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ABSTRACT
Background  Recombinant human interleukin (rhIL)-
7-hyFc (efineptakin alfa; NT-I7) is a potent T-cell 
amplifier, with two IL-7 molecules fused to IgD/IgG4 
elements. rhIL-7-hyFc promotes extensive infiltration 
of CD8+ T cells into the tumor, concurrently increasing 
the numbers of intratumoral PD-1+CD8+ T cells. The 
hIL-2/TCB2 complex (SLC-3010) inhibits tumor growth 
by preferential activation of CD122 (IL-2Rβ)high CD8+ 
T cells and natural killer cells, over regulatory T cells 
(Tregs). We investigated the underlying mechanisms 
of rhIL-7-hyFc and hIL-2/TCB2c antitumor activity and 
the potential synergistic efficacy, specifically focusing 
on tumor-specific CD8+ cells within the tumor and the 
tumor-draining lymph nodes (tdLN).
Methods  MC38 and CT26 tumor-bearing mice 
were administered with 10 mg/kg rhIL-7-hyFc 
intramuscularly and 0.9 mg/kg hIL-2/TCB2c 
intravenously. Anti-PD-1 monoclonal antibody was 
administered intraperitoneally three times at 3-
day intervals at a dose of 5 mg/kg. Tumor volume 
was measured to assess efficacy. To compare 
the composition of immune cells between each 
monotherapy and the combination therapy, we 
analyzed tumors and tdLNs by flow cytometry.
Results  Our data demonstrate that the combination 
of rhIL-7-hyFc and hIL-2/TCB2c increases efficacy 
and generates an immune-stimulatory tumor 
microenvironment (TME). The TME is characterized 
by an increased infiltration of tumor-specific CD8+ T 
cells, and a decreased frequency of CD39highTIM-3+ 
Treg cells. Most importantly, rhIL-7-hyFc increases 
infiltration of a CD62L+Ly108+ early progenitor 
population of exhausted CD8+ T cells (TPEX), which 
may retain long-term proliferation capacity and 
replenish functional effector CD8+ T cells. hIL-2/
TCB2c induces differentiation of CD62L+Ly108+ TPEX 
rapidly into CD101+ terminally differentiated subsets 
(terminally exhausted T cell (TEX term)). Our study also 
demonstrates that rhIL-7-hyFc significantly enhances 
the proliferation rate of TPEX in the tdLNs, positively 
correlating with their abundance within the tumor. 

Moreover, rhIL-7-hyFc and hIL-2/TCB2c can overcome 
the limited therapeutic effectiveness of PD-1 blockade, 
culminating in the complete regression of tumors.
Conclusions  rhIL-7-hyFc can expand and maintain the 
progenitor pool of exhausted CD8+ T cells, whereas hIL-2/

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Interleukin (IL)-2 and IL-7 are cytokines that play crucial 
roles in the antitumor response by enhancing the surviv-
al, proliferation, differentiation, and function of immune 
cells. Modified forms such as human IL (hIL)-2/TCB2c 
and recombinant hIL (rhIL)-7-hyFc have demonstrat-
ed great promise in expanding populations of tumor-
specific CD8+ T cells and improving the efficacy of 
cancer immunotherapy.

WHAT THIS STUDY ADDS
	⇒ Our study shows that a combination of rhIL-7-hyFc and 
hIL-2/TCB2c synergistically suppresses tumor growth in 
mouse models of colon cancer. We further unveiled that 
these two cytokine-based therapies have discriminative 
but complementary roles in shaping and controlling 
antitumor CD8 responses. rhIL-7-hyFc significantly 
increases tumor-infiltrating CD62L+Ly108+ early pro-
genitor exhausted T cell (TPEX) cells and induces their 
differentiation into an intermediate exhausted subset of 
CD8+ T cells. In addition, rhIL-7-hyFc has the potential 
to counteract T-cell exhaustion. Conversely, hIL-2/TCB2 
induces terminal differentiation into PD-1+TIM3+CD8+ 
T cells which are more likely to have cytolytic activity. 
Thus, these two cytokine-based therapies have distinct 
roles in the dynamics of antitumor CD8 T cells and their 
synergistic activity unveils a novel combination of can-
cer immunotherapy that could enhance the clinical effi-
cacy of current checkpoint inhibitor treatments.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The findings suggest that rhIL-7-hyFc could be a 
mainstay modality for expanding tumor-infiltrating 
TPEX cells, thereby improving the efficacy of both IL-2 
and anti-PD-(L)1 cancer immunotherapy.
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TCB2c promotes their differentiation into TEX term. Together, this induces 
an immune-stimulatory TME that improves the efficacy of checkpoint 
blockade.

INTRODUCTION
Interleukin (IL)-2 (aldesleukin) was the first cancer 
immunotherapy drug to be approved by the US Food and 
Drug Administration for metastatic renal cell carcinoma 
and melanoma. However, the use of high-dose aldes-
leukin is restricted due to the occurrence of capillary leak 
syndrome, the expansion of regulatory T cells (Tregs), 
and a poor pharmacokinetic profile.1 To extend the half-
life of IL-2, engineering approaches have been employed, 
including Fc fusion and PEGylation techniques.2 3 As a 
strategy to deliver IL-2 signaling selectively to CD8+ T 
cells and natural killer (NK) cells expressing low-affinity 
dimeric IL-2Rβ and IL-2Rγ, mutant variants of IL-2 or 
IL-2/anti-IL-2 antibody immune complexes have been 
developed.4–6 The IL-2/anti-human IL (hIL)-2 antibody 
complex, hIL-2/TCB2c (SLC-3010), has been generated 
via complexing IL-2 with novel anti-human IL-2 antibody 
clone TCB2, which binds to the central part of CD25-
binding interface on IL-2. hIL-2/TCB2c can preferentially 
stimulate CD122high CD8+ T cells and NK cells, over Treg 
activation. Previous research has shown that this complex 
significantly inhibited the growth of murine melanoma 
and colon carcinoma, demonstrating further synergy 
with anti-CTLA-4 or anti-PD-1 antibodies.7 Currently, this 
complex is being investigated in phase I/ II clinical trials 
for patients with advanced solid tumors (NCT05525247).

IL-7 is a homeostatic, non-redundant, cytokine that 
plays a key role in the development, survival and prolif-
eration of T cells, as well as maintenance of memory T 
cells. The potential antitumor effects of IL-7 have been 
evaluated with cancer vaccines, where it enhances the 
expansion and activation of vaccine-induced CD8+ T 
cells during tumor challenge. Consequently, this results 
in long-term protection and prolonged survival against 
cancer.8–11 To overcome the major drawbacks of recombi-
nant IL-7 and improve the in vivo half-life, we developed 
a long-acting recombinant human IL-7 (rhIL-7-hyFc, 
efineptakin alfa), comprising two IL-7 molecules fused 
to IgD/IgG4 elements. rhIL-7-hyFc is currently being 
investigated in multiple clinical trials both as a mono-
therapy and in combination with checkpoint inhibitors or 
cancer vaccines. Preclinical studies with rhIL-7-hyFc have 
shown that rhIL-7-hyFc enhances the antitumor efficacy 
of several anticancer strategies, including chemotherapy, 
radiotherapy, checkpoint inhibitors and adoptive cell 
therapies in murine tumor models.12–15

In this work, we sought to explore the synergistic effi-
cacy and complementary mechanisms achieved through 
a dual combination therapy using rhIL-7-hyFc and hIL-2/
TCB2c. A comprehensive understanding of the distinct 
functions of rhIL-7-hyFc and hIL-2/TCB2c is essential 
for the design of effective immunotherapeutic strategies 

and for fully harnessing the immune system’s potential in 
combating cancer.

RESULTS
Combined treatment of rhIL-7-hyFc and hIL-2/TCB2c 
synergistically inhibits the growth of MC38 tumors
Given previous reports of antitumor effects with mono-
therapy of either rhIL-7-hyFc or hIL-2/TCB2c, we sought 
to evaluate the synergistic efficacy of combination therapy 
with rhIL-7-hyFc and hIL-2/TCB2c in the MC38 tumor 
model. Previous studies had shown antitumor activity 
of rhIL-7-hyFc at dose levels ranging from 1.25 mg/kg 
to 10 mg/kg and a single 10 mg/kg dose displayed anti-
tumor activity in three different tumor models (MC38, 
CT-26, and TC-1).7 14 Given the results of dose-finding 
studies in the preclinical model (data not shown), 10 mg/
kg of rhIL-7-hyFc was selected and used to explore the 
synergistic benefits with 0.9 mg/kg of hIL-2/TCB2c, 
which has shown some efficacy as a monotherapy. To eval-
uate the potential synergy of the combination therapy, 
MC38 tumor-bearing mice were injected with 10 mg/kg 
rhIL-7-hyFc and 0.9 mg/kg hIL-2/TCB2c via intramus-
cular and intravenous injection, respectively (figure 1A). 
As expected, both rhIL-7-hyFc and hIL-2/TCB2c mono-
therapies each resulted in marked delays in tumor growth 
compared with the untreated group. The combination of 
rhIL-7-hyFc and hIL-2/TCB2c significantly inhibited the 
growth of MC38 tumors compared with non-treated or 
monotherapy (figure 1B). The tumor individual growth 
curves are presented in (figure  1C). Collectively, these 
results indicate that the combination of rhIL-7-hyFc and 
hIL-2/TCB2c enhanced antitumor efficacy.

rhIL-7-hyFc generates an immune-stimulatory tumor 
microenvironment
To understand the underlying mechanism for the 
increased tumor growth suppression, we first analyzed 
the immune changes elicited by each one of the cytokines 
separately or in combination. CD8+ T-cell numbers and 
proportions from the tumor, tumor-draining lymph nodes 
(tdLN), and peripheral blood were analyzed on days 4, 7, 
and 10 post-treatment. Consistent with our previous find-
ings, CD8+ T cells started to increase significantly after 
day 4 and reached peak levels at day 7 following rhIL-
7-hyFc or hIL-2/TCB2c administration (figure  2A). We 
observed a decline in CD8+ tumor-infiltrating lympho-
cyte (TIL) numbers 10 days after treatment in all treat-
ment groups, although mice treated with rhIL-7-hyFc, 
alone or in combination with hIL-2/TCB2c, maintained 
significantly higher CD8+ TIL than the non-treated and 
hIL-2/TCB2c-treated groups. When we further assessed 
the abundance of CD8+ T cells in the tdLN (figure 2A) 
and peripheral blood (online supplemental figure 1A), 
a massive expansion of CD8+ T cells was observed in 
the rhIL-7-hyFc monotherapy and combination therapy 
groups, which peaked around the same time as CD8+ TIL 
numbers. A single-dose injection of hIL-2/TCB2c also 
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resulted in a modest expansion of CD8+ T cells in tdLNs, 
peaking on day 4 after administration, but the number of 
CD8+ T cells in the bloodstream did not change. These 
results confirm that the significant and persistent expan-
sion of CD8+ T cells in tumor and peripheral organs is 
mainly mediated by rhIL-7-hyFc.

For a deeper understanding of alternations in the 
immune cell infiltration after therapy, we comprehen-
sively analyzed the immune compartment of the TME, 
with a focus on CD8+ T cells, CD11b+ myeloid-derived 
suppressor cells (MDSCs), and Treg cells. rhIL-7-hyFc 
therapy resulted in a significant increase in the frequency 

Figure 1  Combined treatment of rhIL-7-hyFc and hIL-2/TCB2c synergistically inhibits the growth of MC38 tumors. 
(A) Schematic overview of experimental design. MC38 tumor cells were injected subcutaneously at day 0 (d0). 10 mg/kg 
rhIL-7-hyFc or 0.9 mg/kg hIL-2/TCB2c was administered intramuscularly (i.m.) and intravenously (i.v.) on day 9 (d9). Tumor 
growth of MC38 tumors treated with the indicated therapies (n=8 per group) is shown as (B) average tumor size per treatment 
group; red arrow indicates treatment start; tumor volumes on day 24 post-implant are highlighted in a bar graph (C) individual 
tumor growth curves; the dashed line represents the average tumor volume of non-treated mice. Data are presented as the 
mean±SEM and analyzed by one-way (B; right panel) or two-way analysis of variance (B; left panel) with Turkey’s testing for 
multiple comparisons. Statistical significance is indicated as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. i.v., intravenously; 
rhIL, recombinant human interleukin; s.c., subcutaneous.
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Figure 2  rhIL-7-hyFc generates immune-stimulatory tumor microenvironment. (A) Absolute counts of total CD8 T cells in the 
tumor (left panel) and tumor-draining lymph node (right panel) at 4, 7 and 10 days post-treatment. The asterisk (*) expresses 
significance compared with the non-treated control. (B) Representative flow cytometry plots showing the frequency of CD11b+ 
cells (upper panel) and TCRβ+ CD8+ T cells (lower panel) among CD45+ cells isolated from MC38 tumors on 7 days after 
the first dose and pooled data (right panel) showing the percentage of TCRβ+CD8+ T cell among CD45+ tumor-infiltrating 
immune cells. (C) Summary graphs showing the percentage of CD11b+ cells (left), CD8+ cells (middle) in total tumor infiltrating 
CD45+ leukocytes, and CD8/CD11b ratio (right) at 7 days post-treatment. (D) Representative flow cytometry plots showing 
percentage of CD4 or CD8 T cells (upper panel), pre-gated on live, singlets, CD45+, CD11b−, TCRβ+ and CD25+FoxP3+Tregs 
(lower panel) gated on CD4 T cells from MC38 tumors 7 days post-treatment. (E) Pooled data showing CD8/CD4 ratios (left 
panel), CD4+CD25+FoxP3+ Treg cell number (middle panel) and CD8/Treg ratios (right panel) in tumor 7 days post-treatment. 
(F) Representative flow plots showing the percentage of two subpopulations of intratumoral Treg cells based on the expression 
of TIM-3 (upper panel). Red dots represent the TIM-3– Tregs. Pooled data of the frequency of TIM-3+ and TIM-3– Treg cells is 
shown in the right panel. All data are represented as mean±SD (n=5 mice per group). Statistical analysis was performed by 
using one-way analysis of variance with Tukey’s multiple comparisons test. Statistical significance is indicated as *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. LN, lymph node; rhIL, recombinant human interleukin; TIL, tumor-infiltrating lymphocyte; 
TIM-3, T cell immunoglobulin and mucin domain-3; Treg, regulatory T cells.
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of CD8+ TIL among CD45+ cells, while remarkably 
reducing the frequencies of CD11b+ MDSCs. This resulted 
in prominently enhanced ratios of CD8+ T cells relative 
to CD11b+ MDSC more obviously 7 days after treatment 
(figure 2B,C). On the other hand, hIL-2/TCB2c-treated 
tumors exhibited a modest increase in the frequency of 
CD8+ TILs among total CD45+ cells, due to slightly lower 
frequencies in CD11b+ MDSC than untreated mice. Alto-
gether, our results corroborated that rhIL-7-hyFc therapy 
remodels the immune microenvironment via extensive 
infiltration of CD8+ TILs, further decreasing the propor-
tion of CD11b+ MDSCs.

We next examined whether monotherapy or combina-
tion treatment leads to the expansion of Treg cells in the 
TME. On day 7 after rhIL-7-hyFc alone or combination 
treatment, markedly increased CD8/CD4 ratios were 
observed compared with those in the non-treated group 
while the total numbers of Treg cells were not signifi-
cantly different between groups. rhIL-7-hyFc-containing 
treatment favored a much higher ratio of CD8/Treg 
when compared with the untreated group (figure 2D,E). 
Furthermore, it is known that TIM-3+ Tregs have 
enhanced immunosuppressive activity and are associated 
with worse prognosis.16 17 Interestingly, rhIL-7-hyFc effec-
tively reduced the proportion of TIM-3+ Treg cells within 
the tumor, inversely increasing TIM-3– Treg cells charac-
terized by having low expression of CD39, compared with 
those from untreated mice (figure 2F). Taken together, 
these findings suggest that rhIL-7-hyFc established an 
immune-stimulatory microenvironment characterized by 
intensive infiltration of cytotoxic CD8+ T cells, and lower 
frequency of immunosuppressive cells like TIM-3+ Tregs 
and CD11b+ MDSCs.

Combination therapy of rhIL-7-hyFc and hIL-2/TCB2c can 
greatly expand both tumor-specific and non-specific CD8+ T 
cells in tumors
The combination of rhIL-7-hyFc and hIL-2/TCB2c 
resulted in a synergistic increase in the absolute number 
of CD44highPD-1+CD8+ T cells in the TME (figure 3A). We 
next investigated the tumor specificity of the CD8+ TILs in 
MC38 tumors treated with monotherapy or combination 
therapy. Three major subpopulations of CD8+ TIL were 
described based on PD-1 expression and binding to the 
MC38 epitope peptide (p15E604-611, KSPWFTTL), enabling 
the identification of endogenous p15E-specific CD8+ T 
cells (figure  3B).18 CD8+ TILs were classified into three 
discernible subpopulations: PD-1–p15E–, PD-1+p15E–, and 
PD-1+p15E+ (tumor-specific and reactive).

We hypothesized that combination treatment exerts 
antitumor activity by the differential effects of rhIL-7-
hyFc and hIL-2/TCB2c on CD8+ TIL subsets. Previous 
studies have shown that engineered IL-2 variants with 
attenuated binding to CD25 and increased affinity for 
CD122 can induce tumor-specific T-cell responses along 
with cytotoxic T-cell expansion in preclinical models.19 20 
Consistent with this, hIL-2/TCB2c markedly increases the 
frequency of p15E-specific CD8+ T cells, but does not lead 

to alternations in their absolute numbers compared with 
the untreated control (figure  3C). On the other hand, 
rhIL-7-hyFc preferentially increases the proportion of 
PD-1−p15E−, while the frequency of p15E-specific CD8+ 
T cells remains comparable to that of the non-treated 
group. However, due to a significant increase in abso-
lute counts of CD8+ TIL driven by rhIL-7-hyFc compared 
with hIL-2/TCB2c as shown in figure 2A, and a marginal 
increase is observed in the counts of p15E-specific CD8+ T 
cells (figure 3C). It is important to note that no statistical 
difference is found between the non-treated and rhIL-
7-hyFc-treated group. Interestingly, the combination of 
rhIL-7-hyFc plus hIL-2/TCB2c significantly increases the 
counts of p15E-specific CD8+ T cells. The complemen-
tary effect of single agents contributes to augmenting the 
count of p15E-specific CD8+ T cells. While rhIL-7-hyFc 
leads to an increase in the number of tumor-infiltrating 
CD8+ T cells, hIL-2/TCB2c has the effect of elevating the 
percentage of p15E+ cells within the subsets of CD8+ TIL. 
Additionally, this combination also effectively enhances 
the counts of PD-1−p15E− and PD-1+p15E− CD8+ T cells 
inside the tumor. In conclusion, the combination therapy 
leads to simultaneous increases in the numbers of both 
intratumoral PD-1−CD8+ and PD-1+CD8+ T cells.

rhIL-7-hyFc selectively expands CD62L+Ly108+ progenitor of 
exhausted CD8+ cells
To gain further insights into whether and how dual 
combination therapy affects the phenotypic heteroge-
neity of exhausted CD8+ T cells in the tumor and periph-
eral blood, we examined PD-1+CD8+ T-cell responses at 
two different time points (4 and 7 days post-treatment). 
Consistent with multiple reports, we observed that 
PD-1+CD8+ T cells included two distinct populations that 
expressed either TCF-1 or TIM-3 (figure 4A), which are 
prominent markers to distinguish precursor exhausted 
cells (TCF-1+TIM-3−, progenitor exhausted T cell (TPEX)) 
and terminally exhausted cells (TCF-1−TIM-3+, termi-
nally exhausted T cell (TEX term)).21–23 When comparing 
the treatments, differential effects were seen on the 
exhausted CD8+ T-cell subsets. At 4 days post-treatment, 
rhIL-7-hyFc significantly increases both the percentage 
and absolute counts of CD62L+Ly108+ TPEX cells which 
possess a stem-like capacity such as high self-renewal 
ability and multipotency.24 Most importantly, this effect is 
observed in both PD-1+CD44high (figure 4A,B) and p15E-
specific CD8+ T cells in tumors (figure  4C,D). Notably, 
CD62L+Ly108+ TPEX was distinguished from naïve and 
memory CD8+ T cells in terms of PD-1 and TOX expres-
sion (online supplemental figure 2A). Additionally, at 
7 days after rhIL-7-hyFc treatment, the increased fraction 
of CD62L+Ly108+ TPEX cells was stably maintained in the 
blood (figure 4E,F).

At day 7 post rhIL-7-hyFc treatment, the frequency of 
tumor-infiltrating CD62L+Ly108+ TPEX cells displayed no 
significant difference from non-treated control. However, 
the absolute number of CD62L+Ly108+ TPEX cells was 
still significantly higher in the rhIL-7-hyFc-treated mice 
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than in any other group (online supplemental figure 2B 
and C). We hypothesized that CD62L+Ly108+ TPEX cells, 
which were present at higher frequency 4 days after rhIL-
7-hyFc injection, could differentiate into an intermediate 
exhausted population under persistent antigen exposure. 
To better characterize intermediate exhausted CD8 T 
cells (TEX int), we validated eight markers in mice for iden-
tifying these cells within a continuum process of exhaus-
tion: CD62L, Ly108, PD-1, CD39, CD25, CD44, granzyme 
B, and CD69(figure 5). We compared protein expression 
profiles between TCF-1+TIM-3−, TCF-1−TIM-3−, and TCF-
1−TIM-3+ cells among PD-1+CD8+ TILs from untreated 
mice. Based on the intermediate expression levels of 
PD-1, CD39, CD25, CD44, and granzyme B, we consid-
ered PD-1+ TCF-1−TIM-3− population as TEX int.

We next profiled the response of PD-1+CD8+ TILs to 
monotherapy and combination therapy at 7 days post-
treatment. Strikingly, in rhIL-7-hyFc-treated tumors, the 
frequencies of TPEX and TEX int were increased by 3.9-fold 
and 2.3-fold higher compared with those of the hIL-2/
TCB2c-treated group (figure  7B,C). More importantly, 
this increase coincided with a marked increase in abso-
lute numbers of TPEX and TEX int (figure 7C). Conversely, 
after hIL-2/TCB2c treatment, the proportion of TEX term 
was substantially increased, followed by the drastic reduc-
tion in the frequency of TPEX, consistent with that seen 
4 days post-treatment. This suggests that hIL-2/TCB2c 
treatment favors the terminal differentiation of TPEX 
cells. When hIL-2/TCB2c was administered in combi-
nation with rhIL-7-hyFc, this combination strategy can 

Figure 3  Combination therapy of rhIL-7-hyFc and hIL-2/TCB2c increases both tumor-specific and non-specific CD8+ T cells in 
the tumor microenvironment. (A) Absolute numbers of CD44highPD-1+CD8+ T cells in MC38 tumors. (B) Left panel shows gating 
strategy for phenotypic analysis of three subsets (PD-1–p15E–, PD-1+p15E−, and PD-1+p15E+) of intratumoral CD8+ T cells 
and representative flow cytometry plots of PD-1 and p15E MHC class I H-2Kb Dextramer staining against MC38 tumors are 
shown in the right panel. (C) Pooled data showing percentages (left panel) and absolute numbers (right panel) of three subsets 
of CD8+ T cells in MC38 tumors. PD-1−p15E−CD8+ TILs are depicted in gray; PD-1+p15E– in blue; PD-1+p15E+ in orange. 
Tumor-infiltrating CD8+ T cells were isolated and analyzed on 7 days post-treatment. All intratumoral absolute numbers were 
normalized to tumor weight. Data are presented as mean±SD (n=5 per group). *p<0.05; **p<0.01; ***p<0.001, ****p<0.0001 by 
one-way analysis of variance followed by Tukey’s multiple comparisons test in (A, C–D). MHC, major histocompatibility complex; 
PD-1, programmed cell death protein 1; rhIL, recombinant human interleukin; TIL, tumor-infiltrating lymphocyte.
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prevent severe CD8+ T-cell exhaustion, leading to an 
increase in the numbers of TPEX compared with those 
from mice treated with hIL-2/TCB2c alone. Likewise, 

we found that phenotypic changes of p15E-specific CD8+ 
TIL after treatments were consistent with that observed 
in PD-1+CD44highCD8+ T cells as aforementioned (online 

Figure 4  rhIL-7-hyFc selectively expands CD62L+Ly108+ early progenitor of exhausted CD8+ T cells. (A) Representative flow 
cytometry plots showing the gating strategy used to identify CD62L+Ly108+ TPEX among PD-1+CD44highCD8+ T cells on 4 days 
post-treatment. (B) Pooled data showing the frequencies (left panel) and absolute numbers (right panel) of CD62L+Ly108+ TPEX. 
(C) Representative flow cytometry plots of CD62L+Ly108+ TPEX among PD-1+p15E+CD8+ T cells after 4 days post-treatment. 
(D) Percentages (left panel) and absolute numbers (right panel) of CD62L+Ly108+ TPEX. (E) Representative flow cytometry analysis 
of CD62L+Ly108+ TPEX among PD-1+CD44highCD8+ T cells in peripheral blood of MC38 tumor-bearing mice at 7 days post-
treatment. (F) Frequency (left panel) and absolute numbers (right panel) of CD62L+Ly108+ TPEX in peripheral blood from MC38-
bearing mice. Absolute numbers were normalized to tumor weight or volume of blood as indicated. The data are represented 
as the mean±SD, n=5 per group. *p<0.05; **p<0.01; ***p<0.001 and ****p<0.0001 by one-way analysis of variance with Tukey’s 
multiple comparison test. PD-1, programmed cell death protein 1; rhIL, recombinant human interleukin; TCF-1, T cell factor 1; 
TIM-3, T cell immunoglobulin and mucin domain-3; TPEX, progenitor exhausted T cell.

https://dx.doi.org/10.1136/jitc-2023-008001
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Figure 5  rhIL-7-hyFc sustains TPEX cells in the tumor, and hIL-2/TCB2c differentiates TPEX cells into terminally differentiated 
cells (TEX term). (A) Representative histograms (left panel) showing the expression of activation (CD25, CD44, CD69), exhaustion 
(PD-1, CD39), progenitor (Ly108 [also known as SLAMF6], CD62L), and cytotoxicity (Granzyme B) markers on TCF-1+TIM-3- 
(TPEX), TCF-1-TIM-3- (TEX int), and TCF-1-TIM-3+ (TEX term) cells among PD-1+CD44highCD8+ TILs from untreated mice. Geometric 
mean fluorescence intensity (gMFI) on each subset is shown in the right panel. (B) Representative flow cytometry plots and 
(C) summary graphs showing the frequencies (top panel) and absolute numbers (bottom panel) of TPEX, TEX int, TEX term among all 
PD-1+CD44highCD8+ TILs from MC38 tumors from different treatment groups (D) Representative flow cytometry plots (left panel) 
showing CD101 and TIM-3 expression on CD8+ TEX term. Pooled data (right panel) shows the percentage of CD101- and CD101+ 
on CD8+ TEX term. (E) Representative histogram (left panel) depicting CD101 expression on CD8+ TEX term in MC38 tumors from 
non-treated (grey) and rhIL-7-hyFc (magenta), hIL-2/TCB2c (blue), and rhIL-7-hyFc plus hIL-2/TCB2c (green) treated mice. 
Summary data (right panel) shows the geometric MFI of CD101 on each treatment group. Phenotypic analysis of CD8+ TILs was 
performed 7 days post-treatment. Intratumoral absolute numbers were normalized to tumor. Each treatment group consisted of 
5 mice, showing mean ± SD. Statistical significance is indicated as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. TPEX, progenitor 
exhausted T cell; TEX int, intermediate exhausted T cell; TEX term, terminally exhausted T cell.
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supplemental figure 3A and B). Together, these data 
demonstrate that rhIL-7-hyFc enables TPEX cells to retain 
a less-differentiated state, whereas hIL-2/TCB2c can 
progressively convert TPEX cells into TEX term throughout 
tumor development.

Collectively, we have shown persuasive evidence that 
combination therapy can confer synergistic tumor control 
through two main mechanisms—increased abundance 
of TPEX cells and subsequently their rapid differentiation 
into functional effector T cells by rhIL-7-hyFc and hIL-2/
TCB2c treatment, respectively.

rhIL-7-hyFc and hIL-2/TCB2c have differential effects on the 
phenotype of terminally exhausted CD8+ TILs
To further delineate the phenotypes of TEX term cells after 
single and combination therapy, we analyzed CD101 
expression on TEX term cells to discriminate CD101− TIM-3+ 
and CD101+ TIM-3+ subsets. Recent studies have shown 
that CD101− TIM-3+ cells have superior cytolytic activity 
in a chronic viral model and they irreversibly convert 
into fully exhausted CD101+TIM-3+ CD8+ T cells, which is 
characterized by a loss of proliferative potential, upregu-
lated inhibitory receptors, and impaired cytokine produc-
tion.25 26 Here, we demonstrated that the majority of the 
TEX term population in the rhIL-7-hyFc-treated tumor were 
CD101− cells. In contrast, most of the CD8+ TEX term isolated 
from the hIL-2/TCB2c-treated group are CD101+ cells, 
with increased CD101 expression intensity (figure 7F,G). 
Altogether, these findings indicated that rhIL-7-hyFc 
induces a functional intermediate state of exhaustion, 
whereas hIL-2/TCB2c favors differentiation into more 
terminally differentiated CD8+ T cells. Altogether, these 
findings suggest that rhIL-7-hyFc favors the maintenance 
of a less-differentiated progenitor pool to support the 
progressive differentiation induced by hIL-2/TCB2c.

rhIL-7-hyFc induces robust proliferation of TPEX cells in the 
tumor-draining lymph node
Our data showed enlarged tdLN and increased cellularity 
starting at day 4 and peaking at day 7 after rhIL-7-hyFc 
treatment, while hIL-2/TBC2c did not show any increase 
in size and cellularity(figure 8A). The onset of enlarged 
tdLN, typically beginning around day 4 after rhIL-7-
hyFc treatment, overlaps with the time point where we 
observed a significant increase in the percentage of intra-
tumoral CD62L+Ly108+ TPEX. Based on these findings, 
we hypothesized that rhIL-7-hyFc could lead to exten-
sive proliferation of TPEX cells in tdLN, thereby resulting 
in higher proportions and numbers of CD62L+Ly108+ 
TPEX in the tumor. To test this possibility, we examined 
the frequency of proliferating Ki-67+ TPEX cells within 
the tdLN at day 7 after treatment. rhIL-7-hyFc potently 
increases the frequency and the number of proliferating 
TPEX cells rather than hIL-2/TCB2c (figure 8B,C). Addi-
tionally, TPEX cells in rhIL-7-hyFc-treated tdLN are more 
actively cycling, as demonstrated by increased expression 
of Ki-67, when compared with those in hIL-2/TCB2c-
treated animals (figure 8D). Thus, our data corroborated 

that rhIL-7-hyFc induces extensive proliferation of TPEX 
in tdLN and sustains more functional TPEX cells in terms 
of proliferation capacity than hIL-2/TCB2-treated mice. 
These data implicate that rhIL-7-hyFc can provide a 
supportive niche enriched for TPEX cells with high prolif-
eration capacity in tdLNs.

Moreover, we explored the reliance of rhIL-7-hyFc-
induced CD8+ T-cell response in tdLN on the antitumor 
immune responses using FTY720. The results indicate 
that administration of FTY720 before tumor inoculation 
promotes tumor growth and progression in mice treated 
with rhIL-7-hyFc, either alone or in combination with 
hIL-2/TCB2c, implying the significance of CD8+ T-cell 
responses in tdLN after rhIL-7-hyFc-containing combina-
tion treatments. In conclusion, our findings highlight the 
critical role of CD8+ T-cell responses within the tdLN for 
the effective antitumor efficacy of the dual combination 
treatment (data not shown).

rhIL-7-hyFc and hIL-2/TCB2c improves the antitumor efficacy 
of PD-1 blockade therapy
We previously have shown that the combination of rhIL-
7-hyFc plus hIL-2/TCB2c more effectively inhibited 
tumor growth than single modality treatments, but it did 
not lead to complete tumor clearance in mice. Based on 
the above findings, we hypothesized that the addition of 
an anti-PD-1 inhibitor to rhIL-7-hyFc and hIL-2/TCB2c 
elicits synergistic antitumor effects, driven by the induc-
tion of a proliferative burst in CD8+ TPEX cells.

Next, we compared antitumor therapeutic effects 
induced by dual (rhIL-7-hyFc plus hIL-2/TCB2c) and 
triple combination (rhIL-7-hyFc plus hIL-2/TCB2c plus 
anti-PD-1 inhibitor) treatment in two syngeneic colon 
cancer models, MC38 and CT26. In the MC38 tumors, 
the triple combination therapy inhibited tumor growth 
more effectively than the dual-agent combination and 
five animals out of nine (55%) were rendered completely 
tumor-free at day 28, while no complete tumor regres-
sion was observed in the dual-agent combination group(-
figure 7). In comparison to MC38 models, the difference 
in tumor growth rate between double and triple combi-
nation in the CT26 tumor model did not reach statistical 
significance(figure  7). However, the triple combination 
induced eradication of established CT26 tumors in seven 
out of eight (87% tumor-free) mice after 18 days following 
initial treatment, whereas none of the mice in the dual 
combination group showed complete regression(-
figure 7). Ultimately, PD-1 signaling blockade increased 
the rate of complete tumor regression when admin-
istered together with rhIL-7-hyFc and hIL-2/TCB2c. 
Collectively, these results show that through differential 
effects on exhausted CD8+ T-cell subsets, rhIL-7-hyFc 
and hIL-2/TCB2c combination can synergize with PD-1 
blockade to significantly improve therapeutic efficacy. 
Moreover, in mice treated with the triple combination, 
no observable adverse responses, such as body weight loss 
or elevated levels of aspartate aminotransferase (AST), 
alanine aminotransferase (ALT), alkaline phosphatase 

https://dx.doi.org/10.1136/jitc-2023-008001
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(ALP), IL-6, and IL-1β, were detected (data not shown). 
The findings of this investigation have enabled the prop-
osition of a novel triple combination strategy to enhance 
the therapeutic effects of cancer immunotherapy.

DISCUSSION
Recent studies have identified the presence of exhausted 
CD8+ T cells expressing TCF-1, which are considered TPEX 
cells, in both chronic viral infection and cancer.26–28 In 
patients with cancer, the presence of TCF-1highPD-1+ CD8 
TILs shows promise as a potential predictive biomarker 
for the response to anti-PD-(L)1 therapy. In patients 
with non-small cell lung cancer, an increasing number 
of TCF-1+PD-1+ TILs have been observed to be positively 
correlated with improved survival outcomes in response 

to anti-PD-1 therapy.29 Similarly, in patients with meta-
static melanoma, an enhanced frequency of TCF7+CD8+ 
T cells in tumors has been associated with better survival 
and response to immune checkpoint inhibitor (ICI) 
therapy.30 Additionally, mechanistic studies have high-
lighted TPEX as the major subset that responds to check-
point blockade.21 31 Thus, TPEX cells represent an important 
target cell, that is, associated with better clinical outcomes 
and improved patient survival in response to ICI therapy. 
The association between TPEX and improved efficacy of 
checkpoint blockade is further supported by our data, 
and importantly, that rhIL-7-hyFc effectively increases 
TPEX to enhance checkpoint blockade.

A recent study showed that long-term proliferative 
potential, multipotency and repopulation capacity of 

Figure 6  rhIL-7-hyFc induces robust proliferation of TPEX cells in tumor-draining lymph node. (A) Sizes (left panel) and cellularity 
(right panel) of tumor-draining lymph nodes (tdLN, inguinal) from MC38 tumor-bearing mice at the indicated time points (4 and 
7 days post-treatment). (B) Representative contour plots showing Ki-67+ TPEX cells overlaid on total CD8+ T cells in tdLN on 7 
days post- treatment. (C) Frequencies (left panel) and absolute numbers (right panel) of Ki-67+ TPEX among total CD8+ TPEX cells 
in tdLNs. (D) Representative histogram (left panel) and pooled data (right panel) of geometric mean fluorescence intensity (gMFI) 
of Ki-67 in TPEX cells in tdLNs. In graphs, each dot represents an individual mouse. Data are expressed as mean±SD (A, D) or 
mean±SEM (C) and analyzed by one-way analysis of variance with Tukey’s multiple comparisons test. Statistical significance 
is indicated as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. PD-1, programmed cell death protein 1; rhIL, recombinant human 
interleukin; TCF-1, T cell factor 1; TPEX, progenitor exhausted T cell.



11Lee M, et al. J Immunother Cancer 2024;12:e008001. doi:10.1136/jitc-2023-008001

Open access

Figure 7  rhIL-7-hyFc and hIL-2/TCB2c improves the antitumor efficacy of PD-1 blockade therapy, achieving complete 
regression of tumor. MC38 cells (5×105 cells/mouse) subcutaneously implanted into the mice and when the volume reached 
approximately 100 mm3, the mice were randomly allocated to either the control or treatment groups (n=9 per group). 10 mg/
kg rhIL-7-hyFc or 0.9 mg/kg hIL-2/TCB2c was administered intramuscularly (i.m.) and intravenously (i.v.). The αPD-1 mAb 
was administered by intraperitoneal (i.p.) injection every 3 days for a total of three injections. (A) Average growth curves of 
MC38 tumors treated with indicated regimens. (B) Tumor volumes on indicated day post implant. (C) Pooled data showing 
the percentage of tumor-free (red with black dots) or tumor-bearing (gray) mice on day 28. The number of tumor-free mice 
out of the total animals is indicated below each bar. In a syngeneic CT26 model, mice were inoculated subcutaneously with 
3×105 tumor cells, and when the tumor size reached approximately 120 mm3, treatment was initiated using the same dose and 
treatment schedule employed in the MC38 tumor model. (D) Tumor growth curves of CT26 after different treatment regimens 
(n=8 per group). Tumor volumes (E) and the percentage of tumor-free mice (F) on indicated day. (G) Schematic illustration 
depicting the suggested mechanism of action of rhIL-7-hyFc, hIL-2/TCB2c, and anti-PD-1 mAb triple combination therapy. 
Graphs show mean±SEM. Data were analyzed by two-way (A, D) or one-way (B, E) analysis of variance with Turkey’s testing for 
multiple comparisons. Statistical significance is indicated as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.i.m., intramuscularly; 
i.p., intraperitoneal; i.v., intravenously; mAb, monoclonal antibody; PD-1, programmed cell death protein 1; rhIL, recombinant 
human interleukin; TCF-1, T cell factor 1; TEX int, intermediate exhausted T cell; TEX term, terminally exhausted T cell; TIM-3, T cell 
immunoglobulin and mucin domain-3; TPEX, progenitor exhausted T cell.
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exhausted T cells during chronic infection are selectively 
preserved in a small population of CD62L+Ly108+ TPEX 
cells.24 Intriguingly, the administration of rhIL-7-hyFc 
resulted in an increase of CD62L+Ly108+ TPEX cells in 
the tumor as well as peripheral compartments. Concor-
dantly, rhIL-7-hyFc resulted in the proliferation of TPEX 
cells in tdLNs. Previous studies have indicated that TPEX 
cells in the TME originate from tdLNs.32 33 Therefore, the 
increased numbers of early CD8+ TPEX cells in rhIL-7-hyFc-
treated tumors may likely originate from tdLNs.

In multiple cancer types, the majority of tumor-derived 
TIM-3+CD4 T cells express higher levels of CD25 and 
Foxp3.34 Importantly, TIM-3+ Treg cells tend to exhibit 
a more suppressive phenotype compared with TIM-3− 
Treg.35 Recent studies have suggested that the presence 
of TIM-3+ Treg cells in the TME is associated with unfavor-
able prognoses in patients with cancer. In line with these 
findings, higher frequencies of TIM-3+ Tregs have been 
correlated with tumor progression, metastasis, and resis-
tance to immunotherapy.36 37 It is noteworthy that rhIL-
7-hyFc led to a significant reduction in the frequencies 
of CD39highTIM-3+ Treg cells in tumors. Additionally, our 
previous study demonstrated that rhIL-7-hyFc effectively 
diminishes the number of MDSCs.14 Collectively, these 
findings suggest that rhIL-7-hyFc holds potential as a ther-
apeutic agent for modulating the TME towards an immu-
nostimulatory milieu by decreasing immunosuppressive 
cells such as MDSCs and CD39high TIM-3+ Tregs.

In this study, we describe that a triple combination 
with rhIL-7-hyFc, hIL-2/TCB2c, and PD-1 inhibitor shows 
a more robust antitumor efficacy, achieving complete 
regression of tumor lesions. This suggests that rhIL-7-hyFc 
and hIL-2/TCB2c synergize with anti-PD-1 to improve 
antitumor efficacy. This effect is potentially facilitated by 
increasing the population of cells that are likely respon-
sive to anti-PD-1 therapy.

Previous research has shown that the combination 
therapy of PD-1 and IL-2, unlike PD-1 monotherapy, 
induces a significant alteration in the differentia-
tion program of TPEX cells when CD25 engagement is 
preserved. This combination therapy results in the gener-
ation of highly functional effector CD8+ T cells displaying 
distinct transcriptional and epigenetic profiles during 
chronic viral infections.38 While the hIL-2/TCB2c we 
used in this study avoids CD25 engagement, its combi-
nation with rhIL-7-hyFc shows clear synergistic effects. It 
is tempting to speculate even higher synergistic effects 
when rhIL-7-hyFc is combined with IL-2 candidates that 
retain CD25 engagement, as previous studies have shown 
that better effector cells express high IL-7R. However, it 
is well-known that the constitutive expression of CD25 on 
Treg and certain endothelial cells can lead to undesired 
systemic effects associated with IL-2 therapy.

To address this issue, a novel approach involving the cis 
binding of PD-1-IL2v to PD-1 and IL-2Rβγ on the same 
cell has been developed.39 40 This strategy allows for the 
differentiation of stem-like CD8+ T cells into superior 
effector cells in cancer models, without the need for 

CD25 binding. As a result, this strategy offers enhanced 
efficacy while minimizing systemic effects associated with 
IL-2 therapy. The presence of IL-7R on superior effector 
cells induced by PD-1-IL-2v suggests the possibility of a 
synergistic effect with rhIL-7-hyFc, potentially leading to 
enhanced antitumor efficacy. This combined approach 
holds great promise for augmenting the activation, prolif-
eration, and functionality of PD-1+CD8+ T cells, thereby 
bolstering the immune response against cancer cells.

MATERIALS AND METHODS
Animal experiments
C57BL6/J and BALB/c female mice (6–7 weeks) were 
purchased from Daehan Bio Link (DBL) and subse-
quently habituated under specific pathogen-free condi-
tions at the animal facility of Pohang University of Science 
and Technology (POSTECH). C57BL/6 mice were subcu-
taneously injected with 5×105 MC38 cells into the right 
flank, while BALB/c mice were subcutaneously injected 
with 3×105 CT26 cells into the right flank. Mice were 
randomized into treatment groups to equalize tumor 
volume within groups. The hIL-2/TCB2c was adminis-
tered intravenously at a single dose of 0.9 mg/kg, hIL-7-
hyFc was administered intramuscularly at a single dose of 
10 mg/kg. Anti-mouse PD-1 monoclonal antibody (Bio X 
Cell, #BE0273, clone 29F.1A12) was administered intra-
peritoneally three times with a 3-day interval, at a dose of 
5 mg/kg. Tumor size was measured using digital calipers, 
and tumor volume was determined using the formula 
(A2×B)/2, where A represents the shortest diameter and 
B represents the longest diameter of the tumor. Tumor 
volumes were measured twice a week. Animals with condi-
tions exceeding the following humane endpoints for 
tumor size were euthanized: a tumor diameter measuring 
greater than 20 mm in any single dimension.

Cell lines
The murine colon carcinoma, MC-38 cell line was 
kindly provided by Professor Seung-Woo Lee (Depart-
ment of Life Sciences, POSTECH). MC-38 cells were 
grown in Dulbecco’s Modified Eagle Medium (Welgene, 
#LM001-05) supplemented with 10% Fetal Bovine Serum 
(Hyclone, #SV30207.02), 1% penicillin–streptomycin 
(Thermo Fisher, #15140122) and subculture with 0.25% 
trypsin-EDTA (Gibco, #25200072). The CT-26 (ATCC 
CRL-2638) cell line was purchased from American Type 
Culture Collection. CT-26 cells were grown in Roswell 
Park Memorial Institute media (RPMI 1640; Welgene, # 
LM011-51) supplemented with 10% FBS, 1% penicillin–
streptomycin and digested with 0.25% trypsin-EDTA for 
subculture. All cell lines were maintained 37°C in 5% 
CO2.

Cell preparation
The isolated tumors were weighed to calculate the 
absolute number of cells relative to the tumor weight. 
To obtain a single-cell suspension, tumor samples were 
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finely chopped and dissociated using enzymatic cocktails 
composed of 400 U/mL-1 Collagenase D (Sigma-Aldrich, 
#11088866001) and 20 U/mL-1 DNase (Sigma-Aldrich, 
#04536282001) at 37°C for 30 min for digestion. TdLN 
tissue was minced to obtain single-cell suspension. The 
digested tumor and the minced lymph node were then 
passed through a 40 µm cell strainer (SPL Life Sciences 
#93040). Peripheral blood was collected from tumor-
bearing mice using the retroorbital bleeding route, and 
blood was collected into a K3-EDTA (Greiner Bio-One 
International GmbH, #450530) tube to prevent clot-
ting. RPMI+10% FBS was added to dilute out the anti-
coagulant, and then white blood cells were separated 
from red blood cells using centrifugation. The cell count 
was determined using a Vi-CELL BLU (Beckman Coulter, 
#C19196).

Flow cytometry
An aliquot of 50 µL of cell suspension (2–5×106 cells) was 
seeded into a 96-well plate. The single cells were stained 
with LIVE/DEAD Fixable Blue Dead Cell Stain Kit (Invi-
trogen, #L34962) to exclude dead cells and subsequently 
stained with anti-mouse CD16/32 (BioLegend, #101302) 
for 30 min at 4°C in phosphate buffered saline (PBS) and 
fluorescence-conjugated antibodies. Cells were stained 
with fluorescence-conjugated antibodies (see online 
supplemental table S1) in flow cytometry staining buffer 
with Brilliant Stain Buffer Plus (10 µL per test, BD Biosci-
ences, #566385). Surface staining was performed for 
1 hour at room temperature in flow cytometry staining 
buffer (PBS with 2% fetal bovine serum). Intracellular 
staining was performed using the FoxP3/transcription 
factor staining buffer set (Thermo Fisher, #00-5523-
00). Intracellular staining was performed for 1 hour at 
room temperature. Samples were acquired by Cytek 
Aurora equipped with five lasers (Cytek Biosciences) and 
analyzed with SpectoFlow (V.3.0.3) and FlowJo software 
(V.10.8.1, Tree Star).

Statistical analysis
GraphPad Prism V.10 was used for all data analysis. 
Data were expressed as the mean±SEM or ±SD as stated 
in figure legends. The statistical test used in individual 
experiments is indicated in the figure legends. All data 
were evaluated using one-way or two-way analysis of vari-
ance with Tukey’s multiple comparisons test. The level 
of significance was indicated as *, p<0.05; **p<0.01; 
***p<0.001; ****p<0.0001.
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