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Abstract

We show that treatment with the FDA-approved anti-parasitic drug ivermectin induces
immunogenic cancer cell death (ICD) and robust T cell infiltration into breast tumors. As
an allosteric modulator of the ATP/P2X4/P2X7 axis which operates in both cancer and
immune cells, ivermectin also selectively targets immunosuppressive populations
including myeloid cells and Tregs, resulting in enhanced Teff/Tregs ratio. While neither
agent alone showed efficacy in vivo, combination therapy with ivermectin and checkpoint
inhibitor anti-PD1 antibody achieved synergy in limiting tumor growth (p = 0.03) and
promoted complete responses (p < 0.01), also leading to immunity against contralateral
re-challenge with demonstrated anti-tumor immune responses. Going beyond primary
tumors, this combination achieved significant reduction in relapse after neoadjuvant (p =
0.03) and adjuvant treatment (p < 0.001), and potential cures in metastatic disease (p <
0.001). Statistical modeling confirmed bona fide synergistic activity in both the adjuvant

(p = 0.007) and metastatic settings (p < 0.001). Ivermectin has dual immunomodulatory
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and ICD-inducing effects in breast cancer, converting cold tumors hot, thus represents a
rational mechanistic partner with checkpoint blockade.

Introduction

Checkpoint blockadel2 has emerged as a revolutionary approach that harnesses a
patient’'s own immune system to treat cancer. However, checkpoint inhibitors as single
agents are only effective in a subset of patients and cancer types2. Recent studies
suggest that efficacy of checkpoint inhibitors is primarily limited to cancers already
infiltrated by T cells—often termed “hot” tumors. In contrast, “cold” tumors have little to
no T cell infiltration and generally do not respond to checkpoint blockade. Clinical
studies with checkpoint blockade therapy in breast cancer have focused on triple
negative breast cancer (TNBC), because this subtype has a higher mutational load and is
thought to be more “immunogenic”3. While an early phase Ib study (KEYNOTE-012) of
pembrolizumab (anti-PD1 antibody) monotherapy showed preliminary evidence of
clinical activity in a small subset (18.5%) of advanced TNBC patients?, the phase 3 study
(KEYNOTE-119) showed no improvement over chemotherapy2. Beyond monotherapy,
checkpoint blockade plus chemotherapy combinations are being investigated.
Atezolizumab (anti-PDL1 antibody) in combination with nab-paclitaxel demonstrated
efficacy for PD-L1-positive unresectable locally advanced or metastatic TNBC in
IMpassion130 (ref. ©), leading to the first FDA approval of immune checkpoint therapy for
breast cancer in March 2019. However, IMpassion131 (atezolizumab + paclitaxel) was
recently reported to be negative’. These results highlight the continued challenge of
breast cancer for immune checkpoint therapies. As such, there is considerable need to
identify drugs capable of priming breast tumors (turning “cold” tumors "hot”) to

synergize with checkpoint blockade.

A recently described phenomenon, termed immunogenic cell death (ICD)22, is a form of
cell death that induces an immune response from the host. ICD is distinguished from
classical apoptosis and other non-immunogenic or tolerogenic forms of cell death by
several hallmarks, including release of adenosine triphosphate (ATP) and high-mobility

group box 1 protein (HMGB1), and surface exposure of calreticulin®212. In cancer
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patients, ICD-based anti-tumor immune responses are linked to beneficial outcomes
produced by some conventional chemotherapeutic agentsti121314 For example, efficacy
of anthracyclines in breast cancer’21817 and oxaliplatin in colorectal cancer!® correlates
with post-treatment increases in the ratio of cytotoxic CD8" T lymphocytes to FoxP3™*
regulatory T cells within the tumor. In contrast, poor responses to chemotherapy in solid
tumors are associated with lymphopenial2. Thus, ICD-inducing chemotherapy appears to
work in conjunction with the host immune system to achieve efficacy. However,
chemotherapy is a double-edged sword: it can suppress as well as stimulate immune
cells. An agent that induces ICD of cancer cells without suppressing immune function
would be ideal for combination with checkpoint blockade. Seeking such an agent among
FDA-approved drugs, our group found that the anti-parasitic agent ivermectin promotes
ICD in breast cancer cells22. Among our previous findings was evidence that ivermectin,
an anti-parasitic drug used worldwide since 1975, modulates the P2X4/P2X7 purinergic
pathway, suggesting that ivermectin may further harness tumors' intrinsic high
extracellular levels of ATP for anti-cancer activity. Of note, P2X purinoceptor 4 and P2X
purinoceptor 7 (P2X4/P2X7) are widely expressed on various immune subpopulations,
suggesting that ivermectin might also have direct immunomodulatory effects.

Results

Ivermectin can turn “cold” breast tumors “hot”

We studied the effects of ivermectin in vivo using the 4T1 mouse model of TNBC. HMGB1
is a chromatin protein present in all cells and its release is a hallmark of ICD2L. HMGB1
staining (green) was observed uniformly across the entire tumor from untreated mice
(Fig. 1A). In contrast, tumors isolated from mice treated with ivermectin showed large
areas of DAPI-positive cells lacking HMGB1 (Fig. 1B), suggesting that HMGB1 had been
released into the extracellular space. Ivermectin treatment also altered calreticulin
expression, with higher levels (green) observed in tumors from treated animals,
indicating a significant increase in this ICD-associated prophagocytic signal and mediator
(Fig. 1C, D). Exposure of endosomal calreticulin onto the surface of ER-stressed, damaged
or dying cells promotes immunogenic phagocytosis and antigen cross-presentation by

antagonizing both the “don’t eat me" signals associated with CD47 and the tolerogenic
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“eat me” signals associated with phosphatidylserine (PS) exposure, while promoting the
interaction with its receptor low-density lipoprotein-receptor related protein (LRP) on
phagocytic cells. Robust infiltration of both CD4* and CD8™ T cells was seen in
ivermectin-treated tumors (Fig. 1F) but not in untreated tumors (Fig. 1E). Significantly
higher percentages of cells were positive for CD4 (p < 0.01, Fig. 1G) and CD8 (p < 0.0001,
Fig. 1H) in ivermectin-treated than in untreated tumors. Together, these data indicate that
treatment with ivermectin induced hallmarks of ICD within 4T1 breast tumors and
recruited large numbers of CD4* and CD8* T cells into these tumors. To further confirm
that ivermectin induces ICD in vivo, we also utilized a classical vaccination approach
considered as the gold standard for detection of ICD: treatment of 4T1 cells with IVM to
induce ICD in vitro followed by inoculation into naive mice, then subsequent challenge
with live 4T1 cells to demonstrate prevention of tumor outgrowth2l. This experiment
informed a possible induction of bona fide ICD by demonstrating protection against

subsequent challenge with live 4T1 cells (p < 0.01, Fig. 1I).

Fig. 1: Treatment with ivermectin induces immunogenic cell death (ICD) in vivo

and recruitment of T cells into tumors.
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Statistical significance was evaluated using the linear mixed effects model of log tumor volume;
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Direct immunomodaulatory effects of ivermectin

Ivermectin treatment in vivo did not produce any significant changes in the frequencies
of various effector and regulatory CD4 (Fig. S2A) or CD8 (Fig. S2B) T cell subpopulations
isolated from the spleens of treated animals. However, functional interrogation of
splenocytes isolated from control vs. 4T1 tumor-bearing mice revealed significant
immunomodulatory effects. Tumor-bearing mice 1 month post-inoculation developed
enlarged spleens with an expanded population of CD11b* myeloid cells (Fig. 2A), which
includes both CD11b*GR-1* myeloid-derived suppressor cells (MDSCs) and CD11b*GR-

1™ Monocytes/Macrophages (Mon/Mac). Ivermectin treatment ex vivo preferentially

depleted this expanded CD11b™ myeloid population, normalizing the balance between

myeloid and T cell compartments (Fig. 2A). Myeloid and lymphoid cell populations

showed differential sensitivity to increasing doses of ivermectin (Fig. 2B and S2C). A linear

mixed effects model of log cell count adjusted for cell type revealed that CD11b*
myeloid cells were the most sensitive to ivermectin, showing significant reductions with
as little as 4 uM after 48 h, 8 uM after 24 h, or 16 uM after 4 h—demonstrating rapid and

selective targeting of this immunosuppressive population (each result, p < 0.0001). In

contrast, achieving similar reductions in CD4 or CD8 T cells required higher doses and/or

longer exposure to ivermectin: observed in CD8 T cells only after 48 h of 8 uM or 24 h of
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16 uM, and in CD4 T cells only after the maximum exposure (48 h of 16 uM). Consistent
with ivermectin being an allosteric modulator of the ATP/P2X4/P2X7 signaling axis which
operates in both cancer and immune cells, differential sensitivity in myeloid cells was
P2X7-dependent (Fig. 2C). P2X7 blockade with 10 uM KN62 reversed the ex vivo
depletion of CD11b*GR-1" MDSCs, CD11b*GR-1" Mon/Mac, and other immune subsets
by ivermectin (p < 0.001). To mimic more physiologically relevant conditions of exposure,
we also treated splenocytes with lower non-cytotoxic doses of ivermectin and observed
that over extended exposure, ivermectin had a significant potentiating effect on
phytohemagglutinin (PHA)-stimulated T cells and augmented the ratios of both CD8*
and CD4" Teff/Tregs (Fig. 2D). PHA induces nonspecific T cell stimulation by binding to
glycosylated surface proteins, including but not exclusive to the T cell receptor (TCR),
causing TCR crosslinking and downstream signaling resulting in T cell activation and
proliferation. The immuno-potentiating effects of extended exposure to lower non-

cytotoxic doses of ivermectin were enhanced upon TCR stimulation (via PHA) and were

inhibited in splenocytes from tumor-bearing mice (Fig. 2D), where different mechanisms
including MDSCs as well as PD-1-mediated immunosuppression are known to interfere

with proper TCR signaling and function.

Fig. 2: Inmunomodulatory effects of ivermectin ex vivo.
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Splenocytes (SPL) were isolated from the spleens of aged-matched untreated and naive non-
tumor-bearing control mice (CTRL) or untreated 4T1 tumor bearing mice (TB), 1 month post
tumor inoculation, then cultured on 96-well tissue culture-treated plates in complete R10
medium for 4h—-48h and analyzed by flow cytometry for spontaneous and ivermectin-induced

changes in various immune subpopulations. A Depletion of the expanded CD11b* myeloid cells
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isolated from the spleens of tumor-bearing mice by ivermectin treatment ex vivo. B, C
Splenocytes isolated from 4T1 tumor-bearing mice were exposed to increasing doses of
ivermectin for 4 h or 48 h showing differential dose- and time-dependent sensitivity of different
immune subpopulations (see also Fig. S2C). Depletion of CD11b*GR-1* MDSCs, CD11b*GR-1"~
Monocytes/Macrophages, CD19" B cells and CD3* T cells by IVM could be reversed by an
inhibitor of P2X7/CaMKII (KN62 at 10 uM). D Splenocytes from aged-matched untreated and
naive non-tumor-bearing control (CTRL) and 4T1 tumor-bearing (TB) mice were incubated for
24 h and 4 days with increasing doses of ivermectin (1-16 uM) with or without PHA to mimic
TCR stimulation. Plots show averages and standard deviation based on triplicates; data
representative of at least two independent experiments. Statistical significance versus (-) CTRL

or as indicated was evaluated using the linear mixed effects model of log cell count adjusted for
cell type: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Ivermectin synergizes with anti-PD1 antibody to control tumor growth and induces
protective immunity

The anti-cancer ICD and direct immunomodulatory effects of ivermectin raised the
possibility that it could be combined with checkpoint blockade. We next investigated the
efficacy of ivermectin and anti-PD1 antibody, alone or in combination, relative to no
treatment (schema in Fig. S1A). Mean tumor volume over time was significantly
decreased by the ivermectin and anti-PD1 antibody combination relative to no treatment
(p < 0.001, Fig. 3A). Through a joint statistical model of longitudinal tumor volumes,
ivermectin and anti-PD1 antibody demonstrated synergistic activity, defined as an effect
that is significantly greater than the sum of the drugs’ individual effects (submodel p =
0.008, false discovery rate/FDR 3%, Table 1). Complete tumor regression was observed in
6/15 mice on the combination treatment, 1/20 on ivermectin alone, 1/10 on anti-PD1
antibody alone, and 0/25 on no treatment. Mice that resolved tumors on the ivermectin
and anti-PD1 combination therapy were re-challenged with 100,000 4T1 cells in the
contralateral mammary fat pads. All of these mice resisted development of new tumors
(Fig. 3B), while control naive animals all developed tumors (data not shown). This
suggests that combined treatment with ivermectin and anti-PD1 induces protective anti-

tumor immunity in complete responders.
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Fig. 3: Ivermectin synergizes with anti-PD1 therapy to control tumor growth in

vivo.
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Mice were inoculated with 100,000 4T1 cells 4 days before initiating therapy with ivermectin
alone (n = 20), anti-PD1 antibody alone (n = 10), both drugs (n = 15), or no treatment (n = 25). A
Tumor volume in control and treated animals; *p < 0.05, **p < 0.01, ***p < 0.001. B Tumor growth
in individual animals treated with ivermectin plus anti-PD1 antibody (five individual mice from
one representative of three experiments shown). Three of five combination-treated animals
completely resolved their tumors. Animals that resolved tumors were re-challenged with
100,000 4T1 cells on the contralateral mammary fat pad 30 days after the termination of
therapy. Mice were observed and palpated twice a week for an additional 30 days for the
establishment of a tumor mass. C—-F Combination therapy with ivermectin and anti-PD1 recruits
significantly more T cells into tumor sites and generates tumor-reactive CD8* T cells. Tumors
were isolated from mice at day 21. Staining was performed for nuclei (blue), CD4* (green) cells,
CD8* cells (yellow), and tumor cells (red) (C). Percent positive for CD4 or CD8 was measured in
five random fields in each group and divided by the number of nuclei in the field (D). Data are
representative of two independent experiments; *p < 0.05, **p < 0.01, ****p < 0.0001.
Splenocytes isolated from tumor-bearing mice that received no treatment (n = 5), anti-PD1
alone (n = 5), or ivermectin with anti-PD1 (n = 4) were co-cultured with 4T1 cells. Reactive CD8"
cells were determined by CD107 mobilization and expression of IFNy by flow cytometry.
Representative flow plots for each treatment group are shown in E. F Percentage of CD8* T cells

reactive against 4T1 per mouse, grouped by treatment; **p < 0.01.

Table 1 Tumor growth in primary treatment.

To gain further insight into the mechanism underlying efficacy of the combined
treatment, we compared the magnitude to which ivermectin, anti-PD1, and their
combination potentiated the infiltration of T cells. As shown visually in Fig. 3C and
guantitatively in Fig. 3D, infiltration of both CD4" and CD8" T cells into 4T1 tumors (day
21) was greatest after treatment with the combination of ivermectin and anti-PD1. To
measure anti-tumor T cells, splenocytes were isolated from untreated, single-agent-
treated, or ivermectin plus anti-PD1 combination-treated mice, then co-cultured with 4T1
cells as targets to measure CD107 mobilization and IFN-y expression as markers for

functional T cell responses?2. A functional tumor-specific immune response was
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confirmed by the presence of a discrete population of CD8" T cells positive for CD107
and IFN-y in mice treated with ivermectin plus anti-PD1, but not in mice treated with

anti-PD1 alone or untreated controls (p < 0.01; Fig. 3E,_F).

Combination therapy effective across spectrum of clinically relevant settings

Moving beyond control of primary tumors, we sought to test this combination
immunotherapy across the major clinically relevant settings: neoadjuvant, adjuvant, and
metastatic treatments. We also explored the effects of further augmenting this
combination immunotherapy with interleukin-2 (IL-2). IL-2 was the first cytokine to be
successfully used in the treatment of cancer to induce T cell activation?2. A major
challenge in the development of IL-2 as a therapeutic antitumor agent is that IL-2 can act
on both T cells and regulatory T cells (Tregs). The contrasting actions of IL-2 has led to
inconsistent responses and limited the development of high-dose IL-2 for cancer
immunotherapy. Increasing the half-life of IL-2 has been shown to be a promising
strategy for improving IL-2-based immunotherapy. This can greatly reduce the dose of IL-
2 required for therapeutic activity, enhancing both safety and efficacy?422. We explored
the secondary hypothesis that addition of a recombinant albumin-IL-2 fusion with
extended half-life to the ivermectin and anti-PD1 regimen (anti-PD-1 + IL-2 therapy,

termed “IP” for simplicity) can further improve the efficacy of our combined treatment.

Neoadjuvant therapy has come to play an increasingly prominent role in the treatment of
cancer. We tested treatment of ivermectin combined with anti-PD-1 and IL-2 by
monitoring survival of animals receiving neoadjuvant combination therapy followed by
surgical resection of the primary tumor on day 16 following tumor inoculation (schema in
Fig. S1A). Development of loco-regional recurrence and distant metastases were
monitored by bioluminescent imaging, and animals were euthanized upon decline in
body condition score and signs of morbidity. All untreated animals required euthanasia
due to lethal diseases around day 20-25 following surgical resection of primary tumor
(Fig. 4A). Treatment with IP therapy alone provided some survival benefit with ~40% of
animals remaining free of lethal disease. The best survival outcome was seen with the

combination of IP and ivermectin therapy, with ~75% of animals becoming long-term
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survivors following surgical resection (p < 0.05, Fig. 4A). Surviving treated mice were re-
challenged with 100,000 4T1 cells in the contralateral mammary fat pads. The majority of
IVM + IP-treated mice did not develop new tumors, which is indicative of the
development of long-lasting tumor-specific immunity (Fig. 4B), while IP-treated and
control naive nice all developed tumors. Splenocytes from these animals were reactive
(via ELISPOT) against 4T1 cells, demonstrating evidence for anti-tumor T cell responses in
the IVM + IP-treated animals (Fig. 4C). These results suggest that the IVM + IP
combination treatment is effective in the neoadjuvant setting and induces potentially

stronger protective anti-tumor immunity in responders.

Fig. 4: Combination ivermectin and IP therapy in the neoadjuvant, adjuvant, and

metastatic settings.
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then re-challenged with 4T1 cells on the contralateral mammary fat pad. C IFNy ELISPOT
analysis of 4T1-reactive splenocytes in treated animals. Mean + s.d., n = 5 mice, pooled data
from two independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001. D In vivo
bioluminescence imaging of mice (on day 17 post surgery and after completion of the entire
treatment schedule) treated with ivermectin, anti-PD1, ivermectin + anti-PD1 + IL-2 (IP), or
control in the adjuvant setting. Mean + s.d., n = 5 mice, pooled data from two independent
experiments. E Survival of animals in the adjuvant setting following surgical resection of primary
tumor burden and treated starting 2 days after with ivermectin, anti-PD1, ivermectin + anti-PD1
+ IL-2 (IP), or control; n = 5 mice per group, two-tailed log-rank test; **p < 0.01, ****p < 0.0001. F
In vivo bioluminescence imaging (on day 17 post surgery and after completion of the entire
treatment schedule) of mice with documented metastasis, then treated with ivermectin, anti-
PD1, ivermectin + anti-PD1 + IL-2 (IP), or control. Mean * s.d., n = 5 mice, pooled data from two
independent experiments. G Kaplan—Meier survival analysis of mice in the metastatic setting
treated with ivermectin, anti-PD1, ivermectin + anti-PD1 + IL-2 (IP), or control; n = 5 mice per

group, two-tailed log-rank test; *p < 0.05, **p < 0.01, ***p < 0.001.

Surgery remains the primary treatment for breast cancer; however, relapse is common
necessitating adjuvant therapy in high-risk patients post-surgery. We assessed the
efficacy of ivermectin, anti-PD1, and recombinant IL-2 alone or in combination as
adjuvant immunotherapy after surgery. 4T1 cells expressing luciferase (0.5 x 10°, 4T1-Luc)
were injected into the mammary pad of female BALB/c mice and allowed to grow into
palpable tumors over 10 days, after which tumors were surgically resected. Treatment
was initiated on day 2 following surgery to mimic adjuvant therapy (schema in Fig. S1A).
Development of recurrence and metastasis was monitored at multiple time points via
bioluminescence imaging (day 17 shown, Fig. 4D), then animals were monitored until
they met euthanasia criteria based on decline in body condition score and signs of
morbidity. Treatment with anti-PD1 or IVM alone led to similar survival as untreated
controls (Fig. 4E). Animals treated with the combination of ivermectin and anti-PD1 (with
or without IL-2) had significantly prolonged survival, with ~40% of animals becoming
long-term survivors (p < 0.001, Fig. 4E). Through statistical modeling, the ivermectin and
anti-PD1 combination was found to be highly synergistic compared to IVM or anti-PD-1
alone (submodel p = 0.007, FDR 2%, Table 2). Interestingly, addition of IL-2 did not
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further enhance the survival benefit from the ivermectin and anti-PD1 combination
(submodel p =0.51, FDR 67%, Table 2). These data demonstrate that treatment with
ivermectin and anti-PD1 (with or without IL-2) is effective in the adjuvant setting, without
evidence for drug-related or synergistic toxicity based on parallel body weight

observations (Fig. S1B).

Table 2 Relapse-free survival in adjuvant setting.

Metastasis is the main cause of death in cancer patients including breast cancer. To test
the efficacy of this combination in the metastatic setting, we delayed treatment until at
least 25% of animals post-surgery had detectable metastasis (generally day 7 after
surgical resection of primary tumor). Progression of metastasis was monitored via
bioluminescence imaging (schema in Fig. S1A), and animals were monitored until they
met euthanasia criteria based on decline in body condition score and signs of morbidity
(examples shown in Fig. 4F). All untreated animals required euthanasia due to metastatic
disease around day 20-40 following surgical resection of primary tumor (Fig. 4G).
Treatment with IVM alone led to modest, non-significant prolongation of survival as
compared to untreated controls (Fig. 4G). Survival was slightly prolonged in animals
treated with anti-PD1 only (p < 0.05), but all animals required euthanasia by Day 60 as in
the IVM alone group. Survival was significantly prolonged in animals treated with
ivermectin and anti-PD1 (p < 0.001), or ivermectin, anti-PD1, and IL-2 (p < 0.01) as
compared to untreated controls (Fig. 4G). Approximately 40% of animals on the
combination therapy become long-term survivors. The combined effect of IVM and anti-
PD-1 on survival in the metastatic setting was again found to be highly synergistic
compared to IVM or anti-PD-1 alone (submodel p < 0.001, FDR < 1%, Table 3). As in the
adjuvant setting, addition of IL-2 did not further enhance the survival benefit from the
ivermectin and anti-PD1 combination (submodel p = 0.64, FDR 73%, Table 3). These data
demonstrate that treatment with ivermectin and anti-PD1 (with or without IL-2) is also

effective in the metastatic setting.
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Table 3 Relapse-free survival in metastatic setting.

Discussion

Since its discovery in the mid-1970s, ivermectin has been used safely by over 700 million
people worldwide to treat river blindness and lymphatic filariasis2; it is inexpensive and
accessible. Our results demonstrate that treatment with ivermectin induces robust T cell
infiltration into breast tumors via induction of ICD, thus turning “cold” tumors “hot".
Unlike conventional chemotherapy drugs, this agent has the added benefit of not
suppressing host immune function, but rather has beneficial immunomodulatory effects
—making it a promising and mechanistic partner for immune checkpoint blockade. The
release and accumulation of high levels of extracellular ATP has emerged as a key
characteristic feature of the tumor microenvironment?Z, and a hallmark of ICD. We and
others have previously shown that ivermectin is a positive allosteric modulator of
purinergic signaling and the ATP/P2X4/P2X7/Pannexin-1 axis which operates in both
cancer and immune cells?22 In murine splenocytes treated ex vivo, we showed that
ivermectin can selectively target various immune subpopulations in a P2X7-dependent
fashion (Fig. 2B, C) and has immune-potentiating activities associated with augmented
ratios of immune effectors versus immunosuppressive populations, including Tregs and
myeloid cells (Fig. 2A, D). The observed selective targeting of different immune
populations by ivermectin is consistent with previous reports demonstrating that mouse
splenic Tregs (CD47CD25%) have higher sensitivity to increasing (>100 uM) doses of
extracellular ATP compared to CD8* and CD4*CD25" T cells22. This differential sensitivity
to extracellular ATP is P2X7-dependent and directly associated with levels of surface P2X7
receptor expression (CD47CD25" > CD4"CD25~ > CD8™" T cells). Recent reports showed
that the ATP/P2X7 axis also operates in MDSC and MDSC-mediated
immunosuppression2%3L, This is consistent with our finding that ivermectin can
selectively target expanded myeloid cells isolated from tumor-bearing mice ex vivo in a
P2X7-dependent fashion. Further research will be needed to elucidate the relative
sensitivities of different subsets of MDSC and tumor-associated
macrophages/neutrophils (TAMs/TANSs) to ivermectin, as well as to validate the in vivo
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effects of ivermectin on various myeloid subsets within the tumor microenvironment and

systemically.

While differential ATP/P2X7-dependent cytotoxicity may be one possible explanation for
the immunomodulatory effects of ivermectin in vivo, recent reports also implicate ATP
release and P2X4-dependent signaling in the CXCL12/CXCR4-mediated migration and
inflammation-driven recruitment of T cells32. The role of P2X4 in T cell activation,
proliferation, and migration was particularly pronounced in CD4 T cells, which is
consistent with our own data demonstrating ivermectin to be particularly potent at
increasing the CD4* Teff/Treg ratios in ex vivo treated splenocytes (Fig. 2D) and
augmenting intra-tumoral infiltration with CD4™ T cells (Fig. 3D). Thus, infiltration of
tumors by T cells in ivermectin-treated mice may reflect a combination of selective
depletion of suppressive cells as well as recruitment effects. The synergistic activity
between ivermectin and anti-PD-1 checkpoint blockade at driving T cell infiltration into
the tumor microenvironment is particularly intriguing as PD-1 functions as a negative
feedback regulator of TCR signaling. P2X4/P2X7-gated Pannexin-1 (PANX1) opening and
ATP release play a central role in T cell activation by providing a feed-forward loop for
TCR-initiated and ATP-driven ATP release at the immunological synapse. The ability of
ivermectin as an allosteric modulator of P2X4/P2X7/PANX1 receptors to modulate
purinergic signaling operating in both cancer and immune cells therefore may be
enhanced by elevated levels of ATP within the tumor microenvironment and the
immunological context, including magnitude of chemokine/TCR signaling and
chemokine/TCR-driven ATP release. Consistent with the latter possibility, we
demonstrated that the potentiating effect of ivermectin on the Teff/Treg ratio appears to
be stronger and sustained in the presence of T cell stimulation via PHA (Fig. 2D). Further
studies will be needed to unravel how these multi-faceted effects of ivermectin to induce
immunogenic cancer cell death, differentially modulate immune cells, and harness the
ATP-rich tumor microenvironment may all contribute to its ability to synergize with

immune checkpoint blockade in vivo.
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Immune checkpoint inhibitors (ICIs) are effective as single agents only in a small subset
of cancer patients. Hundreds of clinical trials are currently testing various combinations of
ICIs with FDA-approved or experimental agents. Such combinations are mainly put
together based on partial efficacy of the partnering agent with little or no mechanistic
rationale for synergy. Importantly, recent analyses found no evidence from any trial data
reported to date that ICIs are synergistic or additive with other drugs33, but instead
synergistic toxicity may be observed3%22, We showed that ivermectin represents a
rational mechanistic partner for immune checkpoint blockade, demonstrating bona fide
synergy when neither agent worked alone. Synergy between PD-1 blockade and
ivermectin is mechanistically associated with the ability of the ivermectin to drive
immunogenic cancer cell death and T cell infiltration into tumors, thus converting “cold”
tumors “hot"32. In contrast, evaluation of the therapeutic potential of PD-1 blockade
combined with established first line standard of care chemotherapeutic agents that are
also known to induce ICD, such as doxorubicin, in similar 4T1 models failed to achieve
durable responses or complete tumor regressions3Z38 Doxorubicin alone did not induce
significant T cell infiltration into tumors and showed no synergistic activity with PD-1
blockade. Failure of doxorubicin to turn tumors “hot” or effectively synergize with PD-1
blockade likely reflects its direct immune effects. Doxorubicin at concentrations
corresponding to plasma levels achieved in patients®2 causes significant cytotoxicity to

peripheral blood mononuclear cells (PBMCs) (Fig. S3), while physiologically relevant levels

of ivermectin showed no significant effects.

As demonstrated in our current study, the combination of ivermectin and PD-1
checkpoint blockade led to complete regression of the primary tumor in a significant
fraction of animals, and with protective anti-tumor immunity in the responders. We went
on to demonstrate that this novel combination is effective in the neoadjuvant, adjuvant,
and metastatic settings that mimic clinical situations in which it may be used. Based on
its novel dual mechanisms of action in cancer, ivermectin may also potentiate the anti-
tumor activity of other FDA-approved ICIs. Lastly, ivermectin is inexpensive, making it

attainable for everyone including cancer patients in developing countries. The preclinical
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findings we present suggest that the combination of ivermectin and anti-PD1 antibody

merits clinical testing in breast cancer patients.
Methods

Mice and treatment

Female BALB/c mice were purchased from Charles River Laboratories at 5-8 weeks of age
and housed in City of Hope's animal care facilities under pathogen-free conditions. All
procedures were performed under approval from City of Hope's Animal Care and Use
Committee. Mice were inoculated with 100,000 4T1 breast cancer cells in the right
mammary fat pad, then palpated to check for tumor engraftment before commencing
their assigned treatment regimen. Treatments included: 5 mg/kg of ivermectin (Sigma
Aldrich, St. Louis MO) given via oral gavage daily for 6 days; 10 mg/kg of anti-PD1
(BioXCell, West Lebanon NH) treatment given subcutaneously once weekly; MSA-IL2
administered at 1.5 mg/kg by intraperitoneal injection in 50 yL of sterile PBS once weekly;
combination treatments; or no treatment (Fig. S1). Ivermectin was solubilized in 45% (2-
Hydroxypropyl)-B-cyclodextrin (Sigma Aldrich, 332593-1KG) and was used at half the
daily dose of 10 mg/kg, as previously described??. The dose and frequency of ivermectin
treatment was optimized for maximum efficacy and absence of visible drug-related
toxicity based on animal observations and body weight measurements. Tumor growth
was measured 2-3 times a week with a digital caliper for up to 56 days. Mice were
euthanized when tumor growth reached 1.5 cm in length or width. Tumor volume was
calculated as (length x width?)/2. Metastasis experiments were performed by injecting
0.5 x 10° luciferase expressing 4T1 tumor cells (4T1-Luc) subcutaneously in the mammary
gland of female BALB/c mice, followed by surgically resection of the primary tumor on
day 14 after inoculation. In vivo bioluminescence imaging was used to monitor
metastatic outgrowth, which was carried out on a Lago X optical imaging system
(Spectral Instruments Imaging, Tucson, AZ). Overall tumor burden per mouse was
assessed weekly via bioluminescence imaging. Recurrence of primary tumor was
recognized when the animal’s luciferase value exceeded 600,000
photons/s/cmz/steradian, a threshold chosen because it was well above the lower limit of

reproducible detection (510,000) and because, in optimization experiments, 600,000 was
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the lowest threshold consistently followed by ever-increasing values and eventually
death. There was no significant toxicity following treatment with oral ivermectin

combined with systemic anti-PD1 and IL-2 as measured by weight loss (Fig. S1).

Neoadjuvant setting mice and treatment

Female BALB/c mice were purchased from The Jackson Laboratories at 6-8 weeks of age
and maintained in animal care facilities under pathogen-free conditions at the
Massachusetts Institute of Technology. All procedures were performed under approval

from MIT's Animal Care and Use Committee.

An inoculum of 0.5 x 10° 4T1-Luc tumor cells were injected subcutaneously (s.c.) in the
mammary gland in 100 uL of sterile PBS. Tumor onset was monitored by palpation
(usually 3-5 days after inoculation). Six days following inoculation, mice were randomized
into treatment groups and treatment was performed as indicated in Supplementary Fig.
2. A dose of 5 mg/kg ivermectin was administered by oral gavage in 50 uL of sterile PBS.
Anti-PD-1 (clone RMP1-14, BioXCell) was administered at 10 mg/kg by intraperitoneal
injection in 50 uL of sterile PBS. MSA-IL2 was administered at 1.5 mg/kg by

intraperitoneal injection in 50 pL of sterile PBS.

Surgical resection of primary tumor was performed on day 16 following tumor
inoculation. Mice were injected with the analgesic sustained-release Buprenorphine
(ZooPharm, 1 mg/kg body weight) and meloxicam (2 mg/kg body weight) by
subcutaneous injection. Animals were anesthetized with isoflurane and complete
anesthetization was confirmed by lack of a toe pinch reflex. The surgical area was shaved
and sterilized by swabbing with alternating application of betadine surgical scrub and
70% ethanol. The tumor and surrounding mammary fat pad was removed by blunt
dissection using autoclaved surgical instruments (Braintree Scientific). Wounds were
closed using 4-0 nylon monofilament sutures with a 3/8 reverse cutting needle (Ethilon).
Mice were monitored for consciousness in a warm, dry area immediately post-operation.
Thereafter, mice were dosed with meloxicam (2 mg/kg body weight) at 24 h intervals for

3 days post-surgery. Sutures were removed at 7-10 days post-operation.
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Mice were monitored for development of metastasis starting at day 10-14 following
surgical resection of the primary tumor. Animals were injected i.p. with sterile-filtered D-
luciferin (Xenogen) in PBS (150 mg/kg body weight in 200 yL) and anesthetized with
isoflurane. Bioluminescence images were collected at 10 min following injection with a
IVIS Spectrum Imaging System (Xenogen). Acquisition times ranged 10-30s. Images
were analyzed using Living Image software (Xenogen). Animals were monitored daily for
morbidity and euthanized if signs of distress were observed, including but not limited to
difficulty in ambulating or breathing, significant weight loss (>20% starting body weight),
poor body condition (score <2), or veterinary staff recommendation. Necropsy was

performed to confirm presence of visible metastatic nodules.

To evaluate response to re-challenge, mice that survived metastasis development
following surgical resection or naive control mice were challenged with a subcutaneous
injection of 0.1 x 10° 4T1-Luc cells in 100 pL of sterile PBS in the flank opposite the site of
the primary tumor. The mice were subsequently monitored every 2-3 days for tumor

growth at the inoculation site.

ELISPOT assay

Target 4T1-Luc cells were treated with mouse IFN-gamma (Peprotech) for 18 h, washed,
and irradiated (120 Gy). Splenocytes were isolated from untreated or treated mice on day
16 following to tumor re-challenge. Quantification of IFNy response was determined
using a BD mouse IFNy ELISPOT kit. Target cells were seeded at 0.025 x 10° cells per well.
Effector cells were seeded 1.0 x 10° cells per well. Plates were wrapped in foil and
incubated at 37 °C for 24 h and developed following the manufacture’s protocol. Plates
were scanned using a CTL-ImmunoSpot plate reader and spots were enumerated using

CTL ImmunoSpot software.

Tissue staining and quantification
Tumors were isolated from mice and sectioned into 5 ym sections for staining with the
desired markers (below) using Tyramide Signal Amplification (PerkinElmer, Waltham MA)

per manufacturer’s protocol. Whole tumor images were scanned using the Vectra 3
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Automated imaging system (PerkinElmer) and quantified using the ImagePro analysis

software.

Flow cytometry

Cell surface markers were stained for 30 min in the dark at 4 °C. Intracellular cytokine
staining was performed using the ebioscience Foxp3 staining kit (ThermoFisher Scientific,
Waltham MA) per manufacturer’s protocol. The following mouse antibodies from
BioLegend (San Diego CA) were used: CD4 (GK1.5); CD8 (53-6.7); Tbet (4B10); Gata3
(16E10A23); Foxp3 (MF-14); IFNy (XMG1.2); IL-10 (JES5-16E3); IL17 (TC11-18H10.1); and
TGFB (TW7-16B4). RORyt (AFKJS-9) was ordered from eBioscience (ThermoFisher
Scientific). To show T cell reactivity, splenocytes were isolated from tumor bearing mice
and cultured with 4T1 cells at a ratio of 5:1 (splenocytes to tumor cells) in the presence
anti-CD107A/CD107B (ThermoFisher Scientific) and Monensin for 4 h. After 4 h, cells were
stained for surface and intracellular markers described above. Flow cytometry analysis of
T cell markers on human PBMCs was performed using the following clones: CD8 (RPA-
T8); CD4 (SK3); Thet (4B10); Ki67 (Ki67) from BioLegend; RORyt and granzyme B (GB11)

fromm ThermoFisher Scientific.

Statistical analysis

Mean values were compared using t tests. Data on tumor volume over time were log-
transformed prior to statistical modeling; prior to transformation, values of zero were
replaced with 0.1. Complete response (CR) to treatment was defined as permanent
shrinkage of tumor volume to zero at any time during follow-up; no tumor that shrank to
zero resumed growth. The competing survival outcome was progression, defined as
tumor growth beyond 150 mm?3, after which tumors never underwent CR but instead
became necrotic or large, necessitating euthanasia. The follow-up of subjects that
experienced neither CR nor progression was censored at last observation, except when
the last available tumor measurement fell just short of the 150 mm? threshold for

progression; in such cases (n = 2, volume 139 and 141 mm?, respectively, at final
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measurement on day 25), progression was assumed to occur by what would have been

the next scheduled measurement.

Cumulative incidence of competing outcomes was calculated and plotted according to
Gray*L. The related outcomes of tumor volume, CR, and progression were modeled
jointly?2. The submodel of longitudinal tumor volume used linear mixed regression, while
the survival submodels of CR and progression used parametric hazard regression with
Weibull function. Statistical significance was defined as p < 0.05. A greater-than-additive
(synergy) effect of combination therapy was demonstrated when the sum of effects of
each drug alone fell outside the 95% confidence interval around the effect of
combination therapy. To maximize statistical power and obtain unbiased results despite
the non-random missingness of longitudinal data due to death, each pair of outcome
measures per trial was modeled jointly?2. Each joint model included a linear mixed effects
submodel of the longitudinal outcome and a survival submodel. To keep the trials' overall
risk of error below 5%, p values for the primary hypothesis for synergy from combination
treatment were subjected to the step-up Bonferroni adjustment of Hochberg43.

Separately, p values for the secondary hypotheses underwent the same adjustment.

Reporting summary

Further information on experimental design is available in the Nature Research Reporting

Summary linked to this paper.

Data availability

The data generated and analyzed during this study are described in the following data
record: https://doi.org/10.6084/m9.figshare.13568018%*. The flow cytometry data

(fluorescence-activated cell sorting—FACS), tumor size measurements, and histology are

all available upon request from the corresponding author.
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