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B16-F10 melanoma and treated them with varying doses of 
rIL-2 (range 103–105 IU). Tumor growth at day 14 was sig-
nificantly reduced when rIL-2 was administered at 10,000 
(P < 0.02) and 100,000 (P < 0.02) IU doses, but tumor 
growth was significantly increased when mice were treated 
at 1000 IU rIL-2 (P < 0.02), as compared to placebo treat-
ment. While the proportions of CD8+ and CD4+ T cells 
in the tumor were similar at all doses tested, the proportion 
of NK cells was decreased and the proportion of Tregs was 
increased in tumors exposed to low-dose rIL-2. The ratio 
of gp100-specific CD8+ to CD4+ regulatory T cells was 
increased in tumors treated at 10,000 and 100,000 IU of 
rIL-2 but was decreased at the 1000 IU dose compared to 
placebo-treated mice. These findings suggest that low-dose 
rIL-2 may impair host anti-tumor immunity and promote 
tumor growth. Early-phase adjuvant and combination clini-
cal studies should include patient cohorts with higher doses 
of rIL-2.

Keywords Immunotherapy · Interleukin-2 · Cancer 
vaccines · CD8+ T cell · Regulatory T cell · Natural killer 
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rIL-2  Recombinant interleukin-2
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Introduction

Immunotherapy is a rapidly advancing field in the treatment 
of cancer that relies on activating the patient’s immune system 
against the offending tumor. Cancer vaccines are a promising 
area of research in immunotherapy and have the potential to 

Abstract Recombinant interleukin-2 (rIL-2) is associ-
ated with objective responses in 15–20 % of patients with 
metastatic melanoma and renal cell carcinoma. More 
recently, rIL-2 has also demonstrated improved clinical 
activity in patients with melanoma. Given the toxicity of 
high-dose rIL-2 and the availability of many new immu-
notherapy agents, it has been suggested that lower doses 
of rIL-2 may be preferred for combination clinical stud-
ies. In order to determine the impact of low doses of rIL-2 
on anti-tumor immunity and therapeutic effectiveness, 
we challenged C57BL/6 mice with poorly immunogenic 
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induce strong anti-tumor responses within the tumor micro-
environment [1]. Cancer vaccines can be divided into two 
subtypes: preventative cancer vaccines and cancer treatment 
vaccines. As their names imply, preventative vaccines work 
to prevent cancer in healthy individuals, while treatment vac-
cines treat tumors in afflicted individuals [1]. Currently, only 
three preventative cancer vaccines have been approved by 
the US Food and Drug Administration (FDA). Two vaccines 
prevent specific strains of human papillomaviruses (HPV 16 
and 18), which can cause vulvar, vaginal, anal, penile, and 
oropharyngeal cancers [2–5]. The third approved preventa-
tive vaccine targets hepatitis B virus, which can cause liver 
cancer [6–8]. Preventative vaccines against other oncogenic 
infectious agents are being tested in order to vaccinate against 
additional cancers [9]. On the other hand, cancer treatment 
vaccines induce the immune system to treat existing tumors. 
The FDA has approved one treatment vaccine for castration-
resistant prostate cancer: sipuleucel-T [10].

In order to induce a greater immunologic response to 
cancer vaccines, adjuvants are often added to the vaccina-
tion regimen. Adjuvants strengthen the immune response 
by recruiting additional antigen-presenting cells, initiating 
non-specific immune responses, and promoting the innate 
immune system. Interleukins (ILs), and more specifically 
rIL-2, have been promising candidates for use as adjuvants 
for cancer vaccines. The therapeutic action of rIL-2 is facil-
itated by the expansion of CD8+ T lymphocytes and NK 
cells. When combined with cancer vaccines, it is believed 
that rIL-2 enhances the activation of tumor-specific T cells 
that are more efficient in destroying tumors [1, 11]. How-
ever, T regulatory cells (Tregs) express high levels of the 
IL-2 receptor, CD25, and may expand with rIL-2 treatment 
[12, 13]. Therefore, it is important to understand how the 
levels of IL-2 achieved in vaccination or supplemented 
with vaccination augment therapeutic activity based on the 
pleiotropic effects of rIL-2 on T cells [14].

Results from preclinical and clinical trials of combina-
torial approaches of cancer vaccines and rIL-2 suggest an 
immunomodulatory role for rIL-2 in cancer treatment vac-
cines. However, the amount of rIL-2 needed to promote 
therapeutic activity as opposed to increasing immune sup-
pression remains a pertinent question [15–20]. In this study, 
we explored the importance of rIL-2 in cancer treatment by 
determining the impact of rIL-2 doses on tumor growth and 
immune T cell responses.

Materials and methods

Animals

Six- to eight-week-old C57BL/6 J (B6) and B6.Cg-Thy1a/
CyTg(TcraTcrb)8Rest/J (pmel) male mice (4–10 per group 

per experiment, Jackson Laboratory, Ben Harbor ME, USA) 
were housed under specific pathogen-free conditions at Rush 
University Medical Center. All animal procedures were per-
formed in accordance with Rush University Medical Center 
Institutional Animal Care and Use Committee guidelines.

Cell culture and adoptive cell transfer

B16-F10 melanoma cells were cultured in RPMI sup-
plemented with 10 % heat-inactivated fetal bovine serum 
(FBS; Atlanta Biologicals, Flowery Branch, GA, USA), 
2 mM L-glutamine (Mediatech, Manassas, VA, USA), and 
1 % penicillin/streptomycin (Mediatech). Pmel CD8+ T 
cells (100,000; specific for gp10025–33) were purified by 
negative magnetic bead selection (Miltenyi Biotec Inc., San 
Diego, CA, USA) and adoptively transferred to B6 mice 
via retro-orbital venous injection in 100 µl PBS.

Tumor challenge and monitoring

B6 mice were anesthetized with isoflurane and challenged 
in the shaved right flank with B16-F10 melanoma cells (via 
intradermal injection of 100,000 cells) in a 50/50 v/v mix-
ture with BD Matrigel basement membrane matrix (BD 
Biosciences, Bedford, MA, USA). The tumor area (length x 
width) was measured on days 9, 12, and 14, and mice were 
sacrificed on day 14. Primary outcomes included tumor 
size and T cell characterization of cells obtained from 
tumors and tumor-draining inguinal lymph nodes. Four to 
ten mice were utilized in each group per study, as described 
in the figure legends.

Interleukin (IL)‑2 treatment

B6 mice bearing tumors were treated on days 5–9 via 
intraperitoneal (i.p.) injection with rIL-2 (aldesleukin) at 
100,000, 10,000, or 1,000 IU (Prometheus Laboratories 
Inc., San Diego, CA, USA) in 100 µl PBS or left untreated 
(placebo; 100 µl PBS injection).

Flow cytometry analysis

Cells obtained from B6 mice were analyzed by flow cytomet-
ric analysis using a Canto II flow cytometer (BD, Franklin 
Lakes, NJ, USA) and FlowJo software (Tree Star, Ashland, 
OR, USA). Gating on live, singlet, non-debris lymphocytes 
was performed, as previously described (22). All antibodies 
were purchased from eBiosciences (San Diego, CA, USA).

Statistical analysis

Student’s t test (two-tailed) was used for comparisons 
of data using GraphPad Prism software (v4.0, GraphPad 
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Software, Inc., La Jolla, CA, USA). Statistically significant 
comparisons were denoted by a P < 0.05.

Results

Effect of rIL‑2 dose selection on B16 melanoma tumor 
growth

To determine the effect of different rIL-2 doses on tumor 
growth, three groups of C57BL/6 (B6) mice were chal-
lenged with B16 melanoma within a Matrigel matrix solu-
tion (for easy monitoring of tumor growth) (Fig. 1a). To 
track anti-tumor CD8+ T cell responses, pmel CD8+ T 
cells (specific to gp10025–33 expressed by melanocytes 
and melanoma) were transferred (at day-2) to all mice 
via retro-orbital injection. Transfer of the tumor-specific 
CD8+ T cells (pmels) had no significant effect on tumor 
growth (Fig. 1b). Tumor-bearing mice were treated with 
clinically relevant rIL-2 doses at 100,000 international 
units (IU) corresponding to standard high-dose IL-2 treat-
ment in patients, 10,000 IU, or 1,000 IU or left untreated 

(placebo group; PBS) on days 5–9 (Fig. 2a). At day 14, 
tumor growth was significantly reduced with 10,000 and 
100,000 IU of rIL-2 (31 and 38 mm2, respectively) com-
pared to the placebo (61 mm2). However, tumor growth 
was significantly increased in mice treated with 1,000 IU of 
rIL-2 (96 mm2) compared to placebo (P < 0.02 for all doses 
versus placebo) (Fig. 2b).

Impact of rIL‑2 dosing on host immune cells 
within tumor‑draining lymph nodes

Recombinant IL-2 has been shown to trigger anti-tumor 
effector responses (via CD8+ T cells and NK cells) and 
immunosuppressive (pro-tumor) responses (via CD4+ 
FoxP3+ Tregs [Tregs]). To determine how the vary-
ing doses of rIL-2 impact tumor growth, we assessed the 
infiltrating immune cells within the tumor-draining lymph 
nodes of tumor-bearing mice treated at various doses 
of rIL-2 (Supplementary Figure S1). The proportion of 
CD8+ T cells, CD4+ T cells, and NK cells within the 
tumor-draining lymph nodes were similar in all groups 
tested and did not correlate with tumor growth (Fig. 3a–c). 

Fig. 1  Validation of a tumor growth model utilizing adoptive cell 
transfer and Matrigel tumor challenge. a Schematic of the experimen-
tal design. b Tumor growth curve after challenge of B6 mice (n = 10 
per group) with B16 melanoma (100,000 cells) alone or in the context 
of Matrigel (MG) and/or in the context of CD8+ pmel adoptive cell 
transfer (ACT). P > 0.05 (not statistically significant) for comparison 
of all lines with the black (B16 + ACT + MG) line. Results are rep-
resentative of two experiments with similar results

Fig. 2  Effect of IL-2 dose selection on B16 melanoma growth. a 
Schematic of the experimental design. b Tumor growth curve after 
challenge of B6 mice (n = 10 per group) with B16 melanoma and 
IL-2 immunotherapy at varying doses. All mice received the tumor 
challenge in the context of Matrigel (MG) and CD8+ pmel adoptive 
cell transfer (ACT). P < 0.02 for comparison of red and black lines to 
all other lines. P > 0.05 (not statistically significant) for comparison 
of blue line to green line. Results are representative of two experi-
ments with similar results
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However, when these cell populations were evaluated 
in the tumor microenvironment, there was a slight trend 
toward increased CD8+ T cells (Fig. 3d) and CD4+ T cells 
(Fig. 3e) in mice treated with high doses of rIL-2. There 
was a significant expansion of tumor NK cells at high doses 
of rIL-2; however, this effect was absent when mice were 
treated with low doses of rIL-2 (Fig. 3f).

rIL‑2 treatment outcome correlates with a high CD8+ 
T cell/Treg ratio

We analyzed the Tregs in tumor-draining lymph nodes and 
found a significant decrease in Tregs at high doses of IL-2 
(Fig. 4a–b), which was also associated with an increase in 
the CD8+ T cell/Treg ratio in the lymph nodes (Fig. 4c). 
In the tumor microenvironment, a significant Treg expan-
sion was observed in mice treated with low doses of rIL-2 
(Fig. 4d–e), but a paradoxical decrease in Tregs was seen 
when mice were exposed to higher doses of rIL-2. The ratio 
of CD8+ T cells/Tregs was, thus, increased at high doses 
of rIL-2 (Fig. 4f).

Previous studies have demonstrated that a high CD8+/
CD4+ regulatory T cells ratio correlates with decreased 
tumor growth rate. Thus, we determined whether the dose 
of rIL-2 affects the ratio of tumor-specific CD8+ T cells 
to Tregs in the tumor-draining lymph nodes and within 
the tumor microenvironment following adoptive transfer 
of pmel CD8+ T cells. At higher doses of rIL-2, 10,000 
and 100,000 IU, the pmel CD8+ T cell/Treg ratio was 
increased, while with the lower dose, 1,000 IU, the pmel 
CD8+ T cell/Treg ratio was decreased when compared 
to the placebo group (no rIL-2) (Fig. 5a). The correlation 
between this ratio and tumor growth after rIL2 therapy was 
verified in the tumor microenvironment (Fig. 5b).

Discussion

The efficacy of cancer vaccines depends on the ability to 
stimulate host anti-tumor immunity and this often requires 
additional adjuvant strategies to generate tumor-specific T 
cells to low-affinity antigens. IL-2 is important for CD8+ 

Fig. 3  Correlation of CD8+ T cells, CD4+ T cells, and NK cells 
with IL-2 treatment dose outcomes. Ratios of total a CD8+ T cells, 
b CD4+ T cells, and c NK cells obtained from tumor-draining lymph 
nodes of mice (n = 4 per group) in Fig. 2 on day 14. Ratios of d 

CD8+ T cells, e CD4+ T cells, and f NK cells obtained from tumors 
of mice (n = 4 per group) in Fig. 2 on day 14. *Comparisons for 
which P < 0.05. Results are representative of two experiments with 
similar results
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Fig. 4  Correlation of Tregs with IL-2 treatment dose outcomes. 
Number of Tregs per a 1000 leukocytes and b 1000 CD4+ T cells, 
as well as the c CD8+ T cell-to-CD4+ Treg cell ratio obtained 
from tumor-draining lymph nodes of mice (n = 4 per group) from 
Fig. 2 on day 14. Number of Tregs per d 1000 leukocytes and e 1000 

CD4+ T cells, as well as the f CD8+ T cell-to-CD4+ Treg cell ratio 
obtained from tumor-draining lymph nodes of mice (n = 4 per group) 
from Fig. 2 on day 14. *Comparisons for which P < 0.05. Results are 
representative of two experiments with similar results

Fig. 5  Correlation of tumor-
specific (pmel) CD8+ T cells 
numbers among per total 
Tregs with IL-2 treatment dose 
outcomes. Number of pmel 
CD8+ T cells per total Tregs 
obtained from the a tumor-
draining lymph nodes and b 
tumor microenvironment of 
mice (n = 4 per group) from 
Fig. 2 on day 14. *Comparisons 
for which P < 0.05. Results are 
representative of two experi-
ments with similar results
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T cell responses with IL-2 orchestrating CD8+ T cell acti-
vation, expansion, exhaustion, and anergy [21]. In addi-
tion, IL-2 may promote expansion of both effector T lym-
phocytes and suppressive regulatory T cells making the 
immunologic and physiologic outcomes of IL-2 therapy 
challenging to predict. Our data show that high-dose rIL-2 
(100,000 IU) in mice results in a decrease in B16 mela-
noma tumor growth. Interestingly, we found that a moder-
ate dose of rIL-2 (10,000 IU) decreases tumor growth in 
a comparable manner to high-dose rIL-2. The moderate 
dose may be a better since it provides the same benefit as 
the higher dose, but potentially limits adverse effects that 
are common with high-dose rIL-2. Furthermore, lower 
doses of rIL-2 may promote tumor growth as seen with our 
results, showing that 1000 IU of rIL-2 actually increased 
B16 tumor growth. Thus, a threshold for IL-2 concentra-
tion may exist in which the anti-tumor effects of high doses 
may reverse to pro-tumor effects at lower doses. Under-
standing the mechanisms by which rIL-2 mediates immune 
responses, especially in combination with vaccines and 
other tumor immunotherapy agents, will be critical for fur-
ther clinical development of rIL-2 combination strategies.

In this study, we explored the impact of varied rIL-2 
doses on the immune cell infiltration within the tumor 
microenvironment and in tumor-draining lymph nodes. 
The proportions of CD8+ T cells, CD4+ T cells, and NK 
cells were similar in all rIL-2 dosing groups when com-
pared to untreated controls. On the other hand, rIL-2 did 
have a meaningful impact on tumor-specific CD8+ T cells 
and Tregs. Our results show that higher doses of rIL-2 
were associated with increased therapeutic activity and 
correlated with a higher tumor-specific CD8+ T cell/Treg 
ratio. While we observed a significant expansion of NK 
cells in the tumor when mice were treated with high doses 
of IL-2 (Fig. 3f), there was only a modest trend in CD4+ 
and CD8+ T cell expansion, which may relate to the intra-
tumoral location or the collection of cells on day 14, which 
was selected for analysis because this is when the therapeu-
tic differences were greatest (Fig. 1b). This is consistent 
with other work in which T cells were evaluated on day 14 
of tumor challenge [22].

On the contrary, lower doses of rIL-2 promoted tumor 
growth and correlated with a lower CD8+/regulatory T cell 
ratio. In particular, Tregs expanded at low doses of IL-2 
within the tumor microenvironment (Fig. 4d, e), but this 
effect was much less pronounced at higher IL-2 doses. The 
expansion of both effector and regulatory T cells is consist-
ent with previous reports and reviews of IL-2 in chronic 
virus infection models [23–26]. The impact on tumor 
growth may, thus, relate to the concentration of CD8+ 
effector T cells, which may preferentially expand above 
the Treg subsets at higher IL-2 doses, and was reflected in 
the changes in CD8+ T cell/Treg ratio as shown in Fig. 4c 

for tumor-draining lymph nodes and Fig. 4f for the tumor 
microenvironment. In our model, we also observed a simi-
lar pattern when adoptively transferred cells were included 
in the therapeutic regimen (Fig. 5). These data support the 
use of high-dose IL-2 in adoptive T cell transfer studies. 
Another possibility could be that the high NK cell expan-
sion observed within the tumor at high rIL-2 doses might 
deplete Tregs, as previously reported [27, 28]. Another 
potential mechanism would be indirect release of other 
immunoregulatory cytokines by IL-2 exposure. This pos-
sibility, however, seems unlikely as human studies have 
shown no appreciable changes in serum cytokine levels 
during high-dose IL-2 therapy [29].

There have been contradictory models proposed for how 
IL-2 mediates host immune responses due to the mixed 
influence of IL-2 on effector T versus Treg populations [30, 
31]. Feinerman et al. [30] evaluated the impact of increas-
ing IL-2 exposure in bulk T cells containing both effector 
CD8+ and regulatory CD4+ FoxP3+ T cells and reported 
that the population outcome (immunity vs. suppression) 
was based on the number of IL-2 receptors, which was 
highly variable across all cells, and the activation status 
of the effector T cells. In this model, an equal number of 
effector and Treg cells resulted in effector T cell expan-
sion in response to higher doses of IL-2 only when the cells 
were in an activated state but resulted in suppression when 
the CD8+ T cells were naïve or only weakly activated. In 
contrast, the model reported by Busse et al. [31] suggests 
that IL-2 binding and internalization were dependent on 
the number of IL-2 receptors and, in an autocrine system, 
bound to Tregs before effector T cells. These authors con-
cluded that receptor internalization and turnover of IL-2 
was responsible for the preferential expansion of Tregs at 
low doses [31]. This model, however, does not consider the 
potential paracrine effects of exogenous or systemic IL-2 
exposure. Our data support the general concept that IL-2 
dosing may influence the host immune response in the ther-
apeutic setting, and further investigation is needed to more 
completely understand how IL-2 expands individual T cells 
and, subsequently, contributes to the population-based 
physiologic outcome in the host.

While lower doses of rIL-2 may be appealing to include 
in combination regimens, the regulatory role of IL-2 in 
maintaining T cell homeostasis may be associated with a 
more suppressive immune response and could be counter-
productive. Further studies of vaccines and other immu-
notherapy agents with high-dose rIL-2 might be more 
important in early-phase drug development of potential 
combination immunotherapy regimens to avoid missing a 
physiologically meaningful response. Although not part of 
current clinical practice, it may also be of interest to more 
accurately measure serum IL-2 concentrations during ther-
apeutic treatment with rIL-2 containing regimens.
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Because only 10–15 % of patients treated with rIL-2 
achieve responses, it may be important to monitor CD8+ T 
cell/regulatory T cell ratio when choosing a rIL-2 dose for 
treatment or in combination immunotherapy clinical trials, 
to provide the optimal immune potentiating dose. Further 
studies of rIL-2 might benefit from consideration of IL-2 
dosing since immune responses, and possibly therapeu-
tic effectiveness, may depend on dosing, and serum IL-2 
concentrations have not shown correlation with clinical 
outcomes [29]. The data also support caution in using low 
doses of rIL-2, and possible other IL-2-related cytokines, in 
tumor immunotherapy regimens.
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