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ABSTRACT
Background  Development of interleukin (IL)-2-dependent 
antitumor responses focus on targeting the intermediate 
affinity IL-2R to stimulate memory-phenotypic CD8+ T 
and natural killer (NK) cells while minimizing regulatory 
T cell (Treg) expansion. However, this approach may 
not effectively engage tumor-specific T effector cells. 
Since tumor-antigen specific T cells upregulate the high-
affinity IL-2R, we tested an IL-2 biologic, mouse IL-2/
CD25, with selectivity toward the high-affinity IL-2R to 
support antitumor responses to tumors that vary in their 
immunogenicity.
Methods  Mice were first implanted with either CT26, 
MC38, B16.F10, or 4T1 and after a tumor mass developed, 
they were treated with high-dose (HD) mouse (m)IL-2/
CD25 alone or in combination with anti-programmed cell 
death protein-1 (PD-1) checkpoint blockade. Tumor growth 
was monitored and in parallel the immune signature in 
the tumor microenvironment (TME) was determined by a 
combination of multiparameter flow cytometry, functional 
assays, and enumeration of tumor-reactive T cells.
Results  We show that HD mIL-2/CD25, which 
preferentially stimulates the high-affinity IL-2R, but not IL-
2/anti-IL-2 complexes with preferential activity toward the 
intermediate-affinity IL-2R, supports vigorous antitumor 
responses to immunogenic tumors as a monotherapy that 
were enhanced when combined with anti-PD-1. Treatment 
of CT26-bearing mice with HD mIL-2/CD25 led to a high 
CD8+:Treg ratio in the TME, increased frequency and 
function of tumor-specific CD8+ T effector cells with a less 
exhausted phenotype, and antitumor memory responses.
Conclusions  Targeting the high-affinity IL-2R on 
tumor-specific T cells with HD mIL-2/CD25 alone or with 
PD-1 blockade supports antitumor responses, where 
the resulting memory response may afford long-term 
protection against tumor re-emergence.

INTRODUCTION
Interleukin (IL)-2 was the first Food and Drug 
Administration approved immunotherapy 
for use in patients with metastatic melanoma 
and renal cell carcinoma.1 2 However, the 
use of recombinant IL-2 (Proleukin/alde-
sleukin) has been problematic due to low 
response rates, off-target effects, and severe 
dose-dependent toxicities. Due to its potent 

T-cell growth factor activity and ability to 
promote development and activity of cyto-
toxic T lymphocytes and natural killer (NK) 
cells, IL-2 has been re-engineered for cancer 
immunotherapy to increase its half-life, 
decrease its toxicity, and to drive selectivity 
toward memory-phenotypic (MP) CD8+ T 
and NK cells.3 4 Since these cells express high 
amounts of the intermediate-affinity IL-2R, 
consisting of CD122 (IL-2Rβ) and CD132 
(γc), one major strategy has been to derive 
IL-2 biologics with reduced or absent binding 
to CD25 (IL-2Rα), which is essential to form 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Much emphasis in the field has been to use inter-
leukin (IL)-2R agonists with selectivity toward the 
intermediate-affinity IL-2R to broadly expand CD8+ 
T and natural killer cells to enhance antitumor im-
mune responses as this approach would limit ex-
pansion of immunosuppressive regulatory T cells 
(Tregs). Preclinical studies have shown that this ap-
proach leads to a reduction in tumor growth.

WHAT THIS STUDY ADDS
	⇒ The current study using preclinical mouse models 
demonstrates that an IL-2R agonist, a mouse IL-2/
CD25 fusion protein, with selectivity toward the high-
affinity IL-2R that targets T effector cells, generated 
more robust antitumor responses as a monotherapy 
or in combination with anti-programmed cell death 
protein-1 (PD-1) checkpoint blockade than those 
supported by IL-2R agonists with selectivity toward 
the intermediate-affinity IL-2R. Unexpectedly, Tregs 
did not increase in the tumor microenvironment, 
although they substantially expanded in peripheral 
immune tissues.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The results from this study offer a new approach for 
future clinical testing to enhance antitumor immu-
nity, particularly in the context of checkpoint block-
ade, where many patients do not exhibit a durable 
response.
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the high-affinity IL-2R. The rationale behind these 
CD122/CD132-selective IL-2s is to promote antitumor 
immunity while reducing non-specific toxicities, such as 
vascular leak syndrome,5 and by minimizing undesired 
immunosuppressive regulatory T cells (Tregs).

High-affinity IL-2R-selective compounds have also been 
formulated primarily for use at low doses to boost Tregs 
in the context of autoimmunity and inflammatory disor-
ders.6–8 This class of IL-2 analogs has not been exten-
sively explored for anticancer effects due to the concern 
of increased off-target Tregs. In the context of cancer 
immunotherapy, these high-affinity IL-2R biologics are 
expected to also react with recently activated tumor 
antigen-specific CD4+ and CD8+ T effector (Teff) cells that 
have upregulated CD25 to express the high-affinity IL-2R. 
Whether such an effect on tumor-responsive Teff cells 
is diminished by an accompanying polyclonal increase 
in Tregs remains to be determined. In contrast, the 
ability of CD122/CD132-selective IL-2s to expand tumor-
reactive T cells depends on their frequency within the 
MP CD8+ T-cell population. Another potential limitation 
of CD122/CD132-selective IL-2s is that tumor-reactive T 
cells may need to compete with the global response to the 
IL-2 agonist by MP CD8+ T cells. Furthermore, CD122/
CD132-selective IL-2s may not optimally stimulate tumor-
reactive CD4+ T cells, as these are not characterized by 
expression of the intermediate affinity IL-2R,9 yet these 
are increasingly appreciated to significantly contribute to 
antitumor responses.10 11

We have developed an IL-2 fusion protein comprised 
of mouse IL-2 and mouse CD25 (mIL-2/CD25) that has 
a longer half-life than IL-2 and preferentially targets 
cells that express the high-affinity IL-2R.12 The selectivity 
toward high-affinity IL-2R stems from its unique mech-
anism of action, whereby mIL-2/CD25 predominantly 
forms biologically inactive head-to-tail transdimers that 
slowly dissociate into low concentrations of active mIL-2/
CD25 monomers that readily stimulate cells bearing 
the high-affinity IL-2R. In practical terms, mIL-2/CD25 
provides a continuous source of an IL-2 agonist which at 
low doses, selectively targets Tregs to limit autoimmunity13 
and at higher doses, also stimulates Teff cells with minimal 
stimulation of MP CD8+ T and NK cells. In previous tumor 
immunotherapy studies, we showed that the transient 
application of HD mIL-2/CD25 in the context of tumor 
neoantigen peptide-based vaccines readily supported 
antitumor immunity to the poorly immunogenic B16.F10 
melanoma,14 15 validating the application of this IL-2R 
agonist for cancer immunotherapy.

In this study, we tested the effectiveness of HD mIL-2/
CD25 monotherapy or with anti-PD-1 checkpoint blockade 
to limit the growth of immunogenic tumors. When 
compared with IL-2/anti-IL-2 immune-complexes (IL2/
IC) directed toward the intermediate-affinity IL-2R, HD 
mIL-2/CD25 monotherapy more effectively supported 
antitumor responses, with optimal tumor-free survival 
when co-administered with anti-PD-1. HD mIL2/CD25 

enhanced the expansion of tumor-reactive T cells that 
showed a less exhausted phenotype and supported the 
development of an antitumor memory response. Thus, 
these preclinical studies support stimulating the high-
affinity IL-2R in conjunction with checkpoint blockade to 
optimize antitumor activity.

RESULTS
HD mIL-2/CD25-induced antitumor activity correlates with 
tumor immunogenicity
Several mouse tumor models that vary in immunogenicity 
were used to test the efficacy of HD mIL-2/CD25 as a 
monotherapy. Tumor-bearing mice were treated biweekly 
for 2 weeks with mIL-2/CD25 (half-life of 16–18 hours) 
to maintain persistent IL-2R signaling. This treatment 
supported robust antitumor responses in mice bearing 
the highly immunogenic MC38 or CT26 colon carci-
nomas (figure 1A, online supplemental figure 1A,B). The 
mIL-2/CD25 exhibited less effective antitumor responses 
against the poorly immunogenic B16.F10 melanoma 
(figure  1A, online supplemental figure 1C) and was 
ineffective in mice bearing the non-immunogenic 4T1 
mammary carcinoma (figure  1A, online supplemental 
figure 1D).

The mIL-2/CD25-treated mice that cleared CT26 
were rechallenged with CT26 tumor cells approximately 
3 months after the primary tumor was cleared. Compared 
with the rapid growth of CT26 in naïve mice, none of the 
17 HD mIL-2/CD25-‘cured’ mice showed signs of tumor 
growth for 60 days post-tumor rechallenge (figure  1B, 
online supplemental figure 1E). After the rechallenge, 
an increase in AH1-specific CD8+ T cells, an immuno-
dominant tumor antigen of CT26,16 17 was noted when 
compared with naïve CT26-bearing mice (figure  1C). 
These data together suggest that persistent IL-2R signals 
expand pre-existing tumor-reactive Teff cells to effectively 
reject highly immunogenic tumors while supporting 
the development of an effective pool of tumor-reactive 
memory T cells.

Targeting the high-affinity IL-2R generates more effective 
antitumor responses than the intermediate-affinity IL-2R
Current IL-2-based approaches for antitumor immunity 
favor targeting the intermediate affinity IL-2R due to its 
selectivity toward MP CD8+ T and NK cells over Tregs.3 4 To 
test the antitumor efficacy of IL-2 biologics with preferen-
tial activity toward the high-affinity versus intermediate-
affinity IL-2R, HD mIL-2/CD25 was compared with 
IL-2Rβγ-directed IL-2/anti-IL-2 (S4B6) complexes, S4B6-
IL2/IC. Consistent with other studies,6 18–24 we also found 
that that a dose of 1.5 µg IL-2/15 µg S4B6 yielded substan-
tial expansion of BALB/c and C57BL/6 CD8+ T and NK 
cells while exerting minimal effects on Tregs (online 
supplemental figure 2A), leading to optimal CD8+ T 
cell:Treg and NK:Treg ratios (online supplemental figure 
2B). At the higher doses tested, this selectivity diminishes 
toward cells expressing only the intermediate-affinity 
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IL-2R as Tregs increased. Thus, 1.5 µg IL-2 was complexed 
with 15 µg anti-IL-2 S4B6 for subsequent studies exam-
ining antitumor effects. In contrast, HD mIL-2/CD25 
(100 µg) increased Tregs that express the high-affinity 
IL-2R but did not expand CD8+ T cells or NK cells, which 
express high amounts of the intermediate-affinity IL-2R.

Mice bearing MC38, CT26, or B16.F10 received the 
IL-2 agonists for 2 weeks. As the half-life of S4B6-IL2/IC 
is shorter than mIL-2/CD25,6 12 21 22 it was administered 
every other day to provide persistent IL-2Rβγ signaling in 
parallel to HD mIL-2/CD25. HD mIL-2/CD25 was more 
effective in supporting antitumor responses in each of 
these models (figure 2A). To verify the selectivity of the 
IL-2s during therapy, expansion of T and NK cells was 
assessed weekly in PBMCs. As expected, CD8+ T cells and 
NK cells were readily expanded with S4B6-IL2/IC whereas 
Tregs were expanded with HD mIL-2/CD25 in CT26-
bearing mice (figure 2B). Similar results were found for 
mice bearing MC38 and B16.F10 (online supplemental 
figure 3A,B). Importantly, these IL-2R agonists differ-
entially supported CD8+ T cell expansion in the TME, 
where greater expansion was found after treatment with 
HD mIL-2/CD25 (figure  2C). These data suggest that 

the driver for the improved antitumor responses by HD 
mIL-2/CD25 is due to more effective accumulation of 
CD8+ T cells in the TME when compared with S4B6-IL2/
IC.

HD mIL-2/CD25 promotes antitumor responses by acting on 
pre-existing tumor-reactive CD8+ T cells
To further evaluate the effect of HD mIL-2/CD25 mono-
therapy, the distribution of major T cell subsets was 
determined in the TME, spleen, and tumor-draining 
lymph node (TDLN) in CT26-bearing mice. In the 
TME, HD mIL-2/CD25 supported a substantial increase 
in frequency of CD3+ T cells (figure  3A) and this was 
largely due to an increased frequency and number of 
CD8+ T cells (figure  3B). The frequency of conven-
tional CD4+ Foxp3− T (Tconv) cells was low and unaf-
fected and strikingly, the frequency of Tregs decreased 
(figure 3C). In contrast, the number of CD8+ T cells in 
the spleen and TDLN were unchanged after HD mIL-2/
CD25 (figure 3D); as expected, a large increase in Tregs 
was found in the spleen, with a much lesser effect in the 
TDLN (figure 3D). Targeting the high-affinity IL-2R with 
HD mIL2/CD25, therefore, selectively led to a very high 

Figure 1  Immunogenic tumors are susceptible to HD mIL-2/CD25 therapy. (A) C57BL/6 mice bearing MC38 (n=9–10/
group pooled from two experiments) or B16F10 (n=15/group pooled from three experiments) and BALB/c mice bearing CT26 
(n=32–33/group pooled from five experiments) or (4T1 n=6–7/group pooled from two experiments) received PBS or HD mIL-2/
CD25 (100 µg) two times a week for 10 (MC38) or 14 days (CT26, B16.F10, 4T1) and tumor growth was followed over time. 
Day 0 represents the start of administration of PBS or mIL-2/CD25. (B) CT26-bearing mice (n=17–18/group pooled from four 
experiments) treated with HD mIL-2/CD25 that showed tumor-free survival (‘cured’) were rechallenged with CT26 90 days post-
tumor clearance. (C) AH1-tetramer+ CD8+ T cells were detected in the PBMCs (n=3–4/group) after rechallenge with CT26. Data 
is shown for D22 (representative flow plots, left; quantitative data, right). Survival data (A,B) were analyzed by a log-rank test. 
AH1 tetramer data (C) are shown as mean±SD and analyzed by a Welch’s t-test of the area under the curve. HD, high-dose; 
mIL-2, mouse interleukin-2; PBS, phosphate-buffered saline; PBMCs, peripheral blood mononuclear cells.
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CD8+ T cell to Treg ratio in the TME but not the spleen 
and TDLN (figure 3E). Overall, these data indicated that 
HD mIL-2/CD25 effectively supported the expansion 
of Tregs in secondary lymphoid tissues, but only CD8+ 
T cells showed expansion in the TME, leading to a high 
CD8+ T cell:Treg ratio, which is a good prognostic factor 
for antitumor responses.

To directly test that CD8+ T cells importantly contribute 
to the HD mIL-2/CD25-mediated antitumor response, 
CD8+ T cells were depleted prior to treatment with HD 
mIL-2/CD25. The effectiveness of CD8+ T cell depletion 
prior to and during treatment with HD IL-2/CD25 was 
verified for PBMCs (online supplemental figure 4A) for 
the same mice antitumor responses were evaluated. In the 
absence of CD8+ T cells, HD mIL-2/CD25-induced anti-
tumor responses were completely abrogated (figure  3F, 
online supplemental figure 4B). These results indicate 
that CD8+ T cells are the major cellular driver of the anti-
tumor activity induced by HD mIL-2/CD25.

Increased neutrophils in the TME by HD mIL-2/CD25 do not 
contribute to the anticancer response
The effect of HD-mIL-2/CD25 was also assessed for 
other cell types in the TME of CT26-bearing mice. We 
were particularly interested in dendritic cells (DCs) as 

previous studies found that IL-2 and IL2/ICs indirectly 
activate and promote the expansion of type-I and type-II 
conventional DCs (cDC1s and cDC2s)19 25 26 and in one 
study they confirmed that this occurred through FLT3L, 
CSF-2, and TNF and that the increase in DCs correlated 
with favorable anticancer responses.26 The frequency 
(online supplemental figure 5A) and number (online 
supplemental figure 5B) of cDC1s and cDC2s as well as 
natural killer T (NKT) cells, and NK cells, was unchanged 
in the TME, where the latter result further demonstrates 
that HD mIL-2/CD25 is less effective in targeting the 
intermediate-affinity IL-2R. We do not know why we did 
not detect an increase in either cDC1 or cDC2 subsets 
but this may reflect some differences in the duration or 
cellular targeting of IL-2R signals by mIL-2/CD25.

A significant increase, however, was noted for neutro-
phils (online supplemental figure 5A,B). To assess 
whether this increase in neutrophils contributes to the 
antitumor response, anti-Ly6G was used to deplete 
these cells27 prior to treatment of CT26-bearing mice 
with HD mIL-2/CD25. Examination of PBMCs revealed 
that anti-Ly6G effectively depleted neutrophils (online 
supplemental figure 6A). Nevertheless, the HD mIL-2/
CD25-driven antitumor response to CT26 was largely 

Figure 2  Targeting the high-affinity IL-2R with HD mIL-2/CD25 yields more productive antitumor responses than targeting 
the intermediate affinity IL-2R. (A) The indicated tumor-bearing mice (see legend to figure 1) received PBS, mIL-2/CD25 or 
S4B6-IL2/IC (1.5 µg mIL-2/15 µg S4B6); the latter was administered every other day for 12 (MC38, n=9/group pooled from two 
experiments) or 14 (CT26, 12–15/group pooled from three experiments; B16.F10, n=5–8/group pooled from two experiments) 
days. Mouse survival was assessed over time and analyzed by a log-rank test. (B) Frequencies of the indicated cells (n=10/
group pooled from three experiments) for PBMCs collected from CT26-bearing mice. Data (mean±SD) were analyzed by the 
Kruskal-Wallis multiple comparison test. (C) CD8+ T cells from the indicated tissues were determined 7 days after initiation of 
the indicated treatments. Data (n=9/group pooled from three experiments) are shown as mean±SD and analyzed via one-way 
analysis of variance with Tukey’s multiple comparison test. HD, high-dose; IC, immune-complexes; mIL-2, mouse interleukin-2; 
NK, natural killer; PBS, phosphate-buffered saline; PBMCs, peripheral blood mononuclear cells; TDLN, tumor-draining lymph 
node; TME, tumor microenvironment; Tregs, regulatory T cells.
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unaffected (online supplemental figure 6B). Thus, the 
increase in neutrophils is not necessary for this antitumor 
response and may reflect the increased CD8+ tumor-
infiltrating lymphocytes (TILs) whose effector response 
recruits neutrophils to the TME.

HD mIL-2/CD25 enhances the number and function of tumor-
antigen specific CD8+ T cells
Given that IL-2R signaling upregulates CD25 on antigen-
activated Teff cells, we evaluated CD25 expression on 
CD8+ T cells in peripheral immune tissues and the TME 
during HD mIL-2/CD25 therapy. A significant increase in 
CD25+ CD8+ T cells was noted for the TME, spleen, and 
TDLN (figure 4A). This finding suggests that in a tumor-
burden setting, HD mIL-2/CD25 upregulates CD25 
expression on CD8+ tumor-reactive T cells.

To directly investigate the effect of HD mIL-2/CD25 
on tumor-reactive T cells, the number of CD8+ T cells 
specific for AH1 was determined. A time course study 
revealed a striking increase in percentage and number 

of AH1-specific CD8+ T cells in the PBMCs (figure 4B). 
Although some variability was noted, an increase in AH1+ 
CD8+ T cells was also detected in the TME and spleen, 
but not the TDLN (figure 4C) in CT26-bearing mice after 
treatment with HD mIL-2/CD25.

With respect to functional activity, when CD45-enriched 
cells from CT26-bearing mice were stimulated ex vivo with 
the AH1 peptide, HD mIL-2/CD25 supported increased 
numbers of tumor-specific interferon (IFN)-γ-secreting 
T cells in the TME, spleen, and TDLN (figure 5A), but 
with similar mean spot size between phosphate-buffered 
saline (PBS)-treated and HD mIL-2/CD25-treated mice 
(online supplemental figure 7), indicative of similar IFN-γ 
secretion per cell. After re-stimulation in vitro, CD8+ TILs 
showed an increase in frequency of granzyme B (GrzB)+ 
cells after stimulation with PMA and ionomycin (figure 5B, 
top) and trended upward after stimulation with tumor 
antigen AH1 (figure 5B, bottom). In both settings, these 
CD8+ TILs produced greater amounts of GrzB, as assessed 

Figure 3  HD mIL-2/CD25-induced antitumor activity is CD8+ T cell-dependent. (A–E) 7 days post treatment initiation, the 
indicated tissues from CT26-bearing BALB/c mice were examined for the frequency and number of the indicated T cell 
populations. Data (mean±SD) are pooled from three experiments (n=11/group for TME and spleen; n=6–7/group for TDLN) and 
analyzed by Mann-Whitney test. (A) CD3+ T cell frequencies, (B) CD8+ T cell frequencies and numbers, (C) CD4+ Tconv and 
CD4+ Treg frequencies. (D) The numbers of CD8+ T cells and Tregs in the spleen and TDLN. (E) The CD8+ T cell to Treg ratio in 
the TME, spleen, and TDLN. (F) CT26-bearing mice (n=8–11/group pooled from two experiments) received anti-CD8 to deplete 
CD8+ T cells 3 days prior (D−3,−2, −1) to administrating HD mIL-2/CD25, represented as D0. Data were analyzed by a log-rank 
test. HD, high-dose; mIL-2, mouse interleukin-2; PBS, phosphate-buffered saline; TDLN, tumor-draining lymph node; TME, 
tumor microenvironment; Tregs, regulatory T cells.
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by the mean fluorescence intensity (MFI) (figure  5B). 
In addition, HD mIL-2/CD25 supported a greater 
percentage of polyfunctional IFNγ+ TNF+ CD8+ TILs after 
rechallenge in vitro under both conditions (figure 5C). 
Collectively these data indicate that HD mIL-2/CD25 
targets the high-affinity IL-2R on tumor-specific T cells to 
increase their number and function.

HD mIL-2/CD25 reduces exhaustion of CD8+ T cells in the TME
Persistent antigen stimulation that occurs in the TME 
leads to T cell exhaustion.28 To test whether HD mIL-2/
CD25 might lower T cell exhaustion, the expression of 
PD-1 and TOX, which are associated with exhausted T 
cells,29 30 was examined for CD8+ T cells after treatment of 
CT26-bearing mice with HD mIL-2/CD25 or PBS. In the 
spleen and TDLN, HD mIL-2/CD25 supported a modest 
increase in PD-1+TOX− CD8+ T cells, a finding consistent 
with an increase in antigen-experienced cells31(figure 6A). 
In contrast, most CD8+ TILs expressed PD-1 and TOX 
(figure 6B). However, HD mIL-2/CD25 supported lower 
levels of both exhaustion markers, consistent with less 

exhausted CD8+ T cells (figure  6B,C). In addition, the 
co-expression of PD-1 with LAG-3, another immune 
checkpoint associated with exhaustion,32 33 was selectively 
lower after HD mIL-2/CD25 treatment (figure 6D).

Expression of TCF1 and PD-1 marks subpopula-
tions of exhausted CD8+ T cells, where progenitor-
like PD-1+TCF1hi CD8+ T cells give rise to short-lived 
terminally exhausted PD-1+TCF1lo CD8+ T cells.34–36 A 
high percentage of progenitor-like PD-1+TCF1hi CD8+ 
T cells were found in the TME of PBS-treated and HD 
mIL-2/CD25-treated mice (figure  6E). However, the 
number of such cells after HD mIL-2/CD25 were on 
average 6.5-fold greater, although some variability was 
noted, and the MFI of PD-1 on these cells was approx-
imately 40% lower (figure  6E). This phenotype in 
conjunction with lower TOX (figure  6B,C) is consis-
tent with less exhausted CD8+ T cells that are expected 
to be more responsive to checkpoint blockade.34 37 38 
These changes along with lower LAG-3 likely represent 
effects of HD mIL-2/CD25 on CD8+ TILs, although 

Figure 4  HD mIL-2/CD25 supports increased number of tumor antigen-specific CD8+ T cells. (A) 7 days post treatment 
initiation, the indicated tissues from CT26-bearing mice were examined for CD25 expression by flow cytometry (left, 
representative flow plot; right, quantitative data). Data (n=6/group pooled from two experiments) are shown as mean±SD and 
analyzed by Mann-Whitney test. (B) PBMCs from CT26-bearing BALB/c mice were evaluated by flow cytometry for the 
frequency and number of AH1-specific CD8+ T cells during treatment with PBS or mIL-2/CD25. (representative flow plots of D7, 
left; quantitative data, right). Data (n=5/group pooled from two experiments) are shown as the mean±SD and analyzed by an 
unpaired t-test with Welch’s correction of the area under the curve. (C) 7 days post treatment initiation of CT26-bearing mice, 
the number of AH1 tetramer-specific CD8+ T cells was determined for the indicated tissues. Data (n=9/group pooled from three 
experiments) are shown as the mean±the SD and analyzed by Mann-Whitney test. HD, high-dose; mIL-2, mouse interleukin-2; 
PBS, phosphate-buffered saline; PBMCs, peripheral blood mononuclear cells; Spl, spleen; TDLN, tumor-draining lymph node; 
TME, tumor microenvironment.
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we cannot rule out that decreased tumor burden will 
provide lower antigenic stimulation, and this may also 
contribute to these effects. These phenotypic data 

in conjunction with the increased number and func-
tion of AH1 tumor-specific T cells (figures  4 and 5) 
and enhanced antitumor responses (figures 1 and 2) 

Figure 5  HD mIL-2/CD25 enhances the effector function of tumor antigen-specific CD8+ T cells. (A) 7 days post treatment 
initiation, the indicated tissues from CT26-bearing mice were enriched for CD45+ immune cells and examined for IFN-γ-
secreting cells by ELISpot (Enzyme-Linked ImmunoSpot) assay (representative wells, left; quantitative data of spot-forming cells 
(SFC), right) 19–24 hours post in vitro restimulation with BMDCs in the presence or absence of AH1 peptide (2 µg/mL). Data 
(n=15–18/group pooled from five experiments) are mean±SD and were analyzed by Mann-Whitney test. (B–C) CD45-enriched 
tumor-associated immune cells were also restimulated in vitro in the presence of PMA and ionomycin (P+I) or BMDCs in the 
presence (DCs+AH1) or absence (DCs only) of AH1 peptide (10 µg/mL). Cytokine production was evaluated by flow cytometry 
4 hours after restimulation. (B) Frequency of and corresponding MFIs of granzyme B-expressing CD8+ T cells is shown 
(representative histograms, left; quantitative data, right). Data (n=8/group pooled from three experiments) are mean±SD and 
analyzed by Mann-Whitney test. (C) Frequency of IFN-γ+ TNF+ double cytokine-producing CD8+ T cells is shown (representative 
flow plots, left; quantitative data, right). Data (n=5/group are representative of one experiment) are mean±SD and were analyzed 
by Mann-Whitney test within each condition. BMDCs, bone marrow-derived DCs; DCs, dendritic cells; GrzB, granzyme B; HD, 
high-dose; IFN, interferon; MFI, mean fluorescence intensity; mIL-2, mouse interleukin-2; PBS, phosphate-buffered saline; 
TDLN, tumor-draining lymph node; TILs, tumor-infiltrating lymphocytes; TME, tumor microenvironment.
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are consistent with a role for targeting CD8+ T cells 
expressing the high-affinity IL-2R by HD mIL-2/CD25 
to promote less exhausted CD8+ T cells with high anti-
tumor activity.

Antitumor immunity by HD-mIL-2/CD25 is enhanced by co-
administering anti-PD-1
While the frequency of PD-1+ CD8+ T cells remained 
high, the relative PD-1 expression on tumor-
infiltrating CD8+ T cells was decreased with treatment 
(figure 6B,C). This is a good prognosis for the thera-
peutic efficacy of PD-1 blockade39 and therefore led us 
to investigate the effects of PD-1 blockade in conjunc-
tion with HD mIL-2/CD25 therapy. HD mIL-2/
CD25 alone, but not anti-PD-1, supported tumor-free 

survival in approximately 50% of the mice, as previ-
ously observed (figure  1A and figure  7A). However, 
the combination of HD mIL-2/CD25 plus anti-PD-1 
was much more effective, where approximately 90% of 
the mice were long-term survivors (figure 7A, online 
supplemental figure 8A). When these latter mice were 
rechallenged with CT26, all mice remained tumor-
free, indicative of the induction of immune memory 
(figure  7B). In additional cohorts of mice, unlike 
the synergistic activity between HD mIL-2/CD25 and 
anti-PD-1, combining anti-PD-1 with S4B6-IL2/IC 
(figure  7C, online supplemental figure 8B) did not 
support vigorous antitumor responses. Thus, targeting 
the high-affinity IL-2R is essential for increasing 

Figure 6  CD8+ T cells from HD mIL-2/CD25-treated CT26-bearing mice are less phenotypically exhausted. (A–D) 7 days post 
treatment initiation, the indicated tissues from CT26-bearing mice were examined for markers characteristic of CD8+ T cell 
exhaustion. (A) The frequency of PD-1+TOX− cells of total CD8+ T cells in the spleen and TDLN is shown in addition to (B) the 
frequency of PD-1+TOX+ of total CD8+ T cells in the TME (representative flow plots, left; quantitative data, right). Data (n=6–7/
group pooled from two experiments) are mean±SD and analyzed by Mann-Whitney test. (C) The normalized MFI of PD-1 and 
TOX are shown for CD8+ T cells in the TME. Data (n=11/group pooled from four experiments) are mean±SD and analyzed via 
Mann-Whitney test. (D) The frequency of PD-1+LAG-3+ of total CD8+ T cells in the TME is shown (representative flow plots, 
left; quantitative data, right). Data (n=11/group pooled from four experiments) are mean±SD and analyzed by Mann-Whitney 
test. (E) The frequency, number, and normalized PD-1 MFI of PD-1+ TCF1hi CD8+ T cells in the TME is shown (representative 
flow plots, left; quantitative data, right). Data (n=8/group, pooled from two experiments) are mean±SD and analyzed via Mann-
Whitney test. mIL-2, mouse interleukin-2; MFI, mean fluorescence intensity; PBS, phosphate-buffered saline; TDLN, tumor-
draining lymph node; TILs, tumor-infiltrating lymphocytes.  on A
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antitumor immunity when applied with anti-PD-1 
checkpoint blockade.

When TILs from CT26-bearing mice were examined 
during the primary antitumor response, mIL-2/CD25 
supported a reduction of PD-1+TOX+ CD8+ T cells and 
this effect was at best only slightly increased when HD 
mIL-2/CD25 was combined with anti-PD-1 (figure  7D). 
Thus, preferential IL-2R signaling through the high-
affinity IL-2R is the main driver of CD8+ T cells with a less 
exhausted phenotype in this combination therapy.

DISCUSSION
Our study demonstrates that stimulating the high-affinity 
IL-2R on tumor-specific CD8+ Teff cells is essential for 
effective IL-2-dependent antitumor immunotherapy. 
HD mIL-2/CD25 monotherapy, which targets the high-
affinity IL-2R, supported substantial antitumor responses 
against highly immunogenic tumors and when combined 
with anti-PD-1 checkpoint blockade, tumors were eradi-
cated in essentially all mice. These findings contrast with 
the consensus that targeting the intermediate-affinity 
IL-2R is the best strategy for IL-2-dependent antitumor 

immunotherapy due to its ability to limit undesired 
activation of Tregs. However, even though HD mIL-2/
CD25 increases Tregs, it supported more robust anti-
tumor responses than using an IL2/IC that targets the 
intermediate-affinity IL-2R. The IL2/ICs were used at 
a dose and administered in a manner that preferen-
tially expanded MP CD8+ T and NK cells over Tregs and 
generated antitumor immune responses similar to that 
reported by other studies.18–24 Our findings highlight that 
a limitation of broadly increasing CD8+ T cells, even with 
an accompanying expansion of NK cells, is an insufficient 
increase of tumor antigen-specific CD8+ T cells, which are 
the critical cells for effective antitumor immunity.

The half-lives and modes of action of mIL-2/CD25 
and S4B6-IL2/IC are different,6 12 21 22 complicating the 
experimental design comparing these two agents. We 
used an amount of S4B6-IL2/IC that has been commonly 
used in other studies18–24 exploring antitumor activity by 
targeting the intermediate affinity IL-2R. The frequency 
of administration of S4B6-IL2/IC has been somewhat 
more variable as in some studies it was administered daily 
for 3–5 days whereas other studies administered the IL2/

Figure 7  HD mIL-2/CD25 and PD-1 blockade generate highly effective antitumor activity. (A) CT26-bearing mice were treated 
with PBS, anti-PD-1 (200 µg), MOPC-21 IgG isotype control (200 µg), mIL-2/CD25 (100 µg), or combination therapy as indicated 
(n=9–18/group pooled from three experiments) and survival was determined. Data were analyzed by a log-rank test. (B) Naïve 
mice or mice that cleared CT26 after combination therapy (mIL-2/CD25+anti-PD-1) were rechallenged with CT26 90 days 
after primary tumor clearance and survival was determined. Data (n=4/group pooled from two experiments) were analyzed by 
a log-rank test. (C) CT26-bearing mice were treated with PBS, anti-PD-1 (200 µg), S4B6-IL2/IC (1.5 µg mIL-2/15 µg S4B6), or 
combination therapy as indicated and survival was determined. Data (n=8–9/group pooled from two experiments) were analyzed 
by a log-rank test. (D) 7 days post treatment initiation in the experiments described in A, TILs from CT26-bearing mice were 
examined for expression of PD-1 and TOX (representative flow plots, left; quantitative data, right). Data (n=6/group pooled from 
two experiments) are mean±SD and analyzed by one-way analysis of variance with Tukey’s multiple comparison test. HD, high-
dose; IC, immune-complexes; mIL-2, mouse interleukin-2; PBS, phosphate-buffered saline; TILs, tumor-infiltrating lymphocytes.

 on A
pril 17, 2024 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2022-006611 on 2 June 2023. D

ow
nloaded from

 

http://jitc.bmj.com/


10 LaPorte KM, et al. J Immunother Cancer 2023;11:e006611. doi:10.1136/jitc-2022-006611

Open access�

IC every other day. Based on this concern, we confirmed 
that 1.5 µg of IL-2 associated with 15 µg S4B6 yielded 
high expansion of CD8+ T and NK cells while minimally 
affecting Tregs when administered as a single injection 
or when treating tumor-bearing mice with a therapeutic 
regimen. We found selective expansion of CD8+ T and NK 
cells by our regimen not only after a single administra-
tion of S4B6-IL2/IC, but also during therapeutic dosing. 
We cannot rule out improved anticancer responses if we 
administered greater amounts of S4B6-IL2/IC. However, 
we believe we are approaching the maximal dosing and 
frequency of S4B6-IL2/IC because when we modestly 
increased the dose of S4B6-IL2/IC to 5 µg IL-2/50 µg 
S4B6, severe toxicity resulted, likely from a cytokine 
storm due to high expansion of CD8+ and NK cells. 
100 µg of mIL-2/CD25 is a much larger dose of IL-2 than 
1.5 µg IL-2/15 µg S4B6. However, this fusion protein is 
administered largely as an inactive dimer, where we have 
previously estimated that only a small fraction, approx-
imately 1%, at any time is biologically active as mIL-2/
CD25 monomers slowly and continually dissociate from 
the inactive dimer.12 Thus, administration of 100 µg of 
mIL-2/CD25 results in roughly 1 µg of active mIL-2/CD25 
monomers that are continually released over several days 
from the dimers, which approximates the dose of S4B6-
IL2/IC used to treat the tumor-bearing mice.

In addition, many studies targeting the intermediate 
affinity IL-2R using S4B6-IL2/IC18–24 or other modified 
IL-2s40 have shown antitumor effects and some of these 
were more robust than we observed. An important differ-
ence in our study with most previous reports is that we 
initiated IL-2-dependent immunotherapy much later in 
tumor progression. Thus, it is unlikely that our antitumor 
responses using S4B6-IL2/IC represent a limitation due 
to its dose and frequency. Importantly, our experimental 
design demonstrates the high activity of HD mIL-2/CD25 
in supporting antitumor responses to immunogenic 
tumors.

Recombinant IL-2 therapy is highly effective in a 
small fraction of patients with melanoma or renal cell 
carcinoma,2 41 two tumors that are considered immuno-
genic.42 Immunosuppression of the antitumor response 
by off-target Tregs is considered one of the underlying 
factors for the low response rate.43 44 Although this is a 
potential contributing factor, our study raises two other 
possibilities. Effective antitumor responses by HD mIL-2/
CD25 required a sufficient number of pre-existing tumor-
specific T cells, as this approach worked best with highly 
immunogenic MC38 and CT26 tumors. Thus, patients 
with low numbers of pre-existing tumor-specific T cells are 
unlikely to respond to recombinant IL-2 immunotherapy. 
In this case, vaccination with neoantigen vaccines might 
increase the frequency of pre-existing tumor-reactive T 
cells to be targeted by IL-2-based therapies.14 15 Moreover, 
the high amount of recombinant IL-2 that is infused into 
patients with cancer stimulates both cells that express the 
high-affinity and the intermediate-affinity IL-2R. Thus, 
the broad expansion of MP CD8+ T and NK cells may have 

limited the effectiveness to expand the low frequency 
of tumor antigen-specific T cells that express the high-
affinity IL-2R. These latter two issues do not come into 
play with HD mIL-2/CD25 even though the active moiety 
is wild-type IL-2. mIL-2/CD25 has properties analogous 
to an IL-2 mutein with preferential reactivity toward the 
high-affinity IL-2R, as the majority of the administered 
material is in a transdimer configuration, where all IL-2 
activity is masked. The slow dissociation of dimer into 
the active monomer at the amounts used did not reach 
concentrations high enough to cause the expansion of 
MP CD8+ and NK cells that only express the intermediate-
affinity IL-2R.

Our data indicate that HD mIL-2/CD25 on its own 
leads to the expansion of a population of less exhausted 
CD8+ T cells within the TME. Similar results have recently 
been reported, where IL-2 and anti-PD-L1 act in concert 
to promote immunity to chronic LCMV infection45 46 
and to orthotopically implanted Panc02-H7-Fluc pancre-
atic adenocarcinoma.47 Both studies showed that IL-2R 
signaling promoted the development of highly functional 
CD8+ Teff cells from PD-1+ TCF1hi stem-like cells, which 
are precursors to terminally exhausted cells. However, 
neither study addressed the efficacy of preferentially 
targeting the high-affinity IL-2R for antitumor immunity. 
When only recombinant IL-2 was used, an effective anti-
viral response did not occur; a reduction in viral titers 
required co-administration of anti-PD-L1.45 46 Potent 
immunity was observed with an engineered IL-2/anti-
PD-1 fusion protein biased to IL-2Rβ and γc that targeted 
the IL-2 activity toward viral-specific and tumor-antigen-
specific CD8+ T cells, but not most Tregs.47 Our study 
extends these findings by showing that stimulation of the 
high-affinity IL-2R with mIL-2/CD25 on tumor-specific 
CD8+ T cells is required for optimal antitumor responses, 
even though substantial increases in Tregs occurred. 
The antitumor responses occurred in part because the 
TME contained a high ratio of CD8+ T cells to Tregs. 
Our study indicates that increases in Tregs during anti-
tumor responses are not limiting when coupled to suffi-
cient expansion of tumor-reactive T cells using mIL-2/
CD25 alone or with anti-PD-1. Improving the efficiency of 
checkpoint blockade for tumor immunotherapy is under 
intense investigation. Combination of HD mIL-2/CD25 
with anti-PD-1 may enable very effective improvement 
of the tumor-specific CD8+ T cell response coupled with 
expansion of Tregs outside the TME to limit the many 
autoimmune-like side effects that accompany checkpoint 
blockade.48 49

METHODS
Mice
BALB/cJ (JAX stock #000651) and C57Bl/6J (JAX 
stock #000664) mice were purchased from The Jackson 
Laboratory. Female mice, 6–9 weeks old, were used in 
all experiments shown. When male mice were included 
(not shown), no obvious sex differences were observed 
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in therapeutic responses. Mice were housed in a specific 
pathogen-free facility. Animal studies were approved by 
the Institutional Animal Care and Use Committee at the 
University of Miami (Protocols 18–147, 21–151).

IL-2-based biologics
The mIL-2/CD25 was purified from culture superna-
tants of mIL-2/CD25-transfected Chinese Hamster 
Ovary (CHO) cells as previously described.12 Mouse IL-2 
(mIL-2) (Peprotech, cat. #212–12) was reconstituted 
based on manufacturer’s recommendations: reconsti-
tuted at 0.5 mg/mL in H2O containing 0.1% bovine 
serum albumin (BSA) and stocks were stored at −80°C. 
Anti-mIL-2 clone S4B6-1 (S4B6) (Bio X Cell, InVivoMAb, 
cat #BE0043-1) was stored at 4°C. Immune-complexes 
were formed by mixing mIL-2 and S4B6 at the indicated 
amounts at a 2:1 molar ratio in PBS and incubating at 
37°C for 30 min before intraperitoneal (i.p.) injection, as 
previously described.6

In vivo tumor models
CT26 colon carcinoma, MC38 colon adenocarcinoma, 
B16.F10 melanoma, and 4T1 mammary carcinoma cells 
were purchased from American Type Culture Collection, 
tested and verified to be negative for mycoplasma and 
other pathogenic agents. CT26, B16.F10, and 4T1 were 
cultured in RPMI-1640 media supplemented with 5% 
fetal bovine serum (FBS), 100 U/mL penicillin, 100 µg/
mL streptomycin, 2 mM L-glutamine, 0.05 mM β-mer-
captoethanol, and 1 mM sodium pyruvate (RPMI 1640 
complete media or RPMI-CM). MC38 was cultured in 
DMEM (Dulbecco’s Modified Eagle’s Medium) supple-
mented with 5% FBS, 100 U/mL penicillin, 100 µg/mL 
streptomycin, 2 mM L-glutamine, 0.05 mM β-mercap-
toethanol, and 1 mM sodium pyruvate. Tumor cells were 
incubated at 37°C in a humified incubator at 5% CO2. 
On initial thawing, the tumor cells were expanded, and 
aliquots were frozen to allow use of low passage cells 
throughout the study. The thawed cells were maintained 
in culture for less than 2 weeks. CT26 (1×106) were inoc-
ulated subcutaneously into the rear flank of BALB/cJ 
mice. MC38 (5×105) and B16.F10 (1×105) were inoculated 
subcutaneously into the rear flank of C57Bl/6 mice. 4T1 
(1×105) were inoculated orthotopically in the mammary 
fat pad of BALB/cJ mice. In rechallenge studies, BALB/
cJ mice were inoculated with CT26 (1×106). Tumor 
growth was monitored by measuring two opposing diam-
eters with standard calipers. Results are presented as 
tumor volume (mm3), where volume was calculated using 
the formula: ((L × W2)/2) where L=length, W=width and 
L≥W. Therapy was initiated once average tumor size was 
approximately 100–200 mm3 (CT26: 12–14 days, MC38: 
9–10 days, B16.F10: 6–7 days, and 4T1: 9–10 days post-
inoculation). All mice were randomized based on tumor 
volume prior to the start of therapy (D0). In survival 
studies, mice were sacrificed when tumor volume reached 
≥2000 mm3 or L≥15 mm.

Preparation of PBMCs and secondary lymphoid tissues
PBMCs were collected from mice via submandibular 
bleeding using an 18G needle and mixed with 3 µl 
heparin (5 units/μl) to prevent coagulation. 50 µl blood 
from each sample was washed 1× with Hanks’s balanced 
salt solution (HBSS). After careful removal of superna-
tant, red blood cells were lysed from PBMCs using ACK 
lysis buffer (0.2% Tris pH 7.6 and 0.75% ammonium chlo-
ride) by incubating the blood with 2 mL ACK lysis buffer 
for 5 min in a 37°C water bath. Cells were then washed 1× 
with HBSS and then resuspended in FACS buffer (HBSS 
containing 0.2% BSA and 0.1% w/v sodium azide) for 
flow cytometry staining. Spleens and TDLNs (inguinal 
lymph nodes taken only from the side of the tumor) 
were harvested and single cell suspensions produced via 
mechanical disruption. Splenocytes were incubated with 
an ACK lysis buffer for 1 min in a 37°C water bath, and 
washed 1× with HBSS. Cell pellets from spleen and TDLN 
were resuspended in RPMI-CM, passed through a 70 µm 
filter, and counted. Cells were then resuspended in FACS 
buffer for flow cytometry staining or kept in RPMI-CM for 
functional assays.

Preparation of tumor-infiltrating lymphocytes
For CT26 TME studies, on day 7 of therapy, tumors 
were excised, weighed, and minced into 1–2 mm pieces. 
Tumors were incubated at 37°C with gentle shaking in 
RPMI-CM containing 1 mg/mL Collagenase from Clos-
tridium histolyticum (Sigma cat. #C5138) for 20 min. 
Single cell suspensions were then obtained using gentle-
MACS C Tubes (Miltenyi Biotec, cat. #130096334) and 
the gentleMACS Dissociator. Single cell suspensions were 
washed 1× with RPMI-CM to remove Collagenase. Cell 
pellets were resuspended with 2 mL ACK lysis buffer for 
3 min in a 37°C water bath, then washed 1× with HBSS. 
Cell pellets were resuspended in 10 mL RPMI-CM, passed 
through a 70 µm filter, counted, and prepared for CD45 
enrichment and/or stained for flow cytometry. Mouse 
CD45 microbeads (Miltenyi Biotec, cat. #130-052-301), 
LS columns (Miltenyi Biotec, cat. #130-042-401), and a 
quadroMACS Separator (Miltenyi Biotec, cat. #130-091-
051) were used per manufacturer’s recommendations 
to isolate CD45-expressing immune cells from the CT26 
TME for functional assays.

Flow cytometric analysis
Antibodies used for flow cytometry are shown in online 
supplemental table 1. Cells in the FACS buffer were incu-
bated with 2.4G2 for 1 min to block Fc receptors. After 
washing 1× with FACS buffer, cells were incubated with 
antibodies for extracellular staining for 15 min at 4°C 
and then washed 1× with FACS buffer. For extracellular 
staining containing fixable viability dye, this staining 
was performed in and washed with HBSS instead of 
FACS buffer for optimal live/dead staining. Intracel-
lular staining was performed following permeabilization 
and fixation using the eBioscience Foxp3 Transcription 
Factor Staining Buffer Set (Thermo Fisher, Invitrogen, 
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cat. #00-5523-00) using the manufacturer’s instructions. 
For quantification of populations in PBMC samples, 
exactly 50 µL of blood was stained and the entire sample 
was run on the flow cytometer. Samples were run on BD 
LSR-Fortessa-HTS or Beckman Coulter CytoFLEX LX 
and data were analyzed using FlowJo (V.10.8) software.

Tetramer staining
Cells in the FACS buffer were incubated with 2.4G2 
for 5 min at room temperature. Cells were washed 1× 
with FACS buffer and on resuspension, incubated with 
APC-labeled and/or BV421-labeled tetramer(s) to AH1 
(SPSYVYHQF, class I MHC H-2Ld) and anti-CD8-FITC for 
1 hour in the dark at room temperature. Additional extra-
cellular/viability and intracellular staining was performed 
as described above.

Depletion and blocking antibodies
For CD8+ T cell depletion, anti-CD8β Lyt 3.2 clone 53–5.8 
(Bio X Cell, InVivoMAb, cat. #BE0223) was i.p. injected 
at 100 µg per mouse on D −3, –2, and −1, where IL-2-
targeted and PD-1-targeted therapies started on D0. For 
neutrophil depletion, anti-Ly6G clone 1A8 (Bio X Cell, 
InVivoMAb, cat. #BE0075-1) was i.p. injected at 150 µg per 
mouse on D−1, 1, 3, 5, 7, 9, and 11. For PD-1 blockade, 
anti-mPD1-4H2-mg1-D265A (mouse IgG1 antibody clone 
4H2 with a D265A point mutation to prevent binding to 
Fc receptors, provided by Bristol Myers Squibb) was i.p. 
injected at 200 µg per mouse and co-administered with 
mIL-2/CD25 (D0, 3.5, 7, 10.5, and 14). MOPC-21, an 
IgG1 isotype control of unknown specificity (Bio X Cell, 
InVivoMAb, cat #BE0083), was i.p. injected at 200 µg per 
mouse in parallel with anti-PD-1.

Generation of bone marrow-derived dendritic cells
Femur bones were collected from BALB/cJ mice, muscle 
tissue removed, and bones sterilized in a petri dish 
containing 70% ethanol for 1 min. The bones were then 
washed by two consecutive immersions in petri dishes 
containing 1× PBS for 1 min each. Bones were then 
crushed in cold 1× HBSS via a pestle and collected by 
centrifugation (1200 rpm, 5 min, 4°C). Cell pellets were 
resuspended in 2 mL ACK lysing buffer lysing buffer, incu-
bated for 2 min, and washed with HBSS. The cell pellets 
were resuspended in 5 mL of RPMI-CM and filtered 
through a 70 µm cell strainer. Bone marrow cells (10×106) 
were cultured in 10 mL RPMI-CM containing 20 ng/mL 
recombinant mouse GM-CSF (rmGM-CSF, PeproTech, 
Cat. No. 315–03) using 100×15 mm culture dishes (VWR, 
Cat. No. 25 384–342) at 37°C in a humidified atmosphere 
at 5% CO2. On day 3, an additional 10 mL of RPM1-CM 
containing 20 ng/mL rmGM-CSF was added to each 
plate. On days 6 and 8, 10 mL (50%) of the media was 
removed from each plate and any non-adherent cells 
were collected by centrifugation. These cell pellets were 
resuspended in 10 mL RPMI-CM containing 20 ng/mL 
rmGM-CSF and added back to the corresponding culture 
dish. To mature the DCs, on day 10, non-adherent cells 

from each culture plate were harvested, cells were centri-
fuged, and the cell pellets were resuspended in 10 mL 
RPMI-CM containing 10 ng/mL rmGM-CSF and 1 µg/mL 
LPS (lipopolysaccharides from Escherichia coli O55:B5, 
Millipore Sigma, cat. No. L2880) and re-plated in a new 
100×15 mm culture dish. On day 11, 10 mL RPMI-CM was 
added to each dish. On day 12, adherent bone marrow-
derived DCs (BMDCs) were collected using a cell scraper, 
frozen in 90% FBS and 10% dimethyl sulfoxide (DMSO), 
and stored at –150°C until used in vitro.

Enzyme-Linked ImmunoSpot assay
ELISpot assays were performed following manufacturer’s 
protocols using the Mouse IFN-γ Enzyme-Linked Immu-
noSpot (ELISpot) set (BD Biosciences Cat. No. 551083). 
In brief, serial dilutions of lymphoid cells from the spleen, 
draining lymph node, or TILs were cultured in RPMI-CM 
with or without AH1 tumor antigen peptide (2 µg/mL; 
ChiScientific, sequence: SPSYVYHQF) and 10-fold lower 
numbers of BMDCs in anti-IFN-γ-coated (5 µg/mL anti-
body incubation overnight, BD Biosciences Cat. No. 
551881) 96-well ELISpot plates (Millipore Sigma Cat. No. 
S2EM004M99) for 19–24 hours at 37°C in 5% CO2. Secre-
tion of IFN-γ was detected using biotinylated anti-IFN-γ 
(2 µg/mL, BD Biosciences Cat. No. 551881) followed 
by the addition of Streptavidin-HRP (1:100, BD Biosci-
ences Cat. No. 557630) and AEC Chromogen/Substrate 
(BD Biosciences, Cat. No. 551951). ELISpots were visu-
alized using ImmunoSpot S6 Universal and quantified 
using ImmunoSpot V.7.0.30.4 Analyzer Professional DC 
software.

Intracellular cytokine assay
Single cell suspensions from spleen, TDLN, and TME 
(2.5×105/well) with BMDCs (2.5×104/well) were incu-
bated in 48-well plates in RPMI-CM, AH1 peptide (10 µg/
mL), Monensin (1:1000, BD GolgiStop Protein Trans-
port Inhibitor, BD Biosciences, Cat. No. 51-2092KZ), and 
Brefeldin A (1:1000, BioLegend Brefeldin A Solution, 
Cat. No. 420601) for 4 hours at 37°C in 5% CO2. Cells 
were harvested and prepared for flow cytometric analysis 
as described above, except intracellular cytokine staining 
was performed following permeabilization and fixa-
tion using the BD CytoFix/CytoPerm Solution Kit (BD 
Biosciences, cat. No. 554714) using the manufacturer’s 
instructions.

Statistical analysis
All data are expressed as mean±SD. Statistical analyses were 
performed using GraphPad Prism V.9 software. For two-
group analyses, Mann-Whitney test was used. For three or 
more groups, one-way analysis of variance (ANOVA) with 
Tukey’s multiple comparison test was used. Blood data 
containing multiple time points was analyzed by Kruskal-
Wallis multiple comparison test of each time point or 
area under the curve (AUC) analysis. For two-group anal-
yses of AUC, a Welch’s t-test was performed. For three 
or more group analyses of AUC, a one-way ANOVA with 
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Tukey’s multiple comparison test was performed. Survival 
data are expressed using the Kaplan-Meier method and 
analyzed via log-rank (Mantel-Cox) test. All tests are listed 
in the corresponding figure legends. Significance is indi-
cated by * = p<0.05, ** = p<0.01, *** = p<0.001, and **** 
= p<0.0001.
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