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ABSTRACT
The glucocorticoid-induced tumor necrosis factor receptor (GITR) agonistic antibody (DTA-1) has been 
proved to elicit robust immune response in various kinds of tumors. However, only a few of the HCC 
patients could benefit from it, and the mechanism of DTA-1 resistance remains unknown. Here, we 
measured GITR expression in different immunocytes in HCC microenvironment, and we observed that 
tumor-infiltrating regulatory T cells (Ti-Tregs) significantly expressed GITR, which were associated with 
poor prognosis. Meanwhile, we analyzed the variation of tumor-infiltrating immune components and 
associated inflammation response after DTA-1 treatment in orthotopic liver cancer model of mice. 
Surprisingly, DTA-1 treatment reduced the infiltration of Tregs but failed to activate CD8+ T cells and 
elicit antitumor efficacy. In particular, DTA-1 treatment enforced alternative M2 polarization of macro
phage, and macrophage depletion could enhance DTA-1-mediated antitumor efficacy in HCC. 
Mechanistically, macrophage M2 polarization attributed to the IL-4 elevation induced by Th2 immune 
activation in the treatment of DTA-1, resulting in DTA-1 resistance. Furthermore, Toll-like receptor 4 (TLR4) 
agonist could diminish the macrophage (M2) polarization and reverse the M2-mediated DTA-1 resistance, 
eliciting robust antitumor effect in HCC. Our finding demonstrated that the TLR4 agonist synergized with 
DTA-1 was a potential strategy for HCC treatment.
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Introduction

Cancer immunotherapy, aiming to rekindle or reinforce nat
ural body defense to eliminate malignant cells, mainly involves 
around immune checkpoint blockade, including CD28/B7 
superfamily (e.g.,CTLA-4,PD-1).1 Multiple cancer types like 
advanced melanoma, non–small cell lung cancer (NSCLC), 
and renal cell carcinoma (RCC) have shown efficacious clinical 
responses to immunotherapy.2,3 Disappointedly, HCC- 
associated clinical immunotherapy has limited outcomes, and 
the clinical objective response rate of HCC treated with immu
nological agents alone was only ~15–20%.4 GITR agonist treat
ment displayed robust efficacy in CT26, MC38, and B16 
melanoma subcutaneous tumor model. However, other studies 
had shown that although none of the 39 patients had complete 
response (CR) or partial response (PR) when treated with 
GWN323 alone (an IgG monoclonal antibody against GITR), 
combination with pembrolizumab and nivolumab had 
a favorable efficacy. Given the heterogeneity of microenviron
ment, combination therapy was a promising strategy in cancer 
immunotherapy. Suppressive microenvironment promoting 
primary or acquired resistance to immunotherapy mainly 

involves around the infiltration of immunosuppressive cells, 
including Treg cells, tumor-associated macrophages (TAMs), 
and myeloid-derived suppressor cells (MDSCs). For instance, 
benefits from PD-L1 antibody treatment could be abolished by 
TREM-1+ TAM infiltration in HCC.5 However, the roles of 
these immunosuppressive cells played and the mechanism of 
their immunosuppression in DTA-1 treatment in HCC need 
further investigation.

Accumulation of macrophage density is thought to be related 
with poor prognosis and survival in lung cancer, prostate cancer, 
and HCC.6 For example, increased recruitment of tumor- 
infiltrating macrophage via CCR2/CCL2 signaling resulted in 
immunosuppressive tumor microenvironment and drove 
tumor growth.6,7 However, distinct status of macrophage has 
been considered with either protective or pathogenic function in 
HCC.8 The protective phenotype in HCC has been described for 
M1 macrophages, which activate tumor-killing mechanism. M2 
macrophage has been shown to suppress adaptive immune 
response and promote tumor growth, invasion, and metastasis. 
M2 polarization is usually related to microenvironment meta
bolism/hypoxia/Th2 immunity (secretion of IL-4, IL-13, IL-10, 

CONTACT Shusen Zheng shusenzheng@zju.edu.cn Division of Hepatobiliary and Pancreatic Surgery, Department of Surgery, The First Affiliated Hospital, 
Zhejiang University School of Medicine; Key Laboratory of Organ Transplantation, Research Center for Diagnosis and Treatment of Hepatobiliary Diseases, Hangzhou, 
Zhejiang Province 310003, China
Caixu Pan, Qinchuan Wu and Shuai Wang contributed equally.

Supplemental data for this article can be accessed online at https://doi.org/10.1080/2162402X.2022.2073010

ONCOIMMUNOLOGY                                        
2022, VOL. 11, NO. 1, e2073010 (11 pages) 
https://doi.org/10.1080/2162402X.2022.2073010

© 2022 The Author(s). Published with license by Taylor & Francis Group, LLC.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits 
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

http://orcid.org/0000-0002-9003-3142
https://doi.org/10.1080/2162402X.2022.2073010
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2022.2073010&domain=pdf&date_stamp=2022-05-06


etc.) in tumor microenvironment.9–13 Nevertheless, whether 
DTA-1 could influence polarization status of macrophages 
remains to be studied.

Tumor necrosis factor receptor superfamily, including 
GITR (TNFRSF18), OX40, CD27, and 4–1BB, can enhance 
T-cell responses and survival through synergizing with TCR 
signaling.14 GITR is constitutively expressed on activated 
CD8+ or CD4+ Foxp3+ Treg cells, at low levels on naïve 
T cells, natural killer (NK) cells, and macrophages.15,16 In 
mice treated with DTA-1, Ti-Tregs are more likely to be 
depleted and CD8+ T cells could attain the ability to resist 
Treg inhibition. However, DTA-1 treatment could also 
increase Th2 response, which is associated with resolution 
of inflammation, tissue repair, and regeneration.13 Given 
that various kinds of tumor-infiltrating immune cells, com
posed of adaptive T cells and innate immune cells (like 
Natural killing cells, Dendritic cells, and macrophages), 
contribute to the modulation of tumor progression, instead 
of blind clinical application of immune-associated agents, 
personalized strategies to enhance clinical response of 
immunotherapy either by biomarker-targeted therapy17 or 
by reasonable design of prudent combinations for DTA-1 
treatment are still desperately in need.

In this work, we characterized GITR expression pattern of 
different immune cells in HCC microenvironment. We found 
that GITR is selectively expressed on tumor-infiltrating Treg. 
Then, in orthotopic liver tumor models, although significant 
decreasing tumor-infiltrating Tregs were observed when treating 
with DTA-1, the mice could not benefit from the therapy. 
Intriguingly, we found that polarization of alternative macrophage 
can compromise the well fractured immunosuppression related to 
decreased infiltration of Treg, which can account for the failure of 
tumor load reduction. To further explore, we demonstrated that 
upregulation of Th2 response induced by DTA-1 contributed to 
M2 polarization via IL-4 elevation. Finally, DTA-1 combined with 
TLR4 monoclonal antibody can abrogate M2 polarization- 
mediated immunosuppression. These results suggest that DTA-1 
combined with TLR4 agonist is a candidate strategy to supplement 
anti-HCC immune therapeutic efficacy in HCC.

Materials and method

Clinical samples

After the patients gave their fully informed consent and signed the 
informed consent, 17 fresh liver cancer samples, peripheral blood 
samples, and para-carcinoma samples were collected from the first 
Affiliated Hospital of Zhejiang University School of Medicine after 
liver cancer resection. These fresh specimens were treated into 
single cell suspensions for subsequent sorting and flow cytometry. 
This project has been approved by the Ethical Committee of the 
First Affiliated Hospital of Zhejiang University School of 
Medicine, and relevant clinical data are summarized in Table S1.

Sample dissociation and sorting

The tumor and para-cancer tissues were treated with Tumor 
Dissociation Kit, human (Miltenyi, 130–095-929) according to 
the manufacturer’s instruction, and a part of the single cell 

suspensions was reserved for labeling CD68+ macrophages. 
Subsequently, CD4+ T cells and CD8+ T cells were separated 
from single cell suspension using REAlease® CD4/CD8 (TIL) 
MicroBead Kit, human (Miltenyi, 130–121-561) for following 
label and flow cytometry.

Establishment of mouse tumor model and treatment

The mice involved in this experiment mainly included C57BL/ 
6 J, Rag1-KO, and Foxp3DTR mice, male and 6–8 weeks of age. 
All the mice were fed in the SPF experimental animal center. 
After the establishment of the mouse tumor model, drug treat
ments were described, given in details in the supplementary 
material.

Cell culture and induced differentiation assay

For T-cell differentiation experiment, naive T cells were sorted 
from fresh spleen tissue by flow sorter. The induction condi
tions of iTreg were RMPI 1640 contained TGF-β (10 ng/ mL), 
IL-2 (20 ng/ml), and DynabeadsTM Mouse T-activator CD3/ 
CD28 (Thermo fisher, 11542D) (at ratio of 2:1). The induction 
conditions of Th2 were RMPI 1640 contained IL-4 (10 ng/ 
mL), IL-2 (20 ng/ml), and DynabeadsTM Mouse T-activator 
CD3/CD28 (at ratio of 2:1). The induction conditions of Th1 
were RMPI 1640 contained IL-12 (4 ng/ ml), IL-2 (20 ng/ml), 
and DynabeadsTM Mouse T-activator CD3/CD28 (at ratio of 
2:1). The concentration of GITR-ligand is 5 µg/ml. For the 
experiment of macrophage differentiation, monocytes derived 
from mouse bone marrow were extracted and stimulated with 
GM-CSF (40 ng/ml, Novus Biologicals, Littleton, CO) for 
7 days for further experiment in vitro. The macrophages were 
induced to differentiate under IL-4 (10 ng/ml) conditions with 
or without GITR-ligand (5 µg/ml).

Elisa assay

The tumor draining lymph node was lysed by RIPA, and the 
protein concentration was determined and then diluted to 
2 mg/ml of total protein concentration. Mouse Interleukin 4, 
IL-4 ELISA KIT (Cusabio, CSB-E04634m) was used to deter
mine IL-4 concentration according to the manufacturer’s 
instruction.

Single cell suspension preparation and flow cytometry

The mice were sacrificed on the indicated day, and then the 
tumor in the left outer lobe of the liver was collected. 
Mononuclear cells were separated from single-cell suspen
sion by OptiPrep Density Gradient Medium. CD4+ T cells 
and CD8+ T cells were enriched by Magnetic beads (BD, 
551539 and 551516) and then detected by multicolor flow 
cytometry after antibody incubation. CD8+ T cells were 
stimulated by Leukocyte Activation Cocktail (550583, BD 
Pharmingen, San Diego, CA) for 5 h for the analysis of 
cytotoxic function. Specific staining steps and correspond
ing antibodies are shown in the supplementary materials.
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Immunohistochemistry

Tissue sections with a thickness of 3 μm were used for immu
nohistochemical assay, and the images were analyzed by two 
independent pathologists. Specific immunohistochemistry 
method is provided in the supplementary materials.

Quantitative RT-PCR

After total RNA extraction and reverse transcription in com
plementary DNA, real-time quantitative PCR was performed 
using the SYBR qPCR Master Mix (Vazyme, Q711-02) accord
ing to the manufacturer’s instruction. The threshold cycle 
value was used to analyze the gene expression among the 
different groups. Independent experiment was repeated at 
least three times. Primers are shown in the Supporting 
Table S2.

Statistical approach

Statistical analysis was performed using GraphPad Prism 8 
software (La Jolla, CA). Flow cytometry data were analyzed 
by FlowJo.10 (TreeStar, Ashland, OR). Student two-tailed t test 
was used for comparison of quantitative data from different 
groups. P < .05 was considered statistically significant (*P < .05; 
**P < .01; ***P < .001).

Results

Ti-Treg shows significant high expression of GITR, which 
was associated with poor prognosis

To determine which components of immune cell would be 
prioritized to be targeted by anti-GITR agonist in HCC, we 
researched GITR expression in different immune cell through 
a public database (http://tisch.comp-genomics.org/home/), 
and we found Treg showed the highest expression of 
TNFRSF18 in single-cell sequencing dataset (Figure 1a). To 
further investigate, we collected 17 HCC samples from patients 
and further analyzed GITR expression in CD4+ T cells, CD8+ 

T cells, and macrophage by flow cytometry assay. We found 
that GITR was mainly expressed on CD4+ T cells and hardly 
expressed on CD8+ T cells and macrophages in HCC micro
environment (Figure 1b, S1A). Intriguingly, Treg selectively 
express GITR when compared to naïve CD4+ T cell and con
ventional CD4+ T cell (Figure 1c). Moreover, GITR expression 
on Treg showed region specificity. When compared with Treg 
from para-carcinoma liver, tumor-infiltrating Treg showed 
higher expression of GITR (Figure 1d). Coupled with that, 
Treg abundance was higher in tumor microenvironment 
when compared with the liver (S1B), suggesting that these Ti- 
Tregs are more likely to be regulated.

Next, we analyzed the relationship between GITR expression 
and clinical information of patients. Clinical features of patients 
and tumors are described in Table S1. We found that Treg cells 
showed higher MFI of GITR in alpha fetoprotein (AFP) positive 
group patients compared with alpha fetoprotein (AFP) negative 
group patients (Figure 1e), and GITR expression was independent 
of age and sex (table S1). High expression of GITR is positively 
associated with survival prognosis of HCC patients in GEPIA 

(http://gepia.cancer-pku.cn/, dataset: TCGA-LIHC) (Figure 1f). 
Collectively, these results indicate that tumor-infiltrating Treg 
cells were the main target of GITR agonist.

DTA-1 treatment elicited robust B16/F10 tumor regression 
but failed to impede HCC growth

In preclinical studies, DTA-1 have been reported to cause robust 
tumor inhibition of various kinds of tumor and increase survival 
prognosis.18,19 To further investigate the role DTA-1 played in 
anti-HCC response, hepa1-6 in situ in mouse model was estab
lished and treated with DTA-1. Disappointedly, DTA-1 treatment 
failed to curb HCC growth (Figure 2a,b). To verify the effective 
function of DTA-1 and compare sensitivity of different tumor to 
DTA-1, we simultaneously built B16/F10 and hepa1-6 subcuta
neous tumor model, and DTA-1 treatment caused significant B16/ 
F10 tumor regression, even partially cured (Figure 2c, d). 
However, the tumor growth of subcutaneous Hepa1-6 tumor 
still shown no difference after DTA-1 treatment (Figure 2e, f). 
Taken together, these data demonstrated that HCC tumor is 
selectively resistant to DTA-1 treatment.

DTA-1 treatment reduced infiltration of Treg but failed to 
activate CD8+ T cell in HCC immune microenvironment.

Previous study had shown that reduced tumor infiltrating 
Treg and increased proportion of CD8+ T cell with less 
exhausted phenotype caused by DTA-1 treatment contrib
uted to the robust immune response in MC38 immune 
microenvironment.20 Thus, we analyze the proportion of 
infiltrating CD4+ T and CD8+ T cell in HCC immune 
microenvironment. Consistent with previous studies, we 
found decreased proportion of CD4+ T cells in total 
CD45+ CD3+ T cell after DTA-1 treatment but with no 
significantly proportional change within CD8+ T cells 
(Figure 3a). The main decreased subpopulation was 
CD45+ CD3+ CD4+ Foxp3+ Treg (Figure 3b-d), the same 
results as in the lymph node (S1C). We also showed that 
GITR-ligand could compromise expression of Foxp3 under 
induced Treg (iTreg) polarizing condition in vitro (S1D). 
We also found high expression of GITR on Ti-Treg in 
orthotopic Hepa1-6 tumor mouse model, and when treated 
with DTA-1, GITR expression on Foxp3+ T cells drastically 
decreased (S1E). However, the expressions of suppressive 
ligand such as PD-L1, CTLA4 showed no significant differ
ence after treatment (Figure 3e). In addition, DTA-1 treat
ment maintained sufficient stability of peripheral Treg, 
which may avoid an overactive peripheral immune response 
(S1F). In spite of decreased infiltration of Ti-Treg, the 
cytotoxic function of CD8+ T cell showed little advance 
and only showed a slight elevation of TNF-α production, 
and the proportion of PD-1+ in CD8+ T decreased. The 
proportion of PD-1+TIM3+ and secretion of Granzyme B in 
CD8+ T cells show no difference (Figure 3f). Evident reduc
tion of infiltrating of repressive Foxp3+ Treg cell failed to 
generate the activation of CD8+ T cells and mighty anti- 
tumor effect, thus, the potential resistance mechanism of 
DTA-1 treatment needs further investigation.
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Macrophage M2 polarization conferred resistance to 
DTA-1 treatment in HCC

Given that liver macrophages are highly plastic and susceptible 
to adapt their phenotype on the basis of signals from hepatic 
microenvironment (e.g., danger signals, cytokines from other 
immune cells)21 and more proportion of macrophage in 
CD45+ was observed in orthotopic Hepa1-6 tumor when 

compared with subcutaneous B16/F10 tumor (S1G), we next 
explore the role macrophages played in DTA-1 therapy. After 
macrophage depletion (Verified in S2A) by intravenous injec
tion of liposome 1d before building hepa1-6 in situ model, great 
tumor regression was found in DTA-1 combined treatment 
group, yet tumor burden increased when macrophage was single 
depletion or given DTA-1 therapy separately (Figure 4a, 4b). 
Thus, we next analyze various phenotypes and function of 

Figure 1. Ti-Treg shows significant high expression of GITR, which was associated with poor prognosis. (a) TNFRSF18 expression pattern in different immune cells in four 
single cell sequences of LIHC (liver hepatocellular carcinoma). (b) CD4+ T cells and CD8+ T cells in fresh clinical HCC sample were enriched and then labeled with CD3, 
CD4, CD8a, CD45RA, and GITR for analyzing GITR expression on different subpopulation by flow cytometry. (c)The different expression patterns of GITR on Naïve CD4+ 

T cells (labeled as CD3+ CD4+ CD45RA+), conventional CD4+ T cells (labeled as CD3+ CD4+ Foxp3− CD45RA−), and Treg (labeled as CD3+ CD4+ Foxp3+) in tumor are 
shown. (d) Comparison of GITR MFI of various subgroups (CD3+ CD4+ Foxp3+ Treg cell, CD3+ CD4+ Foxp3− CD45RA−Tconv cell, CD3+ CD8+ T cell, CD3+ CD45RA+ Naïve 
T cell) in tumor and para-cancer tissue. (e) The different expression of GITR of Ti-Treg between AFP-positive group (AFP > 20 ng/ml) and AFP-negative group (AFP ≤ 20 
ng/ml). Data are shown as mean ± SEM. *P < .05; **P < .01; ***P < .001. (f) Correlation analysis of TNFRSF18 gene expression level and survival prognosis of HCC 
patients. High TNFRSF18 group (n=91) (red line) was defined as the top 25% in TNFRSF18 gene expression level, and low TNFRSF18 group (n=90) (blue line) was defined 
as the end 25% in TNFRSF18 gene expression level.
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macrophage in HCC microenvironment after DTA-1 treatment, 
and it is worth noting that enforced alternative activation of 
macrophage (M2 polarization) was found after the therapy, 
which characterized as improved expression of CD206 and IL- 
10 and decreased expression of iNos and TNF-α (Figure 4c, 4d). 
Together, our results indicated that GITR agonist can skew 
macrophage polarization from M1 to M2 in some way.

Research has shown that macrophages express GITR at low 
level.16,22 Consisted with antecedent studies, we also verified 
that CD45+ CD68+ macrophage showed low expression of 
GITR (S1A). In addition, CD206 expression showed no dif
ference in macrophage when cultured under M2 polarization 
condition with or without GITR-ligand in vitro (S2B), sug
gesting that GITR agonist would not intervene macrophage 
polarization directly. Thus, we sought to determine the way 
DTA-1 influenced macrophage polarization. We first condi
tionally cleared Foxp3+ Treg in Foxp3DTR mice by intraper
itoneal injection of diphtheriatoxin before DTA-1 treatment, 
and we found that M2 polarization bias of macrophage still 
existed (Figure 4e), and the enhanced Th2 response still 
remain (S2C); CD8+ T cells showed no significant difference 
in PD-1 expression (S2D). However, when we repeated the 
above tests in Rag1-KO mice, DTA-1 treatment could not 
skew M2 polarization (Figure 4f). These results strongly sug
gested that GITR agonists indirectly favor M2 macrophage 
phenotype through co-stimulation of T cells, which is inde
pendent on tumor-infiltrating Treg.

DTA-1 treatment triggered Th2 response in TME lead to 
increasing M2 polarization

Previous discovery had reported that GITR co-stimulation 
can enhance Th2 responses19,23 to investigate the potential 
mechanism of T-cell-mediated increasing M2 polarization 
after treatment, and we sought to investigate whether DTA- 
1-induced resistance in HCC model was associated with Th2 
immunity. Indeed, flow cytometry assay showed accelerating 
IL-4 secretion in CD4+ T cell was detected by treatment with 
the DTA-1 antibody (Figure 5a). By using Elisa array, the 
levels of IL-4 were enhanced in Hilar lymph nodes after 
treatment (Figure 5b). When total CD4+ T cells isolated 
from spleen give GITR-ligand in vitro, the Elisa assay showed 
that the supernatant contained more IL-4 (Figure 5c). 
Similarly, we observed that the transcript levels of mRNA 
encoding interleukins 4, 13, and 10 (Il4, Il13, and Il10, respec
tively) in tumor-draining lymph nodes (Hilar lymph nodes) 
were all significantly upregulated (Figure 5d), which are asso
ciated with suppressive immune response. In vitro assay also 
showed that GITR-ligand significantly favor expression of 
GATA3 under Th2-polarizing condition (Figure 5e), but 
shown no influence on Th1 differentiation (S2E). 
Collectively, given that GITR-ligand would not influence 
polarization of macrophage (S2B), these data can explain 
that enhanced M2 polarization was the results of DTA- 
1-mediated Th2 response.

Figure 2. DTA-1 treatment elicited robust B16/F10 tumor regression, but failed to impede HCC growth. (a-b) The hepa1-6 cells (5X105) were injected within left lobe of 
liver of C57BL/6 in situ, followed by treatment of DTA-1 (300ug) on day 6 and day 9 after inoculation. Tumor weight was examined on Day 13 (n=12 for each group), and 
tumor appearance was compared with other group. (c) Average tumor growth of subcutaneously injected B16/F10 cells was examined (n=6 for each group), and the 
treatment of DTA-1 was administered on day 6 and day 9. (d) B16/F10 tumor appearance was compared with other group (day 17). (e) Average tumor growth of 
subcutaneously Hepa1-6 cells was examined (n = 6) for each group. The treatment of DTA-1 was administered the same as before. (f) Hepa1-6 tumor appearance was 
compared with other group (day 17). Data are shown as mean ± SEM. *P < .05; **P < .01; ***P < .001.
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Anti-IL4 mAb and LPS treatment synergy with DTA-1 lead 
to great anti-Hepa1-6 effect

To further prove the link between Th2, TAM2, and tumor growth 
in vivo, DTA-1 was administered after neutralizing IL-4 in ortho
topic Hepa1-6 model. We found obvious decreased tumor burden 
in anti-IL4 mAb and DTA-1 treatment group (Figure 5f). 
Meanwhile, when combined with anti-IL4 mAb, we found that 
DTA-1-induced M2 polarization was abolished and marked as 
decreased expression of CD206 on macrophage and enhanced 

iNOS expression (Figure 5g). Next, we intend to design a well- 
directed drug combination to remove DTA-1-induced HCC resis
tance. Toll-like receptor 4 agonist could reprogram M2 polariza
tion to M1 polarization and induce pro-inflammatory response.24 

When combined with TLR4 agonist LPS, tumor burden showed 
great decrease compared to single treatment (Figure 5h). 
Subsequently, we showed that combination of LPS and DTA-1 
could reprogramme M2-M1 polarization when compared with 
NC group or DTA-1 group (S2F). Moreover, the decreased infil
tration of Foxp3+ Treg cells was still detected once receiving DTA- 

Figure 3. DTA-1 treatment reduced infiltration of Treg but failed to activate CD8+ T cell in HCC immune microenvironment. (a) Analysis of the variety of percentage of 
infiltrating CD4+ T cells and CD8+ T cells in CD3+ T cells within tumor lesion from hepa-1-6 bearing mice by flow cytometry after DTA-1 treatment (n = 5). (b-c) Tumor 
lesions were harvested for analyzing percentage of CD4+ Foxp3+ Tregs population. Representative flow images are presented. Data are shown as mean ± SEM. (d) 
Representative immunohistochemical images stained with Foxp3 for each group. Magnification, x100. (e) The suppressive ligands of CD45+ CD3+ CD4+ Foxp3+ Treg are 
examined for each group. Data are shown as mean ± SEM (n = 6). (f) CD8+ T cells were labelled with CD3, CD8a, granzyme B, TNF-α, PD-1, and TIM-3 for analyzing 
cytotoxic function and exhausted status (PD-1+ Tim3+) by flow cytometry. Data are shown as mean ± SEM (n=5 or 6). *P < .05; **P < .01; ***P < .001.
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1 treatment (S2G). To further detect the function of CD8+ T cells, 
we found that the combination group had shown the highest 
secretion of IFN-γ and Granzyme B (Figure 5i). These results 
could further validate our previous resistance mechanism, and 
our research may provide a potential approach to GITR-targeted 
immunotherapy.

Discussion

Revealing the expression profile of specific immune checkpoint 
on immune cells in tumor microenvironment is the corner
stone of specific and individual immunotherapy. For instance, 
studies have found that patients with high expression of PD-1 
in CD8+ T cells in tumor-immune microenvironment can 

attain better clinical efficacy when treated with PD-1 mono
clonal antibody.25,26 The PD-1 expression balance between 
effector and regulatory T cells also predicts the clinical efficacy 
of PD-1 blockade therapies.27 Therefore, revealing GITR 
expression profile in HCC microenvironment becomes 
a prerequisite for DTA-1 therapy. Here, we found that different 
patients presented different types of GITR expression profiles, 
and this might explain why different individuals have different 
responses to DTA-1 treatment. Moreover, our study and other 
research22,28 showed that GITR is mainly highly expressed in 
tumor-infiltrating Treg, while low expression is found in CD8+ 

T cells, macrophages, naive T cells, etc. Combined with our 
results, Ti-Treg were thought as a preferable potential target 
for DTA-1 treatment. However, varying levels of GITR MFI in 

Figure 4. Macrophage conferred resistance to DTA-1 treatment in HCC, and DTA-1 treatment affected M2 polarization indirectly. (a) Schematic illustration of DTA-1 
treatment for combination with liposome. The heap1-6 cells were inoculated orthotopically within C57BL/6 mice on day 1, and mice were pretreated with neutral 
clodronate liposomes (200ul) through tail vein injection on day 0 and 7, followed by treatment of DTA-1 (300ug) on day 6 and 9. (b) All tumors were harvested, and the 
tumor appearance and weight were compared with each group. Data are shown as mean ± SEM (n = 7). (c-d) Schematic diagram of logical door frame selection of 
macrophages was listed. The phenotype of macrophages was examined in mice with or without DTA-1 treatment, including M1 polarization (marked as expression of 
iNos, TNF-α) and M2 polarization (marked as expression of CD206 and IL-10). Data are shown as mean ± SEM (n = 5-7). (e) The M2 polarization of macrophage was 
examined in mice with or without conditional knockout of Treg cells. Conditional knockout of Foxp3+ Treg was established by regular intraperitoneal injection of DT (2 
µg) in tumor-bearing Foxp3DTR mice. Data are shown as mean ± SEM (n=5). (f) The M2 polarization of macrophage was examined in Rag1-KO mice with or without DTA- 
1 treatment (n=5). Data are shown as mean ± SEM. *P < .05; **P < .01; ***P < .001.
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Figure 5. DTA-1 treatment associated Th2 response in TME account for increasing M2 polarization. (a) Analysis of the percentage of Th2 subpopulation in CD4+ T cells by 
flow cytometry, and percentage of CD3+ CD4+ IL-4+ Th2 population were presented as mean ± SEM (n=5 for each group). (b) ELISA assay was applied to detect the 
concentration of IL-4 in tumor draining Hilar lymph nodes. (c) CD4+ T cells sorted from spleen were treated with GITR-ligand (5ug/ml) for 24 h, and concentration of IL-4 
was measured in supernatant. (d) Tumor-draining lymph nodes were harvested on day 10 from a model of orthotopic Hepa1-6 received DTA-1 treatment on day 6 and 9 
or not. Expression of IL4, IL13, IL-10 transcripts in Hilar lymph nodes of Hepa1-6 tumor bearing mice. Data were normalized to the expression of GAPDH and represented 
as mean ± SEM. (e) In vitro assay for Th2 differentiation. Naïve CD4+ T cells (labeled as CD4+ CD44− CD62L+) sorting from spleen treated with IL-4 condition (10 ng/ml) 
under the condition of GITR-ligand (5 µg/ml) or not.(f) Combination of DTA-1 and anti-IL4 mAb to treat hepa1-6 bearing mice. Tumor appearance and weight were 
compared with each group (n=5). (g) The polarization status of macrophage was examined in each group (NC, DTA-1, DTA-1+ Anti-IL4 mAb, anti-IL4 mAb), including 
expression of CD206 and iNos (n=5). (h) Combination of DTA-1 and TLR4 agonist to treat hepa1-6 bearing mice. Tumor appearance and weight were compared with 
each group. (i) CD8+ T cells were labelled with CD3, CD8a, granzyme B, IFN-γ for analyzing cytotoxic function (n=5). Data are shown as mean ± SEM. *P < .05; **P < .01; 
***P < .001.
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Ti-Treg was observed in different patients; patients with AFP 
positive showed higher GITR MFI. This conclusion suggests 
that whether DTA-1 treatment should be given priority to 
patients with increasing AFP levels needs further research.

Next, we conducted DTA-1 therapy experiments in orthotopic 
liver tumor model. Unfortunately, although we verified that the 
Treg infiltration decreased significantly in tumor microenviron
ment, neither activation of CD8+ T cell nor anti-tumor efficacy 
was observed. Tregs are widely believed to have strong immuno
suppressive effects and can achieve significant antitumor benefits 
in anti-CD25 therapy or in conditional Treg knockout models29–31 

but cannot be approved for clinical application due to autoim
mune disease like immune dysregulation, enteropathy, and 
X-linked (IPEX) syndrome and even lethal side effect.32,33 In our 
study, Treg showed different expression characteristics of GITR in 
tumors, para-cancer, and normal tissues, and DTA-1 did not cause 
the imbalance of treg ratio in peripheral normal liver tissues and 
spleen in mice. Meanwhile, the safety of DTA-1 had been verified 
in phase I clinical trials.34,35 These results indicated that DTA-1 
could be a promising drug if the antitumor effect made 
a breakthrough. Considering that immunosuppressive cells in 
tumor microenvironment not only include Treg, but also 
Macrophage, MDSC, etc.11 Liver macrophage owned the character 
of high plasticity and adapt their phenotype according to signals 
derived from hepatic microenvironment.21 It is noteworthy that 
we found macrophages play an important role in DTA-1 drug 
resistance, and increased M2 polarization becomes the main 
mechanism of DTA-1 resistance.

Our study found that the expression profile of GITR was 
mainly concentrated in T cells rather than macrophages, and 
in vitro macrophage GITR-ligand activation assay also verified 
that it had no direct effect on alternative macrophage polarization. 
Meanwhile, studies have reported that DTA-1 can increase Th2 
reactivity and increase IL-4 secretion.19,23 Based on the above 
information, Rag1-KO T cell-deficienct mice and Foxp3DTR con
ditional Treg depletion mice were applied to verify the potential 
mechanism of M2 polarization. We found that M2 polarization 
mainly depends on T cells rather than Treg cells. In vitro experi
ments showed that GITR-ligand can directly increase Th2 differ
entiation and reduce Foxp3 expression. In summary, DTA-1 

treatment mainly causes the increase of Th2 reactivity and thus 
enhances M2 polarization to establish immunosuppressive envir
onment, undermining the benefits derived from Ti-Treg reduction 
(Figure 6).

In conclusion, Th2-mediated M2 polarization and Ti-Treg 
reduction are the main biological reactions caused by DTA-1 
therapy, and the former may be the main mechanism of DTA-1 
resistance, while the latter may serve as a potential force for 
antitumor effects. In order to address the DTA-1 resistance in 
HCC, M2 polarization were revealed to become a key regulatory 
target. Distinguished from other studies that Th2-mediated Th9 
and Th21 play a key role in the anti-tumor response,19,36 our 
finding showed that DTA-1 resistance mainly involves around 
Th2 response-mediated M2 polarization. We proposed the use 
of TLR4 agonist to reverse M2 polarization. To abrogate the 
double-suppressive microenvironment, combination with TLR4 
agonist provide a promising therapeutic strategy to solve DTA-1 
resistance alone.
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