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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 Gdf15–/–, OT-I 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.
CD48 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 remarkable clinical responses in a broad spectrum of
advanced cancers, but their efficacies are not
uniform among cancer types.1 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%,2
which is inferior to that in patients with
advanced melanoma (31%–44%),3 renal cell
carcinoma (22%–25%)4 and other cancer
types.5 A better understanding of the molecular mechanisms that manifest in the immunosuppressive tumor microenvironment
(TME) is crucial for developing more efficacious 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 circulation of patients with cancer.6–9 Recently,
single-
cell analysis of tumor-
infiltrating
lymphocytes (TILs) further confirmed the
expansion of Treg cells in HCC and revealed
their highly suppressive nature.9 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.10 More
importantly, the immunosuppressive characteristics of Treg cells in HCC are not as
controversial as in other individual tumor
types.11 12 Therefore, targeting Treg cells is an
appealing approach to evoke an efficient antitumor 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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GDF15 induces immunosuppression via
CD48 on regulatory T cells in
hepatocellular carcinoma
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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-naïve patients with HCC into CD25− and
CD25hi populations by gating on the top 4% of blood
CD4+ T cells from volunteers according to a previously
reported method.9 The expression of FOXP3, the master
transcription factor of Treg cells, in the gated CD25− and
CD25hi 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 relatively high Treg cell frequency among CD4+ TILs also had
2

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 supplemental figure 1B), which validated the relevance of our
samples for sequencing. Intriguingly, among the differentially expressed mRNAs in these two types of tumors, we
failed to find TGF-β, a canonical molecule required for
the maintenance of pTreg cells in vivo and the generation
of in vitro-induced Treg cells (iTreg cells),27 28 but instead
discovered GDF15, a distant member of the TGF-β superfamily (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 clinicopathological characteristics of the patients revealed that GDF15
expression in the TME was positively correlated with the
clinical stage (online supplemental table 2). We separated 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 relatively high Treg cell frequency by ELISA (figure 1F) and
IF staining (figure 1G). We also found that the concentration 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 1J). To confirm our findings with additional
data, we retrieved mRNA-
seq data from The Cancer
Genome Atlas (TCGA) datasets. We found that GDF15
mRNA expression was upregulated in HCC (figure 1K)
and that high expression of GDF15 was significantly associated with shorter overall survival times (figure 1L).
After normalization to CD4 mRNA expression, GDF15
mRNA expression in TCGA HCC samples was positively
correlated with several Treg cell signature transcripts,
such as CTLA4, TIGIT and TNFRSF18 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 GDF15 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
mediated
GDF15 on HCC is relevant to Treg cell-
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tumor regression and extensive immune cells alterations
within the TME,13 14 but profound systemic autoimmune
and inflammatory consequences ensue.15 A deep understanding 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 orchestrating the immune system to eradicate cancers without
deleterious responses.
Growth differentiation factor 15 (GDF15) is a distant
transforming growth factor β (TGF-β) family member
that is expressed at a very low level under physiological
conditions but strongly upregulated in inflammation-
related diseases and cancers.16–18 Recently, the roles of
GDF15 to induce cachexia, anorexia and loss of body
weight were deeply elucidated.19–22 However, as a cytokine
that can be induced by inflammation, its immunomodulatory function is controversial17 23–26 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 generation 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 immunomodulatory 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.
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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=38 vs 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 (I) 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% CIs 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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GDF15 efficiently converts naïve 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)6 or
derived from the existing pool of naïve CD4+ T cells in
peripheral tissues (pTreg cells). In vitro, Treg cells derived
from naïve CD4+ T cells after T cell receptor (TCR) stimulation in the presence of TGF-β and interleukin (IL)-2
4

are referred to as iTreg cells.27 28 The identity of GDF15
as a distant member of the TGF-β 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− naïve CD4+ T cells stimulated with anti-
CD3/anti-CD28-specific mAbs and IL-2 (online supplemental figure 5A). Similar to TGF-β, GDF15 induced a
high frequency of FOXP3+CD25hi Treg cells (figure 3A)
and resulted in decreased proliferation of naïve 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 naïve CD4+CD25− T cells when
cultured with anti-CD3/anti-CD28 antibodies and IL-2 in
vitro (figure 3F). Like human naïve CD4+ T cells, Jurkat
T cells were also induced to differentiate into iTreg cells
in the presence of GDF15 (online supplemental figure
5C). Mouse GDF15 (mGDF15) and human GDF15 share
68.1% sequence identity and 84.1% sequence similarity (online supplemental figure 5D). Both mGDF15
(figure 3G,H) and human GDF15 (online supplemental
figure 5E) induced the differentiation of mouse naïve
CD4+ T cells into iTreg cells, comparable to the effect of
human GDF15 on human cells. Furthermore, we isolated
naïve 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 naïve CD4+ T cells. Significant inhibitory effects
of mGDF15-induced iTreg cells on these autofluorescent
naïve CD4+ T cells was visually observed via real-
time
confocal microscopy (figure 3I, and online supplemental
videos 1 and 2). These data support the hypothesis that
GDF15 promotes efficient differentiation of naïve CD4+ T
cells into FOXP3+CD25hi iTreg cells in vitro.
GDF15 but not TGF-β 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.6 To investigate whether
GDF15 contributes to the plasticity of nTreg cells, we
isolated CD4+CD25hiCD127lo primary nTreg cells from
human peripheral blood or mouse spleens as described
in previous studies.27 29 Then, we assessed the effects of
GDF15 on the expansion and function of nTreg cells
in vitro. Neither human GDF15 nor mGDF15 effectively increased the proliferation of human or mouse
nTreg cells in the presence of anti-CD3/anti-CD28 antibodies 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 corresponding human or mouse nTreg cells. Unlike GDF15,
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immunosuppression, we first evaluated GDF15 expression 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
3I-K,M) affected the growth of human or mouse HCC cells
in vitro. Similarly, knockout of GDF15 in Hepa1-6 mouse
HCC cells did not affect their growth in the livers of Rag1/mice (online supplemental figure 4A). However, when
Hepa1-6 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). Importantly, 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 Hepa1-6 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 immunosuppressive 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 significant 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.14
Together, these observations suggest that the detrimental
effect of GDF15 on HCC is associated with its immunosuppressive function, and Treg cells play important roles
in mediating the immunosuppressive effects of 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 Hepa1-6-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/cm2/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 Hepa16-sgRNA or Hepa1-6-Vec group (E, right two panels; 2×105 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, I). 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 β (TGF-β). (A–E) The iTreg cell generation from human naïve CD4+
cells after GDF15, TGF-β 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 naïve CD4+ T cells by GDF15 (GDF15
iTregs) or mock treatment (Mock iTregs) to the proliferation of naïve 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 naïve CD4+ T cells after mouse GDF15 (mGDF15) or mock conversion (G). The inhibition of iTreg cells induced from
mouse naïve CD4+ T cells by mouse GDF15 (mGDF15 iTregs) or mock treatment (Mock iTregs) to the proliferation of mouse
naïve CD4+ T cells was determined by CFSE dilution assay (H). (I) The inhibitions of iTreg cells induced from mouse naïve
CD4+ T cells (transparent) by mouse GDF15 (mGDF15 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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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 GDF15 in serum and various
organs (online supplemental figure 8A). Knockout
of GDF15 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
system30 containing the plasmids encoding myr-
AKT1
and N-RasV12 along with sleeping beauty transposase was
delivered to hepatocytes via hydrodynamic tail vein injection to induce orthotopic HCC (online supplemental
figure 8C). The intact GDF15 KO mice had significant
lower frequency of FOXP3+CD25hi 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+CD62LloCD44hi (figure 4B) and interferon-γ (IFNγ)+ cells (online supplemental figure 8D) than those from
the WT littermates. When Treg cells from GDF15 KO or
WT mice were cocultured with Hepa1-6-OVA cells and
OT-I T cells, Treg cells from WT littermate mice demonstrated 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 naïve CD4+ T cells from C57BL/6 GFP transgenic mice (B6-GFP (CD45.1)) into irradiated GDF15 KO
Wang Z, et al. J Immunother Cancer 2021;9:e002787. doi:10.1136/jitc-2021-002787

(CD45.2) mice or their WT littermates (online supplemental 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 transferred primary nTreg cells from the spleens of B6-GFP
(CD45.1) mice into GDF15 KO mice or their WT littermates (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 cytometry that GDF15, like TGF-β, noticeably enhanced the
protein expression of FOXP3 under iTreg cell skewing
conditions (figure 3A). However, further investigation
showed that although GDF15 increased the protein
expression of FOXP3 in human and murine naïve
CD4+ T cells (figure 5A), it did not affect FOXP3 mRNA
expression (figure 5B), unlike TGF-β. Additionally, when
protein synthesis was blocked by cycloheximide (CHX),
exposure to GDF15 but not TGF-β markedly increased
the stability of FOXP3 in human and murine naïve 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,31–33 suggests that GDF15 causes FOXP3 accumulation by inhibiting its degradation based on TCR
activation.
Polyubiquitination is a pivotal way of protein degradation. We then sought to determine whether GDF15-
induced accumulation of FOXP3 depends on blockade of
ubiquitination. Indeed, GDF15 but not TGF-β obviously
decreased FOXP3 ubiquitination in human (figure 5D)
and mouse (figure 5E) naïve CD4+ T cells, as shown by
coimmunoprecipitation (CoIP). Reciprocal CoIP with
an antibody against ubiquitin (Ub) also confirmed that
GDF15 decreased FOXP3 ubiquitination in human naïve
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, respectively, and IL-2. We further performed RNA-
seq on
GDF15-induced and TGF-β-induced iTreg cells derived
from human naïve CD4+ T cells. The gene set enrichment 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
7
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TGF-β 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 naïve
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
(OT-I T cells) and Hepa1-6-OVA cells. Hepa1-6-OVA is a
mouse HCC cell line stably transfected with chicken ovalbumin (OVA), which allows antigen-specific cytotoxicity
to OVA257–264 peptide-
activated OT-
I T cells. mGDF15-
treated mouse nTreg cells demonstrated superior suppressive 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-β, GDF15
facilitates the generation of iTreg cells, and enhances the
suppressive function of nTreg cells.
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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-I cells (+OT I), OT-I cells plus Treg cells from GDF15 KO mice
(+OT I+GDF15 KO 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 2×106 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 2×106 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+CD25hiFOXP3+ 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 naïve CD4+ T cells after indicated stimulation. (C)
FOXP3 expressions in GDF15 or transforming growth factor β (TGF-β) 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
(CoIP) analysis of FOXP3 ubiquitination in human (D) and mouse (E) naïve CD4+ T cells after indicated stimulation. (F) Reciprocal
CoIP analysis of FOXP3 ubiquitination in human naïve CD4+ T cells. (G, H) CoIP analysis of FOXP3 ubiquitination in human
(G) and mouse (H) primary natural Treg (nTreg) cells after indicated stimulation. (I) Gene set enrichment analysis (GSEA) of
ubiquitination genes in GDF15 converted iTreg cells versus those in TGF-β 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-β converted iTreg cells (n=4 cell cultures).
(K, L) The expression of STUB1 in GDF15 or TGF-β converted iTreg cells from human (K) and mouse (L) naïve 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 STUB1 are normalized to that of the reference gene GAPDH (B, K, L, N, n=4 cell 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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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 spectrometry 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 5J
and online supplemental table 3). This list contained
HSPA1A, a 70 kDa heat shock protein that can recruit
the stress-activated E3 Ub ligase STUB1 to FOXP3 for
degradation.29 RNA-
seq analysis of GDF15-
induced or
TGF-β-induced iTreg cells showed that GDF15 but not
TGF-β significantly downregulated the mRNA expression
of STUB1 (figure 5J). Therefore, we focused on STUB1
in our subsequent experiments because of its identified
negative modulation of FOXP3.29 34 qRT-
PCR analysis
confirmed that STUB1 was upregulated by TCR activation
(mock) and downregulated by GDF15 but not TGF-β in
both human (figure 5K) and mouse (figure 5L) naïve
CD4+ T cells. Consistently, STUB1 protein expression
was downregulated after GDF15 stimulation, and FOXP3
expression was upregulated (figure 5K and L). We also
observed a decrease in STUB1 on GDF15 stimulation in
human and mouse primary nTreg cells (figure 5M and
N).
In Jurkat T cells, we repeatedly observed the effects
of GDF15 including inhibitions to the degradation
and ubiquitination of FOXP3 (online supplemental
figure 9C–E) and downregulation to STUB1 in a dose-
dependent manner (online supplemental figure 9F,G).
Moreover, the ectopic expression of STUB1 disrupted the
GDF15-induced accumulation of FOXP3 (figure 5O) and
substantially restored FOXP3 ubiquitination in Jurkat T
cells (figure 5P), while mutants of STUB1 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 STUB1 at the transcriptional 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 α-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.19–21 In Jurkat,
naïve human and mouse CD4+ T cells, neither GFRAL nor
its coreceptor RET were observed (online supplemental
figure 10A,B). To understand the mechanism underlying
STUB1 downregulation in response to GDF15 stimulation, we used His-tag-mediated pull-down assays to identify
10

the receptor protein of GDF15 on Jurkat T cells. Subsequent mass spectrometry sequencing revealed that CD48
(UniProtKB: P09326) was the only membrane protein
among the precipitated molecules (online supplemental
figure 10C and table 4). CoIP (figure 6A) and ELISA
(figure 6B) confirmed the interaction between GDF15
and CD48. ELISA also proved TGF-β 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 µM, 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.35
As a costimulatory factor, CD48 activates intracellular
lymphocyte-
specific protein tyrosine kinase (Lck) and
downstream ERK pathway of TCR signaling after participating into the TCR complex.36 37 In human (figure 6G
and online supplemental figure 11A) and mouse naïve
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. Activator protein (AP-1), which is composed of heterodimers
and homodimers of c-jun and c-fos family members, is
the main downstream effectors regulated by ERK.38 In
GDF15-induced human (figure 6I) and mouse (figure 6J)
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
STUB1 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 therefore performed promoter analysis in the JASPAR CORE
database. The prediction results demonstrated that the
promoter of STUB1 (online supplemental figure 11D)
but not the promoter of FOXP3 has the binding sites of
c-jun/c-fos. Dual-luciferase reporter assays showed that
c-jun/c-fos significantly upregulated STUB1 promoter
activity but had no regulation on FOXP3 promoter (online
supplemental figure 11E,F). With chromatin immunoprecipitation experiments, we showed that the binding
of c-jun/c-fos to the STUB1 promoter in either human
and mouse iTreg cells (figure 6K and L) or human and
mouse nTreg 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 STUB1
and increase the accumulation of FOXP3 in Jurkat T cells
was diminished by CD48 transfection (figure 6M). CD48
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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-β.
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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 (CoIP) 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 β (TGF-β) 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) naïve
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 STUB1 promoter in human (K) and mouse (L) naïve
CD4+ T cells (n=4 cell 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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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 generation of iTreg cells induced by GDF15 (online supplemental figure 12C,D). We treated mice bearing Hepa1-6
cancer cells in the liver with G15A or isotype control
antibody (Iso) (online supplemental figure 13A). Tumor
volumes were significantly smaller in mice that received
G15A than in mice that received Iso (figure 7A and B),
and G15A 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 G15A-treated mice (figure 7E).
In addition, G15A 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
G15A 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 transfused OVA257-264-activated OT-I T cells into Hepa1-6-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 G15A significantly increased the
food intake (online supplemental figure 14A) and weight
of the mice (online supplemental figure 14B). Altogether,
12

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.17 23–26 Some studies of animal models
of inflammation and autoimmune diseases24 25 39 40 indicated 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.23 41 Our results
of orthotopic HCC models in Rag1-/- 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 suppressive function of nTreg cells by interacting with CD48,
which drives GDF15-mediated post-transcriptional regulation of FOXP3. As a member of the TGF-β family, GDF15
was previously considered to exert functions through
the TGF-β 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-β.23 41 Unfortunately,
several recent studies reported that GDF15 does not bind
to TGF-β receptors 1 and 2 or to any of the 139 other
molecules related to the TGF-β receptor superfamily and
that GDF15 does not activate any pathways downstream
of the TGF-β receptor.19–22 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.20 21 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 associates with the TCR complex, activates the ERK pathway
and then contributes to the activation of T cells.36 37 In
the present study, we identified CD48 as a novel receptor
of GDF15. The SPR results revealed that the GDF15-CD48
interaction had a Kd of ~0.1 µM, which is much higher
than that between CD48 and CD2 (Kd ~100 µM) and
between CD48 and CD244 (Kd ~8 µM). 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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knockout notably decreased the phosphorylation of ERK,
downregulated the expression of STUB1 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, STUB1 and FOXP3 caused
by CD48 knockout (figure 6N). We further observed
that CD48 knockout Jurkat T cells exhibited the phenotype of iTreg cells after activation. Similarly, GDF15 did
not noticeably affect the generation of these iTreg cells
(online supplemental figure 11J). Together, these data
support that CD48 is the receptor of GDF15. The interaction of GDF15 with CD48 abolishes CD48-induced activation of the TCR downstream ERK/AP-1 pathway, and
therefore downregulates STUB1. The downregulation of
STUB1 thereafter causes FOXP3 accumulation.
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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/cm2/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/cm2/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 (I). (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.

Open access

14

GDF15 inhibition will not disrupt normal physiological
functions or induce deleterious autoimmune responses,
unlike immune checkpoint suppression therapy. Moreover, we observed that GDF15 blockade therapy ameliorates tumor-
associated anorexia, which is expected,
as GDF15 upregulation in disease states can suppress
appetite through a central mechanism.19–22 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 function of nTreg cells by interacting with CD48, which mediates GDF15-mediated post-transcriptional regulation of
FOXP3. CD48 is the first discovered receptor of GDF15
in the immune system. Considering its unique features,
the GDF15-
neutralizing mAb may augment the therapeutic tools available for HCC, which has a poor response
to current immunotherapies.
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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
infarction24 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 findings and some studies, including epidemiological studies
of different cancers, support the notion of GDF15 in
promoting tumor development.22 41–43 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/mice, Zimmer et al indicated that GDF15 has no role
in hepatocarcinogenesis.44 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.45 By the same hybridization method, Baek et al
believe that GDF15 has an inhibitory effect on intestinal
neoplasia formation.46 Based on the standard DEN induction method, we think that the procedure used by Zimmer
et al needs to be optimized, and the nodules they observed
may not be pathological HCC.47 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 relevant antigen during embryonic development, which eventually 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 antitumor 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.48 49 However, according to our real-time
cell impedance assay and orthotopic HCC model in Rag1/mice, we believe that GDF15 promotes carcinogenesis
and the development of established tumors via immunosuppression, 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.50 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
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MATERIALS AND METHODS
Patients and tissue samples
Peripheral blood, tumor tissues and lymph nodes were obtained from treatment-naïve HCC patients
who underwent surgery at Xijing Hospital, the Fourth Military Medical University (Xi'an, China)
between 2016 and 2017. The resected tumors of all patients were histologically confirmed. The
comparison of basic demographics of the study groups was summarized in Supplemental Table 1 or
Table 2. All healthy donors were subjects with no history of autoimmune diseases or malignant
tumors. All samples were collected from patients with informed consent, and all related procedures
were performed with the approval of the internal review and ethics boards of Xijing Hospital
(XJYYLL-2014465).

Mice
All mice used were on the C57BL/6 background. OT-I TCR and B6-GFP (CD45.1) transgenic mice
were originally obtained from The Jackson Laboratory. Gdf15 KO mice were generated via the
conventional gene-trapping system (Shanghai Model Organisms Center, Inc., Shanghai, China). A
retroviral gene trapping construct with a splicing acceptor site and stop codon was confirmed by PCR
to insert to the first intron of the Gdf15 gene, resulting in knockout of Gdf15 mRNA. Mice were
backcrossed to the C57BL/6 background for up to 8 generations for the studies described here. In
general, both male (Gdf15–/Y) and female (Gdf15–/–) GDF15 KO mice appeared healthy at birth and
remained viable into adulthood. Unless otherwise stated, 6- to 8-week-old age- and sex-matched
littermate mice were used in all experiments. Mice were bred and maintained in a specific pathogenfree barrier facility. All animal experiments were approved by The Animal Experiment
Administration Committee of the Fourth Military Medical University (20180106) and conducted
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according to the committee’ guidelines and the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health (NIH publication 86-23, revised 1985).

Cells
The SMMC-7721, HepG2, Hepa1-6 and H22 cell lines were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). Jurkat T cell lines were originally obtained from
the American Type Culture Collection. The Hepa1-6-OVA cell line was generated by transfection
with a pCI-neo-mOVA (Addgene plasmid #25099) plasmid using Lipofectamine 3000 (Invitrogen)
and selection with geneticin (Diyibio). OVA expression was confirmed by immunoblotting using an
anti-OVA antibody (Bioss). HCC cells stably expressing luciferase were generated by lentiviral
transduction of the Ubi-MCS-firefly_Luciferase-SV40 construct (Genechem). SMMC-7721, HepG2,
Hepa1-6, H22, and Hepa1-6-OVA cells stably expressing luciferase were cultured in complete
DMEM containing 10% FBS and antibiotics (streptomycin (100 μg ml-1) and penicillin (100 units
ml-1) (Gibco)). Jurkat T cells were cultured in RPMI 1640 medium containing 10% FBS and
antibiotics.
Human and mouse naïve CD4+CD44loCD62L+CD25- T cells were isolated from PBMCs of
healthy donors or the spleens and lymph nodes of 6- to 8-week-old WT C57BL/6 (WT. B6) and B6GFP (CD45.1) transgenic mice using the corresponding MACS columns (Miltenyi Biotec). Human
and mouse primary CD4+CD25hiCD127lo Treg cells were purified using a FACS ARIA II cell sorter
(BD) or a CD4+CD25+ Regulatory T Cell Isolation Kit (Miltenyi Biotec). PBMCs were isolated by
density gradient centrifugation with Ficoll-Paque (GE Healthcare). Mouse splenocytes were depleted
of red blood cells (RBCs) with RBC lysis buffer (Cwbio). The purity of isolated naïve CD4+ T cells
and Treg cells used in all in vitro and in vivo experiments exceeded 95%. Mouse and human naïve
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CD4+ T cells were cultured with plate-bound anti-mouse-CD3 (17A2; Biolegend) or anti-human-CD3
(OKT3; eBiosciences) antibodies (5 μg ml-1) and anti-mouse-CD28 (37.51; BD Pharmingen) or antihuman-CD28 (CD28.2; BD Pharmingen) antibodies (2 μg ml-1) in complete medium (RPMI
supplemented with 10% [vol/vol] FBS and IL-2 (Peprotech) (100 units ml-1)). Purified Treg cells
were expanded by stimulation with anti-CD3/CD28 mAbs and IL-2 (500 units ml-1). Expanded Treg
cells were rested with IL-2 (100 units ml-1) for 2 days and were then stimulated with the indicated
cytokines. All cells were cultured at 37 °C in an atmosphere of 5% CO2.

Antibodies and flow cytometry
Antibodies against mouse CD4 (GK1.5), CTLA4 (UC10-4B9), GITR (DTA-1), TIGIT (1G9),
TNFRSF4 (OX-86), CD45 (30-F11), CD62L (MEL-14), CD44 (IM7), Helios (22F6), CD45.1 (A20),
and CD45.2 (104) and human CD4 (OKT4), CD45 (HI30), FOXP3 (PCH101), TIGIT (MBSA43),
CD44 (IM7), and GITR (eBioAITR) were from eBioscience; antibodies against mouse CD3e (1452C11), FOXP3 (FJK-16S), and CD8a (53-6.7) and human CD152 (BNI3) and CD134 (ACT35) were
from BD Pharmingen; antibodies against mouse CD25 (BC96), IFN-γ (XMG1.2) and Ki67 (16A8)
and human CD3 (OKT3) and CD25 (APC) were from Biolegend. Cells were stained for surface
markers and intracellular molecules. For cell surface marker staining, cells were incubated with
fluorescence-activated cell sorting staining buffer (ebioscience) containing corresponding antibodies
for 30 min at 4°C, washed, and then fixed in 2% formaldehyde followed with flow cytometry analysis.
For intracellular cytokine staining, cells were stimulated for 4 h with phorbol 12-myristate-13-acetate
(PMA) (50 ng ml-1) and ionomycin (1 μg ml-1) (Sigma-Aldrich) in the presence of brefeldin A (5 μg
ml-1) (BD Biosciences) and were then treated with protein transport inhibitor GolgiStopTM (BD
Biosciences). Intracellular FOXP3 (FJK-16) was stained with FOXP3 Transcription Factor Staining
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Buffer Set (00-5523-00, eBioscience). IFN-γ were stained with a Cytofix/Cytoperm Kit (BD
Biosciences). The expression of molecules was analyzed with a flow cytometer (BD FACSVerse) and
FlowJo software (Tree Star). To make comparison, all cells were analyzed by gating on the
corresponding isotype antibody stained cells.

Evaluation of T lymphocyte in tissues
For T lymphocyte analysis, human and mouse tumor tissues and mouse spleens, thymus, MLNs or
gLPs were either digested with a tumor dissociation kit (Miltenyi Biotec) or mechanically dissociated.
Tissue homogenate was filtered through a 70-μm filter (BD Falcon) to obtain single-cell suspensions
which were then treated with RBC lysis buffer. Cell suspensions were incubated with Fc Block (BD
Biosciences). Then, after undergoing two washes twice with PBS, the cells were subjected to antibody
staining and flow cytometry analysis. CD4+CD25high Treg cells in human HCC tissues were enriched
in accordance with a previously reported method.12 In brief, CD4+CD25high Treg cells in tumors were
enriched by gating on the top 4% of blood CD4+ T cells from volunteers. Antibodies against cell
surface markers, including CD3, CD4 and 7AAD dye, were used to enrich living target cells. A
combination of unstained cells and isotype IgG-stained controls was used to discriminate specific
staining, and cell surface staining controls were used to set the voltage and compensation for flow
cytometry. CD4+CD25highFOXP3+ Treg cells, CD4+ and CD8+ T cells in mouse tumor tissues and
organs were enriched by gating on the corresponding isotype antibody-stained cells.

Generation and functional evaluation of iTreg cells
To generate iTreg cells in vitro, Jurkat T cells or naïve human or mouse CD4+CD25- T cells were
stimulated with plate-bound anti-CD3 (5 μg ml-1), anti-CD28 antibody (2 μg ml-1) and IL-2 (100 units
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ml-1) containing TGF-β1 (R&D), human GDF15 (957-GD, R&D), or mouse GDF15 (8944-GD, R&D)
(40 ng ml-1). The possibility of a contaminating fraction of TGF-β in recombinant GDF15 were ruled
out by mass spectrometry (Supplemental Table 5 and 6). FOXP3, CD25, CTLA4, TIGIT, GITR, and
TNFRSF4 expression was then analyzed on day 5 and/or day 7. For iTreg cell differentiation in vivo,
naïve CD4+CD25- T cells (2 × 106 cells per mouse) were isolated from the spleens of B6-GFP
(CD45.1) transgenic mice and adoptively transferred by intravenous (i.v.) injection into irradiated
GDF15 KO mice or their WT littermates. Splenic GFP (CD45.1) T cells were isolated, and the
frequency of CD4+FOXP3+CD25hi Treg cells was analyzed by flow cytometry 5 days after transfer.
The suppressive function of in vitro-generated iTreg cells against naïve CD4+ T cells isolated
from human PBMCs or spleens of B6-GFP and normal C57BL/6 mice was evaluated with CFSE (BD
Horizon) dilution assay or real-time confocal microscopy system (Leica TCS SP8 STED 3X). For the
CFSE dilution assay, CD4+ responding T cells from human PBMCs or normal C57BL/6 mice were
labeled with CFSE and were then cultured with in vitro-generated human or mouse iTreg cells at a
ratio of 3:1 (responder:Treg cells) in the presence of plate-bound anti-CD3 (5 μg ml-1) and anti-CD28
(2 μg ml-1) antibodies plus IL-2 (100 units ml-1). Five days later, the division of CD4+ responding T
cells was assessed by flow cytometry. For real-time confocal microscopy observation, CD4+
responding T cells from B6-GFP transgenic mice were cultured with in vitro-generated mouse iTreg
cells at a ratio of 3:1 (responder:Treg cells) in the presence of anti-CD3/CD28 antibodies and IL-2 at
the abovementioned concentrations. The change in the mixed cells was visually observed in the
subsequent 24 h.

Phenotypic and functional evaluation of nTreg cells
For nTreg cell expansion and phenotypic evaluation in vitro, human or mouse primary
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CD4+CD25hiCD127lo nTreg cells were cultured with plate-bound anti-CD3 (5 μg ml-1), anti-CD28
antibodies (2 μg ml-1) and IL-2 (100 units ml-1)) containing TGF-β1 or GDF15 (40 ng ml-1) for 5 days.
Expansion of nTreg cells was detected by 5’-bromo-2’-deoxyuridine (BrdU) incorporation using a
cell proliferation kit (BD Pharmingen), and the expression of FOXP3, CTLA4 and IL-10 was assessed
by flow cytometry. For in vivo evaluation, primary CD4+CD25hiCD127lo nTreg cells from B6-GFP
(CD45.1) transgenic mice were adoptively transferred by i.v. injection into irradiated GDF15 KO
mice or their WT littermates (2 × 106 cells per mouse). Splenic GFP (CD45.1) Treg cells were isolated
and quantified, and the expression of CTLA4 and IL-10 was analyzed by flow cytometry 5 days after
transfer.
For suppressive function analysis, human or mouse primary nTreg cells were stimulated as
described above and were then cultured with CFSE-labeled naïve CD4+ responding T cells isolated
from human PBMCs or the spleens of normal C57BL/6 mice at a ratio of 3:1 (responder: nTreg cells).
The division of CD4+ responding T cells was assessed by flow cytometry on day 5.

Antigen-specific T cell responses
The immunosuppressive function of GDF15-stimulated mouse nTreg cells and Treg cells in GDF15
KO mice was evaluated using OT-I TCR transgenic T cells that recognize an H-2Kb restricted peptide
epitope (aa257-264, SIINFEKL) of chicken OVA. In brief, OT-I CD8+ T cells were purified from the
spleens of OT-I TCR transgenic mice using CD8a (Ly-2) MicroBeads (Miltenyi Biotec) and were
then treated with OVA257-264 peptide (10 nmol ml-1) (MCE) in the presence of IL-2 (100 units ml-1)
for 72 h. Hepa1-6-OVA cells were plated in a 96-well plate at 1×104 cells per well for 30 h, followed
by the addition of 1×104 preactivated OT-I CD8+ T cells mixed with 5×103 GDF15-stimulated nTreg
cells, Treg cells from GDF15 KO mice or the corresponding control cells. The Hepa1-6-OVA:OT-I
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CD8+ T:nTreg cell ratio was 2:2:1. The real-time survival of Hepa1-6-OVA cells was then monitored
with an xCELLigence RTCA impedance assay (ACEA Biosciences) for 72 h. The normalized cell
index was obtained by normalization to the cell count 29 h before the addition of OT-I CD8+ T and
nTreg cells.

RNA-seq and bioinformatic analyses
Total RNA from HCC tumor tissues or in vitro-generated iTreg cells was isolated with a RNeasy Mini
Kit (Qiagen) and subjected to RNA-seq analysis. RNA integrity determination, library construction
and sequencing were performed by BGI Tech. (Beijing, China). For gene expression analysis, clean
read counts of genes were converted to fragments per kilobase of exon model per million mapped
reads (FPKM) values to quantify transcript prevalence. For GSEA, normalized expression data were
analyzed and visualized with GSEA software (version 2.2.0, http://www.broadinstitute.org/gsea).
Normalized enrichment scores (NESs) and false discovery rates (FDRs) were calculated for
comparison. The RNA-seq data were deposited in the NCBI Sequence Read Archive
(https://www.ncbi.nlm.nih.gov/sra/) under SRA accession number PRJNA627605. Expression
patterns of individual genes in normal human tissues and HCC lesions included in TCGA databases
were analyzed with the Gene Expression Profiling Interactive Analysis (GEPIA) browser
(http://gepia.cancer-pku.cn/index.html).

Constructs, transfection and gene knockout
For GDF15 and CD48 knockout in cells, single guide RNAs (sgRNAs) were designed and cloned
into a Lenti-CAS9-sgRNA-puro plasmid (Lenti-GV392, GeneChem), an all-in-one lentiviral
CRISPRi plasmid containing nuclease-dead Cas9 (dCas9), gRNAs and a puromycin tag. The empty
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vector (Lenti-GV392-puro) served as the Cas9 negative control. The gRNA design, plasmid cloning
and lentiviral packing were completed by GeneChem (Shanghai, China). For lentiviral transduction,
cells were seeded at 600,000 cells per well in 6-well plates. The next day, the medium was replaced
with fresh culture medium containing viruses at an MOI of 20, along with 4% HitransG P
(GeneChem). The virus-containing medium was removed after 24 hours and replaced with normal
medium. Five days post-transduction, cells were selected with 2 µg ml-1 puromycin for another 5 days
before they were seeded into 96-well plates and cultured for 3 weeks to allow colony formation. After
selection with 2 µg ml-1 puromycin for another 6 days, the surviving cells were subsequently
expanded. Knockout clones and surviving control clones were identified by sequencing followed by
western blotting. The sgRNA sequence used for human GDF15 knockout was 5’GAAACTTGCGCGGCTCGCCT-3’

and

for

mouse

Gdf15

knockout

was

5’-

GAAGCGACCCCGTAGCTCGT-3’. The sgRNA sequence used for CD48 knockout was 5’TCACTTGGTACATATGACCG-3’. For STUB1 overexpression, Jurkat and naïve CD4+ T cells were
transduced with the lentiviral pLV-EGFP-Puro vector carrying either the STUB1 gene or its K30A or
H260Q mutant. For CD48 overexpression, Jurkat T cells were transduced with the lentiviral pLVEGFP-Puro vector carrying the CD48 gene. The GFP signal was used as an indicator of successful
transfection.

Mass cytometry and data analysis
Mouse tumor tissues were digested as described above. Mass cytometry and data analysis were
performed by Puluoting Health Tech Co., Ltd. (HangZhou, China). In brief, after filtration through a
70-μm cell strainer (BD Falcon), cells were incubated with an anti-mouse CD16/32 mAb for 10 min
at room temperature to block Fc receptors. Subsequently, 3×106 cells per sample were stained with a
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cocktail of metal-labeled mAbs against cell surface molecules, treated with Fixation/Permeabilization
Buffer (eBioscience) and further incubated with cocktails of mAbs against intracellular molecules.
Antibodies used for mass cytometry analysis were purchased from Fluidigm. 1×106 cells per sample
were diluted in ddH2O containing bead and analyzed by a mass cytometer (CyTOF, Fluidigm). All
mass cytometry files were normalized, and manually gated in FlowJo software by DNA, event length,
live/dead discrimination, CD45 and four bead channels to exclude dead, debris, doublets and nonimmune cells and beads. The signal intensities (dual counts) per channel were arcsinh-transformed
with a cofactor of 5 (counts_transf = asinh(x/5)). X-shift clustering analysis was performed with the
R cytofkit package for all CD45+ or CD4+ events of total 6 samples (pooled data) to automatically
identify the underlying immune subsets. Heatmaps were generated on the basis of the mean value for
each marker in clusters. The cell frequency in each cluster was calculated as the assigned cell events
divided by the total number of CD45+ cell events or CD4+ cell events in the same sample.

Cell proliferation assay
The SMMC-7721, HepG2, Hepa1-6 and H22 cell lines were stimulated with the indicated dose of
human or mouse recombinant GDF15 or were modified to obtain GDF15 knockout cell lines via the
CRISPR-Cas9 system. The proliferation of the above cell lines was monitored with zenCELL owl
Live Cell Imaging A 24-channel Microscope (Innome) or using Cell Counting Kit-8 (CCK-8)
(Beyotime).

CoIP and mass spectrometry experiments
For FOXP3 binding protein identification, cell lysates of nTreg cells from PBMC were
immunoprecipitated with anti-FOXP3antibody (2.5 µg) (Proteintech) overnight and were then
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separated by SDS-PAGE and stained with Coomassie brilliant blue 250. For GDF15 binding partner
identification, Jurkat T cells were incubated with His tagged GDF15 (R&D) for 12 hours and then
lysed with µMACS His Isolation Kit (Miltenyi Biotec). The His-tagged protein were separated using
Anti-His MicroBeads and µColumns according to manufacturer’s instruction. Protein elution was
subjected to mass spectrometry analysis, which was conducted by Novogene.

Evaluation of ubiquitination and degradation
Jurkat T cells and human or mouse naïve CD4+ T cells were simulated with plate-bound antiCD3/CD28 plus IL2 in the presence of either TGF-β or GDF15 for 5 days and further incubated with
MG132 (15 µmol l-1) (MCE) for another 4 h. Cells were lysed with Cell Lysis Buffer (Beyotime) with
a complete protease inhibitor cocktail. Anti-ubiquitinated protein (FK2, Enzo) or anti-FOXP3
(Proteintech) antibodies were then used for immunoprecipitation, which was followed by separation
and SDS-PAGE. Samples were analyzed by western blotting. To detect FOXP3 degradation, Jurkat T
cells and human or mouse naïve CD4+ T cells were simulated with plate-bound anti-CD3 and antiCD28 antibodies plus IL-2 in the presence of either TGF-β or GDF15 for 5 days and further incubated
with CHX (5 μmol l-1) (MCE) for the indicated duration before analysis.

Surface plasmon resonance (SPR)
SPR experiments were performed by Yangenebio Co., Ltd. (Wuhan, China) on a localized surface
plasmon resonance biosensor (OpenSPR, Nicoya Life Science). GDF15 (6 μg) was immobilized to
gold nanoparticles on a COOH sensor chip using standard 1-ethyl-3-(3-dimethylpropyl)carbodiimide (EDC) plus N-hydroxysuccinimide (NHS). Analyte of dilution series of CD48 (0, 25,
50, 100, 200 nM) (10797-H02H, Sino Biological, Beijing, China) was introduced into sensor chip
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with the analytic running buffer. Sensorgram traces of CD48:GDF15 interaction were recorded and
data were fit to a OneToOne model using the TraceDrawer software (Ridgeview Instruments ab).

Western blotting
Cells were lysed in Cell Lysis Buffer for Western and IP (Beyotime) containing a complete protease
inhibitor cocktail, and protein concentrations were determined with Enhanced BCA Protein Assay Kit
(Beyotime). Cell lysates were boiled for 5 min and were then separated prior to western blotting with
the following primary antibodies: anti-Ub (P4D1, Santa Cruz), anti-FOXP3 (Proteintech), antiSTUB1 (Proteintech), anti-GDF15 (Bioss), anti-ubiquitinated protein (FK2, Enzo), anti-Lck (Y123,
Abcam), anti-phosphorylated-Lck (755103, R&D), anti-Erk/phosphorylated-Erk (137F5, 197G2,
CST), anti-c-fos/phosphorylated-c-fos (4384T, 5348T, CST) and anti-c-jun/phosphorylated-c-jun
(60A8, 2361T, CST). HRP-conjugated anti-rabbit and anti-mouse antibodies (Cwbio) were used as
secondary antibodies.

Immunofluorescence staining
Tumor tissues were fixed with 10% formalin and embedded in paraffin for immunofluorescence
staining. Tissue sections of tumor areas were then deparaffinized and subjected to antigen retrieval
using citrate buffer three times for 10 min each in a microwave oven, followed by sequential
incubation in 30% hydrogen peroxide in methanol and blocking with 0.5% bovine serum albumin for
30 min. Tissue sections were then incubated with the following primary antibodies: anti-CD4 (Bioss),
anti-FOXP3 (Proteintech), anti-GDF15 (ME-6D10, Santa Cruz) and anti-Ki67 (Servicebio). The
secondary antibodies used were Alexa Fluor 647-conjugated anti-rabbit (Abcam), Alexa Fluor 555conjugated anti-rat (Abcam), and FITC-conjugated anti-mouse (Cwbio) antibodies. 4’,6-Diamidino-
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2-phenylindole (DAPI) was used to stain nuclei. Fluorescence scanning was performed using a
Pannoramic MIDI II (3D Histech).

Luciferase reporter and Chromatin immunoprecipitation assay
For luciferase reporter assay, HEK293T cells were seeded in 24-well plates. The cells were
cotransfected with either vector control or c-jun/c-fos (pcDNA3.1-c-jun/c-fos), pRL-Tk and STUB1
promoter (pGL3-basic-STUB1) using Lipofectamine 3000. 36 h later, the cells were lysed in passive
lysis buffer (Promega), and luciferase activity was measured. GDF15 induced or mock induced iTregs
and nTregs were subjected to Chromatin immunoprecipitation (ChIP) analysis using the EZ ChIP Kit
(Millipore) following the manufacturer’s instructions. The antibody against c-jun/c-fos (4384T,
9165T, CST) was used. Chromatin-immunoprecipitated DNA was analysed using RT-qPCR. The
following primers targeting the promoter region within STUB1 were used. Forward, 5’TCCGAAGAAGTGTCATCGAG-3’; Reverse, 5’-CGGCTGCTAGGCTTTAAGAA-3’.

Generation of GDF15 neutralizing mAbs
To generate GDF15 neutralizing mAbs, BALB/c mice were immunized with recombinant human
GDF15 (9279-GD, R&D) in Freund’s adjuvant (Sigma-Aldrich). Five hybridoma clones were
screened by human GDF15 (9279-GD, R&D)-specific ELISA as well as western blotting using
GDF15+ cancer cells. A hybridoma clone (G15A) was selected on the basis of its specificity for both
mouse and human GDF15. To determine the neutralizing activity of G15A against human and mouse
GDF15, G15A (0.5 or 1 μg ml-1) was added to the in vitro iTreg generation experiments described
above. The inhibitory effects of G15A on the generation of GDF15-induced iTreg cells were observed
by flow cytometry.
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Orthotopic tumor models and antitumor studies
For orthotopic implantation, male C57BL/6 mice (8-10 weeks old) were anesthetized with of 3% (w/v)
pentobarbital sodium by intraperitoneal injection. Then, 2×106 Hepa1-6, H22, GDF15 knockout
Hepa1-6 or GDF15 knockout H22 cells stably expressing luciferase were surgically implanted into
the left liver lobes of mice. In our experiments, the survival rate of mice after surgery was nearly
100%. Tumor growth was monitored by bioluminescence with an in vivo imaging system (IVIS
lumina II) on day 4, and mice with similar tumor growth were randomly grouped for treatment. For
G15A treatment, G15A (125 µg per mouse) or isotype control antibody was intraperitoneally injected
every 3 days for a total of four injections. For combination therapy with the anti-PD-1 mAb, each
mouse received an intraperitoneal injection of G15A (125 μg) and anti-mouse PD-1 (125 μg) (RMP114, BioXcell) or isotype control mAb. The tumor growth in all mice was monitored by
bioluminescence every 7 days, and mouse survival was recorded daily. On day 28, all mice were
euthanized, and CD8+, CD4+, and Treg cells in the tumors and spleens were isolated and analyzed as
described above. The overall survival of the mice was analyzed in another experiment. In all tumor
model studies, the body weight of each mouse was recorded every 3 days, and the food intake of each
mouse group was recorded daily. For orthotopic induced hepatocellular carcinoma, 10 μg of the
plasmids encoding myr-AKT1 (#31789, Addgene) and N-RasV12 (#20205, Addgene) along with
sleeping beauty transposase (#24551, Addgene) was delivered into 8-10-week old Gdf15-/- mice or
wildtype littermates with hydrodynamic injection as previously described.33 In brief, plasmid mix at
a ratio of 25:1 was diluted in 2 ml saline (0.9% NaCl), filtered through 0.22 μm filter, and injected
into the lateral tail vein of mice in 5 to 7 seconds. 4 weeks later, all mice were euthanized,
hepatocarcinogenesis were evaluated by the quantity of nodules in liver and the size of the biggest
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nodule.

Adoptive cell transfer therapy
Hepa1-6-OVA cells stably expressing luciferase were inoculated into the livers of syngeneic C57BL/6
mice to induce tumor formation as described above. On day 4, tumor growth was monitored by
bioluminescence, and mice with similar tumor growth were randomly grouped to receive
intravenously injected phosphate-buffered saline (PBS) or 2 × 106 preactivated OT-I CD8+ T cells.
Then, G15A (125 μg per mouse) or isotype control mAb was injected intraperitoneally every 3 days
for a total of four times. Tumor growth was monitored by bioluminescence every 7 days, and mouse
survival was recorded daily. On day 21, all mice were euthanized, and CD8+, CD4+, and Treg cells in
the tumors and spleens were isolated and analyzed as described above. OT-I CD8 T cells in the tumors
were analyzed by flow cytometry with an H-2Kb OVA257-264 tetramer (MBL). Ki-67 expression in
transferred OT-I CD8+ T cells was also analyzed. The body weight of each mouse was recorded every
3 days, and the food intake of each mouse group was recorded daily.

ELISA
To measure the concentrations of cytokines in tumor tissue sites, a sample (1×2×2 cm3) was obtained
from every tumor tissue and was then cut into small pieces (2 mm). Gentle and thorough enzymatic
degradation was then performed by using a tumor dissociation kit (Miltenyi Biotec), and additional
mechanical dissociation was avoided. The cell suspension was then filtered through a 70 µm filter
(BD Falcon) with an equal volume (10 ml) of RPMI 1640 complete medium for every tumor sample.
After the cell suspension was centrifuged at 300 × g for 10 min, the supernatant was collected and
analyzed with the GDF15 ELISA kit (R&D). To detect the CD48/GDF15 interaction, CD48 (1 µg per
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well) (Sino Biological) was coated at the plate, and GDF15 (0, 25, 50, 100 and 200 ng per well)
(R&D) or TGF-β (200 ng per well) (R&D) were then added. The interaction between CD48/GDF15
or CD48/TGF-β were developed with anti-GDF15 (27455-1-AP, Proteintech) or anti- TGF-β (218981-AP, Proteintech) primary antibodies and HRP labeled anti-rabbit antibody.

qRT-PCR
Total RNA was extracted with TRIzol (Life Technologies) from the indicated cells and subjected to
qRT-PCR

using

the

following

gene-specific

primers.

Human

GDF15

forward,

5’-

GCTCTCAGATGCTCCTGGTG-3’; reverse, 5’-CGCAACTCTCGGAATCTGGA-3’. Mouse Gdf15
forward,

5’-CCTCCTCCTCCATCTTCTATCTGAG-3’;

reverse,

5’-CTTGTGTCCTTT

CAGGATGACTG-3’. Human FOXP3 forward, 5’-CAGCACATTCCCAGAGTTCCT-3’; reverse,
5’-AGGCAAACATGCGTGTGAAC-3’.

Mouse

Foxp3

forward,

5’-ACCATTGGTTTA

CTCGCATGT-3’; reverse, 5’-TCCACTCGCACAAAGCACTT-3’. Human STUB1 forward, 5’AGCAGGGCAATCGTCTGTTC-3’; reverse, 5’-CAAGGCCCGGTTGGTGTAATA-3’. Mouse
Stub1 forward, 5’-CCATCACTCGGAACCCACTTG-3’; reverse, 5’-TGGCCTCATCATAAC
TCTCCA-3’.

Statistical analysis
Statistical significance was determined by the unpaired 2-tailed Student’s t-test, two-way ANOVA,
Pearson correlation coefficient and log-rank test and by the Wilcoxon signed-rank nonparametric test
where specified using Prism 8.3.0 software (GraphPad). The figure legends specify the statistical
analysis method performed. P values of <0.05 were considered statistically significant. The error bars
in the figures indicate the standard errors of the mean (s.e.ms.) or the standard deviations (s.ds.).
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Supplemental Figures

Supplemental Figure 1. Analysis of GDF15 expression in HCC patients. (A) CD3+ T cells and CD4+CD25high T
cells were enriched using flow cytometry. Antibodies specific for CD3, CD4, CD25, FOXP3 and 7AAD dye were
used to distinguish viable target cells. (B) Cumulative distribution function for the t-statistic between mRNA
expression profiles of HCC samples with relatively high (Treg_hi) or low (Treg_lo) Treg cell frequencies (red line,
all genes; blue line, tumor Treg cell-related genes) (n = 8). (C-E) GDF15 expression in 8 Treg_hi and 8 Treg_lo
HCC tissues submitted for RNA-seq was measured by western blotting (C), qRT-PCR (D) and
immunohistochemistry (E). The frequencies of Treg cells in the two kinds of tissues were confirmed by
immunofluorescence staining using antibodies against FOXP3 (green), CD4 (red) and DAPI (blue). IHC for GDF15
expression was performed by two inspectors under double-blind conditions. Four normal liver tissues were used as
controls (C, D). Data are representative of two independent experiments performed for the tissues isolated from
each of patients (C-E). The GDF15 mRNA is presented as the mean ± s.e.m. after normalization to that of the
reference gene GAPDH (D). The intensities of target bands were quantified and normalized to GAPDH expression
(C). P values were determined by the two-sided Kolmogorov-Smirnov test (B) and a two-tailed unpaired t-test (D).
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Supplemental Figure 2. (A) Pearson R statistical tests of the GDF15 concentration and frequency of Treg cells in
HCC patients with the same disease stage. The data are representative of two independent experiments performed
for the tissues isolated from each of patients. (B) Correlation of mRNA expression levels between GDF15 and Treg
cell signature genes after normalization to CD4 mRNA expression in HCC by meta-analysis of TCGA databases (n
= 367 human samples). The Pearson r score and P value are shown.
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Supplemental Figure 3. Effect of GDF15 on the growth of human and mouse HCC cell lines in vitro. (A)
GDF15 mRNA expression in 25 human HCC cell lines analyzed from the Cancer Cell Line Encyclopedia (CCLE)
database. RMA, robust multiarray average. (B, C) GDF15 expression in human (B) and mouse (C) HCC cell lines
was analyzed by western blotting and qRT-PCR (n = 4 cell cultures). The GDF15 mRNA is presented as the
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mean ± s.e.m. after normalization to that of the reference gene GAPDH. The intensities of target bands were
quantified and normalized to GAPDH expression. (D, E) GDF15 expression was knocked out in the human HCC
cell lines SMMC7721 and HepG2 and the mouse HCC cell lines Hepa1-6 and H22 using a CRISPR v.2-based vector
system. Two sgRNAs (sgRNA1, sgRNA2) were used in each cell line. (F-H) Real-time growth of HCC cells
(SMMC7721, HepG2, Hepa1-6) after GDF15 knockout (sgRNA1, sgRNA2) or mock knockout (Vec) was
monitored with an xCELLigence cellular impedance assay. (I-K) Real-time growth of HCC cells (SMMC7721,
HepG2, Hepa1-6) after GDF15 addition was monitored with an xCELLigence cellular impedance assay. Data at
72 h are shown as bars in the right panels (n=4 cell cultures) (F-K). (L, M) Growth of H22 HCC cells (suspended
growth) after GDF15 knockout (L) and GDF15 addition (M) was assessed using a 2-(2-methoxy-4-nitrophenyl)-3(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt (WST-8) cell proliferation kit (n=4 cell
cultures). Data are representative of three independent experiments (B-M). P values were determined by an ANOVA
with Dunnett t-test. n.s., P>0.05.
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Supplemental Figure 4. Effect of GDF15 on tumor growth in vivo and the immune-phenotyping of GDF15
knockout tumors. (A) GDF15 knockout Hepa1-6-luc cells (sgRNA2) or mock knockout cells (Vec) were inoculated

into the livers of Rag1-/- mice (n= 6 mice per group). Tumor growth are monitored by values of bioluminescence
(p/sec/cm2/sr) and representative bioluminescence imaging of three mice in each group on day 16 are shown. (B-E)
GDF15 knockout H22-luc cells (sgRNA2) or mock cells (Vec) were inoculated into the livers of C57BL/6 mice
(n=6 mice per group). Tumor growth are monitored by values of bioluminescence (p/sec/cm2/sr) and representative
tumor imaging of three mice in each group on day 8 are shown (B). Survival mice was evaluated by using another
two groups of mice (n=6 mice per group) (C). GDF15 concentrations in the tumors and circulation of the mice were
analyzed via ELISA (D), and the frequencies of Treg cells among CD4+ TILs and splenic CD4+ T cells were
analyzed by flow cytometry (E). (F, G) The heatmap displays the normalized expression levels of 42 markers of 7
CD4+ clusters within the CD4+ tumor-infiltrating leukocyte population (F) and 22 CD45+ clusters within the total
CD45+ tumor-infiltrating leukocyte population (G). Data are representative of three independent experiments (AE). P values were determined by a two-tailed Mann-Whitney test (B), a log rank test (C) and a two-tailed unpaired
t-test (D-E). n.s., P>0.05.
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Supplemental Figure 5. GDF15 induces the generation of iTreg cells in vitro with an effect comparable to that
of TGF-β. (A) Schematic representation of induction of iTreg cell conversion from naïve CD4+ T cells with GDF15
or TGF-β in vitro. Human naïve CD4+ T cells were enriched from PBMCs of healthy donors. The cells from the
same donor were equally distributed for each treatment, and 4 cell culture replicates were established for each
treatment. Mouse naïve CD4+ T cells were enriched from the spleens of 6-10 mice and equally distributed for each
treatment after mixing. Four replicates were established for each treatment. (B) Proliferation of human naïve CD4+
T cells stimulated with anti-CD3/CD28 antibody and IL-2 in complete medium supplemented with GDF15, TGF-β
or PBS (Mock) was assessed with a WST-8 cell proliferation kit (n = 4 cell cultures from 4 healthy donors). (C)
Flow cytometric analysis of iTreg cell generation from Jurkat T cells with antibodies against FOXP3 and CD25 on
days 5 and 7 (n = 4 cell cultures). (D) Homology of human GDF15 with mouse GDF15. The percent identity (purple)
and similarity (purple + blue) of amino acid sequences in the mature GDF15 molecule are shown. (E) Flow
cytometric analysis of iTreg cells differentiated from mouse naïve CD4+ T cells under anti-CD3/CD28 antibody and
IL-2 stimulations (Mock) or anti-CD3/CD28 antibody and IL-2 stimulations with human GDF15 (GDF15) (n = 4
cell cultures). Data are representative of three independent experiments (B, C, E). P values were determined by twoway ANOVA (B) or a two-tailed unpaired t-test (C, E). Iso, isotype control.
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Supplemental Figure 6. GDF15 does not change the expansion of nTreg cells in vitro. (A, B) Human (A) or
mouse (B) CD4+CD25hiCD127lo nTreg cells were cultured with anti-CD3/CD28 antibody and IL-2 stimulations in
complete medium supplemented with 40 μg ml-1 GDF15, mouse GDF15 (mGDF15) or PBS (Mock) for 3 days.
Proliferation of human (A, n = 4 cell cultures from 4 healthy donors) and mouse (B, n = 4 cell cultures) nTreg cells
was evaluated by assessing incorporation of the thymidine analog BrdU. Data are representative of three
independent experiments. P values were determined by a two-tailed unpaired t-test. n.s., P>0.05.
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Supplemental Figure 7. GDF15 enhances the suppressive activities of nTreg cells in vitro. (A-D) The
expressions of FOXP3 and CTLA4 on human (A, B) or mouse (C, D) CD4+CD25hiCD127lo nTreg cells stimulated
with anti-CD3/CD28 antibody and IL-2 in complete medium supplemented with corresponding GDF15, mouse
GDF15 (mGDF15), TGF-β or PBS (Mock). (E, F) The inhibition of human (E) or mouse nTreg (F) cells after
stimulation with corresponding GDF15, mGDF15 or Mock to CFSE labeled human or mouse naïve CD4+ T cells.
(G) Real-time survival of Hepa1-6-OVA cells cocultured with OT-I cells (+OT-I), OT-I cells plus mouse nTreg cells
(+OT-I +nTregs), or OT-I cells plus mGDF15-stimulated mouse nTreg cells (+OT-I +mGDF15 nTregs) (left). Data
at 120 h are shown as a bar (right). Data are representative of three independent experiments (n = 4 cell cultures). P
values were determined by a two-tailed unpaired t-test, n.s., P>0.05.
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Supplemental Figure 8. (A) The expression of GDF15 in serum and various organs of GDF15 KO mice (KO) and
their WT littermates (WT) (n=7 mice per group). The intensities of target bands were quantified and normalized to
GAPDH expression. (B) Histological analysis was performed on tissues from 10-month-old GDF15 KO mice and
their WT littermates. The inflammatory status of the tissues is shown as a pathological score, which was evaluated
in a blinded manner by pathologists (n=20 mice per group). (C) A transposon system containing the plasmids
encoding myr-AKT1 and N-RasV12 along with sleeping beauty transposase was delivered to hepatocytes of GDF15
KO mice and the WT littermates via hydrodynamic tail vein injection. 4 weeks later, all mice were euthanized,
hepatocarcinogenesis were evaluated by the quantity of nodules in liver and the size of the biggest nodule (n=6 mice
per group). (D) The percentages of IFN-γ-producing T cells among splenic CD4+ T cells from GDF15 KO mice and
their WT littermates (n = 8 mice per group). (E, F) Schematic representation of the transfer of naïve CD4+ T cells
or primary nTreg cells from C57BL/6 GFP transgenic (CD45.1) mice. Data are representative of two (A, D) or three
(C) independent experiments. P values were determined by a chi-square test, n.s., P>0.05 (B) and a two-tailed
unpaired t-test (A, C, D).
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Supplemental Figure 9. GDF15 blocks FOXP3 ubiquitination by downregulating STUB1. (A) A heatmap for
the genes depicted by GSEA in Figure 5I. (B) GO analysis of the differentially expressed genes between GDF15and TGF-β- converted iTreg cells. (C) The protein and mRNA expressions of FOXP3 in Jurkat T cells after indicated
stimulation. (D) FOXP3 expressions in GDF15 or TGF-β induced iTreg cells from Jurkat T cells after treated with
CHX of the indicated time. Expression levels of FOXP3 were quantified and normalized to GAPDH expression. (E)
CoIP analysis of FOXP3 ubiquitination in Jurkat T cells after indicated stimulation. (F, G) The mRNA and protein
expression levels of STUB1 and FOXP3 in Jurkat T cells after stimulation with the indicated concentrations of
GDF15 or other stimulations were determined by qRT-PCR (F) and western blotting (G). Mock, anti-CD3/CD28
mAbs and IL-2 stimulations. The mRNA expression level was normalized to that of the reference gene GAPDH (C,
F, n=4 cell cultures). The intensities of target bands were quantified and normalized to GAPDH expression (C, D,
G). Data are representative of three independent experiments (C-G). P values were determined by a two-tailed
unpaired t-test (D, G), n.s., P>0.05.
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Supplemental Figure 10. The expression of GFRAL (A) and RET (B) in Jurkat, human and mouse CD4+ naïve T
cells. LN229, a glioblastoma cell line, and THP-1, a monocyte cell line, were used as positive control respectively.
The intensities of target bands were quantified and normalized to GAPDH expression, and the intensities exhibited
are the mean of three independent experiments. (C) The proteins pulled down by His tagged GDF15 were resolved
by gel electrophoresis and subjected to Mass Spectrometry analysis. The identified peptides of CD48 are highlighted
(red) in the full length sequence.
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Supplemental Figure 11. GDF15 interacts with CD48 and downregulates STUB1 through inhibition of the
ERK/AP-1 pathway. (A, B) The phosphorylation of ERK in human (B) and mouse (C) naïve CD4+ T cells after
anti-CD3/CD28 mAbs and IL-2 stimulations with GDF15 (GDF15) or mouse GDF15 (mGDF15). (C) The levels
of c-jun and c-fos proteins in nucleus of human and mouse nTreg cells after anti-CD3/CD28 mAbs and IL-2
stimulations with GDF15 (GDF15) or mouse GDF15 (mGDF15). (D) Predictions of c-jun and c-fos as transcription
factors for STUB1 promotor. (E) c-jun and c-fos upregulates STUB1 promoter activity, as evaluated by dualluciferase reporter assays. (F) c-jun and c-fos have no promotion on the activity of FOXP3 promoter. (G, H) The
relative enrichment of c-jun/c-fos binding to the promoter of STUB1 in human (H) or mouse (I) nTreg cells after
anti-CD3/CD28 mAbs and IL-2 stimulations with GDF15 (GDF15) or mouse GDF15 (mGDF15). (I) The
phosphorylation of ERK in Jurkat T cells after anti-CD3/CD28 mAbs and IL-2 stimulations with GDF15. Mock,
anti-CD3/CD28 mAbs and IL-2 stimulations. (J) The generation of iTreg cells from control knockout (CD48_Vec)
or CD48 knockout Jurkat T cells after anti-CD3/CD28 mAbs and IL-2 stimulation without (CD48_sgRNA) or with
(CD48_sgRNA+GDF15) GDF15. The intensities of target bands were quantified and normalized to GAPDH
expression (B-D, J). Data are representative of three independent experiments (B-D, F-J). P values were determined
by a two-tailed unpaired t-test (F-J, n=3 or 4), n.s., P>0.05.
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Supplemental Figure 12. The specificity and neutralizing activity of G15A, a mouse mAb against GDF15. (A,
B) A GDF15-specific mAb (clone G15A) was generated using hybridoma technology. The specificity of G15A for
human (A) and mouse GDF15 (B) was evaluated with ELISAs (n=3) and SPR spectroscopy. (C, D) The neutralizing
activity of G15A to block the ability of human or mouse GDF15 to induce iTreg cell generation from human (C) or
mouse (D) naïve CD4+ T cells was evaluated by flow cytometry (n=4 cell cultures). Data are representative of three
independent experiments (A, B left, C, D). P values were determined by two-way ANOVA (A, B) or a two-tailed
unpaired t-test (C, D).
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Supplemental Figure 13. (A) Schematic representation of orthotopic tumor models and antitumor studies of G15A.
(B) Mice carrying Hepa1-6-Luc cell in livers were treated with Iso, Iso plus anti-mouse PD-1 antibody (PD1 mAb)
or G15A plus PD1 mAb (n=8 mice per group). Ki67 expression in CD4+ and CD8+ TILs (E) on day 28 after
euthanasia are shown. Data are representative of three independent experiments. P values were determined by a
two-tailed unpaired t-test.
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Supplemental Figure 14. Food intake and weight of mice treated with G15A in antitumor studies. (A) The
food intake in each group of mice (n=8 mice per group) was recorded every day during antitumor studies of G15A.
(B) The body weight of each mouse was recorded every three days during antitumor studies of G15A. Data are
representative of three independent experiments. P values were determined by two-way ANOVA.
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Supplemental Table 1. Clinicopathological characteristics of the 16 patients for tumor RNA sequencing.
Patients with high Tregs
Infiltration (n=8)

Patients with low Tregs
Infiltration (n=8)

P value

Treg cells in Tumor
(% of CD4+ T cells)

26.73±4.97

8.73±2.17

<0.0001

Median Age

53.2±4.22

51.2±2.02

0.3210

Gender (n)

1.0000

Female

3

3

Male

5

5

TNM Stage (n)
Ⅱ

1.0000
3

4

ⅢB

5

4

Etiology (n)

1.0000

HBV (+)

3

2

HCV (+)

1

1

others

4

5

ALT (U/L)

80.96±45.31

80.7±44.73

0.6896

AST (U/L)

67.78±47.6

64.13±35.5

0.5268

TBIL (μmol/L)

17.75±8.04

14.94±6.55

0.4576

Liver Function

NOTE: Mean±SEM, AST, aspartate aminotransferase; ALT, alanine aminotransferase; TBIL, total bilirubin. Student’s t test was used
to compare the Tregs percentage and median age in cohorts. Fisher’s exact test was used to compare Gender, Stage and Etiology
distribution in cohorts. HBV patients were seropositive for hepatitis B surface antigen (HBsAg); HCV positive patients had detectable
HCV RNA. All of the patients were negative for antibodies against HIV and syphilis.
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Supplemental Table 2. Association between the expression of GDF15 and clinicopathological characteristics
in 90 HCC patients.
Variables

Total

GDF15 expression
+

−

n=90

n=43

n=47

Female

37

20

17

male

53

23

30

>50

43

19

24

≤50

47

24

23

Ⅰ

28

6

22

Ⅱ
Ⅲ

25
23

11
13

14
10

Ⅳ

14

13

1

+

79

40

39

-

11

3

8

≤40

51

17

34

>40

39

26

13

≤35

53

20

33

>35

37

23

14

≤20

50

22

28

>20

40

21

19

P-value

Gender
0.3193

Age
0.5141

TNM Stage
0.0002

HBV or HCV Infection
0.1462

Liver Function
ALT (U/L)
AST (U/L)
TBIL (μmol/L)

0.0017
0.0225
0.4224

NOTE: AST, aspartate aminotransferase; ALT, alanine aminotransferase; TBIL, total bilirubin. Cutoff value of GDF15=the average
concentration of GDF15 in tumor. Cutoff value of AST, ALT and TBIL is the upper limit of the normal range. The P values were
determined using chi-square tests.
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Supplemental Table 3. The potential E3 ligases and ubiquitination related proteins (n=25) that specifically bound to Foxp3.
Description

Gene

UniProtKB ID %Cov

Identification
Score

MW No. of Unique
[kDa]
Peptides

Functions

Heat shock cognate 71
HSPA8
kDa protein

Q8N1C8

24

681

73.8

12

Ensuring the correct folding of proteins and controlling the
targeting of proteins for subsequent degradation. Participates in the
ER-associated degradation (ERAD) quality control pathway in
conjunction with J domain-containing co-chaperones and the E3
ligase STUB1.

Hsp70-binding protein
HSPBP1
1

Q9NZL4

3

359

39.3

1

Interferes with ubiquitination mediated by STUB1 and inhibits
chaperone-assisted degradation of immature CFTR.

Heat shock 70 kDa
protein 1A

HSPA1A

P0DMV8

10

642

70.1

3

Plays a pivotal role in the protein quality control system, ensuring
the correct folding of proteins, the re-folding of misfolded proteins
and controlling the targeting of proteins for subsequent
degradation.

Heat shock protein
beta-1

HSPB1

P04792

5

205

22.8

1

Functions as a molecular chaperone probably maintaining
denatured proteins in a folding-competent state.

PML

P29590

1

882

97.5

1

Acts as the scaffold of PML-NBs allowing other proteins to shuttle
in and out, a process which is regulated by SUMO-mediated
modifications and interactions.

F-box and leucine-rich
repeat protein 20,
FBXL20
isoform CRA_a

J3KTA1

2

438

48.5

1

Substrate-recognition component of the SCF (SKP1-CUL1-F-box
protein)-type E3 ubiquitin ligase complex.

Pre-mRNA-processing
PRPF19
factor 19

Q9UMS4

16

504

55.1

5

Ubiquitin-protein ligase which is a core component of several
complexes mainly involved pre-mRNA splicing and DNA repair.

Protein PML
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TNF receptorassociated factor 6
E3 ubiquitin-protein
ligase Itchy homolog
E3 ubiquitin-protein
ligase TRIM21

TRAF6

Q9Y4K3

2

522

59.5

1

E3 ubiquitin ligase that, together with UBE2N and UBE2V1,
mediates the synthesis of 'Lys-63'-linked-polyubiquitin chains
conjugated to proteins, such as IKBKG, IRAK1, AKT1 and
AKT2.

ITCH

Q96J02

2

1042

114.7

2

E3 ubiquitin-protein ligase, Catalyzes 'Lys-29'-, 'Lys-48'- and 'Lys63'-linked ubiquitin conjugation.

4

Component of cullin-RING-based SCF (SKP1-CUL1-F-box
protein) E3 ubiquitin-protein ligase complexes. Forms a ubiquitin
ligase complex in cooperation with the E2 UBE2D2 that is used
for the ubiquitination of USP4 and IKBKB.

TRIM21

P19474

9

475

54.1

Ring finger and
CCCH-type zinc
finger domains 1

RC3H1

B9EGU6

15

1134

125.7

10

Post-transcriptional repressor of mRNAs containing a conserved
stem loop motif, which is often located in the 3'-UTR, as in
HMGXB3, ICOS, IER3, NFKBID, NFKBIZ, PPP1R10, TNF,
TNFRSF4 and in many more mRNAs.

U4/U6.U5 tri-snRNPassociated protein 1

SART1

O43290

5

800

90.2

3

Plays a role in mRNA splicing as a component of the U4/U6-U5
tri-snRNP, one of the building blocks of the spliceosome.

Mitotic checkpoint
protein BUB3

BUB3

O43684

6

328

37.1

2

Has a dual function in spindle-assembly checkpoint signaling and
in promoting the establishment of correct kinetochore-microtubule
(K-MT) attachments.

CAD protein

CAD

P27708

1

2225

242.8

1

A "fusion" protein encoding four enzymatic activities of the
pyrimidine pathway (GATase, CPSase, ATCase and DHOase).

2

Core histone-binding subunit that may target chromatin assembly
factors, chromatin remodeling factors and histone deacetylases to
their histone substrates in a manner that is regulated by
nucleosomal DNA.

Histone-binding
protein RBBP4

RBBP4

Q09028

3

425

47.6
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UBR1

ZFP91

Pleiotropic regulator 1 PLRG1

Q8IWV7

Q96JP5

O43660

1

2

2

1749

570

514

200.1

63.4

57.2

1

E3 ubiquitin-protein ligase which is a component of the N-end rule
pathway. Recognizes and binds to proteins bearing specific Nterminal residues that are destabilizing according to the N-end
rule, leading to their ubiquitination and subsequent degradation.

1

Atypical E3 ubiquitin-protein ligase that mediates 'Lys-63'-linked
ubiquitination of MAP3K14/NIK, leading to stabilize and activate
MAP3K14/NIK. Acts as an activator of the non-canonical NFkappa-B2/NFKB2 pathway.

1

Involved in pre-mRNA splicing as component of the spliceosome.
Component of the PRP19-CDC5L complex that forms an integral
part of the spliceosome and is required for activating pre-mRNA
splicing.

E3 UFM1-protein
ligase 1

UFL1

O94874

2

794

89.5

1

E3 protein ligase that mediates ufmylation, the covalent
attachment of the ubiquitin-like modifier UFM1 to substrate
proteins, a post-translational modification on lysine residues of
proteins that may play a crucial role in a number of cellular
processes.

WD repeat-containing
protein 3

WDR3

Q9UNX4

1

943

106

1

Proteins belonging to the WD repeat family are involved in a
variety of cellular processes, including cell cycle progression,
signal transduction, apoptosis, and gene regulation.

Kelch-like ECHassociated protein 1,
isoform CRA_a

KEAP1 A0A024R7C0

2

624

69.6

1

Interacts with NF-E2-related factor 2 in a redox-sensitive manner
and this interaction results in the expression of the catalytic
subunit of gamma-glutamylcysteine synthetase.

Ubiquitin-conjugating
A0A087WY8
UBE2D3
enzyme E2 D3
5

7

148

16.8

1

A member of the E2 ubiquitin-conjugating enzyme family,
functions in the ubiquitination of the tumor-suppressor protein
p53, which is induced by an E3 ubiquitin-protein ligase.
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RAE1

P78406

2

368

40.9

1

Plays a role in mitotic bipolar spindle formation. May function in
nucleocytoplasmic transport and in directly or indirectly attaching
cytoplasmic mRNPs to the cytoskeleton.

Ubiquitin-protein
ligase E3A

UBE3A

Q05086

3

875

100.6

2

E3 ubiquitin-protein ligas, may function as a cellular quality
control ubiquitin ligase by helping the degradation of the
cytoplasmic misfolded proteins.

Ribosome biogenesis
protein WDR12

WDR12

Q53T99

2

423

47.7

1

Component of the PeBoW complex, which is required for
maturation of 28S and 5.8S ribosomal RNAs and formation of the
60S ribosome.

mRNA export factor

J Immunother Cancer

NOTE: UniProtKB: UniProt Knowledgebase; Identification Score: Automatic generated by MS/MS analysis, >70 means the protein is possible candidate; %COV: Percentage of sequence
coverage (number of the matched residues/number of residues in the entire sequence) x 100%; MW: Molecular weight; No. of Unique Peptides: Number of the matched unique peptides in the
entire sequence.
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Supplemental Table 4. The candidate molecules discovered by quantitative mass spectrometry that may interacts with GDF15.
Description

Gene

UniProtKB ID

RPL28

H0YKD8

CRSP8

A0A024R8B7

Transcription regulation

Surfeit 5, isoform CRA_a

SURF5

A0A024R8C5

Transcription coregulation activity

Superoxide dismutase [Cu-Zn]

SOD1

P00441

60S ribosomal protein L28
Cofactor required for Sp1 transcriptional activation, subunit 8, 34kDa,
isoform CRA_b

cDNA FLJ12766 fis, clone NT2RP2001520,
CD48 antigen
Microtubule-associated protein 1A

B3KMV8

Structural constituent of ribosome

Cu/Zn superoxide dismutase
Highly similar to Calcium-binding mitochondrial carrier protein Aralar1

CD48

A0A087X1S7

MAP1A

E9PGC8

Chromosome segregation ATPase

Q8TCD0

Uncharacterized protein

H0Y368

Glycosyltransferase, GT2 family
Immune system process

Uncharacterized protein
Dolichol-phosphate mannosyltransferase subunit 1 (Fragment)

Functions

DPM1

Antigen binding,signaling receptor activity

NudC domain-containing protein 1

NUDCD1

Q96RS6

Beta-catenin-like protein 1

CTNNBL1

A0A087WUB9

RIOK1

Q9BRS2

Serine/threonine-protein kinase RIO1

A8K9A4

RNA recognition motif (RRM) domain

Serine/threonine-protein kinase RIO1
cDNA FLJ75154, highly similar to Homo sapiens heterogeneous nuclear
ribonucleoprotein C (C1/C2), mRNA

Uncharacterized protein,contains DUF1716 domain

Splicing factor 3B subunit 5

SF3B5

Q9BWJ5

RNA binding,splicing factor binding

Small subunit processome component 20 homolog

UTP20

O75691

RNA binding,involved in 18S pre-rRNA processing

Cathepsin G

CTSG

P08311

Secreted trypsin-like serine protease

High mobility group AT-hook 1, isoform CRA_b

HMGA1

A0A024RCT9

Keratin, type II cytoskeletal 6C

KRT6C

P48668

DNA repair exonuclease SbcCD ATPase subunit

CSTA

P01040

Cysteine-type endopeptidase inhibitor activity

Cystatin-A

RNA binding,regulation of transcription
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Transcriptional adapter 2-beta

TADA2B

Q86TJ2

Chromatin binding

Splicing factor 3B subunit 6

SF3B6

Q9Y3B4

RNA recognition motif (RRM) domain

Mediator of RNA polymerase II transcription subunit 15

MED15

Q96RN5

Uncharacterized coiled-coil protein, contains DUF342 domain

DNA topoisomerase 2-alpha

TOP2A

P11388

DNA gyrase/topoisomerase IV, subunit B

U2 small nuclear ribonucleoprotein A

SNRPA1

P09661

Leucine-rich repeat (LRR) protein

HSPA9

Q8N1C8

Molecular chaperone DnaK (HSP70)

B4DH02

Molecular chaperone DnaK (HSP70)

B2R7W4

RNA recognition motif (RRM) domain

HSPA9 protein (Fragment)
cDNA FLJ50510, highly similar to Heat shock 70 kDa protein 4
cDNA, FLJ93632, highly similar to Homo sapiens heterogeneous nuclear
ribonucleoprotein R (HNRPR), mRNA
Pre-mRNA-processing factor 40 homolog A

PRPF40A

A0A3F2YNY6

RAB1B

Q6FIG4

HNRNPM

A0A087X0X3

RNA recognition motif (RRM) domain

Transcription initiation factor TFIID subunit 9

TAF9

Q16594

Activating transcription factor binding

S-phase kinase-associated protein 1

SKP1

E5RJR5

Activating transcription factor binding
WD40 repeat

RAB1B protein
Heterogeneous nuclear ribonucleoprotein M

mRNA processing
GTPase SAR1 family domain

Nucleoporin SEH1

SEH1L

Q96EE3

U4/U6 small nuclear ribonucleoprotein Prp31

PRPF31

Q8WWY3

U6 snRNA-associated Sm-like protein LSm2

LSM2

Q9Y333

RNA binding

MRPL1

Q9BYD6

Ribosomal protein L1

Q59GW7

DNA polymerase III, delta prime subunit

39S ribosomal protein L1, mitochondrial
Replication factor C 5 isoform 1 variant (Fragment)
Mediator of RNA polymerase II transcription subunit 4 (Fragment)

RNA processing factor Prp31, contains Nop domain

MED4

U4PSC4

Regulation of transcription by RNA polymerase II

60S ribosomal protein L36a-like

RPL36AL

Q969Q0

Ribosomal protein L44E

Probable global transcription activator SNF2L1

SMARCA1

B7ZLQ5

Uncharacterized conserved protein, contains Zn finger domain

SNRPB2

P08579

mRNA splicing, via spliceosome

SMARCC2

F8VXC8

U2 small nuclear ribonucleoprotein B
SWI/SNF complex subunit SMARCC2
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Calreticulin, isoform CRA_b

HEL-S-99n

V9HW88

NADH-cytochrome b5 reductase 3

CYB5R3

P00387

Ferredoxin-NADP reductase

Peroxiredoxin-2

PRDX2

P32119

Alkyl hydroperoxide reductase subunit AhpC (peroxiredoxin)

Testicular tissue protein Li 227

A0A140VK00

cDNA FLJ76823, highly similar to Homo sapiens splicing factor,

Calcium ion binding

Contains Ig-like domain

A8K588

RNA recognition motif (RRM) domain

IFI16

Q16666

DNA-binding transcription repressor activity

Calcium homeostasis endoplasmic reticulum protein

CHERP

J3QK89

RNA binding

Transcription initiation factor TFIID subunit 9B

TAF9B

Q9HBM6

Nucleolar protein 56

NOP56

O00567

RNA processing factor Prp31, contains Nop domain

Breast carcinoma amplified sequence 2

BCAS2

B2R7W3

mRNA processing

arginine/serine-rich 6 (SFRS6), mRNA
Gamma-interferon-inducible protein 16

Desmocollin 3, isoform CRA_b
Nucleolar and coiled-body phosphoprotein 1 (Fragment)
Kelch domain-containing protein 4
Actin-like protein (Fragment)
Putative histone H2B type 2-C
Nuclear pore complex protein Nup107
Titin
DNA replication licensing factor MCM7
DNA-directed RNA polymerases I and III subunit RPAC1
Serine/threonine-protein kinase NLK
Mediator of RNA polymerase II transcription subunit 17
cDNA FLJ54776, highly similar to Cell division control protein 42 homolog

Protein heterodimerization activity

DSC3

A0A024RC29

NOLC1

A0A0A0MRM9

KLHDC4

Q8TBB5

N-acetylneuraminic acid mutarotase

ACT

Q562L2

Actin-related protein

B4DLJ3

GTPase SAR1 family domain

HIST2H2BC

Q6DN03

DNA binding

NUP107

P57740

Structural constituent of nuclear pore

TTN

A0A0A0MTS7

Phage-related protein, tail component

MCM7

C6EMX8

POLR1C

O15160

DNA-directed RNA polymerase, alpha subunit/40 kD subunit

NLK

Q9UBE8

PASTA domain, binds beta-lactams

MED17

A0A384NYG5

cDNA FLJ51495, highly similar to ADP-ribosylation factor 5

B4E1U9
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PKD repeat
Contains LisH domain

DNA replicative helicase MCM subunit Mcm2, Cdc46/Mcm family

Transcription coregulator activity
GTPase activity

Wang Z, et al. J Immunother Cancer 2021; 9:e002787. doi: 10.1136/jitc-2021-002787

Supplemental material

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
placed on this supplemental material which has been supplied by the author(s)

Polymerase (RNA) II (DNA directed) polypeptide K, 7.0kDa, isoform CRA_a
PRSS3 protein
Uncharacterized protein
HCG2039812, isoform CRA_b (Fragment)
Ribosomal protein S6 kinase beta-1
Homeobox protein cut-like

POLR2K

A0A024R9G0

PRSS3

A1A508

LOC100653049

A0A140TA62

Structural molecule activity

KRT6A

A0A0S2Z428

DNA repair exonuclease SbcCD ATPase subunit

RPS6KB1

P23443

CUX1

A0A2R8Y852

DNA binding
Secreted trypsin-like serine protease

PASTA domain, binds beta-lactams
DNA binding

AP-3 complex subunit sigma-2

AP3S2

H0YLI7

Probable ATP-dependent RNA helicase DDX46

DDX46

A0A0C4DG89

Capping protein (Actin filament) muscle Z-line, alpha 2

CAPZA2

A4D0V4

Actin binding

B2R7P8

AICAR transformylase/IMP cyclohydrolase

A0A024R611

Membrane protein involved in colicin uptake

A0A024DAK3

Double-stranded RNA adenosine deaminase activity

cDNA, FLJ93545, highly similar to Homo sapiens 5-aminoimidazole-4carboxamide ribonucleotide
Coronin

CORO1A

RNA-specific adenosine deaminase
cDNA FLJ78655, highly similar to Homo sapiens exportin 5 (XPO5), mRNA

39S ribosomal protein L40, mitochondrial
RPS10-NUDT3 readthrough
Zinc finger protein Helios
Taube nuss homolog (Mouse), isoform CRA_a
Succinate--CoA ligase [ADP/GDP-forming] subunit alpha, mitochondrial
Splicing factor U2AF 35 kDa subunit

Superfamily II DNA and RNA helicase

Small GTPase binding

B2R4I8

Intracellular protein transport

EMD

P50402

Actin binding

MRPL40

Q9NQ50

RNA binding

RPS10-NUDT3

A0A1W2PQS6

IKZF2

A0A0A0MT14

Uncharacterized protein,contains Zinc finger domain

TBN

A0A024RD01

Protein heterodimerization activity

complex 3, sigma 1 subunit(AP3S1), mRNA
Emerin

Intracellular protein transport

A8K5Y7

cDNA, FLJ92106, highly similar to Homo sapiens adaptor-related protein
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8-oxo-dGTP pyrophosphatase MutT and related house-cleaning NTP
pyrophosphohydrolases, NUDIX family

SUCLG1

P53597

Succinyl-CoA synthetase, alpha subunit

U2AF1

Q01081

Metal ion binding
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Exosome RNA helicase MTR4

MTREX

P42285

Superfamily II RNA helicase

Fructose-bisphosphate aldolase

ALDOA

J3KPS3

Fructose-bisphosphate aldolase class 1

P42166

Cadherin binding

Lamina-associated polypeptide 2, isoform alpha

TMPO

Protein arginine N-methyltransferase 5

B2RDD7

NDUFS1
Eukaryotic translation initiation factor 1A, X-chromosomal

A0A291FIZ5

J Immunother Cancer

Arginine methyltransferase
NADH dehydrogenase/NADH:ubiquinone oxidoreductase 75 kD subunit
(chain G)

EIF1AX

P47813

Translation initiation factor IF-1

Trypsin-3

PRSS3

P35030

Secreted trypsin-like serine protease

Fatty acid-binding protein 5

FABP5

Q01469

Cytosolic transport

Peptidyl-prolyl cis-trans isomerase-like 1

PPIL1

Q9Y3C6

Peptidyl-prolyl cis-trans isomerase (rotamase) - cyclophilin family

NOTE: UniProtKB: UniProt Knowledgebase; The candidates were determined as their quantities in the elution from anti-GDF15 antibody were at least three time higher than that from control
antibody.
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Supplemental Table 5. Mass spectrometry analysis indicating the purity of the commercial
mouse rGDF-15 (Database UniProt_Mouse.fasta).
Accession
Q9Z0J7

Gene

Mass

names

(kDa)

Gdf15

33.2

Score
323.31

# Unique
Peptides
7

Description
Growth/differentiation

Relative
Abundance
99.91405385

factor 15 OS=Mus
musculus
V9GXM7

Mns1

24.899

12.157

2

Meiosis-specific nuclear

0.068386103

structural protein 1
(Fragment) OS=Mus
musculus
Q3UV17

Krt76

62.844

13.748

1

K22O_MOUSE Keratin,

0.012542891

type II cytoskeletal 2 oral
OS=Mus musculus
P62806

H4c1

11.367

16.003

1

Histone H4 OS=Mus

0.005017156

musculus

Supplemental Table 6. Mass spectrometry analysis indicating the purity of commercial
human rGDF-15 (Database UniProt_Human.fasta).
Accession
Q99988

Gene

Mass

names

(kDa)

GDF15

34.824

# Unique

Score
181.82

Description

Peptides
4

Growth/differentiation

Relative
Abundance
96.43392424

factor 15 OS=Homo
sapiens
P02656

APOC3

10.852

105.32

1

Apolipoprotein C-III

2.311876273

OS=Homo sapiens
Q6SA08

TSSK4

37.454

70.751

1

Testis-specific

1.254199487

serine/threonine-protein
kinase 4
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