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CHAPTER 6

ABSTRACT

Immune checkpoint inhibitors such as anti-PD-1 and anti-CTLA4 are aimed at activating
anti-tumoral effector cells, but their effect on immunosuppressive regulatory T cells that
express high levels of immune checkpoint molecules is unclear. Using mouse models for
spontaneous primary and metastatic breast cancer, we studied how immune checkpoint
blockade (ICB) influences TregS and how this impacts the therapeutic benefit of ICB. We
observed that ICB drives intratumoral and systemic accumulation of T__, but not CD8*T
cells. Neoadjuvant depletion of Tregs combined with ICB changes the immune landscape
of mammary tumors into a state favourable for ICB response, characterised by increased
T-cell activation, more eosinophils, and elevated PD-L1 and MHC-II expression on myeloid
cells. Systemically, depletion of T_  during ICB resulted in the accumulation of CD8* T

cells and NK cells, and induces durable T cell activation. Consequently, depletion of Treg

S

in the context of ICB prolongs metastasis-related survival, which is not observed upon T

reg

depletion or ICB alone. Combined, this study shows that T

««qs '€ inadvertently activated by
ICB and pose a barrier for ICB efficacy in breast cancer.
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INADVERTENT T, ACTIVATION BLUNTS ICB EFFICACY IN BREAST CANCER

INTRODUCTION

The development of immune checkpoint inhibitors that block immunoregulatory receptors like
PD-1 and CTLA4 have ushered in a new era of cancer treatment. In particular patients with
immunogenic tumors, such as melanoma', non-small cell lung cancer (NSCLC)?, or microsatellite
instable cancers®, have shown impressive responses upon treatment with anti-PD1/PD-L1
and anti-CTLA4 antibodies. However, despite these successes, an important fraction of those
patients does not respond to anti-PD1 and/or anti-CTLA4 immunotherapy (ICB), or acquires
treatment resistance*. Moreover, the efficacy of ICB in other cancer types, such as breast cancer,
is limited®®, highlighting the need to understand the obstacles of immunotherapy response.

The main rationale of ICB is to improve the capacity of tumor-specific CD8* T cells to expand,
recognize and clear cancer cells’. To achieve this, anti-CTLA4 blocks the interaction between
the co-inhibitory molecule CTLA4 expressed on T cells and CD80/CD86 expressed on
mature, antigen presenting dendritic cells thereby improving T cell priming and activation.
Anti-PD1 blocks the interaction of PD-1 with PD-L1, which can be widely expressed on
tumor-, stromal, and immune cells and is a negative regulator of T cell function through
inhibition of co-stimulation and TCR signalling®. PD-1 and CTLA-4 expression is not limited
to cytotoxic CD8* T cells, but is also found on intratumoral CD4*FOXP3* regulatory T cells
(Toge)™ " T.qe are important regulators of immune homeostasis endowed with a plethora
of immunoregulatory features, making them key orchestators of cancer-associated
immunosuppression'" 2, T,egs can negatively impact anti-tumor immunity in breast cancer
mouse models through inhibition of both innate and and adaptive immune cell function™,
thereby contributing to primary tumor growth''* and metastases'®.

Recent evidence indicates that anti-PD1 and anti-CTLA4 may inadvertently lead to the
activation of T_ . Anti-PD1 has been shown to induce the proliferation of T___in tumors of

regs” regs
melanoma patignts, which correlates to poor prognosis'®. Moreover, high PD-1gexpression on
T g Versus CD8* T cells strongly correlates with non-responsiveness to anti-PD1 in NSCLC,
gastric cancer and melanoma patients'’, and has been linked to hyper progression in gastric
cancer patients®. Anti-CTLA4 was found to induce proliferation of tumor-associated Tregs
in MC38 tumor-bearing mice'. In cancer patients, anti-CTLA4 treatment has been shown
to expand immunosuppressive 'I'regS in blood and tumors?®?', although it is unclear how this

impacts therapy response. These data suggest that activation of T(egs might be an unintended
effect of ICB, raising the question how this impacts the anti-cancer efficacy of ICB.

Here, we set out to study whether interactions between Tregs and dual anti-PD1 and anti-CTLA4
blockade form a hurdle for anti-tumor immunity. To study this, we made use of the transgenic
K14cre;Cdh1™F; Trp537F (KEP) mouse model of invasive mammary tumorigenesis®?, and the

KEP-based mastectomy model for spontaneous multi-organ metastatic disease®®. Primary
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CHAPTER 6

tumors and metastases arising in these models are unresponsive to ICB. We observed that
ICB fails to induce CD8+*T cell activation or proliferation, but instead enhance Treg proliferation

and activation in tumor-bearing mice. Neoadjuvant ablation of T_ _ using the Foxp3P™ ¢

regs
model in the context of ICB led to the accumulation of CD8* T cells, eosinophils and NK cells
in blood. Strikingly, ICB synergizes with T, depletion to curb metastatic disease. Combined,

this study provides experimental evidence that T

regs

impair the efficacy of ICB in spontaneous
models for breast cancer.

RESULTS

ICB drives Treg accumulation in ICB-unresponsive spontaneous mammary tumors

To investigate the mpact of 'I'regs on immunotherapy response, we first assessed the efficacy
of dual anti-PD1 anti-CTLA4 immune checkpoint blockade in controlling tumor growth of
transgenic KEP mice bearing spontaneous mammary tumors. Treatment with ICB was
initiated at a tumor size of 256mm? and continued until end-stage tumor size (225mm?) was
reached (Fig. 1A). Consistent with poor ICB response in breast cancer patients, ICB treatment
did not enhance survival of tumor-bearing KEP mice compared to control treatment (Fig. 1B).
Characterisation of T cell populations in tumors of KEP mice showed that ICB treatment does
not alter the intratumoral infiltration of CD8* and CD4* T cells (Fig. S1A), but instead increased
the intratumoral accumulation of FOXP3* cells (Fig. 1C, D). As a result, the intratumoral ratio of
CD8/FOXP3 cells decreased upon ICB treatment (Fig. S1B), whereas a high CD8/FOXP3 ratio
has been associated with improved survival in breast cancer patients®. In line with increased
intratumoral accumulation of FOXP3+ cells, we found increased expression of the proliferation
marker Ki-67 on T,egs in KEP mice treated with ICB compared to untreated mice (Fig. 1E).
Next, we investigated whether the observed increase in 'I'regs in ICB-treated mice was limited
to the TME by analysing blood and lymph nodes of ICB-treated KEP mice bearing end-stage
tumors. This showed that T

regs’

bearing KEP mice receiving ICB (Fig. 1G, S1C). In tumor-draining lymph nodes, T frequency

but not CD8* T cells, are also increased in blood of tumor-
was not significantly altered, but these Tregs did express higher levels of Ki-67 (Fig. S1D).

To study the impact of T

regs

out to validate our findings in the orthotopic KEP transplantation model, based on transplantation

on immunotherapy response in the context of metastasis, we first set

of tumor fragments (Fig. 1G). Similar to the spontaneous KEP model, ICB treatment does not
enhance the survival of mice bearing orthotopically transplanted KEP tumors compared to
control treatment (Fig. 1H). Furthermore, T__, but not conventional T cells, were increased in
frequency and showed enhanced Ki-67 expression in tumors of ICB-treated mice, compared
to control-treated mice (Fig. 11-J, S1E). Finally, in these mice, Tregs in blood were found to be
increased upon ICB treatment (Fig. 1K), in line with observations in the spontaneous KEP model

(Fig. 1F). To evaluate whether ICB, besides T, accumulation, also influences T functionality in
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vitro, a suppression assay was performed. Tregs isolated from draining lymph nodes of control-,
or ICB-treated KEP tumor-bearing mice were co-cultured with in vitro activated splenic T cells
to assess the impact of either Treg population on T cell proliferation. Both Treg populations similarly
inhibited the proliferation of responder T cells, demonstrating that ICB does not enhance the
suppressive capacity of T___in this ex vivo context (Fig. 1L). Combined, these data show that
ICB induces systemic accumulation of T

regs

in tumor-bearing mice, raising the question how this
impacts immune cell crosstalk in ICB-treated mice.

Neoadjuvant depletion of Tregs in the context of ICB remodels systemic and tumor
immune landscapes

To gain insight into the function of T__ in the context of ICB, we utilized Foxp3°™ ¢ mice
that we generated on the FVB genetic background in which Tregs can be transiently depleted
upon short-term diphtheria toxin (DT) treatment®®. Foxp3°™"-¢F mice were transplanted with
KEP tumor fragments, and upon tumor take, mice were treated with combinations of ICB,
ICB control antibody (rat IgG2a clone 2A3), DT, or PBS (DT vehicle control), until tumors
reached a size of ~120mm? (Fig. 2A). At this time point, mastectomy was performed to
remove the primary tumor. Analysis of blood and resected tumors showed that Tregs were

efficiently depleted from mice treated with DT and ICB + DT (Fig. S2A, 2G).

First, we investigated whether depletion of T

regs

in the context of ICB changes the composition
and activation of circulating immune cells, measured 1-2 days before mastectomy (pre-
mastectomy). Interestingly, besides their effect on T,egs, both ICB and DT monotherapy do
not significantly impact the immune cell abundance in blood compared to control-treated
mice, with the exception of increased eosinophil counts upon DT treatment (Fig. 2B, S2B). In
contrast, the combination of ICB and DT induced a significant increase in both CD8+*T cells and
NK cells compared to monotherapies (Fig. 2C-D), both of which are important effector cells for
anti-tumor immunity. Notably, we also observed a strong increase in CD4+*CD8* T cells (Fig.
2E), which have been described to be enriched in patients with auto-immune disease®*?” and
cancer®?°, and have been shown to display reactivity towards autologous melanoma cell lines
in vitro**. As genetic ablation of T__ is associated with the development of autoimmune-related
pathology®®2!, we performed a preliminary analysis to investigate whether combining ICB with
Treg depletion exacerbates inflammation-related pathology compared to Ieg—depleted mice.
Histopathological assessment of various tissues obtained from mice that were sacrificed after
mastectomy at indicated time points was performed blindly by a trained animal pathologist.
This revealed no differences in inflammation-related pathology between control + DT and ICB
+ DT treatment groups (Fig. S2C, Table 1). In addition, no differences were observed in sizes
of spleen, and small intestine (S2D). Due to the preliminary nature of this investigation, further
analysis in tumor- and non-tumor bearing mice with matched duration of control-, ICB- and
DT treatment, should clarify to what extent the observed pathology is explained by cancer-
related inflamsmation as opposed to T depletion-induced inflammation.

reg
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FIGURE 1. ICB fails to inhibit mammary tumor outgrowth and activates intratumoral and
systemic T_ accumulation in transgenic KEP mice
A. Schematic overview of study: tumor-bearing KEP mice either did not receive treatment, or were treated
with acombination of anti-PD-1 and anti-CTLA4 (ICB) starting at a tumor size of 256mm?until end stage tumor
size of 2256mm?. B. Kaplan-Meier survival curves of KEP mice treated as indicated (n= 12-15 mice/group).
Censored cases indicate mice that were sacrificed due to tumor-unrelated causes. C. Representative
images of immunohistochemical staining of CD8 and FOXP3 in mammary tumors (225mm?) of KEP mice,
treated as indicated. Scale bar of 50 pm is shown. D. FOXP3 counts in spontaneous mammary tumors
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(225mm?) of KEP mice treated as indicated, as determined by immunohistochemical analysis (counts
per 40x field of view, average of five randomly selected areas) (n=5-7 mice/group). E. Frequency of Ki-67
expression on Tregs (CD4+CD25*) in mammary tumors (225mm?) of untreated or anti-PD-1/CTLA4-treated
KEP mice, analysed by flow cytometry (n=4-7 mice/group). F. Frequency of Tregs (CD4+*CD25%) as % of
total live CD45* cells in blood of untreated or anti-PD-1/CTLA4-treated KEP mice bearing mammary
tumors (225mm?) as determined by flow cytometry (n=4-7 mice group). G. Schematic overview of study:
mice bearing orthotopically transplanted KEP tumors fragments (1mm?) were treated twice weekly with
control antibody or a combination of anti-PD-1 and anti-CTLA4 (ICB) starting at a tumor size of 256mm?. H.
Kaplan-Meier survival curve of mice bearing orthotopically transplanted KEP tumors that were treated with
control antibody (n=15) or ICB (n=14). Endpoint was defined as tumor size of 12x12mm?. I. Frequency
of 'I'regs as % of total live CD45* cells in orthotopically transplanted KEP tumors (100-150mm?) of mice
treated with control antibody, or anti-PD-1/CTLA4, as analysed by flow cytometry (n=23-24 mice/group).
J. Frequency of Ki-67 expression on T___in orthotopically transplanted KEP tumors (100-150mm?) of mice
treated with control antibody, or anti-PD-1/CTLA4, as analysed by flow cytometry (n=4-7 mice/group). K.
Frequency of T_  as % of total live CD45* cells in blood of mice bearing orthotopically transplanted KEP
tumors treated with control antibody, or anti-PD-1/CTLA4, 1-2 days before mastectomy, as analysed by
flow cytometry (n=4-7 mice/group). L. Quantification of undivided responder cells (CD8* and CD4* T cells)
based on flow cytometric assessment of CTV dilution, upon co-culture with CD3/CD28 pre-activated
TregS (CD4+CD25*) isolated from lymph nodes of mice bearing transplanted mammary tumors(225mm?2).
Mice were treated with control antibody or anti-PD-1/CTLA4. Cells were co-cultured at indicated ratios
for 96h in presence of CD3/CD28 beads (data pooled from 2 independent in vitro experiments, with n=4
biological replicates).

Data in D-F, I-L show mean + SEM. P-values are determined by Log-rank test (B), Unpaired Students
T-test (D-F, I-L). * P < 0.05, ** P < 0.01, ** P < 0.001, **** P < 0.0001.

To assess potential changes in CD8* T cell activation that occur upon treatment with ICB
and DT, the expression of CD44, CD62L, PD-1, CD25, CD69 was measured in blood of
tumor-bearing mice by flow cytometry. Treg depletion was sufficient to strongly increase the
frequency of CD44+*CD62L" effector cells as compared to ICB and control-treated mice,
which is not further increased upon combination of ICB + DT. Only the frequency of PD-1
was further increased on CD8* T cells upon the combination of ICB and DT compared to
DT alone (Fig. 2F). Similar observations were made for CD4* T cells (S2E). Combined, these
data show that Treg depletion is sufficient to induce CD8* T cell activation in blood, but the
combination of ICB + DT is necessary to increase circulating CD8* T cells and NK cells.

Analysis of the immune landscape in resected tumors showed that none of the treatments
altered the frequency of conventional T cells as measured by flow cytometry. Notably, Treg
depletion, either with or without ICB, did induce changes in the myeloid compartment (Fig.
2@G). In line with previous research, we observed that 'I'reg depletion promoted an increase
in eosinophil® and a decrease in ¢cDC2 tumor infiltration® (Fig. 2G). Thus, in contrast to
blood, changes in immune cell composition in resected tumors are mostly dictated by 'I'reg
ablation, and are not further changed upon combination of ICB and DT (Fig. 2H). Similarly, the
intratumoral accumulation of activated CD8*and CD4* T cells is enhanced upon 'ﬁegdepletion
compared to control, and ICB + DT compared to ICB alone (Fig. 2H, S2F). However, besides
upregulation of CD69 on CD8*T cells, the combination of ICB + DT does not further enhance

the intratumoral accumulation activated T cells compared to control + DT (Fig. 2H, S2G).
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FIGURE 2. Neoadjuvant depletion of T'e .changes the systemic and tumor immune landscape,
but does not improve ICB response in primary tumors

A. Schematic overview of study. KEP-tumor fragments were orthotopically transplanted, and mice
were treated with combinations of ICB, control antibody (rat 1gG2a, clone 2A3), DT or PBS (DT
vehicle control) as indicated. Ctrl or ICB was started upon presentation of palpable tumors (4-6mm?),
administered twice weekly, and discontinued upon mastectomy. DT or PBS was started at a tumor size

of 9-12 mm? and administered twice in total (day O & 4). At a tumor size of 100-150mm?, mastectomy
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was performed. Blood (taken 1-2 days before mastectomy) and resected tumors were analysed by flow
cytometry. B-E. Absolute cell counts of eosinophils (B) CD8* T cells (C), NK cells (D) and CD4*CD8* T
cells (E) in blood of mice treated with indicated treatments, as determined by flow cytometry, 1-2 days
before mastectomy (n=5-8 mice/group). F. Frequency of indicated markers (% of positive cells) gated
on CD8* T cells in blood of mice treated with indicated treatments, as determined by flow cytometry,
1-2 days before mastectomy (n=5-8 mice/group). G. Heatmap depicting tumor-immune landscape
in mastectomized tumors of mice receiving indicated treatments. Row Z-score calculated based on
frequency of indicated cell type of total CD45* cells (n=5-6 mice/group). H. Frequency of indicated
markers (% of positive cells) gated on CD8* T cells in mastectomized tumors of mice treated with
indicated treatments, as determined by flow cytometry (n=5-6 mice/group). I. Frequency of MHC-II*
cells gated on macrophages (CD11b* F4/80%) in mastectomized tumors of mice receiving indicated
treatments (n=5-6 mice/group). J. Frequency of PD-L1* cells within indicated immune cell subsets in
mastectomized tumors of mice receiving indicated treatments (n=5-6 mice/group). K. Tumor growth
curves of individual mice receiving indicated treatments (n=6-10 mice/group). L. Kaplan-Meier curve of
mice bearing orthotopically transplanted KEP tumors treated as indicated. Endpoint was reached when
mice underwent mastectomy at ~120mm? (n=7-10 mice/group).

Data in B-F,H-J show mean + SEM. P-values were calculated by One-way ANOVA with Sidak’s
correction (B-E, G), Tukey’s correction, Holm-Sidak correction (G). 2-way ANOVA with Sidak correction
(FH, J), Log-rank test (L). * P < 0.05, ** P < 0.01, ™ P < 0.001, *** P < 0.0001

In addition to these observations, we found that Treg depletion upregulated PD-L1
expression on neutrophils, conventional dendritic cells (cDC1), Ly6C"o" monocytes and
tumor-associated macrophages (TAMs) (Fig. 2J). Importantly, PD-L1 is a clinical biomarker
for response to immune-checkpoint inhibitors, suggesting that Treg depletion may remodel
the TME into a state that is favourable for ICB response. We also found a strong increase
of MHC-II expression on TAMSs, reflective of M1-like polarization based on this single
marker, to which anti-tumoral functions have been attributed® (Fig. 2l). Importantly, these
changes were not further enhanced in the context of ICB. One change in tumors that was
associated to the combination of ICB + DT, but not control + DT is an increase in frequency
of inflammatory CD101+CD62L" eosinophils, as compared to control treatment (Fig. S2).
Together, this shows that genetic ablation of T

regs

drives broad pro-inflammatory changes
in intratumoral T- and myeloid cells. These changes are mostly related to Treg depletion
and occur independent of ICB, despite the observation that ICB increases the intratumoral
accumulation of Tregs. Finally, analysis of tumor sizes revealed that none of the treatments
significantly delayed tumor growth (Fig. 2K-L), showing that depletion of Tregs in the context

of ICB does not drive anti-tumor responses. These findings are in line with previous results
showing that T___are not critical for regulation of primary tumor growth in the KEP model '°.

regs
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CHAPTER 6

Treg-depletion during ICB induces durable systemic T cell activation and prolongs
metastasis-related survival

Ablation of T_  during ICB mobilised both CD8" T cells and NK cells in blood of tumor-
bearing mice, raising the question whether Tregs functionally impair the systemic immune
activation necessary to combat metastasis. To investigate whether neoadjuvant T _ depletion
in the context of ICB affects metastasis formation, mice were monitored for development
of overt metastatic disease after resection of primary tumors (Fig. 3A). In addition, T cell
activation was analysed in blood of mice 7 days after mastectomy (post-mastectomy). Of
note, mice were only treated before resection of the primary tumor. Despite discontinuation
of ICB, Tregs were still found to be increased in blood of mice that had been treated with
ICB before mastectomy, as measured by flow cytometry 7 days after mastectomy (Fig.
3B). Moreover, these Tregsdisplayed increased expression of the activation markers CD44
and PD-1 compared to control-treated mice, which was not observed in the initial pre-
mastectomy characterisation (Fig. 3C, S3A). Interestingly, CD44+ TyegS have been described
to have strong immunosuppressive potential, and play an important role in curbing auto-
immunity®®. In addition, a recent study showed that PD—1*Tregs gain increased proliferative
and immunosuppressive capacity upon PD-1 blockade in vitro'8. Thus, our data suggest
that ICB does not only drive the expansion of T__in blood, but on a longer-term, also

induces phenotypical changes that are associated to T _ activation.

To analyse whether neoadjuvant depletion of 'ﬂegs in the context of ICB induces long-term
effects after discontinuation of treatment, we next assessed T cell activation in blood of
mice 7 days after mastectomy. At this time point, we found that both the CD8 and CD4 T
cell compartment in blood of mice that had been treated with ICB + DT before mastectomy
harboured a significantly increased frequency of CD44+*CD62L effector cells, compared to
control- and monotherapies (Fig. 3D, S3B). In addition, CD8*T cells in mice previously treated
with ICB + DT showed increased expression of PD-1 compared to all monotherapies, and
increased CD69 expression compared to control-treated mice. To further asses the kinetics
of this observation, we compared CD8* T cell activation between control + DT and ICB +
DT treated mice pre- and post-mastectomy (Fig. 3E). The CD44+CD62L  effector CD8 T cell
population is maintained in mice that had been treated with ICB + DT before mastectomy,
but is decreased in mice previously treated with control + DT (Fig. 3F). Thus, neoadjuvant
systemic depletion of Tregs in the context of ICB leads to durable T cell activation, at least up
until 7 days after discontinuation of treatment, raising the question whether these systemic
pro-inflammatory conditions may have anti-metastatic potential. Analysis of metastasis-
related survival showed that control antibody-treated mice developed metastatic disease,
characterised by respiratory distress and end-stage metastatic tumor burden (>225mm?) in
axillary lymph nodes and intraperitoneal organs (causes of death indicated in Table 2), with a
median survival of 28 days. In line with previously published results describing an important
role for T___in the development of lymph node metastasis in the KEP metastasis model®,

regs
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we did not detect any lymph node metastasis in Treg—depleted mice, either with or without
ICB. Strikingly, whereas neoadjuvant ICB treatment nor neoadjuvant 'I'reg depletion improved
survival, the combined treatment of Treg depletion and ICB treatment significantly prolonged
metastasis-related survival (Fig 3G). Combined, these data show that Tregs form a barrier for
response to ICB in a mouse model for spontaneous breast cancer metastasis.

TABLE 2. Cause of death of mice shown in figure 3G

Case Treatment Cause of death

21KDV682 Ctrl + PBS Respiratory distress

21KDV694 Ctrl + PBS Respiratory distress

21KDV704 Ctrl + PBS Tumor burden lymph node metastasis + Respiratory distress
21KDV709 Ctrl + PBS Respiratory distress

21KDV716 Ctrl + PBS Tumor burden lymph node metastasis
21KDV722 Ctrl + PBS Respiratory distress

21KDV773 Ctrl + PBS Tumor burden lymph node/liver metastasis + Respiratory distress
21KDV839 Ctrl + PBS Respiratory distress

21KDV917 Ctrl + PBS Tumor burden intraperitoneal metastasis
21VISO11 Ctrl + PBS Respiratory distress

21KDV369 ICB + PBS Respiratory distress

21KDV381 ICB + PBS Respiratory distress

21KDV391 ICB + PBS Respiratory distress

21KDV410 ICB + PBS Tumor burden lymph node metastasis
21KDV430 ICB + PBS Metastasis-unrelated death
21KDV489 ICB + PBS Respiratory distress

- Ctrl + DT Metastasis-unrelated death
21KDV696 Ctrl + DT Respiratory distress

21KDV794 Ctrl + DT Metastasis-unrelated death
21KDV801 Ctrl + DT Respiratory distress

21KDV930 Ctrl + DT Respiratory distress

21VIS010 Ctrl + DT Respiratory distress

21VIS012 Ctrl + DT Metastasis-unrelated death
22KDV032 Ctrl + DT Long-term survivor

21KDV388 ICB + DT Respiratory distress

21KDV443 ICB + DT Metastasis-unrelated death
21KDV484 ICB + DT Respiratory distress

21KDV485 ICB + DT Respiratory distress

21KDV519 ICB + DT Metastasis-unrelated death
21KDV677 ICB + DT Long-term survivor

21KDV678 ICB + DT Long-term survivor

143




CHAPTER 6

A
Neo-adjuvant treatment: .
1: Control ICB Post-mastectomy Analysis:
3: DT 4:1CB + DT Blood + Survival
KEP fragment - Monitoring
transplantation Treatment W
100-150mm? Spontaneous
Foxp3P™5%* mice Mastectomy metastasis formation
C .
Blood: Blood: Blood: D Blood:
Postmastectomy ~ Post-mastectomy  pogt mastectomy Post-mastectomy
Hokkk ns * *
154 kk *kk
50 100+ Hokkok ns *okokk ns
[ 100
* 40 ) 9 go- NS kkkk ns ns NS kkokk ns ns
3 & o
§ (<) 9] @ 80
. e = e (o 3 °
5 = 304 w60 <]
s}
= o + 60
3 +
= © I Ctrl + PBS
g s e 201 o g 407 S w ° ° = ICB +PBS
[= @ = [&] [ 5 == Ctrl +DT
e | @ S 104 X 20 ® 20 ° == (CB +DT
CJ
]
0 T T 0 T T T T
Ctrilab a-PD1/ Ctrlab a-PD1/ Ctrlab a-PD1/ ool CD25 PD1 CD69
CTLA4 CTLA4 CTLA4
E Ctrl + PBS Ctrl + DT ICB + DT

e |5 e rmen
s i

n4

Pre-mastectomy

Effector
217

Effector Effector.
7,26 64,4

T LTI W ) W d e

e o | e cpen | gt

| -\ go
| ]

d, T Eftector] 1, = Effector| °
i 252 o 6,90

CD62L - AF700

Post-mastectomy

3 W e 3 W e

>
CD44 - BV605

F G
é 100+ ns . _
O 804 3 ® % 100
=}
. ) 2
< 60 (¢] —— Ctrl + PBS
S B l__ jns ns|¥
a ° ® ICB + PBS
£ ™M e 2 5] .
3 S °® @ Ctrl + DT
8 201 o| Pl 3 — ICB +DT
= 9] 3

o

{\xo A ,(0« O 0 T T T T 1

O A 0 20 40 60 80 100

Pre-mastectomy Post-mastectomy Time post mastectomy (days)

FIGURE 3. ICB combined with T,eg depletion induces durable systemic T cell activation and
extends metastasis-related survival

Mice were treated as described in figure 2A. After mastectomy, treatments were discontinued, and
mice were monitored for the development of metastatic disease. Blood samples were analysed 7-8
days after (post) mastectomy by flow cytometry. B. Frequency of 'I'regs (CD4+CD25%) as % of total
live CD45* cells in blood of mice 7 days after mastectomy, previously treated as indicated (n=6-8
mice group). C. Frequency of PD-1 (left) and CD44 (right) expression on gated T___ (CD4*CD25%)

regs

in blood of mice 7 days after mastectomy, previously treated as indicated (n=6-8 mice group). D.
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Frequency of indicated markers (% of positive cells) gated on CD8* T cells in blood of mice 7 days
after mastectomy, previously treated as indicated (n=6-8 mice group). E. Representative dot plots
depicting CD44 and CD62L expression gated on CD8* T cells, in blood of mice receiving indicated
neoadjuvant treatments, analysed 1-2 days before mastectomy (pre-mastectomy) and 7 days after
mastectomy (post-mastectomy). F. Frequency of CD44+*CD62L" effector cells of CD8* T cells in blood
of mice receiving indicated neocadjuvant treatments, assessed pre- and post-mastectomy (n=4-7 mice/
group). G. Kaplan-Meier plot showing metastasis-related survival after mastectomy of mice treated as
indicated. Censored cases represent mice that were sacrificed due to tumor-unrelated causes (n=7-10
mice/group).

Data in B-D, F show mean + SEM. P-values were calculated by Student’s T-test (B-D,F), log-rank test
(G).* P <0.05, * P <0.01, ** P <0.001, *** P < 0.0001.

DISCUSSION

Understanding the hurdles that impair effective anti-tumor immunity upon anti-PD-1/CTLA4
therapy is key to improve responses rates to ICB in breast cancer patients. Here, we used
the clinically relevant KEP-based mouse model for spontaneous multi-organ breast cancer
metastasis?®, which is unresponsive to combined a-PD-1/a-CTLA4 therapy, to study how
T 5 impact resistance to ICB. Analysis of mammary tumor-bearing mice showed that ICB

re

increases the accumulation of T__, but not conventional T cells, in blood and tumors (Fig.

1). Neoadjuvant depletion of Tregsg during ICB induced the expansion of CD8* T cells and
NK cells in blood of KEP tumor-bearing mice, which was not observed upon Treg depletion
without ICB (Fig. 2). 'ﬂeg depletion by itself strongly induces activation of T cells in the blood
compartment, which could be significantly extended upon combination of ICB and T,eg
depletion (Fig. 3). This likely has consequences for metastasis formation, as the combination
of Tyeg depletion and ICB improves metastasis-related survival compared to control-treated
mice, which was not observed in mice treated with either monotherapy. Combined, these
findings demonstrate that T_ _can form a hurdle for response to ICB in a mouse models for

spontaneous breast cancer metastasis formation.

ICB-induced accumulation and activation of Tregs in tumor-bearing mice potentially enhances
intratumoral and systemic immunosuppression, which may antagonize effective anti-tumor
immunity. Based on the findings in our study, we propose several mechanisms that may
contribute to improved control of metastases observed upon Treg depletion in the context of
ICB. Interestingly, we found that T__control several parameters that have been associated
to therapeutic responses of ICB. In tumors, T(eg depletion resulted in the upregulation of
PD-1 on CD8* T cells, and PD-L1 on myeloid cells. Both these observations are linked
to response to anti-PD-1 therapy'"*. In addition, T_; depletion re-shaped the TME into
a more pro-inflammatory anti-tumorigenic environment, most notably characterized
by increased infiltration of activated CD8* T cells, inflammatory eosinophils and M1-like
macrophage polarization. These populations have been described to have direct tumor-

killing capacities® % and both eosinophils and M1-like macrophages promote CD8* T cell
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activation, via amongst others, expression of T cell recruiting and activation chemokines
such as CXCL9 and increased antigen presentation capacity“®#'. Interestingly, increased
systemic and intratumoral eosinophil accumulation has previously been associated with ICB
response in melanoma patients*? and linked to anti-tumorigenic activity in mouse models
of breast cancer responsive to ICB*. Furthermore, increased recruitment of inflammatory
eosinophils to the TME has been linked to anti-tumorigenic activity in a mouse model
of breast cancer metastasis®®. We hypothesize that these pro-inflammatory conditions
induced intratumorally by Ieg depletion, may have contributed in combination with ICB to
the development of a robust anti-metastatic immune response. In line with this hypothesis,
we found that the combination of Treg depletion and ICB induced a synergistic effect in
the blood compartment on the mobilisation of CD8* and CD4+*CD8* T cells, NK cells, and
additionally extended T cell activation. We speculate this may confer protection against
circulating cancer cells or metastatic formation, leading to improved survival. Which of these
anti-cancer mechanisms are most important to curb metastasis, and by which underlying
immune cell crosstalk Tregs suppress anti-metastatic immunity, remains a topic of future
research. Of note, the anti-tumoral effects of ICB + DT were only observed in the metastatic
context, and not the primary tumor context. This suggests that additional hurdles for anti-

tumor immunity are in place in primary KEP tumors, that are unrelated to T__ . Previous

regs’

research using the KEP model has shown that primary tumors are abundantly infiltrated by
immunosuppressive neutrophils and macrophages* which may functionally suppress T cell
function in absence of T,

s

Our results concerning the adverse role of T

regs

in the response to immunotherapy are
consistent with clinical data which have revealed correlations between PD-1*T_ —and
therapy response, relapse and hyper progressive disease in NCSLC, melanoma, and gastric
cancer respectively'®'8, Preclinical studies using inoculated B16 and MC38 cell line tumor
models have shown that PD-1 blockade reactivates the proliferative and immunosuppressive
capacity of PD-1*T@95, thereby promoting tumor growth'”:'®, Furthermore, the efficacy of
PD-1 blockade was shown to be dependent on high PD-1 expression on CD8* T cells, but
low PD-1 expression on Tregsﬂ. In our study, we found that after discontinuation of treatment,

the frequency of CD44+and PD-1+T

regs

is strongly increased in blood of mice that received
neoadjuvant treatment of anti-PD-1/CTLA4. This suggests that ICB treatment itself plays
an important role in the accumulation of PD-1+T

regs’

which can negatively impact anti-tumor
immunity as discussed above. It remains to be investigated whether ICB-induced PD-1
expression is caused by increased proliferation of TregS upon anti-CTLA4' or anti-PD-18, or
whether increased PD-1 expression on Tregs is potentially a result of chronic TCR stimulation
in the context of ICB. Nevertheless, understanding how ICB induces PD-1 expression on
T __may support the development of immune checkpoint inhibitors that selectively activate

regs

conventional T cells, but not T

regs’
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Finally, our data suggest that combining ICB with Ieg_targeting strategies is a potential

avenue to improve ICB responses in breast cancer. However, due to the critical role of Tregs
in upholding immune tolerance and thereby prevention of auto-immune related diseases,
approaches that partially instead of fully deplete TregS may be more feasible for use in cancer
patients including OX-40, CCR4 and CD25"1845, Promisingly, preliminary histopathological
analysis (Fig. S2C, Table 1) in KEP tumor-bearing mice showed that immune-related
pathology was not further exacerbated upon combination of ICB + Treg depletion, compared
to 'I'reg depletion alone. As this study provides proof-of-principle that Tregs impair anti-tumor
immunity in the context ICB, it will be crucial to identify how the variety of immunomodulatory
drugs that are in clinical development will affect Treg activation beyond anti-PD-1/anti-CTLA4.
Looking forward, this may contribute to improved clinical decision making regarding the use
of Treg—activating immunomodulatory drugs in cancer patients with abundant intratumoral
accumulation of T_

st

MATERIAL AND METHODS

Mice

Mice were kept in individually ventilated cages at the animal laboratory facility of the
Netherlands Cancer Institute under specific pathogen free conditions. Food and water
were provided ad libitum. All animal experiments were approved by the Netherlands Cancer
Institute Animal Ethics Committee, and performed in accordance with institutional, national
and European guidelines for Animal Care and Use. The study is compliant with all relevant
ethical regulations regarding animal research.

The following genetically engineered mice have been used in this study: Keratin14 (K14)-
cre;Cdh17F; Trp537722 and Cdh17F; Trp537F;Foxp3°F-PTR mice (further referred to as Foxp3¢ ™
PTR) . All mouse models were on FVB/n background, and genotyping was performed by PCR
analysis on toe clips DNA as described??. Starting at 6-7 weeks of age, female mice were
monitored twice weekly for the development of spontaneous mammary tumor development.
Upon mammary tumor formation, perpendicular tumor diameters were measured twice
weekly using a calliper. End-stage was defined as cumulative tumor burden of 225mm?2,
unless indicated otherwise.

Intervention studies

Antibody treatments in tumor-bearing KEP mice were initiated at a tumor size of 50mm?,
and at 2-4mm? in KEP transplantation experiments. Mice were randomly allocated to
treatment groups upon presentation of palpable tumors, and were intraperitoneally injected
twice weekly with ICB; 100 pg of anti-PD-1 (1 mg/mL in PBS, clone RMP1-14, BioXCell)
and 100 pg of anti-CTLA4 (1 mg/mL in PBS, clone 9D9, BioXCell) or control; 100 ug rat
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IgG2a (1 mg/mL in PBS, clone 2A3, BioXCell). Treatments were discontinued at cumulative
tumor burden of 225mm?in the KEP model, or upon mastectomy for KEP transplantation
experiments at indicated size. For depletion of Tregs, DT or PBS (DT vehicle control) treatment
was initiated at a tumor size of 6-9mm?. Mice were treated twice with 25 g diphtheria toxin
(Sigma) or PBS on day 0, and 4.

Flow cytometry analysis and cell sorting

Draining lymph nodes and tumors were collected in ice-cold PBS, and blood was collected
in heparin-containing tubes. Draining lymph nodes and tumors were processed as previously
described*®. Blood was obtained via cardiac puncture for end-stage analyses. Erythrocyte
lysis for blood was performed in NH,CI erythrocyte lysis buffer for 5 minutes. Single cell
suspensions were incubated for 20 minutes with anti-CD16/32 (2.4G2, BD Biosciences) to
block unspecific Fc receptor binding and fluorochrome conjugated antibodies diluted in FACS
buffer (2.5% FBS, 2 mM EDTA in PBS). For analysis of intracellular proteins, cells were fixed
and permeabilized after surface and live/dead staining using the FOXP3 Transcription buffer
set (Thermofisher), according to manufacturer’s instruction. Fixation, permeabilization and
intracellular staining was performed for 30 minutes. Cell suspensions were analysed on a BD
Symphony SORP or sorted on a FACS ARIA Il (4 lasers). Absolute cell counts were determined
using 1283count eBeads (ThermoFisher) according to manufacturer’s instruction. Single cell
suspensions for cell sorting were prepared under sterile conditions. Sorting of Tregs (Live,
CD45+CD3+*CD4+CD25* from indicated tissues and splenic responder cells (Live, CD45*CD3+*
- CD4+*CD25 or CD8*) performed as previously described*. The following fluorochrome-
conjugated antibodies were used in this study: CD3- BV421 (1:100), CD3-PECy7 (1:200),
CD3-APC (1:400), CD4-APCeF780 (1:200), CD4-BV785 (1:400), CD4-PE (1:200), CD8-APC
(1:200), CD8-BUV395 (1:200), CD8-FITC (1:400), CD11c-BUV737 (1:100), CD11b-BV786
(1:400), CD25-PE (1:200), CD25-APC (1:200), CD44-BV605 (1:200), CD45-BUV395 (1:200),
CD45-BUV563 (1:400), CD62L-AF700 (1:200), CD62L-APCeF780 (1:200), CD69-BUV737
(1:200), CD101-PECy7 (1:200), CD103-APC (1:200), F4/80-BUV395 (1:200), FOXP3-AF647
(1:100), Kie7-BV786 (1:200), Ly6C-eF450 (1:400), Ly6G-AF700 (1:200), MHC-II-FITC (1:200),
NKp46-FITC (1:200), NKp46-PE (1:200), PD1-PECy7 (1:200), PDL1-PE (1:200), SiglecF-
BV605 (1:200).Viability dyes: 7AAD (1:20), Fixable viability dye eFluor 780 (1:1000).

KEP metastasis model

The KEP metastasis model has been applied as previously described?®. Tumors from
KEP mice (100mm?) were fragmented into small pieces (~1 mm?) and stored at -150 °C
in Dulbecco’s Modified Eagle’s Medium F12 containing 30% fetal calf serum and 10%
dimethyl sulfoxide. Selection of mouse invasive lobular carcinomas (mILC) donor tumors
was based on high cytokeratin 8 and absence of vimentin and E-cadherin expression as
determined by immunohistochemistry. Donor KEP tumor pieces were thawed, washed, and
orthotopically transplanted into the 4™ mammary fat pad of female recipient 8-16 week old
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FOXP3PTR-GFP mice. Upon tumor outgrowth to a size of 100-150mm?, tumors were surgically
removed. Following mastectomy, mice were monitored for development of overt multi-
organ metastatic disease by daily palpation and observation of physical health, appearance,
and behavior. Lungs, liver, spleen, intestines, kidneys, and tumor-draining (proper axillary
and accessory axillary) lymph nodes were collected and analysed microscopically for the
presence of metastatic foci by immunohistochemical cytokeratin 8 staining. Mice were
excluded from analysis due to following predetermined reasons: No outgrowth of tumors
upon transplantation, mice sacrificed due to surgery-related complications, mice sacrificed
due to development of end-stage (225mm?) local recurrent tumors prior to presentation of
metastatic disease, mice sacrificed due to metastasis-unrelated pathology.

T, suppression assays

Treg—T cell suppression assays were performed as previously described?®. 'I'regs (Live, CD45*
CD3+, CD8 CD4+, CD25"" sorted from freshly isolated samples were activated overnight in
IMDM containing 8% FCS, 100 IU/ml penicillin, 100 pg/ml streptomycin, 0.5% (3-mercapto-
ethanol, 300U/mL IL-2, 1:5 bead:cell ratio CD3/CD28 coated beads (Thermofisher).
Per condition, 2.5*10* cells were seeded in 96-wells plate, which were further diluted
to appropriate ratios (1:2 — 1:16. Responder cells (Live, CD45+ CD3*, CD4+*, CD25  and
Live, CD45+ CD3*, CD8*) were rested overnight. Next, responder cells were labelled with
in cIMDM supplemented with CD3/CD28 beads

(1:5 bead cell ratio) for 96 hours (without exogenous IL-2).

CellTraceViolet, and co-cultured with T

regs

Immunohistochemistry

Immunohistochemical analyses were performed by the Animal Pathology facility at the
Netherlands Cancer Institute. Formalin-fixed tissues were processed, sectioned and
stained as described?®. In brief, tissues were fixed for 24 h in 10% neutral buffered formalin,
embedded in paraffin, sectioned at 4 um and stained with haematoxylin and eosin (H&E)
for inflammation-related histopathological evaluation by a trained animal pathologist. Slides
were digitally processed using QuPath. For immunohistochemical analysis, 5-um paraffin
sections were cut, deparaffinized and stained. Brightness and contrast for representative
images were adjusted equally among groups.

Statistical analysis

Data analyses were performed using GraphPad Prism (version 8). Data show means +
SEM unless stated otherwise. The statistical tests used are described in figure legends.
For comparison of two groups of continuous data, Student’s T-test and Mann Whitney’s T
Test were used as indicated. For comparison of a single variable between multiple groups
of normally distributed continuous data, we used one-way ANOVA, followed by indicated
post-hoc analyses. For comparison of =2 variables between multiple groups, two-way
ANOVA was used, followed by indicated post-hoc analyses. Fisher’s exact test was used
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to assess significant differences between categorical variables obtained from lymph node
metastasis incidence. All tests were performed two-tailed. P-values < 0.05 were considered
statistically significant. In vivo interventions were performed once with indicated sample
sizes, unless otherwise indicated. In vitro experiments were repeated independently as
indicated, Asterisks statistically significant differences. * P < 0.05, ** P < 0.01, ** P < 0.001,
P < 0.0001.
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SUPPLEMENTARY MATERIAL
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SUPPLEMENTAL FIGURE 1. Effect of ICB on intratumoral and systemic T cell accumulation
in tumor-bearing KEP mice

CD8 (left) and CD4 (right) counts in spontaneous mammary tumors (225mm?) of KEP mice treated as
indicated, as determined by immunohistochemical analysis (counts per 40x field of view, average of five
randomly selected areas) (n=5-7 mice/group). B. Ratio of CD8 and FOXP3 counts shown in Fig. 1D and
S1A. C. Frequency of CD8*T cells as % of total live CD45* cells in blood of KEP mice bearing mammary
tumors (225mm?), treated with control or anti-PD-1/CTLA4 (n=8 mice group). D. Quantification of Tregs
as % of total live CD45* cells (left) and frequency of Ki-67 expression (right) on 'I'regS (CD4+*CD25%), and in
lymph nodes isolated from KEP mice bearing mammary tumors (225mm?), treated as indicated (n=4-7
mice/group). E. Frequency of CD8* (left) and CD4+*CD25- (right) T cells as % of total live CD45* cells in
orthotopically transplanted KEP tumors (100-150mm?) of mice treated with control antibody, or anti-
PD-1/CTLA4, as analysed by flow cytometry (n=4-7 mice/group).

Data in A-E show mean + SEM. P-values were calculated by Student’s T-test. * P < 0.05, ** P < 0.01,
** P <0.001, *** P < 0.0001.
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SUPPLEMENTAL FIGURE 2. Pre-mastectomy analysis of the effect of Tmg depletion in the
context of ICB on blood and tumors of KEP tumor-bearing mice:

A. Frequency of T_  (defined as CD4*GFP+in Ctrl + DT, ICB + PBS, ICB + DT or CD4*CD25* in Ctrl
+ PBS) in blood of mice treated with indicated treatments, as determined by flow cytometry 1-2 days
before mastectomy (n=5-8 mice/group). B. Heatmap depicting immune landscape in blood of mice
receiving indicated treatments, as determined by flow cytometry 1-2 days before mastectomy. Row
Z-score calculated based on absolute cell counts of indicated cell type per mL of blood (n=6-8 mice/
group). C. Histopathological assessment of inflammation-related pathology in various organs of mice
treated as indicated as analysed blindly by a trained animal pathologist. Scoring based on data shown
in Table 1. D. Size of spleen (left) and small intestine (right) of mice treated as indicated. E. Frequency
of indicated markers gated on CD4*T_ _ cells in blood of mice treated as indicated, determined by flow
cytometry, pre-mastectomy (n=2-8 mice/group). F. Frequency on indicated markers on gated CD4*
T, Cells in mastectomized tumors of mice treated as indicated, determined by flow cytometry, pre-
mastectomy (n=5-6 mice/group). G. Heatmap depicting expression of indicated markers on eosinophils
in mastectomized tumors of mice receiving indicated treatments (n=5-6 mice/group). Data in A,E,F
show mean + SEM. P-values were calculated using One-way ANOVA with Sidak’s correction (A,B,D,G),
2-way ANOVA with Sidak’s correction (C,E,F).
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SUPPLEMENTAL FIGURE 3. Post-mastectomy analysis of the effect of Treg depletion in the
context of ICB on blood and tumors of KEP tumor-bearing mice:

A. Frequency of PD-1 (left) and CD44 (right) expression on Iegs (CD4+CD25%) in blood of mice 1-2 days
before mastectomy, treated as indicated (n=6-8 mice group). B. Expression of indicated markers on
CD4+T_ ., cells in blood of mice 7 days after mastectomy, previously treated as indicated (n=6-8 mice
group). C. % and number of mice with metastases in axillary TDLNs in mice treated as indicated, as
determined by immunohistochemical analysis of keratin 8 staining. Data in A,B show mean + SEM.
P-values were calculated using Student’s T-test (A), 2-way ANOVA with Sidak’s correction (B), Fisher’s
Exact Test (C). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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