD44" (figure 4B) and interferon-y (IFN-
)" cells (online supplemental figure 8D) than those from
the WT littermates. When Treg cells from GDF15 KO or
WT mice were cocultured with Hepal-6-OVA cells and
OT- T cells, Treg cells from WT littermate mice demon-
strated superior suppressive activity against OT-I T cells
compared with Treg cells from GDF15 KO mice in the
RTCA (figure 4C).

To further elegantly demonstrate the effects of GDF15
on pTreg and nTreg cells in vivo, we transferred same
amount of naive CD4" T cells from C57BL/6 GFP trans-
genic mice (B6-GFP (CD45.1)) into irradiated GDF15 KO

(CD45.2) mice or their WT littermates (online supple-
mental figure 8E). Five days later, fewer CD45.1 FOXP3"
Treg cells were detected in the spleens of KO mice than in
those of their WT littermates (figure 4D). Then, we trans-
ferred primary nTreg cells from the spleens of B6-GFP
(CD45.1) mice into GDF15 KO mice or their WT litter-
mates (online supplemental figure 8F). Five days later,
the numbers of CD45.1 Treg cells in the spleens of GDF15
KO mice and their WT littermates were comparable
(figure 4E). However, FOXP3 and CTLA4, molecules
related to Treg cell functions, were markedly upregulated
in CD45.1 Treg cells recovered from WT littermate mice
compared with those recovered from GDF15 KO mice
(figure 4F,G). These data are consistent with the in vitro
effects of GDF15 on the efficient generation of iTreg cells
and the functional enhancement of nTreg cells.

GDF15 blocks the ubiquitination of FOXP3

In the aforementioned study, we proved by flow cytom-
etry that GDF15, like TGF-f, noticeably enhanced the
protein expression of FOXP3 under iTreg cell skewing
conditions (figure 3A). However, further investigation
showed that although GDFI15 increased the protein
expression of FOXP3 in human and murine naive
CD4" T cells (figure 5A), it did not affect FOXP3 mRNA
expression (figure 5B), unlike TGF-B. Additionally, when
protein synthesis was blocked by cycloheximide (CHX),
exposure to GDF15 but not TGF-f markedly increased
the stability of FOXP3 in human and murine naive CD4"
T cells (figure 5C). Moreover, the slightly increased
FOXP3 level on stimulation with anti-CD28/anti-CD3
mAbs and IL-2 (mock induction in figure 5A,B), which
is a widely reported upregulation without cell phenotype
changes,”™ suggests that GDF15 causes FOXP3 accu-
mulation by inhibiting its degradation based on TCR
activation.

Polyubiquitination is a pivotal way of protein degra-
dation. We then sought to determine whether GDFI15-
induced accumulation of FOXP3 depends on blockade of
ubiquitination. Indeed, GDF15 but not TGF-B obviously
decreased FOXP3 ubiquitination in human (figure 5D)
and mouse (figure 5E) naive CD4" T cells, as shown by
coimmunoprecipitation (ColP). Reciprocal ColP with
an antibody against ubiquitin (Ub) also confirmed that
GDF15 decreased FOXP3 ubiquitination in human naive
T cells (figure 5F). More importantly, GDF15 decreased
FOXP3 ubiquitination in both human (figure 5G) and
mouse (figure 5H) primary nTreg cells stimulated with
antihuman and antimouse CD28/CD3 mAbs, respec-
tively, and IL-2. We further performed RNA-seq on
GDF15-induced and TGF-B-induced iTreg cells derived
from human naive CD4" T cells. The gene set enrich-
ment analysis (GSEA) (figure 5I and online supplemental
figure 9A) and GO analysis (online supplemental figure
9B) revealed enrichment of ubiquitination-related genes
among the differentially expressed genes between the
two kinds of iTreg cells. These data indicate that blocking
FOXP3 ubiquitination is the mechanism by which GDF15
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Figure 4 Growth differentiation factor 15 (GDF15)-deficient mice are defective in the generation of competent regulatory

T (Treg) cells. (A, B) Frequencies of Treg cells among the total CD4" T cell population in spleen, mesenteric lymph nodes
(MLNs), gut lamina propria (gLP), peripheral blood and thymus of GDF15 whole-body knockout mouse strain (GDF15 KO)

or wild-type (WT) mice (A). The activation status of splenic CD4* T cells of GDF15 KO or WT mice (B) (n=8 mice per group).

(C) Real-time survival of Hepa1-6-OVA cells cocultured with OT-1 cells (+OT ), OT-1 cells plus Treg cells from GDF15 KO mice
(+OTI+GDF15KO Tregs) or from WT mice (+OT I+WT Tregs). Data at 120 hours are shown as a bar (n=4 cell cultures). (D) A total
of 2x10° naive CD4" T cells from B6-GFP (CD45.1) mice were transferred into irradiated GDF15 KO or WT mice (n=6 mice per
group). Five days later, CD45.1 T cells of GDF15 KO or WT mice were sorted and the frequency of Treg cells was determined.
(E-G) A total of 2x10° primary natural Treg (nTreg) cells of B6-GFP (CD45.1) mice were transferred into irradiated GDF15 KO
mice or their WT littermates (n=6 mice per group). Five days later, CD4*CD25"FOXP3* Treg cells were isolated, and the quantity
and proportion of CD45.1 cells among the isolated Treg cells (E), and the expression of forkhead box P3 (FOXP3) and cytotoxic
T lymphocyte-associated molecule 4 (CTLA4) in sorted CD45.1 cells was determined (F, G). Data are representative of two (A, B)
or three (C-G) independent experiments. P values were determined by two-tailed unpaired t-test. Iso, isotype control; n.s., not
significant; p>0.05.
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Figure 5 Growth differentiation factor 15 (GDF15) blocks FOXP3 ubiquitination by downregulating STUB1. (A, B) The protein
and messenger RNA (MRNA) expressions of FOXP3 in human or mouse naive CD4" T cells after indicated stimulation. (C)
FOXP3 expressions in GDF15 or transforming growth factor 3 (TGF-f) induced human (upper panel) or mouse (lower panel)
inducible regulatory T (iTreg) cells after treated with cycloheximide (CHX) of the indicated time. (D, E) Coimmunoprecipitation
(ColP) analysis of FOXP3 ubiquitination in human (D) and mouse (E) naive CD4" T cells after indicated stimulation. (F) Reciprocal
ColP analysis of FOXP3 ubiquitination in human naive CD4* T cells. (G, H) ColP analysis of FOXP3 ubiquitination in human

(G) and mouse (H) primary natural Treg (nTreg) cells after indicated stimulation. () Gene set enrichment analysis (GSEA) of
ubiquitination genes in GDF15 converted iTreg cells versus those in TGF-B converted iTreg cells. The enrichment score (ES)

and p value are reported for the gene ontology (GO) term ‘protein ubiquitination’ and were calculated from GSEA data with
weighted enrichment statistics and the ratio of classes for the metric as input parameters. (J) Heatmap showing expressions

of 26 FOXP3 ubiquitination-related genes (including STUB1, arrow) in GDF15 or TGF- converted iTreg cells (n=4cell cultures).
(K, L) The expression of STUB1 in GDF15 or TGF- converted iTreg cells from human (K) and mouse (L) naive CD4* T cells.

(M, N) The protein (M) and mRNA (N) expression levels of STUB1 in GDF15 simulated human nTreg cells or mouse GDF15
simulated mouse nTreg cells. (O, P) FOXP3 accumulation (O) and ubiquitination (P) in either STUB1 (WT) or its K30A or H260Q
mutants or control vector (Vec) successfully transduced Jurkat T cells after indicated stimulation. Mock, anti-CD3/anti-CD28
monoclonal antibodies (mAbs) and interleukin (IL)-2 stimulations. Data are representative of three independent experiments. The
mRNA expressions of FOXP3 and STUBT are normalized to that of the reference gene GAPDH (B, K, L, N, n=4cell culture). The
intensities of target bands were quantified and normalized to GAPDH expression (A, C, K-M, O). P values were determined by a
two-tailed unpaired t-test (B, K, L, N), n.s., not significant; WCL, whole-cell lysate; p>0.05.
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induces the generation of iTreg cells and enhances the
suppressive functions of nTreg cells, which is completely
distinct from the transcriptional regulation mechanism
of TGF-B.

STUB1 is a pivotal E3 ubiquitin ligase that mediates the
inhibitory effect of GDF15 on FOXP3 ubiquitination

We then used an anti-FOXP3 antibody to pull down its
associated binding partners and performed mass spec-
trometry to identify the potential E3 Ub ligase of FOXP3
in human Treg cells. Twenty-five E3 Ub ligases and E3
ligase-related proteins that specifically bound to FOXP3
but not to the IgG control were identified (figure 5]
and online supplemental table 3). This list contained
HSPAIA, a 70 kDa heat shock protein that can recruit
the stress-activated E3 Ub ligase STUBI to FOXP3 for
degradation.” RNA-seq analysis of GDFI15-induced or
TGF-B-induced iTreg cells showed that GDF15 but not
TGF-B significantly downregulated the mRNA expression
of STUBI (figure 5]). Therefore, we focused on STUBI
in our subsequent experiments because of its identified
negative modulation of FOXP3.* ** qRT-PCR analysis
confirmed that STUBI was upregulated by TCR activation
(mock) and downregulated by GDF15 but not TGF-§ in
both human (figure 5K) and mouse (figure 5L) naive
CD4" T cells. Consistently, STUBI protein expression
was downregulated after GDF15 stimulation, and FOXP3
expression was upregulated (figure 5K and L). We also
observed a decrease in STUBI on GDF15 stimulation in
human and mouse primary nTreg cells (figure 5M and
N).

In Jurkat T cells, we repeatedly observed the effects
of GDFI5 including inhibitions to the degradation
and ubiquitination of FOXP3 (online supplemental
figure 9C-E) and downregulation to STUBI in a dose-
dependent manner (online supplemental figure 9F,G).
Moreover, the ectopic expression of STUBI disrupted the
GDF15-induced accumulation of FOXP3 (figure 50) and
substantially restored FOXP3 ubiquitination in Jurkat T
cells (figure 5P), while mutants of STUBI deficient in
Hsp70 chaperone binding (K30A) or enzymatic activity
(H260Q) failed to abrogate the effects of GDF15 on
FOXP3. All the data suggest that GDF15 blocks FOXP3
ubiquitination by downregulating STUBI at the tran-
scriptional level.

GDF15 interacts with CD48 and downregulates STUB1 through
inhibition of the ERK/AP-1 pathway

At present, glial-cell-derived neurotrophic factor family
receptor o-like (GFRAL) is the only confirmed receptor
of GDF15. However, the expression of GFRAL is highly
restricted in the neuronal cells of the hindbrain and is
virtually absent in all of peripheral tissues.'"™" In Jurkat,
naive human and mouse CD4" T cells, neither GFRAL nor
its coreceptor RET were observed (online supplemental
figure 10A,B). To understand the mechanism underlying
STUBI downregulation in response to GDFI15 stimula-
tion, we used His-tag-mediated pull-down assays to identify

the receptor protein of GDF15 on Jurkat T cells. Subse-
quent mass spectrometry sequencing revealed that CD48
(UniProtKB: P09326) was the only membrane protein
among the precipitated molecules (online supplemental
figure 10C and table 4). ColP (figure 6A) and ELISA
(figure 6B) confirmed the interaction between GDF15
and CD48. ELISA also proved TGF-§ does not interact
with CD48. Moreover, the interaction of GDF15 with
plate-bound CD48 was blocked by the addition of soluble
CD48 protein (figure 6C). When the expression of CD48
was knocked out, the binding of GDF15 on Jurkat T cells
significantly diminished (figure 6D). The GDF15-CD48
interaction had a Kd of ~0.1 pM, as measured by surface
plasmon resonance (SPR) (figure 6E). Similarly, mGDF15
also interacted with mouse CD48 in a dose-dependent
manner according to ELISA (figure 6F).

The propagation of TCR signaling on TCR engagement
in CD4" T cells include several downstream cascades.”
As a costimulatory factor, CD48 activates intracellular
lymphocyte-specific protein tyrosine kinase (Lck) and
downstream ERK pathway of TCR signaling after partic-
ipating into the TCR complex.”®*” In human (figure 6G
and online supplemental figure 11A) and mouse naive
CD4' T cells (figure 6H and online supplemental figure
11B), we observed that GDF15 treatment led to a steady
decline in the phosphorylation of Lck and ERK. Acti-
vator protein (AP-1), which is composed of heterodimers
and homodimers of cjun and c-fos family members, is
the main downstream effectors regulated by ERK.*® In
GDF15-induced human (figure 6I) and mouse (figure 6])
iTreg cells and GDF15-treated human and mouse nTreg
cells (online supplemental figure 11C), we observed
decreasing levels of c-jun and c-fos proteins in the nuclear
fraction. In the aforementioned study, we observed
STUBI was upregulated by TCR activation and GDF15
abrogated this upregulation significantly (figure 5K and
L). Additionally, GDF15 did not change TCR induced
slight but significant upregulation of FOXP3 mRNA
(mock and GDF15 treatment in figure 5B). We there-
fore performed promoter analysis in the JASPAR CORE
database. The prediction results demonstrated that the
promoter of STUBI (online supplemental figure 11D)
but not the promoter of FOXP3 has the binding sites of
cjun/c-fos. Dual-luciferase reporter assays showed that
cjun/c-fos significantly upregulated STUBI promoter
activity but had no regulation on FOXP3 promoter (online
supplemental figure 11E,F). With chromatin immuno-
precipitation experiments, we showed that the binding
of cjjun/c-fos to the STUBI promoter in either human
and mouse iTreg cells (figure 6K and L) or human and
mouse nlreg cells (online supplemental figure 11G,H)
drastically decreased after GDF15 treatment.

In Jurkat T cells, GDF15 also led to a decline in the
phosphorylation of ERK (online supplemental figure
11I). More importantly, the ability of GDF15 to inhibit the
phosphorylation of ERK, inhibit the expression of STUBI
and increase the accumulation of FOXP3 in Jurkat T cells
was diminished by CD48 transfection (figure 6M). CD48
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Figure 6 Growth differentiation factor 15 (GDF15) interacts with CD48 and downregulates STUB1 through inhibition of the
ERK/AP-1 pathway. (A) Coimmunoprecipitation (ColP) analysis of the interaction between GDF15 and CD48. (B, C) ELISA
confirmed GDF15 binds to CD48 in a dose-dependent manner and transforming growth factor 8 (TGF-f) did not exhibit
interaction with CD48 (B). The interaction of GDF15 to plate-bound CD48 could be blocked by the addition of soluble CD48
protein (C) (n=4). (D) Representative immunofluorescence (IF) analysis of the interaction of GDF15 (red) with CD48 (green)

on Jurkat T cells. (E) The interaction of GDF15 with purified CD48, as measured by surface plasmon resonance (SPR)
spectroscopy. (F) ELISA confirmation of mouse GDF15 with mouse CD48 (n=4). (G-J) In human (G, I) and mouse (H, J) naive
CD4" T cells, anti-CD3/anti-CD28 monoclonal antibodies (mAbs) and interleukin (IL)-2 stimulations with GDF15 (GDF15)

or mouse GDF15 (mGDF15) led to a steady decline in the phosphorylation of Lck and ERK, and the decreasing of c-fos

and c-jun in nucleus. Expression levels of p-Lck and p-ERK were quantified and normalized to GAPDH expression. (K, L)
Chromatin immunoprecipitation experiments showed that anti-CD3/anti-CD28 mAbs and IL-2 stimulations with GDF15 or
mGDF15 significantly decreased the binding of c-jun and c-fos to the STUBT promoter in human (K) and mouse (L) naive
CD4" T cells (n=4cell cultures). (M) The phosphorylation of ERK and the expressions of STUB1 and FOXP3 in unmanipulated
Jurkat T cells after anti-CD28/anti-CD3 mAbs and IL-2 stimulations (Mock), CD48 gene (GDF15 +WT) or control vector
(GDF15 +Vec) successfully transduced Jurkat T cells after anti-CD28/anti-CD3 mAbs and IL-2 stimulations with GDF15. (N)
The phosphorylation of ERK and the expression of STUB1 and FOXP3 in unmanipulated (Mock), control knockout (CD48_Vec)
and CD48 knockout Jurkat T cells after anti-CD28/anti-CD3 mAbs and IL-2 stimulations without (CD48_sgRNA) or with
(CD48_sgRNA+GDF15) GDF15. Data are representative of two (E) or three (A-D, F-M) independent experiments. The intensities
of target bands were quantified and normalized to GAPDH expression (G-J, M, N). P values were determined by a two-tailed
unpaired t-test (B, F, K, L), n.s., not significant; p>0.05.
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knockout notably decreased the phosphorylation of ERK,
downregulated the expression of STUBI and increased
the expression of FOXP3 compared with the control
knockout, which mimicked the effects of GDF15 addition
to unmanipulated cells. The addition of GDF15 did not
affect the changes in ERK, STUBI and FOXP3 caused
by CD48 knockout (figure 6N). We further observed
that CD48 knockout Jurkat T cells exhibited the pheno-
type of iTreg cells after activation. Similarly, GDF15 did
not noticeably affect the generation of these iTreg cells
(online supplemental figure 11]). Together, these data
support that CD48 is the receptor of GDF15. The inter-
action of GDF15 with CD48 abolishes CD48-induced acti-
vation of the TCR downstream ERK/AP-1 pathway, and
therefore downregulates STUBI. The downregulation of
STUBI thereafter causes FOXP3 accumulation.

A GDF15 neutralizing mAb amplifies antitumor immunity

At the end, we generate a GDF15-specific mAb (clone
G15A) with specific neutralizing activity against both
human and mouse GDF15 (online supplemental figure
12A,B). In vitro, G15A effectively inhibited the genera-
tion of iTreg cells induced by GDF15 (online supple-
mental figure 12C,D). We treated mice bearing Hepal-6
cancer cells in the liver with GI5A or isotype control
antibody (Iso) (online supplemental figure 13A). Tumor
volumes were significantly smaller in mice that received
GI15A than in mice that received Iso (figure 7A and B),
and GI15A markedly prolonged the survival of treated
mice (figure 7C). A significantly lower frequency of
Treg cells among CD4" cells was found in the tumors
and spleens of mice that received G15A (figure 7D).
Ki67 expression was significantly upregulated in both
CD4" and CD8" TILs of Gl5A-treated mice (figure 7E).
In addition, GI15A markedly increased the antitumor
effects mediated by the anti-PD-1 mAb in mice (figure 7F
and G) and further prolonged the survival of treated
mice (figure 7H). One of the eight mice that received
both G15A and anti-PD-1 antibodies exhibited complete
tumor regression. Similarly, mice that received both
GI15A and the anti-PD-1 mAb had a lower frequency of
Treg cells among CD4" TILs (figure 7I) than mice that
received only the anti-PD-1 mAb. Ki67 expression was
significantly upregulated in both CD4" and CD8" (online
supplemental figure 13B) TILs of mice that received the
G15A and anti-PD-1 mAb combination. Finally, we trans-
fused OVA,, . -activated OT-I T cells into Hepal-6-OVA-
bearing mice. The combination of G15A and OT-I T cell
transfusion demonstrated superior suppressive activity
compared with OT-I T cell transfusion alone (figure 7J).
Mice that received the combination treatment exhibited
a decreased frequency of Treg cells among CD4" TILs
(figure 7K), and OT-I T cells recovered from tumors of
mice synergistically treated with G15A and OT-I T cells
exhibited enhanced proliferation (figure 7L). In all three
models, we observed GI5A significantly increased the
food intake (online supplemental figure 14A) and weight
of the mice (online supplemental figure 14B). Altogether,

our observations support therapeutic blockade of GDF15
enhance antitumor immune response through Treg cells
inhibition and achieve HCC clearance without obvious
adverse events.

DISCUSSION

Nowadays, the immunomodulatory function of GDF15
is controversial.'” *?° Some studies of animal models
of inflammation and autoimmune diseases** ** * * indi-
cated that GDF15 has an overall beneficial effect on
disease outcomes, which supports its immunosuppressive
role. Limited reports on the mechanism attributed the
immunosuppressive effects of GDF15 to the induction of
inhibitory macrophages or neutrophils.”> * Our results
of orthotopic HCC models in Ragl”™ mice and CyTOF
analysis to the TILs indicate myeloid cell populations may
not be the most important for the immunomodulatory
function of GDF15 in HCC. For the first time, we show
that severely elevated GDF15 expression in HCC cells
and tissues negatively regulates antitumor immunity by
promoting effects on Treg cells. We confirmed that GDF15
promotes the generation of iTreg cells and the suppres-
sive function of nTreg cells by interacting with CD48,
which drives GDF15-mediated post-transcriptional regula-
tion of FOXP3. As a member of the TGF-$ family, GDF15
was previously considered to exert functions through
the TGF- receptor. Limited studies on the mechanism
of GDF15 in macrophages and neutrophils also suggest
that GDF15 functions through the downstream canonical
or non-canonical pathways of TGF-3.*> ' Unfortunately,
several recent studies reported that GDF15 does not bind
to TGF-B receptors 1 and 2 or to any of the 139 other
molecules related to the TGF- receptor superfamily and
that GDF15 does not activate any pathways downstream
of the TGF- receptor.'”™ GFRAL is currently the only
recognized receptor of GDF15 and is responsible for the
central modulation of appetite by GDF15. Intriguingly,
GFRAL is exclusively expressed in hindbrain neurons and
is not present in any peripheral tissues, including lymph
nodes, thymus and bone marrow.” *' These findings
make elucidating the molecular mechanism by which
GDF15 regulates the immune system challenging. CD48
is a glycosyl-phosphatidyl-inositol (GPI)-anchored protein
expressed only on leukocytes. On T cells, after interaction
with ligands CD2 or CD244 in cis or trans, CD48 associ-
ates with the TCR complex, activates the ERK pathway
and then contributes to the activation of T cells.*® ¥ In
the present study, we identified CD48 as a novel receptor
of GDF15. The SPR results revealed that the GDFI15-CD48
interaction had a Kd of ~0.1 pM, which is much higher
than that between CD48 and CD2 (Kd ~100pM) and
between CD48 and CD244 (Kd ~8pM). Therefore, as
a secreted molecule, GDF15 competitively inhibits the
binding of CD48 to its ligands CD2 and CD244, thereby
inhibiting the downstream pathway of CD48. CD48 is
the first discovered receptor of GDF15 in the immune
system and is exclusively expressed on all leukocytes. It
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Figure 7 A growth differentiation factor 15 (GDF15) neutralizing monoclonal antibody (mAb) (G15A) amplifies antitumor
immunity in mice. (A-E) Mice carrying Hepa1-6-Luc cells in livers were treated with G15A or control antibody (Iso) (A, n=8

mice per group). Tumor growth was monitored by values of bioluminescence (p/s/cm?/sr) (B). Representative bioluminescence
imaging of four mice in each group on day 21 and liver images of all 16 mice acquired on day 28 after euthanasia are shown

(A, the tumor is identified by the dotted line). Survival was evaluated using another two groups of mice (C, n=8 mice per group).
The frequencies of regulatory T (Treg) cells among CD4* tumor-infiltrating lymphocytes (TILs) and splenic CD4* T cells (D), and
Ki67 expression in CD4" and CD8" TILs (E) on day 28 after euthanasia are shown. (F-I) Mice carrying Hepa1-6-Luc cell in livers
were treated with Iso, Iso plus antimouse programmed cell death protein 1 (PD-1) antibody (PD-1 mAb) or G15A plus PD-1

mAb (n=8 mice per group). Tumor growth was monitored by bioluminescence (p/s/cm?/sr) (F). Representative bioluminescence
imaging of four mice in each group at day 21 are shown (G). Survival was evaluated in another three groups of mice (H, n=8
mice per group). The frequencies of Treg cells among CD4" TILs cells on 28 days after euthanasia are shown (l). (J-L) Mice
carrying Hepa1-6-OVA cells in livers were treated with Iso, Iso plus OT-I T cells or G15A plus OT-I T cells. Tumor weights at day
21 after mice were euthanized (J), the frequency of Treg cells among CD4" TILs (K) and Ki67 expression in OT-I T cells in tumors
on day 21 are shown (L). Data are representative of three independent experiments. P values were determined by two-tailed
Mann-Whitney U test (B, G), log rank test (C, H) or two-tailed unpaired t-test (D, E, I-K), Iso, isotype control; n.s., not significant;
p>0.05.
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is possible that the previously reported effects of GDF15
on different immune cells may also be achieved through
CD48. How GDF15 functions through CD48 on different
immune cells and whether some rapid and transient anti-
inflammatory functions of GDF15 reported in myocardial
infarction®* are mediated by CD48 are worthy of further
research. In addition, it may be more reasonable to call
CD48 a binding partner of GDF15 rather than receptor
because CD48 cannot transmit signals alone.

Regardless of the mechanism of concern, our find-
ings and some studies, including epidemiological studies
of different cancers, support the notion of GDF15 in
promoting tumor development.”* *™** However, some
studies using Gdf15 genetically modified mice to study
early tumorigenesis have reported conflicting conclusions.
For instance, in a DEN-induced HCC model in Gdf15
s mice, Zimmer et al indicated that GDF15 has no role
in hepatocarcinogenesis.** By hybridizing Gdf15” mice
and intestinal neoplasia-prone mice bearing the mutant
adenomatous polyposis coli (Apc) gene, they showed
that GDF15 has no role in intestinal neoplasia formation
again.” By the same hybridization method, Baek et al
believe that GDF15 has an inhibitory effect on intestinal
neoplasia formation.*® Based on the standard DEN induc-
tion method, we think that the procedure used by Zimmer
et alneeds to be optimized, and the nodules they observed
may not be pathological HCC.*” On the other hand, from
our point, GDF15 promotes tumor development through
its immunosuppressive function, which depends on the
formation of an adaptive antitumor immune response in
vivo. Thus, we think transgenic cancer-prone mice are not
suitable for GDF15 research, as germline manipulations
of oncogenes can trigger immune tolerance to the rele-
vant antigen during embryonic development, which even-
tually causes no antitumor immune response in adult
mice. In our work, mutated oncogenes were transfected
into the livers of adult Gdf15” mice via hydrodynamic
injection, which can effectively elicit an appropriate anti-
tumor immune response. Therefore, we think our results
that GDF15 promotes hepatocarcinogenesis are more
convincing; after all, most tumorigenesis is caused by
acquired mutations in oncogenes. Besides, some studies
in other tumor types show that GDF15 achieves its tumor
promotion effect through directly facilitates the growth
of cancer cells.®® * However, according to our real-time
cell impedance assay and orthotopic HCC model in Ragl’
” mice, we believe that GDF15 promotes carcinogenesis
and the development of established tumors via immuno-
suppression, at least in HCC.

Currently, HCC is the third leading cause of cancer-
related death globally. Given the common failures of
chemotherapies and targeted therapies in the field of
HCC treatment, promising breakthroughs are eagerly
needed.” Our results indicate that targeting GDF15 with
an antibody can convert an immunosuppressive TME to
an inflammatory TME and achieve HCC clearance. Since
the physiological level of GDF15 is low and Gdf15” mice
exhibit no apparent disease phenotypes, we predict that

GDF15 inhibition will not disrupt normal physiological
functions or induce deleterious autoimmune responses,
unlike immune checkpoint suppression therapy. More-
over, we observed that GDF15 blockade therapy amelio-
rates tumor-associated anorexia, which is expected,
as GDF15 upregulation in disease states can suppress
appetite through a central mechanism.'** Collectively,
GDF15 is a tumor-derived immunosuppressive molecule
and a remarkable target for cancer immunotherapy of
HCC. Of course, there must be other molecules related
to the immunosuppression of HCC, which are worthy of
further study.

In summary, our study demonstrates that GDF15, as an
HCC-derived immunosuppressive molecule, promotes
the generation of iTreg cells and the suppressive func-
tion of nTreg cells by interacting with CD48, which medi-
ates GDF15-mediated post-transcriptional regulation of
FOXP3. CD48 is the first discovered receptor of GDF15
in the immune system. Considering its unique features,
the GDFl5-neutralizing mAb may augment the thera-
peutic tools available for HCC, which has a poor response
to current immunotherapies.
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