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Neoadjuvant immunotherapy with anti-cytotoxic T lymphocyte-associated protein 4 (CTLA4) + anti-programmed
cell death protein 1 (PD1) monoclonal antibodies has demonstrated remarkable pathological responses and re-
lapse-free survival in ~80% of patients with clinically detectable stage Ill melanoma. However, about 20% of the
treated patients do not respond. In pretreatment biopsies of patients with melanoma, we found that resistance to
neoadjuvant CTLA4 + PD1 blockade was associated with a low CD4/interleukin-2 (IL-2) gene signature. Ex vivo, ad-
dition of IL-2 to CTLA4 + PD1 blockade induced T cell activation and deep immunological responses in anti-
CTLA4 + anti-PD1-resistant human tumor specimens. In the 4T1.2 breast cancer mouse model of neoadjuvant
immunotherapy, triple combination of anti-CTLA4 + anti-PD1 + IL-2 cured almost twice as many mice as compared
with dual checkpoint inhibitor therapy. This improved efficacy was due to the expansion of tumor-specific CD8*
T cells and improved proinflammatory cytokine polyfunctionality of both CD4* and CD8" T effector cells and regu-
latory T cells. Depletion studies suggested that CD4" T cells were critical for priming of CD8* T cell immunity against
4T1.2 and helped in the expansion of tumor-specific CD8* T cells early after neoadjuvant tripleimmunotherapy. Our
results suggest that the addition of IL-2 can overcome resistance to neoadjuvant anti-CTLA4 +anti-PD1, providing the

rationale for testing this combination as a neoadjuvant therapy in patients with early-stage cancer.

INTRODUCTION

Neoadjuvant application of immune checkpoint inhibitors (ICIs) is
currently the most promising immunotherapy for cancer treatment
(1). This is based on the idea that in early-stage disease, responses to
checkpoint inhibition are more frequent, likely due to reduced
tumor-mediated immune suppression (2), and that tumor-specific
T cell expansion is greater when ICI is administered before, compared
with after, complete surgical resection of the tumor. This has been
demonstrated preclinically using the orthotopic 4T1.2 triple-negative
breast tumor mouse allograft model, which to date represents the
best model where surgery and lethal metastases can be assessed in the
context of neoadjuvant versus adjuvant therapy in a robust and
timely manner (3). Clinically, proof of concept that neoadjuvant
compared with adjuvant immunotherapy is more efficacious was
demonstrated in a small trial in patients with melanoma (4). In
early-stage melanoma, several trials have reported 30 to 33% pathologic
response rates (pRR) for neoadjuvant PD1 blockade (5, 6) and 71 to
80% pRR for the combination of neoadjuvant CTLA4 + PD1 block-
ade (7, 8). This high pRR in the combination ICI-treated group is
unparalleled and associated with long-term relapse-free survival
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(RFS) (9). Among the patients who achieved a pathological com-
plete response (pCR) or near pCR, hardly any patients relapsed,
suggesting this parameter was a strong surrogate for long-term out-
come (9). First attempts to characterize high-risk stage III patients
with melanoma responding to neoadjuvant CTLA4 + PD1 block-
ade identified tumor mutational burden (TMB) and an interferon-y
(IFN-v) signature to be independent baseline predictors of response
(4, 10). Extended human RNA signature analyses have shown that
PRR and RFS were also associated with a T cell signature and a basic
leucine zipper transcription factor ATF-like 3 (BATF3) (11, 12).
Preclinically, using T cell depletion of wild-type (WT) mice or
Batf3”~ mice bearing 4T1.2 tumors, T cells and Batf3 lineage-
derived dendritic cells (DCs) were found to be critical for the efficacy
of neoadjuvant immunotherapy (3, 12). Overall, these findings
are in agreement with neoadjuvant immunotherapy trials in pa-
tients with melanoma, showing that patients whose tumors have low
IFN-y and TMB signatures or display alow T cell and BATF3 signature
are likely not to respond (4, 10, 12). Hence, this raises the question
of whether alternative or additional therapy to neoadjuvant CTLA4 +
PD1 blockade could convert nonresponders into responders.

The effective priming of a cytotoxic T cell response is dependent
on CD4" T helper 1 (Ty1) cells, which increase DC antigen presenta-
tion and costimulatory capacity (13). Activated CD4 Tyl cells are a
major source of interleukin-2 (IL-2), which has known proactivation
and proliferative functions on T cells (14). IL-2 also improves the
chemotactic responsiveness of T cells (15) and was recently shown in
mice and humans to induce DC expansion and activation through cy-
tokines produced by IL-2-activated T cells (16). Although the ad-
dition of IL-2 in combination with other immunotherapies has
demonstrated utility in mouse models of cancer mimicking advanced
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disease and in small clinical trials to treat late-stage disease (17-19),
it is unclear whether the use of IL-2 in the neoadjuvant setting will
also be beneficial. Here in this study, we assessed whether resistance
to neoadjuvant CTLA4 + PD1 blockade was associated with a low
CD4/IL-2 signature, whether this impaired response was reversed by
the addition of IL-2, and whether the addition of IL-2 further im-
proved the outcome of neoadjuvant dual checkpoint inhibition.

RESULTS

A CD4/IL-2 gene signature is associated with response

to neoadjuvant ipilimumab + nivolumab

To investigate a potential association between the presence of CD4"
T cells, IL-2, and neoadjuvant treatment response, we generated a
CD4/IL-2 gene expression signature consisting of 10 well-known
CD4 T cell-associated genes [IL-2, CD4, inducible T cell costimulator
(ICOS), Eomesodermin (EOMES), IL-21R, IL-2RA, IL-2RB, IL-2RG,
and CD48]. We performed an analysis of pretreatment tumor biopsies
from patients with stage Il melanoma from the PRADO (Personalized
Response-driven Adjuvant Combination) extension cohort (n = 79),
in which patients were treated with two courses of ipilimumab (anti-
CTLA4, 1 mg/kg) + nivolumab (anti-PD1, 3 mg/kg) (NCT02977052)
(table S1). Using this cohort as our training dataset, we found that a
high CD4/IL-2 gene signature was associated with pathological response
(53/79, 67%) as defined using the International Neoadjuvant Mela-
noma Consortium (INMC) response assessment criteria (20). Using
the upper tertile of the CD4/IL-2 signature scores as threshold, we found
the majority of patients (25/27, 93%) with a high CD4/IL-2 signature
score responded to neoadjuvant combination immunotherapy (Fig. 1).
In contrast, for the two-thirds of patients below the threshold and
thus defined as having a low CD4/IL-2 signature score, only 28 of 52
(54%) patients responded (Fig. 1). We next validated the CD4/IL-2
signature score using NanoString data from an additional indepen-
dent cohort of patients with stage IIT melanoma treated with neo-
adjuvant ipilimumab + nivolumab (OpACIN-neo, n = 64) (table S2)
(7). Again, we found that the majority of patients (19/21, 90%) with
a high CD4/IL-2 signature responded to neoadjuvant immuno-
therapy, whereas only 28 of 43 (65%) patients with a low CD4/
IL-2 signature score responded (fig. S1A). Previously, we have
shown that both a T cell signature and a BATF3 signature correlated
with response to neoadjuvant immunotherapy (4, 12). To compare
the CD4/IL-2 signature to the T cell and BATF3 signatures, we
analyzed the CD8 signature (21) and, as the NanoString PanCancer
panel used in this study does not include all of the genes, a panel of
subset genes from the BATF3 signature (22). We found that the
CD4/IL-2 signature correlated with these other signatures (Fig. 1,
indicated on top, and fig. S1, B and C), suggesting that nonresponse
to neoadjuvant immunotherapy might relate to a defect at the stage of
early immune activation.

Addition of IL-2 to combination checkpoint blockade induces
immunological responses in human tumor explants resistant
to anti-CTLA4 + anti-PD1

To examine the potential benefit of adding IL-2 to CTLA4 + PD1
blockade, we tested this triple combination therapy in our ex vivo
tumor fragment model. We previously have shown that addition of
anti-PD1 monoclonal antibodies to patient-derived tumor fragments
(PDTFs) induces T cell activation and early immunological responses
that can predict clinical response to PD1 blockade (23). In this
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PDTF platform, human tumor tissue obtained from surgical resec-
tions or biopsies is cultured, whereas the tumor’s architecture and its
microenvironment are maintained. In addition, therapy-induced
changes upon ex vivo immunotherapy treatment can be profiled. To
assess whether IL-2 treatment had an additive effect to CTLA4 + PD1
blockade, we profiled the ex vivo responses of PDTFs from nine hu-
man tumor resections that included melanoma (MEL), non—small cell
lung cancer (LU), renal cell carcinoma (RE), and ovarian carcinoma
(OV) (Fig. 2A and table S3). These PDTFs were treated for 48
hours with either the dual combination of anti-CTLA4 + anti-PD1 or
the triple combination therapy of anti-CTLA4 + anti-PD1 + IL-2
(Fig. 2A). Untreated fragments were used as a control for each
culture. We assessed first whether anti-CTLA4 + anti-PD1 + IL-2
had an impact on T cell activation by quantifying the expression of
the activation markers OX40 and CD137 on CD8" T cells, FOXP3~
CD4" T cells, and FOXP3* CD4" T cells (Fig. 2, B and C). Although
dual checkpoint blockade infrequently induced activation of CD8"
T cells in PDTFs as compared with untreated tumor fragments, there
was no notable effect on both FOXP3™ and FOXP3" CD4" T cells. In
contrast, the triple combination therapy induced activation of all three
subsets and had the largest effect on FOXP3" CD4" T cells, in line
with a previously described effect of IL-2 on the activation of regu-
latory T cells (Tregs) (24-26). Anti-CTLA4 + anti-PD1 + IL-2 also
induced an increase in both the percentage and expression of
FOXP3, which was not observed after anti-CTLA4 + anti-PD1
treatment (Fig. 2D). Thus, within the CD4" T cell subset, the triple
compared to dual combination therapy seemed to mainly cause a shift
from FOXP3~0X40~ to FOXP3"OX40" cells (Fig. 2, E and F), sug-
gesting that the triple combination therapy promotes the induction
of activated FOXP3" T cells.

To understand whether this increase in activated FOXP3" T cells
induced by the triple combination therapy related to an immune-
activating or immunosuppressive response, we next examined 11
cytokines and 13 chemokines secreted by the PDTFs in an extended
cohort of 16 tumors during steady state in untreated control cul-
tures and in response to dual or triple combination immunotherapy
(Figs. 2A and 3 and table S3). We first performed unsupervised
hierarchical clustering of the cytokines and chemokines produced by
PDTFs treated with dual checkpoint blockade compared with un-
treated PDTFs to identify ex vivo responders to CTLA4 + PD1 block-
ade. We found that the dual combination therapy induced changes
in cytokine and chemokine secretion patterns in 4 of 16 (25%) tumors
that we defined as anti-CTLA4 + anti-PD1 responders, whereas 12 of 16
(75%) of the tumors displayed only minor treatment-induced changes
(anti-CTLA4 + anti-PD1 nonresponder) (Fig. 3A and fig. S2A). Next,
we assessed responses to the triple combination-treated therapy
condition within these two groups. The triple combination thera-
py converted 7 of 12 (58%) of the tumors that were anti-CTLA4 + anti-
PD1 nonresponder into responder (anti-CTLA4 + anti-PD1 + IL-2
responder) (Fig. 3B and fig. S2B). In the anti-CTLA4 + anti-PD1
responder group, addition of IL-2 did not increase cytokine and
chemokine secretion further (Fig. 3B and fig. S2B). Despite the
induction of activated FOXP3" T cells by the triple combina-
tion therapy, which may potentially include T.g (Fig. 2, E and F),
the induced immunological response was not suppressive but
led to an increased IFN-y and tumor necrosis factor-o (TNFa)
secretion (Fig. 3, A and B). Overall, the response pattern in-
duced by the triple combination therapy was comparable to the
response elicited by the dual combination therapy (Fig. 3C).
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Fig. 1. A CD4/IL-2 gene signature is associated with response to neoadjuvant ipilimumab + nivolumab. Nanostring data of pretreatment lymph node tumor
biopsies of patients with melanoma treated with neoadjuvant ipilimumab + nivolumab in the PRADO study (n=79). The heatmap of the CD4/IL-2 gene signature is
ordered according to the average expression of the CD4/IL-2 gene signature per patient. Each column displays one patient (blue: pathologic response, dark red: no
pathologic response, blue: low BATF3/CD8 signature score, and light red: high BATF3/CD8 signature score). The scores of the BATF3/CD8 signatures were calculated on
the basis of the average z score of IRF8, THBD, XCR1 and CD8A, and CD8B, respectively. The optimal high-low cutoff was determined by the sROC curves (56) for each
signature individually using both PRADO and OpACIN-neo patient data (n = 143). The rows in the heatmap represent the z score of the normalized gene expressions.
Positive values (red) imply higher gene expression, and negative values (blue) indicate lower gene expression. The threshold to define a high CD4/IL-2 score is indicated

by the black vertical line.

Although the nonresponding tumors showed a trend toward lower
immune infiltration, particularly when compared with anti-CTLA4 +
anti-PD1 + IL-2 responders (P = 0.09), the composition of the
infiltrate showed no significant differences between the groups
(Fig. 3D and fig. S3, A and B).

Addition of IL-2 to neoadjuvant anti-CTLA4 + anti-PD1 cures
tumor-bearing mice

To confirm our ex vivo findings in an in vivo setting, we next tested
the addition of IL-2 to dual checkpoint inhibition using the sponta-
neously metastatic triple-negative breast cancer model 4T1.2 (3).
After 4T1.2 tumor inoculation in the mammary fat pad and before
extensive primary tumor growth, mice develop extensive metastases in
the lungs and other organs (3). Previously, we have demonstrat-
ed in our neoadjuvant 4T1.2 tumor model that the early expan-
sion of peripheral tumor-specific CD8" T cells after neoadjuvant
immunotherapy strongly correlated with long-term survival (3). There-
fore, we now investigated how the addition of IL-2 affected the effi-
cacy of neoadjuvant anti-CTLA4 + anti-PD1 (Fig. 4). Groups of mice
were treated with the indicated therapy on days 8 and 10 after 4T1.2 mam-
mary fat pad inoculation, followed by surgery on day 13 (Fig. 4A).

Kaptein et al., Sci. Transl. Med. 14, eabj9779 (2022) 27 April 2022

Opverall, the triple combination therapy (5/7) compared to the dual
combination therapy (3/10) cured a greater proportion of mice,
although all treatments either prolonged survival after surgery or
conferred long-term survival benefits compared with the control
immunoglobulin (Ig)-treated group (Fig. 4A). 4T1.2, like many
murine cancer cell lines, express the envelope glycoprotein (gp70)
encoded by the murine leukemia virus (MuLV). Gp70 in the tumor
only functions as a neoantigen to induce tumor-specific T cell re-
sponses (27). This allowed us to address whether the addition of
IL-2 to CTLA4 + PD1 blockade resulted in a stronger expansion
and activation of tumor-specific CD8" T cells. From the experiment
shown in Fig. 4A, we performed longitudinal analysis of gp70
tetramer-specific CD8" T cells in the peripheral blood of tumor-
bearing mice before and after treatment with either the dual combi-
nation therapy of anti-CTLA4 + anti-PD1, triple combination
therapy of anti-CTLA4 + anti-PD1 + IL-2, IL-2 alone, or control Ig
(cIg) alone (Fig. 4B and fig. S4). We observed the greatest increase in
gp70-specific T cells in mice treated with the triple combination
therapy compared with either the dual checkpoint inhibitor com-
bination therapy, IL-2 alone, or cIg alone (Fig. 4B). Furthermore,
the majority of gp70-specific T cells in the triple combination
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Fig. 2. Activation of distinct
T cell subsets upon addition
of IL-2 to ex vivo CTLA4 +
PD1 blockade in resected
tumors derived from pa-
tients with cancer. (A) Experi-
mental overview of the PDTF
platform. (B and C) Expression
of T cell activation markers in
unstimulated, anti(a)CTLA4 +
oPD1-and aCTLA4 + aPD1 +
IL-2-treated CD8" T cells, and
CD4'FOXP3~ and FOXP3" T cells
measured by flow cytometry
(n=9 tumors). Box plot with
mean and range is shown.
(D) Flow plots showing FOXP3
expression and fold change of
FOXP3 percentage and geo-
metric mean fluorescence
intensity (GMFI) in aCTLA4 +
oPD1-and aCTLA4 + aPD1 +
IL-2-treated CD4" T cells com-
pared with untreated CD4*
T cells. Shown are means +
SEM. The distinct symbols in
(C) and (D) indicate different
tumor types. (E and F) Ex-
pression and quantification
of OX40 and FOXP3in un-
treated, aCTLA4 +oPD1-, and
0oCTLA4 +aPD1 +IL-2-treated
CD4* T cells. Significant differ-
ences between groups were
determined by Kruskal-Wallis
test (C) or Mann-Whitney test
(D).**P<0.01 and ***P<0.0001.

therapy-treated group expressed CX3CR1 (fig. S5A) and KLRG1
(fig. S5B), suggesting a terminally differentiated T cell effector phe-
notype (28, 29). In addition, we observed an increase in non-gp70
tetramer reactive CD8" T cells expressing this effector phenotype in
the triple combination therapy compared with the dual combination
therapy-treated mice early after treatment, indicating a possible
broadening of the tumor-specific T cell repertoire (fig. S5, C and D).
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We next determined which innate and adaptive immune cells
were important for the efficacy of neoadjuvant anti-CTLA4 + anti-
PD1 + IL-2 (Fig. 4, C to F). In a similar experimental setup as
Fig. 4A, 4T1.2 tumor-bearing BATF3-deficient mice, which lack
cross-presenting CD103*CD8a" DC, were treated with neoadju-
vant triple combination immunotherapy. These mice displayed a
complete loss of long-term survivors compared with similar groups
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Fig. 3. Addition of IL-2 induces immunological responses in human ex vivo tumors that are nonresponsive to anti-CTLA4 + anti-PD1 therapy. (A) Heatmap
displaying the normalized delta values between the untreated and anti-CTLA + anti-PD1 conditions for each parameter (11 cytokines and 13 chemokines, n =16 tumors)
(left). Unsupervised clustering identified two groups of tumors: anti(o)CTLA4 + oPD1 responders (R) and aCTLA4 + aPD1 nonresponders (NR). Changes in IFN-y and TNFa
secretion within the two response groups are displayed in the right panel. Shown are the delta values between the anti-CTLA4 + anti-PD1-treated minus the untreated condition;
each dot represents a single tumor. The line indicates the mean. (B) Heatmap showing the normalized delta values between the untreated and oCTLA4 + oPD1 + IL-2-treated
conditions for the same parameters as in (A, left). Supervised clustering identified two subgroups within the aCTLA4 + oPD1 NR group: oCTLA4 + aPD1 +IL-2 R and
0oCTLA4 + oPD1 +IL-2 NR tumors. Changes in IFN-y and TNFa secretion within the two response groups are displayed in the right panel. Shown are the delta values
between the anti-CTLA4 + anti-PD1 + IL-2-treated minus the untreated condition; each dot represents a single tumor. The line indicates the mean. (C) Correlation
between effect sizes (calculated as Hedge’s g) and P values of normalized changes for all parameters assessed in the oCTLA4 + 0PD1 and oCTLA4 + oPD1 + IL-2 treatment
groups. (D) Quantification of immune cell subsets assessed by flow cytometry within total live cells (left) and total CD45* immune cells (right). Significant differences
between groups were determined by Mann-Whitney test (A) or Kruskal-Wallis test (B). *P < 0.05 and **P < 0.01. NK, natural killer cells; NKT, natural killer T cells.
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Fig. 4. Addition of IL-2 to neoadjuvant anti-CTLA4 + anti-PD1 eradicates metastatic disease via improved
expansion of tumor-specific CD8* T cells in 4T1.2 tumor-bearing mice. (A, B, E, and F) Groups of BALB/c wild-type
(WT) or (C and D) Batf3KO mice were injected in the mammary fat pad with 4T1.2 tumor cells and treated intraperitoneally
on days 8 and 10 with the indicated combination of anti-CTLA4, anti-PD1, IL-2, or clg, followed by resection of the
primary tumor on day 13 as indicated. (E and F) In addition, some groups of mice were treated with clg, anti-CD4, or
anti-CD8p on days 7, 8, 15, 22, and 29. (A, C, and E) Kaplan-Meier curves for overall survival of each group are shown.
(B, D, and F) Proportion of gp70 tetramer™ CD8" T cells in the blood of treated mice at the indicated time points
(mean + SEM). (A to F) All experiments were double blinded and performed once (n=5 to 10 per group). Significant
differences between the indicated groups were determined by (A, C, and E) log-rank test or (B, D, and F) mixed effects
analysis with Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Triple combo:
anti-CTLA4 + anti-PD1 + IL-2.

neoadjuvant triple combination im-
munotherapy was also demonstrated
(Fig. 4, E and F) by performing T cell-
specific depletions. CD4" T cell de-
pletion in 4T1.2 tumor-bearing mice
starting 1 day before commencement of
neoadjuvant triple combination immu-
notherapy resulted in the complete loss of
long-term survivors (0/5, 0%) compared
with the cIg-treated triple neoadjuvant
immunotherapy group (5/7, 71%) (**P <
0.01) (Fig. 4E). This correlated with a
lack of gp70-specific T cell expansion in
the CD4" T cell-depleted group that
was treated with the triple combination
therapy (Fig. 4F). Similarly, CD8" T cell
depletion before neoadjuvant anti-
CTLA4 + anti-PD1 + IL-2 treatment
reduced the proportion of long-term
survivors compared with the triple
combination therapy-treated group,
although this abrogation of survival was
not as notable as that seen with CD4"
T cell depletion.

We next evaluated the importance
of CD4" T cells in the priming of a nat-
ural CD8" T cell response before neo-
adjuvant immunotherapy or in the
response against metastases after both
surgery and treatment. We therefore set
up a similar experiment as in Fig. 4E,
where we depleted CD4" T cells at two
different time points in neoadjuvant
triple combination-treated mice (fig. S6).
In one group, CD4" T cell depletion
began at day —1 before tumor inocula-
tion (triple combo + anti-CD4 d-1), and
in the other group, depletion occurred
1 day after surgery at day 14 (triple
combo + anti-CD4 d14). There was no
significant difference in survival be-
tween the group of mice in the triple
combo + anti-CD4 d14 group and the
non-CD4-depleted group [(5/11 (45%)
versus 7/12 (58%), respectively)] (fig.
S6A). This suggests that the CD4" T cells
helper or direct-killing functions may
not be as critical to survival after primary
tumor removal. In contrast, the triple
combo + anti-CD4 d-1 group had sig-
nificantly reduced survival compared
with the non-CD4-depleted group
(***P < 0.001) (fig. S6A), similar to what
we observed when depleting CD4™ T cells
at day 7 before neoadjuvant immuno-

of treated tumor-bearing WT mice (Fig. 4C). This was supported by  therapy (Fig. 4E). In this experiment, we also measured longitudinal-
the lack of gp70-specific T cell expansion in the treated BATF3- ly the proportion of gp70-specific CD8" T cells in the blood, and we
deficient compared with WT mice (Fig. 4D). Furthermore, a re-  observed that only the mice from triple combo + anti-CD4 d-1 group
quirement for both CD4" and CD8" T cells for the efficacy of failed to expand tumor-specific CD8" T cells in comparison to other
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triple combo-treated groups (fig. S6B). Overall, these data and Fig. 4E
suggest CD4" T cells are critical for priming of natural and treatment-in-
duced CD8" T cell immunity against 4T1.2 tumors and for helping in
the expansion of gp70 tumor-specific CD8" T cells early after neo-
adjuvant immunotherapy. However, they may not be as important
after resection of the primary tumor.

To further investigate the mechanism by which IL-2 improved
the efficacy of neoadjuvant anti-CTLA4 + anti-PD1, we set up an ex-
periment similar to Fig. 4, where neoadjuvant triple or double com-
bination immunotherapy was compared and peripheral blood was
collected 2 days after the final treatment (Fig. 5). At the time point
when the primary tumor is normally resected (day 13), we culled the
mice; collected the primary tumor, spleen, and draining lymph node;
and generated single-cell suspensions for flow cytometry analyses
(Fig. 5). As we previously observed in Fig. 4B, triple combination
immunotherapy resulted in the greatest expansion of gp70-specific
T cells in the peripheral blood compared with dual combination im-
munotherapy or IL-2 alone (**P < 0.01) (fig. S7). We observed that
the triple, compared to double combination immunotherapy-
treated group had an increased proportion of gp70" CD8" T cells,
gp70"° CD8" T cells, and CD4" T conventional (T opny) cells that ex-
pressed intracellular IFN-y, TNF, and IL-2, which are typical
proinflammatory cytokines (Fig. 5, B to I, and fig. S8). A similar
increase in proinflammatory cytokine polyfunctionality was also
observed in CD4" FOXP3" cells, which are considered to be Treg
(Fig. 5, F to I). Specifically, the triple combination immunotherapy
compared with dual combination immunotherapy improved the
quality of the different T cell subsets as measured by an increase in
the expression of IFN-y, IL-2, and TNF (fig. S9). To determine
whether the addition of IL-2 to neoadjuvant anti-CTLA4 + anti-PD1
treatment changed the phenotype of CD4" Teopy and Tregs, We per-
formed flow cytometry analysis for a number of surface markers of
Teonv and Tregs from day 13 resected tumors (the time point we per-
formed previous analyses for Fig. 5) (fig. S10). The markers we as-
sessed included various costimulatory receptors (CD226, ICOS,
CD137, and OX40) or inhibitory receptors (CD39, CTLA4, NRP1,
PD1, and TIGIT). Overall, the changes observed in the CD4"
Teonv and Treg phenotype were mainly due to neoadjuvant anti-
CTLAA4 + anti-PD1 therapy, because the same trends were observed
in both dual combination- and triple combination-treated groups
(fig. S10). In conclusion, the addition of IL-2 in the triple combination
therapy works mainly by increasing the production of Ty1 cytokines
(Fig. 5) rather than changing costimulatory or inhibitory receptor ex-
pression on CD4" T cells.

To determine whether the addition of IL-2 to the dual combi-
nation immunotherapy improved proliferation, we also measured
Ki67 staining on these T cell subsets. Overall, we observed an
increase in the proliferation of all T cell subsets in the triple combina-
tion or dual combination immunotherapy groups compared with the
clg-treated group in tumor, draining lymph node, and spleen (fig.
S11). However, there were no significant differences between triple
combination- or dual combination immunotherapy-treated groups.
We also observed no difference in the T cell subset proportion in
tumor-infiltrating leukocytes after the triple combination immuno-
therapy, dual combination immunotherapy, or clg treatment (fig.
S12A). In the literature, it was reported that improved antitumor
immunity in mouse models of cancer was associated with an in-
crease in effector T cell-to-Tg ratio (30). However, we observed
no significant changes between the effector T cell-to-Ty, ratio in

Kaptein et al., Sci. Transl. Med. 14, eabj9779 (2022) 27 April 2022

immunotherapy-treated and cIg-treated groups (fig. S12B). Overall,
our preclinical data demonstrated that the triple combination therapy of
neoadjuvant anti-CTLA4 + anti-PD1 + IL-2 compared with dual
CTLA4 + PD1 blockade cured a high proportion of mice with meta-
static disease. This was due to improved expansion of tumor-specific
CD8" T cells, increased production of Ty1 cytokines by total CD8"
and CD4" T cells, and also by FOXP3" CD4" T cells.

Addition of IL-2 to CTLA4 + PD1 blockade induces immune
responses in pretreatment biopsies from patients with
melanoma resistant to neoadjuvant ipilimumab + nivolumab
To assess whether the addition of IL-2 also induced immunological
responses in CTLA4 + PDI1 blockade-resistant tumors in the
neoadjuvant clinical setting, we treated baseline biopsies from 16 pa-
tients with melanoma enrolled in the PRADO cohort of the OpACIN-
neo trial (NCT02977052) with anti-CTLA4 + anti-PD1 + IL-2 ex vivo.
We were able to collect eight pretreatment samples from patients who
achieved a pathological response upon neoadjuvant ipilimumab +
nivolumab (defined as pCR, near pCR, or pPR; “PRADO responder”)
and eight pNR samples (“PRADO nonresponder”) (table S4). Be-
cause of the small size of the baseline biopsies (1x 12 to 14 g), assess-
ment of responses was limited to the detection of soluble parameters
in the unstimulated and anti-CTLA4 + anti-PD1 + IL-2-treated
conditions (Fig. 6A). As the smaller number of PDTFs per condition
may induce more noise in the data, we aimed to identify the most
relevant parameters for response by performing AUC analysis of
each cytokine and chemokine secreted by the PDTFs from the resec-
tion cohort described in Fig. 3. This revealed that the separation of an-
ti-CTLA4 + anti-PD1 and anti-CTLA4 +anti-PD1 + IL-2—-responding
and -nonresponding resected tumors was mostly driven by an in-
crease in a subset of parameters, including IFN-v, IL-22, and CXCL10.
This information was used to establish a response score based on the
seven most discriminative parameters (Fig. 6B and fig. S13) to facili-
tate the classification of the biopsies as either responder or nonre-
sponder. Using this response score, we observed that anti-CTLA4 +
anti-PD1 + IL-2 induced an immunological response in seven of
eight (87.5%) tumor biopsies from PRADO pathologic responders
(Fig. 6, C and D), in line with the data obtained from tumor resections
showing that tumors responding to dual checkpoint blockade also re-
spond to the triple combination treatment (Fig. 3, A and B). Within
the PRADO pathologic nonresponder group, treatment with the tri-
ple combination induced immunological responses in five of eight
(62.5%) tumor biopsies (Fig. 6, C and D, and fig. S14A). For 12 of
16 biopsies, for which sufficient material was available, we also mea-
sured the release of six cytotoxic molecules (granulysin, granzyme A
and B, perforin, sFas, and sFasL) after anti-CTLA4 + anti-PD1 +
IL-2 treatment. The triple combination therapy increased the re-
lease of cytotoxic mediators in anti-CTLA4 + anti-PD1 and anti-
CTLA4 + anti-PD1 + IL-2 responders, whereas no changes were
observed in nonresponding tumors (Fig. 6E and fig. S14B). Overall,
these results suggest that the addition of IL-2 to CTLA4 + PD1 block-
ade may induce immune activation in tumors resistant to neoadju-
vant anti-CTLA4 + anti-PD1 that is comparable to those observed
for responders to dual checkpoint blockade.

DISCUSSION
Neoadjuvant checkpoint inhibition, and especially the combination of
CTLA4 + PD1 blockade, is currently the most promising therapeutic
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Fig. 5. Addition of IL-2 to neoadjuvant anti-CTLA4 + anti-PD1 improves both CD8" and CD4* T cell cytokine
polyfunctionality in 4T1.2 tumor-bearing mice. (A to I) Groups of BALB/c WT mice were injected in the mammary
fat pad with 4T1.2 tumor cells and treated intraperitoneally on days 8 and 10 with the indicated combination of
anti-CTLA4, anti-PD1, IL-2, or clg. On day 12, peripheral blood was collected from all groups of mice (B), and at day 13,
tumors (C to I) were harvested and single-cell suspensions generated for flow cytometry analysis. Gating on live
CD45.2* cells of leukocyte morphology, the proportion of the indicated (B) gp70 tetramer*’~ CD8" T cells or (F) CD4*
FOXP3™ (Tcony) Or CD4* FOXP3* (Treg) cells coexpressing intracellular IFN-y, TNF, and IL-2. Box plot with Tukey’s
whiskers of (C) gp70 tetramer*’~ CD8* T cells or (G) CD4* Tconv or Tregs €XPressing zero, one, two, or three cytokines
(of IFN-y, TNF, and IL-2) or (D, E, H, and I) the individual cytokines. Data pooled from three independent experiments
that were performed and analyzed double blinded (n =15 to 23 per group). Statistical comparisons between groups
were performed by two-way ANOVA with Tukey’s multiple comparisons test, *P < 0.05, **P <0.01, ***P < 0.001, and
***¥¥P < 0.0001. ns, not significant.
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option for macroscopic stage III mela-
noma. Very high pRR of 71 to 80%,
long-term RFS rates of 80%, and overall
survival of 90% have been observed in neo-
adjuvant checkpoint inhibitor-treated
patients with melanoma (6-8, 10). This is
in contrast to patients receiving surgery
alone who are expected to have an RFS
of 30% and 5-year overall survival in the
range of 50% (31-33). Even though the
randomized registration trial comparing
neoadjuvant ipilimumab + nivolumab
versus adjuvant nivolumab (NADINA)
has just started (end of 2021), two major
questions remain: how to identify pa-
tients who will benefit from the current
therapeutic options, and what alternative
neoadjuvant combination therapy could
be offered to patients with unfavorable
tumor characteristics, who are unlikely
to respond to neoadjuvant ipilimumab +
nivolumab. We have recently shown
that a high-baseline IFN-y signature and
high TMB were associated with 100%
pathologic response and a subsequent
excellent RFS rate. In addition, having
only one of the two favorable parameters
was still associated with about 90%
chance of response. In contrast, only
39% of patients lacking both factors re-
sponded (10). Of note, the feasibility of
applying such IFN-y-signature algorithms
prospectively in trials to personalize neo-
adjuvant immunotherapy has recently
been shown (34).

In search for rational treatment combi-
nations for patients with melanoma who
are unlikely to respond to neoadjuvant
ipilimumab + nivolumab, we performed
extended human RNA signature analyses.
In addition to the previously described
IEN-y, T cell, and BATF3 signatures
(4, 12), we here found and confirmed
in an independent cohort, a newly de-
signed CD4/IL-2 signature that cor-
related with outcome upon neoadjuvant
ipilimumab + nivolumab. In a previous
study, Raeber et al, (16) used an IL-2
signature derived from human T cells
stimulated with IL-2 (35) to analyze The
Cancer Genome Atlas data of a cohort
of human skin cutaneous melanoma
mostly derived from advanced cancers,
comprising 20% primary cutaneous
melanomas and 80% metastases (36).
They found that patients whose tumors
displayed a high IL-2 signature had pro-
longed survival (16). In contrast, our
CD4/IL-2 signature derives from baseline
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Fig. 6. Addition of IL-2 to CTLA4 + PD1 blockade ex vivo induces immunological responses in pretreatment
biopsies of patients with melanoma resistant to dual checkpoint blockade. (A) Schematic overview of the experi-
mental outline using human tumor biopsies. (B) Response scores based on the parameters (IL-5, IL-17A, IL-17F, IL-22,
IFN-y, TNFo, and CXCL10) that best predict response for the anti-CTLA4 + anti-PD1 and anti-CTLA4 + anti-PD1 + IL-2
treatment groups derived from the 16 resected tumors from Fig. 3. (C) Response scores for each pretreatment melanoma
tumor biopsy (n=16) collected from the PRADO trial, identifying three groups of tumors: aCTLA4 + aPD1 +IL-2 R
(within PRADO-R), aCTLA4 + oPD1 + IL-2 NR, and aCTLA4 + aPD1 + IL-2 R (both within PRADO-NR). The lines in (B) and
(C) indicate the mean. The dashed line indicates the cutoff of the response score. (D) Heatmap displaying the normalized
delta values between the untreated and aCTLA4 + aPD1 + IL-2-treated condition for each parameter (11 cytokines
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response (pR versus pNR) to aCTLA4 + aPD1. (E) Heatmap displaying the normalized delta values between the
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(B, left) or Kruskal-Wallis test (B, right, and C). *P < 0.05, **P < 0.01, and ***P < 0.001.

pretreatment tumor biopsies of patients with less-advanced stage I1I
melanoma. In addition to predicting patients who will respond to
neoadjuvant ipilimumab + nivolumab, it will also be interesting to
determine whether our CD4/IL-2 signature has prognostic or predic-
tive value for patients with late-stage melanoma. Although the addi-
tion of IL-2 has been shown to (i) improve efficacy of checkpoint

Kaptein et al., Sci. Transl. Med. 14, eabj9779 (2022)
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inhibition in large tumor burden mouse
models and (ii) decrease metastatic bur-
den in 4T1 tumor-bearing mice and (iii)
in late-stage disease of a patient in com-
bination with adoptive tumor-infiltrating
lymphocytes transfer (17, 18, 37), the
efficacy of this combination has not
been explored in any neoadjuvant set-
ting. The strong predictive capability of
the CD4/IL-2 signature led us therefore
to analyze the addition of IL-2 to anti-
CTLA4 + anti-PD1 in a mouse tumor
model of neoadjuvant immunotherapy
and ex vivo in human tumor fragments.
The triple combination immunotherapy
compared with the dual combination
immunotherapy improved the activa-
tion and effector function of both CD8"
and CD4" tumor-infiltrating lympho-
cytes as measured by the up-regulation of
T cell activation markers and the coex-
pression of IFN-y, TNF, and IL-2 in both
human and murine settings. Although
we previously demonstrated that the
efficacy of neoadjuvant anti-PD1 +
anti-CD137 was dependent on the pres-
ence of CD8" T cells and partially de-
pendent on CD4" T cells (3), herein,
neoadjuvant anti-CTLA4 + anti-PD1 +
IL-2 was fully dependent on the presence
of CD4" T cells and partially dependent
on CD8" T cells. This may be due to the
type of combination immunotherapy
that was assessed in the current com-
pared with our previous study. Further-
more, our data also suggested that these
CD4" T cells were critical for the expan-
sion of tumor-specific CD8" T cells be-
cause CD4 depletion before or early
during neoadjuvant triple combination
therapy completely abrogated their ex-
pansion in the blood, which was not the
case when CD4" T cells were depleted
after surgery. Potentially, these CD4"
T cells may contribute to help CD8" T cell
responses as previously reported (38),
given the significantly increased pro-
portion of CD4"FOXP3™ helper T cells
that produced IL-2 after the triple com-
bination immunotherapy compared with
the dual combination immunotherapy. It
is important to note that this effect may
not be restricted to IL-2 but may also be

achieved by combining ICI with other cytokines that can overcome
the lack of CD4 help and support CD8" T cell activation.

In addition to its role in stimulating conventional T cells, IL-2 has
been shown to promote the induction, survival, and function of
Tregs (24-26). In our study, the overall effects of adding IL-2 to
CTLA4 + PDI blockade were positive as observed by the increased
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proportion of effector CD8" and CD4" T cells with cytokine poly-
functionality (IFN-y, TNFa, and IL-2) and T cell proliferation in our
mouse model. Similarly, in our ex vivo PDTF cultures, the addi-
tion of IL-2 converted a proportion of anti-CTLA4 + anti-PD1 im-
munological nonresponders into responders as measured by the
induction of a proinflammatory response including increased IFN-y
and TNFa secretion. This response was induced despite the ex-
pansion of activated CD4"FOXP3" T cells by the triple combination.
Whether these CD4"FOXP3" T cells represent true Tregs with
suppressive function or CD4" effector T cells that acquire FOXP3
expression during activation (39, 40) will require further investi-
gation. In mice, FOXP3 expression appears to be sufficient to define
CD4" Tregs (41), but our preclinical data suggested that tumor-
infiltrating Tiegs from neoadjuvant anti-CTLA4 + anti-PD1 + IL-2-
treated mice also displayed a strong Tyl cytokine profile. Tiegs
producing IFN-y despite retaining FOXP3 expression have previ-
ously been described to have a “fragile” phenotype characterized
by having reduced suppressive activity due to loss of Nrpl (42).
CD122-selective IL-2 complexes were reported to reduce immuno-
suppression, promote Ty, fragility, and sensitize tumor response
to programmed death-ligand 1 (PD-L1) blockade (43). However,
it is unlikely that this phenotype is the reason for the improved effi-
cacy of neoadjuvant anti-CTLA4 + anti-PD1 + IL-2 as these mice
showed an increase in the proportion of Treg expressing Nrpl com-
pared with those that received cIg or IL-2. CTLA4 blockade in
murine tumor models has recently been shown to promote functional
destabilization of Tregs in poorly glycolytic tumor microenvironments,
which correlated with an improvement in CD8 effector function
(44). Similarly, PD1 blockade has been described to increase IFN-y
expression in Treg (45). Overall, both our animal and human data
support the notion that the addition of IL-2 to anti-CTLA4 + anti-PD1
affects antitumor immunity positively rather than negatively and
can convert tumors from nonresponsive to responsive to CTLA4 +
PD1 blockade.

To confirm our findings in a more relevant, thus neoadjuvant
clinical setting, we assessed the effect of the triple combination
immunotherapy in pretreatment biopsies of patients with stage III
melanoma systemically treated with neoadjuvant ipilimumab +
nivolumab. These experiments suggest that the triple combination of
anti-CTLA4 + anti-PD1 + IL-2 can induce immunological respons-
es in about 50% of melanoma lesions from patients who are resistant
to dual immune checkpoint blockade, thus providing a rationale to
test this combination clinically.

Our study has some limitations. Although it would have been
useful to demonstrate our preclinical findings in additional mouse
cancer models, we used the 4T1.2 tumor model because it best
mimics the clinical setting of surgery and therapy of residual meta-
static disease as observed in patients with cancer, where it will result
generally in death of mice if not treated. In contrast, carcinogen-
induced and genetically modified mouse models as well as most
transplant models of cancer do not offer this opportunity. Few truly
metastasize, and metastasis is generally minimal relative to primary
tumor size with late resection becoming impractical and unethical.
Next, although we demonstrated preclinically that the efficacy of
neoadjuvant anti-CTLA4 + anti-PD1 + IL-2 required the presence
of Tyl cytokine-producing CD4" T cells, it is unclear whether those
CD4" T cells are tumor reactive. More in-depth studies are required
to understand the mechanisms by which CD4 T cells mediate anti-
tumor efficacy in the neoadjuvant setting. Last, in our study, we
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combined dual checkpoint blockade with systemic IL-2. Because
systemic IL-2 can induce potential toxicities, such as capillary leak
syndrome caused by IL-2’s high affinity for CD25 (IL-2Ra), which
is expressed on the pulmonary vasculature (46), alternative ways of
application are necessary to avoid toxicity. One potential way to
avoid toxicity would be to use intratumoral injection of IL-2 or the
use of targeted IL-2 variants. Some examples include the CD25
mimobody that abolishes CD25 binding (47), as well as variants that
target IL-2 to the tumor microenvironment (48) or to effector CD8
(49) or PD1-expressing T cells (50). Taking into consideration a likely
higher adverse event rate, one may preferentially test this triple
combination immunotherapy in a personalized manner in patients
with unfavorable tumor characteristics such as low TMB, low CD4/
IL-2, or low IFN-y signature. Moreover, given that TMB analyses are
laborious, time-consuming, and expensive, it will be important to
compare their predictive value with our newly developed CD4/IL-2
signature, as the latter may help to identify suitable patients in an easier
manner. Potentially, the predictive value of this signature can also be
evaluated in other cancer types where neoadjuvant ipilimumab +
nivolumab is currently being tested (51-53).

Overall, our study shows how the combination of signature-
driven analyses and functional assessment of patient tumor samples
ex vivo, together with mechanistic experiments in in vivo mouse
models can be used to identify potential treatment strategies for
neoadjuvant combination checkpoint-resistant melanoma. This
study provides a rationale for testing the neoadjuvant combination
of anti-CTLA4 + anti-PD1 + IL-2 in patients with melanoma with
unfavorable tumor characteristics.

MATERIALS AND METHODS

Study design

This study was intended to examine whether additional IL-2 immu-
notherapy can overcome resistance to neoadjuvant anti-CTLA4
and anti-PD1 in patients with melanoma. In pretreatment biopsies
from PRADO and OpACIN trials, we studied an IL-2 gene signature
for its association with resistance to neoadjuvant immune check-
point blockade. OpACIN, OpACIN-neo, and PRADO were open-
label, phase 1b and II studies testing neoadjuvant ipilimumab +
nivolumab in macroscopic stage III melanoma, which have been
described before extensively (4, 7, 8). All baseline samples with
sufficient material were included. No blinding was applied. No
randomization took place (the PRADO cohort served as the
exploratory cohort, whereas the OpACIN baseline samples served as
the confirmatory cohort).

Ex vivo stimulation of PDTFs was used to assess whether im-
paired response in resistant patients can be reversed by the addition
of IL-2. Tumors were selected on the basis of >10% immune cell
infiltration. Randomization was not necessary because all treatment
conditions could be directly compared within a tumor sample.
Pretreatment biopsies from the PRADO study were selected on the
basis of clinical treatment response and availability of material.
Researchers performing the ex vivo experiments were blinded to
the clinical outcome. Preclinical studies in neoadjuvant-treated
mice helped to decipher the mechanism by which addition of IL-2
increased survival and induced a more potent antitumor immune
response. In vivo mouse experiments were performed using
BALB/c WT and BALB/c Batf3-deficient mice, which were bred
and maintained at the QIMR Berghofer Medical Research Institute.
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Female mice 8 weeks and older were used in all experiments and
performed in accordance to QIMR Berghofer Medical Research
Institute animal experimental ethics committee guidelines. The
number of mice used in each experimental group was determined
on the basis of statistical power analysis to render statistical signifi-
cance of the experimental data between different experimental groups
and ranged from 5 to 12 mice per group. Mice were randomly
assigned to different treatment groups. Investigators were blinded
to the treatment group received by the mice and assessed the survival
of mice without knowing the treatment groups they received. Mice
were monitored for symptoms of illness with changes to posture,
activity, breathing, and fur texture, and euthanized when clinical
symptoms reached the cumulative limit outlined by animal ethics.
The number of biological replicates and number of independently
performed experiments are indicated in the figure legends. Mouse
exclusion criteria were predetermined as follows: 4T1.2-bearing
mice were excluded if mice were culled solely because of ethical end
points not related to 4T1.2 breast cancer metastases. In flow
cytometric analyses, samples containing <20 gp70-tetramer” CD8"
T cell events were excluded from downstream analyses.

Patient characteristics and tumor sample processing

Resected tumor samples were collected from patients with cancer
undergoing surgical treatment for melanoma, non-small cell lung
cancer, ovarian cancer, and renal cell carcinoma between April
2017 and October 2020 at the Netherlands Cancer Institute
(NKI-AVL), The Netherlands (table S3). The study was approved
by the institutional review board of the NKI-AVL (CFMPB484) and
executed in compliance with the ethical regulations. All patients
consented to the research usage of material not required for
diagnostics either by opt-out procedure or via prior informed con-
sent (after 23 May 2018). Pretreatment tumor biopsies were collected
from patients enrolled in the PRADO extension cohort of the
OpACIN-neo trial (NCT02977052) (7) after obtaining written
informed consent (tables S1 and S2).

Resected tumor samples were collected in a medium on ice
[RPMI 1640 (Thermo Fisher Scientific) supplemented with 2.5% fetal
bovine serum (FBS) (Sigma-Aldrich), 1% penicillin-streptomycin
(Roche)]. Tumor samples were immediately dissected into frag-
ments (PDTFs) of 1 to 2 mm? on ice. PDTFs from different tumor
areas were mixed and frozen in 1 ml of freezing medium [FBS with
10% dimethyl sulfoxide (Sigma-Aldrich)]. Vials were cryopreserved
in liquid nitrogen until usage. Tumor biopsies were processed in the
same manner as resection samples. Pathological response upon
neoadjuvant immunotherapy was assessed by a pathologist accord-
ing to the INMC scoring system (20).

RNA isolation and NanoString data analysis

RNA was isolated from patients who had sufficient tumor material,
based on the pathologist’s scoring (at least 30% tumor cells of
hematoxylin and eosin-stained cryostat frozen section), in the
frozen tumor samples. RNA was simultaneously isolated from
fresh-frozen pretreatment tumor frozen sections (10 pm) with the
AllPrep DNA/RNA/miRNA Universal Isolation Kit (Qiagen, 80224)
using the QIAcube, according to the manufacturer’s protocol. Gene
expression analysis was conducted using the NanoString nCounter
Analysis System and the PanCancer Immune Profiling panel, which
captures the read counts of 784 genes (NanoString Technologies,
Seattle, WA, USA). Raw counts were normalized to internal expression
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of 38 reference genes: ABCF1, AGK, ALAS1, AMMECRIL, CC2D1B,
CNOTI10, CNOT4, COG7, DDX50, DHX16, EDC3, EIF2B4,
ERCC3, FCF1, G6PD, GPATCH3, GUSB, HDAC3, HPRT1, MRPSS5,
MTMRI14, NOL7, NUBP1, POLR2A, PPIA, PRPF38A, SAP130,
SDHA, SF3A3, TBP, TLK2, TMUB2, TRIM39, TUBB, USP39,
ZC3H14, ZKSCAN5, and ZNF143. A background count was esti-
mated using the average count of the eight negative control probes
in every reaction plus 2 SDs. Next, the CD4/IL-2, CD8 (Danaher),
and BATF3 subset gene signature scores were calculated from the
average z score of all the genes within each signature separately per
patient. The optimal cutoff to determine patients with CD8/BATF3
high or low signature score was computed by the summary receiver
operating characteristic (SROC) curves for each signature inde-
pendently on PRADO and OpACIN-neo cohorts together (n = 143).
Pearson’s correlation method was used to compute the correla-
tion coefficients.

PDTF cultures

PDTF cultures were performed as described previously (23). Briefly,
cryo-preserved PDTFs were thawed, extensively washed with wash
medium [Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% FBS and 1% penicillin-streptomycin], and embedded
in an artificial extracellular matrix {sodium bicarbonate (1.1%;
Sigma-Aldrich), collagen I (1 mg/ml; Corning), Matrigel (4 mg/ml;
Matrix High Concentration, Phenol Red-Free, BD Biosciences),
tumor medium [DMEM supplemented with 1 mM sodium pyruvate
(Sigma-Aldrich), 1x MEM non-essential AA (Sigma-Aldrich),
2 mM L-glutamine (Thermo Fisher Scientific), 10% FBS, and 1%
penicillin-streptomycin]} in a flat-bottom 96-well plate. PDTF
cultures were topped up with tumor medium supplemented with
either anti-PD1 (nivolumab, Bristol-Myers Squibb) at 10 pg/ml,
anti-CTLA4 (ipilimumab, Bristol-Myers Squibb) at 10 pug/ml, or
3000 pg/ml (~60 IU/ml) recombinant human IL-2 (rhIL-2, Proleukin,
PeproTech) where indicated. The rhIL-2 concentration was chosen
on the basis of IL-2 plasma concentrations after subcutaneous
rhIL-2 treatment (54, 55). After 48 hours of culture at 37°C,
supernatants were collected and immediately frozen at —80°C for
subsequent cytokine and chemokine analysis. PDTFs were pooled
and subjected to flow analysis for assessment of immune cell activa-
tion (see below).

Tissue processing and flow cytometric analysis

of human samples

PDTFs were collected in 2 ml of digestion mix [RPMI 1640 with 1%
penicillin-streptomycin, Pulmozyme (12.6 ug/ml) (Roche), and
collagenase type IV (1 mg/ml) (Sigma-Aldrich)] on ice. PDTFs were
digested at 37°C while rotating for 45 to 60 min, washed with
phosphate-buffered saline (PBS), and filtered. The remaining single-
cell suspensions were transferred to a 96-well plate for the staining
procedure. Before antibody staining, cells were incubated with
human Fc receptor (FcR) Blocking Reagent (eBioscience) for 20 min
on ice. Cells were stained with Live/Dead IR Dye (Thermo Fisher
Scientific) or Zombie UV (BioLegend) for 20 min on ice, washed, and
incubated with the surface antibody mix in fluorescence-activated
cell sorting (FACS) buffer [PBS, 0.5% bovine serum albumin (Sigma-
Aldrich), and 0.1% NaNj (Invitrogen)] for 20 min on ice. All anti-
bodies used are listed in table S5. After washing, cells were fixed and
permeabilized using the Fix/Perm solution (eBioscience) for 30 min
at room temperature. Cells were subsequently washed twice with
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1x permeabilization buffer (eBioscience) and incubated with intra-
cellular antibody mix in permeabilization buffer for 40 min at room
temperature. Cells were washed twice and resuspended in FACS
buffer for data acquisition. For the quantification of immune cell
subsets, cells were gated on live (IR Dye negative) and single cells.
Cells were identified as nonimmune cells (CD45 negative) and
immune cells (CD45"). Within CD3-immune cells, B cells were gated
as CD19", natural killer cells as CD16", and myeloid cells as CD11b".
T cells were gated as CD3". These were divided into conventional
CD4" T cells (FOXP3"), Tyegs (FOXP3"), CD8" T cells, and natural
killer T-like cells (CD16"). For assessment of T cell activation, cells
were gated on live (IR Dye negative) and single cells. CD45"CD3"
T cells were subdivided into CD8", CD4"FOXP3~, and CD4"FOXP3"
T cell subsets. Within each subset, CD137 and OX40 expressions
were quantified. Flow cytometric analyses were performed using an
LSR II SORP and BD LSRFortessa (BD Bioscience). FlowJo analysis
software (v10.6.2) was used for data analysis.

Analysis of cytokines and chemokines

and cytotoxic mediators

Supernatants collected from PDTF cultures were thawed on ice and
pooled for each experimental condition. The presence of indicated
cytokines and chemokines was detected using the LEGENDplex
Human Th Cytokine and Human Proinflammatory Chemokine
panels (both BioLegend). Cytotoxic mediators were measured using
the LEGENDplex Human CD8/NK panel (BioLegend). All assays
were performed according to the manufacturer’s protocol.

Mice

BALB/c WT and BALB/c Batf3-deficient mice were bred and main-
tained at the QIMR Berghofer Medical Research Institute. Female
mice 8 weeks and older were used in all experiments and performed
in accordance to QIMR Berghofer Medical Research Institute
animal experimental ethics committee guidelines.

Cellline

BALB/c-derived 4T1.2 mammary carcinomas were maintained in RPMI
supplemented with 10% FBS, penicillin/streptomycin, and addi-
tional 1-glutamine (Gibco) as previously described (3). All cell lines
were routinely tested as negative for mycoplasma. Cell line authenti-
cation was not routinely performed.

Experimental tumor model

After 4T1.2 orthotopic tumor inoculation into the mammary fat pad
and before extensive primary tumor growth, mice develop a sub-
stantial burden of metastases in the lungs, liver, bones, and brain,
among other organs (3). Female BALB/c WT mice were injected in
the fourth or fifth mammary fat pad with 5 x 10* 4T1.2 cells. Before
the surgical resection of the primary tumor and tumor draining
lymph node as previously described (3), mice were treated intraper-
itoneally with 200 ug of rat control IgG2a (1-1) or a combination of
100 ug of anti-PD1 (RMP1-14), 100 pg of anti-CTLA4 (UC10-4F10-11),
and 50,000 IU of rhIL-2 (Proleukin S) (see table S6 for reference).
For immune cell depletion experiments, mice were additionally
treated with cIg (1-1), anti-CD4 (GK1.5), or anti-CD8p (53-5.8) as
indicated in the figure legends. Mice were monitored for symptoms
of illness with changes to posture, activity, breathing, and fur
texture and euthanized when clinical symptoms reached the cumu-
lative limit outlined by animal ethics. Mice were randomly assigned
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to treatment groups. All experiments were performed and analyzed
double blinded as indicated in the figure legends.

Flow cytometry (mouse)

Tumors, blood, spleen, and draining lymph nodes were harvested
from mice and processed for flow cytometry analysis as previously
described (27). For surface staining, tumor-infiltrating lymphocyte or
immune cell suspensions were stained with antibodies and respec-
tive isotype antibodies in the presence of anti-CD16/32 (2.4G2) to
block FcR. The list of flow cytometry antibodies used is described in
table S6. To stain for Ki67 and FoxP3, samples were fixed and
permeabilized with the FOXP3 Fixation/Permeabilization Kit
(eBioscience). To measure intracellular cytokine staining, single-cell
suspensions were incubated for 5 hours in complete RPMI with
monensin and brefeldin A (eBioscience). Samples were then surface
stained before being fixed/permeabilized (BD CytoFix/CytoPerm
Kit) and stained with anti-IFN-y, anti-TNF, and anti-IL-2. All data
were collected on an LSR Fortessa (Becton Dickinson) flow cytometer
and analyzed with FlowJo v10 software (Tree Star Inc.). Gating
strategy is shown in figs. S4 and S8.

Statistical analysis

Mouse

Statistical analysis was performed using GraphPad Prism software
v.9. Differences between indicated mouse groups were determined
by two-way analysis of variance (ANOVA) (or mixed effects analy-
sis when appropriate) test with Tukey’s correction as indicated.
Differences between survival curves were determined using a log-
rank test. P values were considered significant with P < 0.05 indicated
with (¥), P < 0.01 with (**), P < 0.001 with (***), and P < 0.0001 with
(****). For all studies, biological replicates and number of inde-
pendently performed experiments are indicated in the figure legends.
Mouse exclusion criteria were predetermined as follows: 4T1.2-bearing
mice were excluded if mice were culled solely because of ethical end
points not related to 4T1.2 breast cancer metastases. In flow cyto-
metric analyses, samples containing <20 gp70-tetramer” CD8"
T cell events were excluded from downstream analyses (Fig. 5, B and D,
and figs. S5, A and B, S9A, and S11, A to C).

Human

Statistical analysis was performed using GraphPad Prism software
v.9. Differences between indicated treatment groups were deter-
mined by Mann-Whitney test or Kruskal-Wallis test as indicated.
P values were considered significant with P < 0.05 indicated with
(*), P < 0.01 with (**), P < 0.001 with (***), and P < 0.0001 with
(****). Sample size was described for each test separately and on the
basis of the availability of patient samples for the analysis. Identifi-
cation of PDTF responder and nonresponder groups was performed
using the built-in unsupervised clustering function in R (v4.0.2).
Response patterns in each group were validated in an independent
replicate PDTF culture. The IL-2 response score was developed by
first calculating receiver operating characteristic (ROC) curves based
on the delta values for each parameter measured in the pooled data-
set of responders and nonresponders to the anti-CTLA4 + anti-PD1
combination and the anti-CTLA4 + anti-PD1 + IL-2 triple combi-
nation. Seven parameters that were strongly discriminative between
responders and nonresponders were selected on the basis of the
area under the ROC curve. For each parameter, a cutoff value was
identified aiming for high specificity and sensitivity. This cutoff was
used to score each parameter in each sample depending on whether
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the delta value was above or below the cutoff. The response score
was calculated as follows

¥ All parameters

1
Maximal score 00

IL - 2 response score =
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Immunotherapy triple threat

Some patients with melanoma do not respond to dual immunotherapy of anti-cytotoxic T lymphocyte—associated
protein 4 (CTLA4) and anti—programmed cell death protein 1 (PD1). Kaptein et al. identified a low interleukin 2 (IL-2)
gene signature associated with resistance in patients with melanoma. The addition of IL-2 to dual immunotherapy
treatment of resistant ex vivo patient samples and mouse models induced immunological responses and extended
survival. Therapy expanded tumor-specific CD8+ T cells and improved proinflammatory cytokine polyfunctionality of
T cells in vivo. Triple-combination immunotherapy can overcome resistance to dual neoadjuvant immunotherapy and
warrants further testing in patients with early-stage melanoma.
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