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Abstract
High-dose IL-2 induces cancer regression but its therapeutic use is limited due to high toxicities resulting from its broad 
cell targeting. In one strategy to overcome this limitation, IL-2 has been modified to selectively target the intermediate affin-
ity IL-2R that broadly activates memory-phenotypic  CD8+ T and NK cells, while minimizing Treg-associated tolerance. 
In this study, we modeled an alternative strategy to amplify tumor antigen-specific TCR transgenic  CD8+ T cells through 
limited application of a long-acting IL-2 fusion protein, mIL-2/mCD25, which selectively targets the high-affinity IL-2R. 
Here, mice were vaccinated with a tumor antigen and high-dose mIL-2/mCD25 was applied to coincide with the induction 
of the high affinity IL-2R on tumor-specific T cells. A single high dose of mIL-2/mCD25, but not an equivalent amount 
of IL-2, amplified the frequency and function of tumor-reactive  CD8+ T effector (Teff) and memory cells. These mIL-2/
mCD25-dependent effects relied on distinctive requirements for TLR signals during priming of  CD8+ tumor-specific T cells. 
The mIL-2/mCD25-amplified tumor-reactive effector and memory T cells supported long-lasting antitumor responses to 
B16-F10 melanoma. This regimen only transiently increased Tregs, yielding a favorable Teff–Treg ratio within the tumor 
microenvironment. Notably, mIL-2/mCD25 did not increase non-tumor-specific Teff or NK cells within tumors, further 
substantiating the specificity of mIL-2/mCD25 for tumor antigen-activated T cells. Thus, the selectivity and persistence of 
mIL-2/mCD25 in conjunction with a tumor vaccine supports antitumor immunity through a mechanism that is distinct from 
recombinant IL-2 or IL-2-based biologics that target the intermediate affinity IL-2R.
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Introduction

Recombinant IL-2 was the first cancer immunotherapy 
approved for the treatment of metastatic melanoma and renal 
cell carcinoma (RCC) [1]. The antitumor activity of IL-2 
is due to the expansion of T effector (Teff) cells, including 
tumor-specific cytotoxic T cells,  CD8+ memory-phenotypic 
T cells, and NK cells, the latter of which can attack MHC-I 

low tumors [2]. Tumor antigen-specific Teff cells that have 
recently encountered antigen express the high-affinity 
IL-2R, consisting of CD25 (IL-2Rα), CD122 (IL-2Rβ), 
and the common gamma chain (γc) [3]; whereas, memory-
phenotypic  CD8+ T and NK cells express the intermediate 
affinity IL-2R, consisting of CD122 and γc [4, 5]. Another 
favorable activity of IL-2 is that the duration and intensity 
of IL-2R signaling promote development of memory T cells, 
which have the potential to protect against tumor relapse 
[6]. Nevertheless, the application of recombinant IL-2 in 
cancer patients has been complicated by its short half-life 
(< 10 min) [7], which necessitates frequent administrations 
with high amounts of IL-2, leading to severe toxicities [8, 
9]. In addition, regulatory T cells (Tregs) also express the 
high affinity IL-2R and readily expand in response to IL-2. 
Increased amounts of Tregs are a negative prognostic factor 
in melanoma and other tumors [10], and contribute to the 
low response rates to IL-2 therapy in patients with these 
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cancers [1, 11]. Consequently, IL-2 is no longer the standard 
treatment for patients with metastatic melanoma or RCC [5].

In an effort to take advantage of the antitumor activity of 
IL-2 while circumventing these drawbacks, new formula-
tions of IL-2 are being developed that show efficacy in pre-
clinical models. Many of these seek to extend the half-life 
of IL-2 while endowing selectivity toward the intermedi-
ate affinity IL-2R to avoid stimulation of Tregs. Examples 
include IL-2-containing polyethylene glycol groups, IL-2/
anti-IL-2 mAb complexes that hinder cell-associated CD25 
from binding to IL-2, and IL-2 muteins harboring muta-
tions that interfere with binding to CD25 [12–15]. These 
approaches broadly target memory-phenotypic  CD8+ T and 
NK cells, but are not designed to selectively enhance the 
tumor-specific  CD8+ Teff cells that may be most effective 
in tumor immunotherapy.

We recently developed a novel fusion protein (FP) where 
mouse IL-2 is covalently linked to mouse CD25 (mIL-2/
mCD25) via a non-cleavable glycine–serine linker [16]. 
This FP exists predominately as an inactive dimer, where 
IL-2 from one FP binds non-covalently in trans to CD25 on 
another FP. The off-rate for the dissociation of the mIL-2/
mCD25 dimer into a monomer, which can bind to cell-
associated IL-2Rs, is approximately 1000-fold slower when 
compared to the dissociation of recombinant IL-2 from 
CD25. This mechanism of slow dimer dissociation results 
in concentrations of monomer mIL-2/mCD25 in vitro and 
in vivo that show high selectivity toward cells expressing the 
high affinity IL-2R, and contributes to its in vivo half-life of 
approximately 16 h. At a low dose, mIL-2/mCD25 readily 
stimulates Tregs and prevents diabetes in NOD mice [16].

In this proof of concept study, we investigated the poten-
tial of a single application of a high dose of this mIL-2/
mCD25 FP to amplify tumor antigen-specific TCR trans-
genic effector and memory T cells, to promote antitumor 
immunity to B16-F10 melanoma, while limiting effects 
on Tregs. The high affinity IL-2R was induced on tumor-
reactive TCR transgenic  CD8+ T cells by immunization 
with cognate antigen, and IL-2R signaling was enhanced 
by administering mIL-2/mCD25 shortly thereafter. Our 
data show that a single administration of high-dose mIL-2/
mCD25 substantially amplified tumor-reactive  CD8+ effec-
tor and memory T cells, and these responses were accompa-
nied by more effective antitumor immunity toward B16-F10 
melanoma.

Materials and methods

Mice

C57BL/6  J (JAX stock #000664), CD45.1-congenic 
C57BL/6 (B6.SJL-Ptprca Pepcb/BoyJ; JAX stock 

#002014), OT-I/Rag1−/− TCR transgenic (C57BL/6-
Tg(TcraTcrb)1100Mjb/J; JAX stock #003831) [17], and 
Thy-1.1+ Pmel-1 TCR transgenic (B6.Cg-Thy1a/Cy 
Tg(TcraTcrb)8Rest/J; JAX stock #005023) [18] mice were 
purchased from The Jackson Laboratory. Subsequently, 
CD45.1-congenic C57BL/6, OT-I, and Pmel-1 mice were 
bred in our colony at the University of Miami. Experiments 
were initiated with 7- to 8-week-old female or male mice. 
Mice were housed in a specific pathogen-free facility. Ani-
mal studies were approved by the Institutional Animal Care 
and Use Committee at the University of Miami (Protocol 
18-147).

Synthetic peptides and TLR agonists

OVA257–264 (OVA; SIINFEKL) [17] and human  gp10025–33 
(hgp100; KVPRNQDWL) [18] peptides were purchased 
from Anaspec and/or CHI Scientific and were ≥ 95% pure. 
LPS (cat. #L2880), poly (I:C) (cat. #P9582), and gardiqui-
mod (cat. #SML0877) were purchased from Sigma-Aldrich. 
CpG (cat. #tlrl-1826) was purchased from InvivoGen. All 
reagent stocks were reconstituted based on solubility prop-
erties or according to manufacturer’s recommendations and 
maintained at − 20 °C.

IL‑2‑based products

mIL-2/mCD25 was purified from culture supernatants from 
mIL-2/mCD25-transfected CHO cells by Ni affinity col-
umns, as previously described [16]. Human IL-2 (hIL-2) 
(Peprotech, cat. #200-02), mouse IL-2 (mIL-2) (Peprotech, 
cat. #212-12), and anti-mIL-2 mAb JES-6.1A12 (BioXCell, 
cat. #BE0043) were reconstituted based on manufacturer’s 
recommendations. Stocks were stored at − 70 °C and admin-
istered intraperitoneally (i.p.) in HBSS or PBS.

Adoptive transfer and immunizations

Sex-matched  CD8+ OT-I T cells (CD45.2) (2.5 × 105 cells) 
were adoptively transferred into CD45.1-congenic C57BL/6 
mice. Sex-matched  CD8+ Pmel-1 T cells (Thy-1.1) (5 × 105 
cells unless otherwise noted) were adoptively transferred 
into C57BL/6 J mice (Thy-1.2). These T cells were injected 
i.v. through the tail vein. Unless otherwise indicated, mice 
were immunized 1 day after adoptive transfer with OVA 
(10 µg) or hgp100 (100 µg) peptides and LPS (10 µg) i.v. 
Twenty-four h after immunization, mIL-2/mCD25, mIL-2, 
hIL-2, or mIL-2/JES-6.1A12 were administered i.p. The 
mIL-2/JES-6.1A12 complex was prepared by mixing mIL-2 
(1.5 µg) and mIL-2 mAb (15 µg) for 15 min prior to admin-
istration. When indicated, poly (I:C) (50 µg), gardiquimod 
(100 µg), or CpG (20 µg) were administered i.v.
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Flow cytometric analysis

Red blood cells were lysed from PBMCs or from single cell 
suspensions from lymphoid and non-lymphoid tissues using 
ACK lysing buffer solution. For cell surface staining, cells 
were first incubated with 2.4G2 to block Fc receptors for 
1 min, washed with staining buffer (HBSS containing 0.2% 
BSA and 0.1% (w/v) sodium azide), incubated with anti-
bodies for 15 min at 4 °C, and washed again with staining 
buffer. Fluorochrome-labeled and biotin-labeled antibod-
ies and fluorochrome–streptavidin conjugates used in this 
study, with sources and staining concentrations, are listed 
in Supplementary Table 1. Intracellular staining of Foxp3, 
Ki67 and granzyme B was performed using the eBioscience 
Foxp3/Transcription Factor Staining Buffer kit by incubating 
the cells for 30 min according to manufacturer’s instructions. 
Intracellular cytokine staining for IFN-γ, TNF, and IL-2 was 
done using the BD Cytofix/Cytoperm Fixation/Permeabili-
zation kit for 30 min according to the manufacturer’s instruc-
tions. Samples were run on BD LSR-Fortessa-HTS or BD 
LSR-II flow cytometers and data were analyzed using FACS 
DIVA (version 8.1) or FlowJO (version 10.6.1) software. 
For quantification of PBMCs, exactly 50 µL of blood was 
collected and all cells were run on the flow cytometers. The 
total events were used to calculate PBMCs/mL of blood.

Intracellular cytokine assay

To test for production of IFN-γ, TNF, and IL-2, splenocytes 
(1 × 106/mL/well) were cultured in 24-well plates with 
hgp100 (10 nM) and BD GolgiStop (1 µL) (cat #554724) 
in complete media (CM) consisting of RPMI-1640 (VWR) 
supplemented with 5% FBS, 100 U/mL penicillin, 100 µg/
mL streptomycin, 2  mM  l-glutamine, and 0.05  mM 
β-mercaptoethanol at 37 °C for 4 h prior to mAb staining 
for flow cytometry.

In vivo tumor model

B16-F10 melanoma was purchased from American Type 
Culture Collection (ATCC) and maintained as recom-
mended. Cells were tested and verified to be negative for 
mycoplasma and other pathogenic agents. B16-F10 cells 
were used after thawing frozen aliquots and were maintained 
in culture for less than 2 weeks. 1 × 105 B16-F10 were inocu-
lated s.c. into the rear flank of C57BL/6 J. Tumor growth 
was monitored by measuring two opposing diameters with 
calipers. Results are presented as tumor volume  (mm3) 
where volume was calculated using the formula: (L × W2)/2 
where L = length and W = width. In survival studies, mice 
were euthanized when tumor volume reached approximately 
2000 mm3 or one of the diameters measured reached 20 mm.

Analysis of tumor‑infiltrating lymphocytes (TILs)

B16-F10 tumors were established for 13 days prior to adop-
tive transfer of Pmel-1 cells and then mice were immunized 
and treated with mIL-2/mCD25, as indicated. On day 5 
post-antigen-priming (day 19 of tumor growth), tumors were 
harvested, weighed, and minced into 1–2 mm pieces and 
incubated at 37 °C with gentle shaking in CM containing 
collagenase D (1 mg/mL) for 20 min. Single-cell suspen-
sions were then obtained using the gentleMACS Dissociator 
and stained for flow cytometry.

Statistical analyses

All data are expressed as mean ± SEM. Statistical analyses 
were conducted using GraphPad Prism 8 software. For two-
group analyses, unpaired t test, unpaired Welch’s t test or 
Mann–Whitney test were used and for three or more groups, 
One-way ANOVA with Tukey’s test or Welch’s ANOVA 
with Dunnett’s T3 test was used when appropriate, after 
testing for normality (Shapiro–Wilk) and equality of vari-
ances (F-test for two groups or Bartlett’s test for three or 
more groups). Mouse survival was illustrated using the 
Kaplan–Meier method and analyzed using log-rank (Mantel-
Cox) test. Significance is indicated by: *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001.

Results

A single high dose of mIL‑2/mCD25 amplifies  CD8+ 
tumor‑reactive Teff cells and promotes  CD8+ T cell 
memory

In initial studies, we tested the potential of a single dose of 
mIL-2/mCD25 to enhance the expansion and persistence of 
adoptively transferred TCR transgenic  CD8+ OT-I T cells, 
when the FP was administered 1 day after priming with 
cognate antigen OVA and the TLR4 agonist LPS. At the 
higher dose (48 µg) of mIL-2/mCD25, the majority of the 
 CD8+ T cell compartment in the PBMCs was composed of 
OT-I T cells early after priming (Fig. 1a and b). This high 
dose of mIL-2/mCD25 was also more effective at amplifying 
OT-I T cells than mIL-2/JES-6.1A12 anti-IL-2 complexes, 
which also selectively target the high affinity IL-2R (Fig. 1a 
and b). When an equivalent number of moles of IL-2 (4 μg) 
and mIL-2/mCD25 (16 µg) were administered, only mIL-2/
mCD25 supported large expansion of OT-I T cells, and 
this expansion was similar to that seen after administering 
mIL-2/anti-IL-2 complexes (Fig. 1a and b). Besides expan-
sion of the OT-I T cells, high-dose mIL-2/mCD25 also sub-
stantially amplified  CD8+ memory T cells, as approximately 
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20% of the T cell compartment was composed of OT-I T 
cells 256 days after priming (Fig. 1b).

Using the same immunization protocol, amplification of 
the primary response by high-dose mIL-2/mCD25 (100 μg) 
was also noted for transferred melanoma-reactive  CD8+ 
Thy-1.1+ Pmel-1 T cells (Fig.  1c and d). Furthermore, 
approximately, 40% of the  CD8+ T cell compartment was 
composed of Pmel-1 T cells 64 days after priming (Fig. 1d). 
When the maximal response to hgp100 was normalized to 

100%, a lower overall contraction of Pmel-1 was noted after 
administering mIL-2/mCD25 (Fig. 1e), indicating that the 
higher frequency of memory cells supported by the FP was 
not simply accounted for by greater expansion of Pmel-1 
cells during the primary response. As expected, mIL-2/
mCD25 also increased the frequency of Tregs in the PBMCs 
as seen on day 5; however, the expansion was transient and 
Tregs rapidly contracted back to baseline levels by day 14 
(Fig. 1f).

a b

c d

e f

Fig. 1  Single administration of mIL-2/mCD25 amplifies antigen-
primed T cells. OT-I (2.5 × 105) or Pmel-1 (5 × 105) TCR transgenic 
T cells were transferred into naϊve C57BL/6  J or CD45.1-congenic 
C57BL/6 mice and 1 day later were primed with either OVA (10 μg) 
or hgp100 (100  μg) peptides and LPS (10  μg), respectively. 24  h 
after antigenic stimulation, mIL-2/mCD25, mIL-2, hIL-2, or mIL-2/
JES-6.1A12 complex were administered as indicated. Representa-
tive FACS plots of OT-I and Pmel-1 T cells 7 days post priming and 
quantitative data measured in the blood for  CD8+ CD45.2+ OT-I (a 
and b) (n = 3–4 mice/group) and  CD8+ Thy-1.1+ Pmel-1 (c and d) 

(n = 13–14 mice/group) T cells. e Percent contraction of Pmel-1 
 CD8+ T cells where peak of response was considered to be on day 
7 from data in (d) (n = 7 mice/group). f Transient expansion and 
rapid contraction of  CD4+  Foxp3+ Tregs in the blood of mice receiv-
ing Pmel-1 adoptive transferred cells from data in (d) (n = 6–7 mice/
group). Data are representative of one experiment (a, b and f) or 
pooled (c–e) from two independent experiments. Data were analyzed 
by determining the area under curve (AUC) followed by Welch’s 
ANOVA and Dunnett’s T3 test for multiple comparisons (b and f) or 
a Welch’s unpaired t-test (d and e)
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Using the Pmel-1 system as a model, 50–100  μg of 
mIL-2/mCD25 led to an over 100-fold amplification of 
Teff and memory T cells (Supplementary Figure S1a). In 
this same setting, Tregs also expanded, but these returned 
to baseline by day 14 post-priming (Supplementary Figure 
S1b). High-dose mIL-2/mCD25 enhanced the frequency of 
Pmel-1 cells in a cell dose-dependent manner, where adop-
tive transfer of higher cell numbers led to higher frequen-
cies of amplified cells in the blood (Supplementary Figure 
S1c). Collectively, all these experiments demonstrate that 
high-dose mIL-2/mCD25 leads to amplification of antigen-
specific  CD8+ effector and memory T cells when the FP is 
applied shortly after priming, while only transiently increas-
ing Tregs.

A single administration of mIL‑2/mCD25 is more 
effective than IL‑2 in expanding adoptively 
transferred Teff cells

The preceding experiments showed that high-dose mIL-2/
mCD25, but not recombinant IL-2, amplified transferred 
OT-I Teff cells (Fig. 1b). Similarly, a single injection of 
mIL-2/mCD25 (50 µg), but not IL-2 administered at the 
same molar amounts (12.5 µg), amplified the responses 
of Pmel-1 cells (Fig. 2a and b). Based on these results, we 

tested the extent to which more frequent administrations 
of IL-2 after antigen-priming might replicate the primary 
response of Pmel-1 T cells. Even a daily administration of 
hIL-2 (12.5 μg) did not amplify Pmel-1 cells (Fig. 2a and b). 
Furthermore, a single high dose of mIL-2/mCD25 (100 µg) 
was still superior to hIL-2 (50 and 100 μg) administered 
5 times over 72 h, which represent maximally tolerable 
amounts, at expanding the  CD8+ Pmel-1 T cells (Fig. 2c 
and d). Thus, these results show that high doses of mIL-2/
mCD25 are more effective than recombinant IL-2 in ampli-
fying antigen-primed  CD8+ Teff cells.

We also investigated the relative effects of mIL-2/mCD25 
on endogenous NK cells. In the absence of Pmel-1, hIL-2 
but not mIL-2/mCD25 increased NK cells. In contrast, in 
the context of mice adoptively transferred with Pmel-1 T 
cells, hIL-2 and mIL-2/mCD25 increased NK cells to simi-
lar frequencies; these responses were greater than detected 
in mice without Pmel-1 that only received hIL-2 (Fig. 2e). 
CD25 expression was enhanced by administration of hIL-2 
or the FP on NK cells and this effect was further increased 
by the adoptively transferred Pmel-1 T cells (Fig. 2f). These 
results indicate that mIL-2/mCD25-induced IL-2R signaling 
might synergize with vaccine-induced factors produced by 
Pmel-1 T cells to promote CD25 expression and prolifera-
tion of NK cells.

a

b d

c

e f

Fig. 2  A single high-dose administration of mIL-2/mCD25 is more 
effective than hIL-2 at expanding Pmel-1 T cells. Pmel-1 T cells 
were transferred and immunized as described in Fig. 1 and then were 
treated with hIL-2 and mIL-2/mCD25 as indicated. Experimental 
design (a and c) and quantitative data (b and d) of the frequency of 
Pmel-1 T cells 7 days post-priming in the blood (b) (n = 5–10 mice/

group) or 4  days post-priming in the spleen (d) (n = 4 mice/group). 
Frequency (e) and CD25 expression (f) of NK cells in the spleen of 
mice treated as in (c) in the presence or absence of Pmel-1 cells and 
immunization with hgp100 and LPS (n = 4–5 mice/group). Data were 
pooled from two independent experiments and analyzed by Welch’s 
ANOVA and Dunnett’s T3 test for multiple comparisons
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High‑dose mIL‑2/mCD25 optimally amplifies 
memory  CD8+ T cells in lymphoid and non‑lymphoid 
tissues, while promoting central  (TCM) and effector 
 (TEM) memory‑phenotypic cells

At 258 days post-priming, high-dose mIL-2/mCD25-ampli-
fied OT-I T cells were readily found in lymphoid tissues, 
including the spleen, mesenteric lymph nodes (MLN), and 
bone marrow (BM), and in non-lymphoid tissues such as the 
lungs and liver (Fig. 3a). High-dose (48 μg) mIL-2/mCD25 

b

a

c

Fig. 3  High-dose mIL-2/mCD25 amplifies memory  CD8+ T cells in 
lymphoid and non-lymphoid tissues and supports the generation of 
 TEM and  TCM cells. OT-I  CD8+ T cells were transferred and treated 
as described in Fig. 1. a Quantification of OT-I T cells in the spleen, 
mesenteric lymph nodes (MLN), bone marrow (BM), lung, and liver 
258  days post-priming. b Representative FACS plots showing fre-
quencies of  TEM and  TCM OT-I cells 7 and 256  days post-priming 

in the blood. c Frequency of OT-I  TEM and  TCM for mIL-2/mCD25 
and mIL-2/JES-6.1A12 complex in the blood. Memory cell distri-
bution was assessed based on expression of CD127 and CD62L on 
 CD44+ OT-I  CD8+ T cells. Data are representative of one experiment 
(n = 3–4 mice/group) and analyzed using ordinary one-way ANOVA 
and Tukey’s test for multiple comparisons (a)
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supported a higher frequency of persistent OT-I T cells in 
these tissues than a lower dose of mIL-2/mCD25 (16 μg), 
IL-2/anti-IL-2 complexes, or IL-2. In addition, on day 21 
post-priming, mIL-2/mCD25-amplified  CD8+ Pmel-1 T 
cells were readily detected at high frequencies that corre-
spond to 10–100-fold greater cell numbers in the spleen, 
inguinal lymph nodes, MLN, and BM when compared to 
Pmel-1 T cells primed without the FP (Supplementary Fig-
ure S2a). These findings indicate that high-dose mIL-2/
mCD25 supports the development of a dominant  CD8+ T 
memory population that resides in or circulates through lym-
phoid and non-lymphoid tissues.

Longitudinal analysis of OT-I T cells from PBMCs 
showed that near the peak of the expansion, on day 7, OT-I 
cells consisted of Teff  (CD44+  CD62Llo  CD127lo) and  TEM 
 (CD44+  CD62Llo  CD127hi) cells when using IL-2 or the 
other IL-2-based molecules (Fig. 3b). However, as early as 
day 14 post-priming (data not shown) and anytime there-
after, the vast majority of OT-I cells were  TEM and  TCM 
 (CD44+  CD62Lhi  CD127hi) cells, and these were highly 

abundant only in the groups that received either high-dose 
mIL-2/mCD25 or mIL-2/JES-6.1A12 complexes (Fig. 3b 
and c). Similar results were obtained for mIL-2/mCD25-
amplified Pmel-1 cells (Supplementary Figure S2b and c). 
Notably, in this experiment at the peak of expansion, on day 
5, the Pmel-1 cells were predominately Teff cells. These data 
in conjunction with the OT-I results suggest a rapid switch 
from Teff to  TEM cells, which is followed by generating a 
similar mix of persistent  CD8+  TEM and  TCM cells.

High‑dose mIL‑2/mCD25 enhances activation 
and function of tumor antigen‑specific T cells

We explored the consequences of high-dose mIL-2/mCD25 
on Pmel-1 T cell activation and function when assessed 
5 days after priming with the relevant antigenic peptide 
and LPS. With respect to T cell activation, mIL-2/mCD25 
enhanced the frequencies of Pmel-1 cells expressing CD25, 
CD44, and Ki67 while CD122 remained highly expressed 
(Fig. 4a and b).

a

c

d

b

e

f

Fig. 4  High-dose mIL-2/mCD25 enhances T cell activation and 
functional activity. Pmel-1 T cells were transferred and immunized 
as described in Fig.  1 using mIL-2/mCD25 (100  μg). Representa-
tive FACS plots (a) and quantitative data (b) of activation and prolif-
eration markers on Pmel-1 T cells 5 days post-priming in the blood. 
Representative FACS plots with percent (top) and mean fluorescence 
intensity (bottom) (c and e) and quantitative data (d and f) of the 

functional activity of Pmel-1 Teff cells 5 days post-priming (c and d), 
and memory Pmel-1 cells (e and f) 64 days post-priming in the blood 
after in vitro re-stimulation with hgp100. Data (a–d) (n = 6–13 mice/
group) were pooled from two to three independent experiments and (e 
and f) are representative of one experiment (n = 2 mice/group). Data 
were analyzed using unpaired t test (d and f) or Welch’s unpaired t 
test (b)
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High-dose mIL-2/mCD25 not only increased the frequen-
cies of Pmel-1 Teff cells (Fig. 1), but also caused the ampli-
fied Pmel-1 Teff (Fig. 4c and d) and memory T cells (Fig. 4e 
and f) to produce IFN-γ, TNF, and granzyme B at a higher 
frequency and amounts, the latter based on mean fluores-
cence intensity, consistent with increased Teff function. In 
contrast, mIL-2/mCD25 led to Pmel-1 Teff, but not memory 
T cells, that produced IL-2 at a lower frequency. This result 
might reflect the capacity of Blimp-1 and T-bet to act in 
an IL-2-dependent negative feedback mechanism to reduce 
IL-2 production by Teff cells [19–21]. Collectively, these 
data show that high-dose mIL-2/mCD25, when coupled to 
antigenic stimulation, not only leads to exponential expan-
sion of  CD8+ Pmel-1 T cells (Fig. 1), but also enhances their 
functional activity.

TLR signaling is required for high‑dose mIL‑2/
mCD25‑mediated persistence of  CD8+ memory T 
cells

TLR-dependent signaling during T cell priming with anti-
gen has been linked to the enhanced generation of  CD8+ T 
cell memory and protective immunity [22–24]. We inves-
tigated the requirement for TLR-dependent signaling in 
high-dose mIL-2/mCD25-dependent Teff expansion and 
persistent  CD8+ T memory development. Administering 
hgp100 followed by mIL-2/mCD25 without a TLR agonist 
supported substantial expansion of Pmel-1 Teff cells. Com-
bining poly (I:C), LPS, gardiquimod, or CpG, (TLR3, TLR4, 
TLR7/8, and TLR9 agonists, respectively) with hgp100 
modestly increased mIL-2/mCD25-amplified Pmel-1 Teff 
cells (Fig. 5a and b). However, Pmel-1 memory T cells only 
developed in mice immunized with LPS or gardiquimod 
during antigen-priming and treated with high-dose mIL-2/
mCD25 (Fig. 5a and b). Moreover, the frequency of  CD25+ 

Pmel-1  CD8+ T cells was lower in the LPS and gardiquimod 
groups (Fig. 5c). As CD25 is an IL-2-responsive gene [25], 
this finding may reflect that these cells received lower IL-2R 
signaling during priming, a condition that is known to sup-
port development of  CD8+ T memory formation [6, 26]. 
Thus, antigen- and mIL-2/mCD25-dependent expansions of 
 CD8+ Teff cells are largely independent of TLR signaling, 
while the development of  CD8+ T memory requires TLR4 
or TLR7/8 signaling.

mIL‑2/mCD25‑amplified tumor‑reactive T cells 
promote antitumor immunity

Longitudinal analysis of  CD8+ OT-I and Pmel-1 T cells 
showed that limited application of high-dose mIL-2/mCD25 
promotes substantial development of persistent memory. 
Mice harboring such memory Pmel-1 T cells 65 days post-
priming were challenged with B16-F10. When compared 
to unprimed mice or mice primed 65 days previously with 
only hgp100/LPS, the persistent mIL-2/mCD25-amplified 
Pmel-1 memory cells effectively delayed tumor growth and 
significantly enhanced survival (Fig. 6a). Eventually, all 
mice with mIL-2/mCD25-dependent Pmel-1 memory T cells 
developed tumors. These tumors may be antigen-loss vari-
ants as they lost the typical dark pigmentation characteristic 
of B16-F10 melanoma (data not shown), which depends, in 
part, on gp100 [27].

Mice with pre-established tumors prior to adoptive 
transfer of Pmel-1 T cells and immunization also showed a 
further delay in tumor growth and increased survival when 
high-dose mIL-2/mCD25 was administered just after prim-
ing (Fig. 6b). Adoptive transfer of the TCR transgenic cells 
was required to obtain significant mIL-2/mCD25-dependent 
antitumor responses, since vaccination and mIL-2/mCD25 
administration did not enhance these antitumor responses in 

ba c

Fig. 5  TLR signaling is required for high-dose mIL-2/mCD25-
mediated persistent Pmel-1 memory T cells. Pmel-1 T cells were 
transferred and immunized as described in Fig. 1 in the presence or 
absence of different TLR agonists and high-dose mIL-2/mCD25 
(100 µg). Numbers (a) and frequencies (b) of Pmel-1 T cells in the 
blood. Frequencies of  CD25+ Pmel-1  CD8+ T cells (c) on day 5 

post-priming in the blood. All data were pooled from two independ-
ent experiments (n = 6–7 mice/group). Frequency data in (b) were 
analyzed by determining the area under curve (AUC) followed by 
Welch’s ANOVA and Dunnett’s T3 test for multiple comparisons. 
Data in (c) were analyzed using an unpaired t test
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mice that lacked TCR transgenic T cells (Fig. 6c). Collec-
tively, these data indicate that in the context of TCR-specific 
transferred T cells, a peptide vaccine and a single adminis-
tration of high-dose mIL-2/mCD25 amplified tumor-specific 
 CD8+ effector or memory T cells that mediated robust anti-
tumor responses.

mIL‑2/mCD25 enhances the frequency 
and functional activity of tumor‑reactive T cells 
infiltrating B16‑F10 melanoma tumors

Since tumor-reactive T cells amplified by high-dose 
mIL-2/mCD25 effectively cleared tumors in 38% of the 
mice, we assessed the immune composition of the tumor 
microenvironment (TME). In these experiments, mice 
were inoculated with B16-F10 tumor cells, and 13 days 

later, when the tumors were approximately 400 mm3, 
Pmel-1 T cells were transferred into the mice followed by 
immunization and application of HBSS or mIL-2/mCD25. 
Four days later, at the peak of the Teff response in the 
periphery, tumor-infiltrating lymphocytes were isolated 
for immunophenotyping (Fig. 7). With respect to  CD8+ 
tumor-reactive Pmel-1 T cells, mIL-2/mCD25 increased 
their numbers approximately 5.7-fold (Fig. 7a), and that 
was accompanied by an increase in granzyme B-produc-
ing cells (Fig. 7b and c). However, Pmel-1 T cells within 
the tumors of mIL-2/mCD25-treated mice displayed 
lower expression of CD25 and Ki67 (Fig. 7b and c). The 
reason for this finding is not clear since the Pmel-1 T 
cells readily expanded to the FP in the TME. Expression 
of checkpoints PD-1 and CTLA-4 on tumor-infiltrating 
Pmel-1 cells was low; however, mIL-2/mCD25 supported 

a

b

c

Fig. 6  mIL-2/mCD25-amplified effector and memory tumor-reactive 
T cells lead to antitumor responses. Pmel-1 T cells were transferred 
and immunized as described in Fig. 1 using mIL-2/mCD25 (100 μg). 
a–c Tumor growth (left) and survival curves (right). a Mice were 
challenged with B16-F10 tumor cells 65 days post-priming (n = 5–7 
mice/group). b Mice received B16-F10 tumor cells and 2 days later 
were transferred with Pmel-1 T cells followed by immunization, as 
described above (n = 12–13 mice/group). c B16-F10 tumors were 

pre-established for 3 days prior to vaccination with peptide and LPS, 
and mIL-2/mCD25 (100  µg) was administered 24  h post-priming 
(n = 4–6 mice/group). Data are representative of (a) one experiment 
repeated 3 times, (b) pooled from three independent experiments, or 
(c) one experiment performed twice and were analyzed using the log-
rank (Mantel-Cox) test. Significance values shown correspond to the 
mIL-2/mCD25-treated group compared to the HBSS group (a and b) 
or by comparing the untreated group to each of the other groups (c)
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lower frequencies of PD-1+ tumor-reactive T cells within 
these tumors (Fig. 7b and c).

The above data show that mIL-2/mCD25 increased 
the frequency of tumor-reactive T cells infiltrating B16-
F10 tumors. We also investigated the effect of high-dose 
mIL-2/mCD25 on other immune populations in the 
TME. Absolute numbers of Tregs (per gram of tumor) 
were slightly lower in mice that received Pmel-1 T cells 
and mIL-2/mCD25 (Supplementary Figure S3a). This 
led to an approximately 11.1-fold increase in the ratio 
of Pmel-1 T cells to Tregs (Supplementary Figure S3b). 
With respect to other host-derived immune cells, a trend 
was noted toward a higher frequency of  CD8+ polyclonal 
T cells, NK cells,  CD11b+ cells, and  Ly6G+ cells, and 
lower frequencies of  CD19+ B cells within the tumors 
of mice that received Pmel-1 T cells along with mIL-2/
mCD25 (Supplementary Figure S3c). mIL-2/mCD25 also 
increased the frequency of granzyme B-expressing host-
derived T and NK cells while CD25 and Ki67 variably 
increased among these cell populations (Supplementary 
Figure S3d). Taken together, these findings show that 
high-dose mIL-2/mCD25 not only amplifies tumor-reac-
tive T cells within the tumor, but also raises the possibil-
ity that other immune cells may contribute to the antitu-
mor response against B16-F10 melanoma.

Discussion

The immunostimulatory activity of IL-2 has been shown 
to elicit potent anti-cancer responses, thus providing a 
rationale to develop new strategies that maximize these 
beneficial features while minimizing shortcomings of this 
cytokine. Two significant drawbacks of IL-2 are severe 
non-specific toxicities and broad targeting of IL-2R-ex-
pressing cells that may limit the antitumor response. Sev-
eral new IL-2-based biologics have been developed to 
increase half-life and/or direct IL-2R signaling selectively 
toward cells expressing the high versus the intermediate 
affinity IL-2R [12–15]. In this regard, we have developed 
the mIL-2/mCD25 FP with a substantially increased half-
life (approximately 16 h) and selectivity for cells express-
ing the high affinity IL-2R [16].

Five important findings emerge from the current study. 
First, only a single high dose of mIL-2/mCD25 was 
required to amplify  CD8+ effector and memory T cells 
after adoptive transfer of TCR transgenic cells. Sec-
ond, this single high dose of mIL-2/mCD25, which was 
applied to coincide with the induction of the high affin-
ity IL-2R by vaccination with tumor antigens and TCR 
stimulation, led to effective antitumor immunity. Third, 

a b

c

Fig. 7  High-dose mIL-2/mCD25 enhances the frequency and func-
tional activity of tumor-infiltrating Pmel-1 T cells. B16-F10 tumors 
were pre-established for 13 days prior to transfer of Pmel-1 T cells. 
A day after transfer, the cells were primed with peptide and LPS; 
mIL-2/mCD25 (100 µg) was administered 24 h post-priming. Tumors 
were analyzed 5 days after T cell priming. a Numbers of Pmel-1 T 

cells per gram of tumor (n = 6–7 mice/group). Representative FACS 
plots (b) and quantitative data (c) showing expression of the indi-
cated markers on Pmel-1 T cells (n = 6–7 mice/group). All data 
were pooled from two independent experiments and analyzed using 
Welch’s unpaired t test
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limited application of mIL-2/mCD25 not only promoted 
the expansion of tumor-reactive T cells but also enhanced 
markers of functional activity as assessed by intracellular 
levels of IFNγ, TNF, and granzyme B. Fourth, by limiting 
the use of mIL-2/mCD25 to a single application following 
vaccination, the concurrent stimulation of Tregs was only 
transient, allowing favorable ratios of antitumor Teff cells 
over Tregs within the TME. Lastly, when compared with 
a single equivalent dose of hIL-2, only mIL-2/mCD25 
amplified antitumor Teff cells. Even when hIL-2 was 
frequently administered at maximal tolerable dosing, the 
magnitude of the antitumor Teff responses was still greater 
after a single application of high-dose mIL-2/mCD25.

Our strategy was to substantially and selectively increase 
the overall efficacy of tumor antigen-specific T cells, which 
are likely the most desirable cells to elicit antitumor immu-
nity. We reasoned that promoting IL-2R signaling in tumor 
antigen-specific T cells would only require application of 
mIL-2/mCD25 at a time that coincided with tumor antigen 
induction of the high affinity IL-2R on T cells [4]. This tac-
tic avoided the broad targeting of lymphoid cells, particu-
larly  CD8+ T and NK cells, associated with IL-2. Tregs also 
express the high affinity IL-2R but using a single application 
of high-dose mIL-2/mCD25 only led to a transient increase 
in Tregs, thus avoiding more extensive and persistent 
expansion of these potential tumor-suppressive cells. The 
amplification of OT-I T cells by mIL-2/mCD25 (16 μg) was 
similar to that seen with the mIL-2/anti-IL-2 (JES-6.1A12) 
complexes that also target the high affinity IL-2R. These 
complexes also increased the frequency of OVA-specific 
polyclonal  CD8+ T cells which conferred protective immu-
nity to Listeria monocytogenes expressing OVA [28]. Thus, 
the ability of mIL-2/mCD25 to amplify Pmel-1 Teff and 
memory cells does not reflect an idiosyncratic effect of this 
fusion protein on  CD8+ T cells. Rather, these findings sug-
gest that increasing the persistence of IL-2R signaling on 
antigen-activated  CD8+ T cells is the critical factor, which 
is supported by mIL-2/mCD25 or agonist IL-2/anti-IL-2 
complexes, as both have much longer half-lives than rIL-2.

Another strategy under development by others uses 
novel IL-2-based biologics to preferentially target memory-
phenotypic  CD8+ and NK cells, that express high amounts 
of the intermediate affinity IL-2R, i.e., cells that express 
CD122 (IL-2Rβ) and CD132 (γc) with low to no-CD25 
(IL-2Rα) [12–15], while minimizing expansion of Tregs. 
A potential reservation of targeting the intermediate affinity 
IL-2R is that tumor antigen-specific  CD4+ and  CD8+ Teff 
cells express low amounts of the IL-2Rβ subunit compared 
to memory-phenotypic  CD8+ T and NK cells and are less 
reactive to these types of IL-2 variants. Additionally, the 
expansion of tumor antigen-specific  CD8+ Teff cells will be 
in competition with other non-tumor antigen-reactive  CD8+ 
T cells. As these non-specific  CD8+ T cells are likely much 

more numerous, the potential to expand tumor antigen-spe-
cific  CD8+ T cells becomes unpredictable. Moreover, Tregs 
express relatively high amounts of CD122 and CD132, albeit 
at levels lower than  CD8+ T and NK cells, and can still 
respond to IL-2-based biologics that target the intermedi-
ate affinity IL-2R, as demonstrated for IL-2/S4B6 anti-IL-2 
complexes [15]. Thus, expansion of Tregs might also occur 
when using such modified IL-2s, depending upon the dose 
and frequency used. Our data clearly show that a single high 
dose of mIL-2/mCD25 used after vaccination with a tumor 
antigen may represent a viable alternative strategy by more 
effectively maintaining peripheral T cell homeostasis, while 
favorably increasing tumor-reactive T cells over Tregs in the 
TME. The associated transient increase in peripheral Tregs 
with a single high dose of mIL-2/mCD25 might also con-
tribute to limiting tumor immunotherapy-associated autoim-
munity while effectively eradicating tumors [29–31].

The slow dissociation of non-covalent mIL-2/mCD25 
trans-dimers into biologically active mIL-2/mCD25 mono-
mers accounts for its long half-life and selectivity toward 
cells expressing the high affinity IL-2R [16]. This property 
leads to a more constant and persistent IL-2R signaling 
over an extended time and is concordant with the higher 
expansion of Pmel-1 cells by a single high dose of mIL-2/
mCD25 when compared to the same molar amounts or 
maximally tolerable doses of hIL-2. At the doses used, 
the concentration of the active monomer remains at a low 
enough level to exert minimal activity on cells within 
the TME that primarily express the intermediate affinity 
IL-2R. Correspondingly, mIL-2/mCD25 was insufficient 
to enhance the frequencies of non-tumor antigen-specific 
 CD8+ T and NK cells in the B16-F10 TME. Notably, 
mIL-2/mCD25 FP exhibits this selectivity and persistence 
without introduction of mutations to the IL-2 sequence, 
binding IL-2 to a specific anti-IL-2 mAb, or coupling 
to non-specific immunoglobulin, as done with other 
approaches to re-engineer IL-2 for use in immunotherapy.

Compared to IL-2, mIL-2/mCD25 FP exhibits more 
favorable pharmacokinetics and pharmacodynamics 
[16], which allows for less frequent dosing to promote 
the expansion of tumor-specific T cells. Our data support 
a translational approach where limited dosing with high 
amounts of mIL-2/mCD25 is applied in the context of 
tumor vaccines that target tumor-associated self- or neoan-
tigens and incorporate TLR agonist(s), such as poly-ICLC 
and imiquimod, among others [32], to induce antitumor 
immunity. The development of  CD8+ T cell memory after 
vaccination with mIL-2/mCD25 is an especially attrac-
tive feature, as this may control cancer reoccurrence after 
eliminating the initial tumor burden. These studies lay the 
groundwork to adapt this approach to enhance endogenous 
polyclonal tumor-specific or adoptively transferred T cells.
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