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Intratumorally delivered formulation, INT230-6, containing potent anticancer agents
induces protective T cell immunity and memory
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ABSTRACT
The benefits of anti-cancer agents extend beyond direct tumor killing. One aspect of cell death is the
potential to release antigens that initiate adaptive immune responses. Here, a diffusion enhanced
formulation, INT230-6, containing potent anti-cancer cytotoxic agents, was administered intratumorally
into large (approx. 300mm3) subcutaneous murine Colon26 tumors. Treatment resulted in regression
from baseline in 100% of the tumors and complete response in up to 90%. CD8+ or CD8+/CD4+ T cell
double-depletion at treatment onset prevented complete responses, indicating a critical role of T cells in
promoting complete tumor regression. Mice with complete response were protected from subcuta-
neous and intravenous re-challenge of Colon26 cells in a CD4+/CD8+ dependent manner. Thus, immu-
nological T cell memory was induced by INT230-6. Colon26 tumors express the endogenous retroviral
protein gp70 containing the CD8+ T-cell AH-1 epitope. AH-1-specific CD8+ T cells were detected in
peripheral blood of tumor-bearing mice and their frequency increased 14 days after treatment onset.
AH-1-specific CD8+ T cells were also significantly enriched in tumors of untreated mice. These cells had
an activated phenotype and highly expressed Programmed cell-death protein-1 (PD-1) but did not lead
to tumor regression. CD8+ T cell tumor infiltrate also increased 11 days after treatment. INT230-6
synergized with checkpoint blockade, inducing a complete remission of the primary tumors and
shrinking of untreated contralateral tumors, which demonstrates not only a local but also systemic
immunological effect of the combined therapy. Similar T-cell dependent inhibition of tumor growth was
also found in an orthotopic 4T1 breast cancer model.
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Introduction

Cancer is the second leading cause of death worldwide, and it
was predicted that 4,700 new cancer patients will be diagnosed
daily in the United States in 2018.1 Cancer treatments range
from local therapies such as surgery and radiation to systemi-
cally administered therapeutics including cytotoxic agents,
hormones, targeted agents and immunotherapy with combi-
nations of different treatment regimens becoming more
frequent.2,3 In recent years, immunotherapy, such as check-
point inhibitors anti-cytotoxic T-lymphocyte-associated pro-
tein 4 (CTLA-4) and anti-Programmed cell death protein 1
(PD-1), have had meaningful impact in multiple tumor types,
including advanced melanoma, lung, gastric, hepatocellular,
cervical head and neck and renal cancer, by eliciting durable
responses.4–7 However, many patients do not respond to
current immunotherapies, and this is thought to be due to
their lack of immune infiltration especially CD8+ T cells and
interferon signature, in the tumor.7–10

Many efforts have been made to characterize immune
responses in order to enhance the immunogenicity of tumors.
It was noticed that not only immunotherapy but also more
traditional therapies such as cytotoxic agents can induce immu-
nomodulatory responses at least in mice.3,11 Cisplatin, for

example, is a platinum-based compound that hydrolyses within
the cell to form a platinum-DNA adduct, which was shown to
increase Major Histocompatibility Complex (MHC) class I on
Colon 26 tumor cells and antigen presenting cells (APC) in
a mesothelioma model.12 Another example is vinblastine,
a drug that destabilizes microtubules to arrest cell division,
which also stimulates maturation of dendritic cells (DCs) by
upregulation of CD40, CD80, CD86 and MHC class II.13,14

Even though these immunomodulatory stress responses are
important, cell death itself has by far the biggest impact. Death
by cytotoxic agents releases a vast amount of tumor antigens and
damage-associated molecular pattern (DAMP) signals which
bind to and cause a large influx of leukocytes to prime the
immune system.15,16 Chemotherapy-driven immunogenic cell
death (ICD) has been further characterized for agents, such as
oxaliplatin, that release intracellular components such as calre-
ticulin, adenosine triphosphate (ATP)17 and high-mobility
group box 1 (HMGB1)18 which lead to receptor binding on
APCs and uptake of cell debris, T cell activation, effector func-
tion induction and memory formation11,16 Cisplatin has not
been found to cause calreticulin transport to the surface when
given alone, and is therefore not classified as an ICD
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inducer16,19–21 although it does induce HMGB1 and ATP
release, and cisplatin combined with other inducers of an ER
stress responses such as radiation, tunicamycin or thapsigargin
can result in calreticulin exposure.16,20,21 However, in a murine
model of plasmacytoma, intravenous cisplatin resulted in tumor
clearance and mice were protected upon re-challenge. This pro-
tection was not observed in Nude mice or upon T cell depletion
prior to cisplatin treatment22 This suggests that mechanisms of
immune activation after cell death may be diverse and may need
to be further explored. Moreover, studies into immune
responses to cell death by systemically delivered cytotoxic agents
in patients have been limited due to toxicity-limiting doses.

In recent years, it was shown that therapies previously given
systemically may also be efficacious when delivered locally.
Intratumoral (IT) IL-2, for example, was shown to be effective
in the early stages of melanoma patients.23,24 Our laboratory
has published multiple studies delivering effective cancer vac-
cines subcutaneously next to the tumor site rather than
intramuscularly.25–27 Local administration has the advantage
of delivering a higher dose to the tumor site with the potential
for less systemic toxicity. Local cancer vaccine treatment may
also help to overcome a lack of immune response in cold
tumors. Immunological death of tumor cells may cause an
immune response that had not occurred spontaneously, con-
verting the tumor into an endogenous cancer vaccine. This is
the approach that we have explored here. We hypothesized that
local administration of cytotoxic agents may maximize the
release of a large variety of antigens from dying cells to induce
strong adaptive immunity while limiting systemic dissemina-
tion of the agents to normal tissues.

In this study, INT230-6, a formulation that consists of fixed
concentrations of widely used agents, cisplatin and vinblastine,
and the cell penetration enhancer IT-006, is utilized as a model
therapeutic (Bender et al. 2018 submitted). Bender et al.
demonstrated that intratumorally delivered INT230-6 diffused
throughout the tumor tissue and was taken up quickly by cells
within the tumor, resulting in regression with complete
response of Colon26 (C26) tumors and limited toxicity. We
show here that INT230-6 turns tumors into in situ vaccines by
relying on CD4+ and CD8+ T cells for its efficacy in the C26
colon and orthotopic 4T1 breast cancers, inducing long-term
immunological memory, reducing burden of distant microme-
tastases and synergizing with checkpoint inhibitors to induce
systemic immunity and regression of distant tumors.

Results

Intratumoral INT230-6 induces immunological responses

In accordance with Bender et al. 2018, INT230-6 delayed the
growth of C26 tumors compared to untreated control mice and
100% regression from the baseline tumor volume and 50%
complete response was achieved in this experiment but up to
90% in other experiments (Figure 1a). INT230-6 had a similar
degree of efficacy in female andmaleWT BALB/cmice (data not
shown). To assess whether an adaptive immune response was
mediating the antitumoral effect of INT230-6, CD4+ and/or
CD8+ T cells were depleted at the onset of INT230-6 treatment.
In Figure 1b, INT230-6 treatment with control IgG antibody

significantly improved survival over vehicle controls; all mice
regressed from baseline and 80% had complete responses.
Depletion of CD4+ T cells did not significantly alter the effect
and resulted in a 70% complete response and similar overall
survival. Depletion of CD8+ T cells significantly shortened sur-
vival; although most tumors showed tumor shrinkage from
baseline for the first 7 days, no complete response was obtained.
Similarly, depletion of CD4+ and CD8+ T cells significantly
reduced survival compared to INT230-6 with IgG control anti-
bodies (and approached the no treatment control). This suggests
that the initial reduction in tumor mass was due to the direct
cytotoxic effect of the chemotherapy but that long-term eradica-
tion of tumor, and hence complete responses and improvement
in survival, were dependent on effector CD8+ T cells. When we
repeated this experiment in RAG1-deficient (RAG1−/-) mice that
lack T and B cells, we confirmed that INT230-6 had almost no
effect on survival in the absence of adaptive immunity (Figure
1c). Interestingly, when looking at the individual growth curves
in RAG1−/- mice, even though we saw some limited regression
and growth delay in the initial phase, we did not observe regres-
sion from baseline, suggesting a role for adaptive immunity even
in the initial regression. Finally, we tracked tumor antigen-
specific CD8+ T cells in peripheral blood (Figure 1d). The
immunodominant epitope of C26 is the AH-1 peptide presented
by H-2Ld. By weekly monitoring of AH-1-specific CD8+ T cells,
we confirmed that during the regression phase, approximately
14 days after treatment onset, a significantly increased propor-
tion of AH-1 tetramer-reactive CD8+ T cells could be detected in
the periphery. These data together with the depletion studies
demonstrate that INT230-6 treatment induces tumor-specific
T cell responses and that the ability of the INT230-6 treatment
regimen to induce long-term rejection of tumors is dependent
on these cells.

Intratumoral INT230-6-mediated immunological memory
requires both CD4+ and CD8+ T cells

Since INT230-6 induced complete remission of the tumors
with no further relapse, we tested whether this treatment
generated long-term immunological memory. To test this
hypothesis, mice with complete responses were re-
challenged with C26 cells SC or IV and compared to naïve
mice (Figure 2a–b). After SC re-challenge (Figure 2a), naïve
mice died from their tumor burden whereas of re-challenged
mice, 86% were resistant to developing a tumor, demonstrat-
ing that INT230-6-treated mice had developed immunologi-
cal memory. IV re-challenge of mice with complete response
also resulted in partial protection (50%) demonstrating sys-
temic memory was induced (Figure 2b). Additionally, we
asked whether immunological memory was T-cell depen-
dent. Mice underwent CD4+ and/or CD8+ T-cell depletion
before the SC re-challenge (Figure 2a). Depletion of CD4+ or
CD8+ cells resulted in partial loss of protection; however,
when both T cell subsets were depleted, a total loss of
protection was observed, as demonstrated by shortened sur-
vival comparable to that of naïve mice. Interestingly, when
re-challenging mice with complete response who had CD4
depletion prior to INT230-6 treatment, immunologic mem-
ory was lost in 60% (data not shown). This highlights the
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Figure 1. INT230-6 efficacy is dependent on CD8+ T cell.
Naïve mice were SC challenged with 1 × 106 C26 cells into the right flank. Vehicle or INT230-6 (0.5 mg/ml cisplatin, 0.1 mg/ml vinblastine, 10 mg/ml IT-006 cell penetration
enhancer) were intratumorally (IT) administered into 300mm3 (approx. 8.5 mm in diameter, 100 µl/400 mm3 volume C26 tumor) SC tumors (n = 10/group) for 5 sequential days
(day 0 to 4) and tumor growthwasmonitored. a)Kaplan-Meier plot (left graph) and individual responses (right graphs) are displayed of a representative experimentof at least five
repeats with similar or better results; vehicle (black) and INT230-6 (red) treatment are shown. The fraction 5/10 indicates the number of complete responders. The Log-rank test
indicated a significant difference between the groups (p < .0001). b) Kaplan-Meier plot (top) and individual responses (below) of a representative experiment (of 3 with similar
results) are shown illustrating vehicle (black) and INT230-6 with either IgG control antibody (300 µg, blue), anti-CD4 (100 µg, orange), anti-CD8 (200 µg, purple) or anti-CD4 and
anti-CD8 (red) depletion antibodies. Antibodies were administered intraperitoneally (IP) on day 0, 1, 5, 8 and 15 after the initial INT230-6 dose (n = 10/group). Fractions (e.g. 8/10)
indicate the number of complete responders. By log-rank test, differences were significant (p < .0001 unless stated otherwise) between vehicle and all other groups as well as
INT230-6 + IgG control vs INT230-6 + anti-CD8 (p< .0006) or INT230-6 + anti-CD8/4, INT230-6 + anti-CD4 vs INT230-6 + anti-CD8 or INT230-6 + anti-CD8/4. c) Vehicle or INT230-6
(50 μl/400mm3 C26 tumor) were administrated for 3 sequential days (day 0 to 2) and tumor growthwasmonitored. Kaplan-Meier plots (top) and individual responses (below) of
WTBALB/c and RAG1−/- mice are shown. This experimentwas performed twicewith similar results. The fraction (3/10) indicates the number of complete responders. Log-rank test
was significantly different betweenWT BALB/c + INT230-6 vs all other groups (p < .0001), WT BALB/c + vehicle vs RAG1−/- + vehicle (p < .05), WT BALB/c + vehicle vs RAG1−/- +
INT230-6 (p < .01) as well as RAG1−/- + vehicle vs RAG1−/- + INT230-6 (p < .0001). d) INT230-6 (100 μl/400 mm3 C26 tumor) was administrated IT for 5 sequential days (n = 10).
Untreated tumor-bearing mice as well as naïve mice (n = 5) were bled before treatment (day 0). Treated mice and naïve mice were bled on day 7, 14, 21 and 28 after the initial
dose of drug. Peripheral blood was stained for tumor antigen-specific (AH-1/H-2Ld-tetramer-positive) CD8+ T cells and analyzed by flow cytometry. A representative experiment
(of 2 with similar results) is shown. Percentage of AH-1/H-2Ld-tetramer-reactive CD8+ T cells amongst CD8+ T cells are shown as individual values withmean. Percentage of AH-1/
H-2Ld-tetramer-reactive CD8+ T cells was significantly increased (p < .05) by Kruskal–Wallis post hoc Dunn’s test on day 14 after treatment onset. Representative flow cytometry
plots of AH-1/H-2Ld-tetramer reactive populations on day 14 are shown (right panels).
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role of CD4+ T cell help during the initial immune priming
to achieve functional immunologic memory.28 This result
indicates that CD4+ and CD8+ T cell-dependent immunolo-
gical memory is generated by INT230-6 and both are neces-
sary for the long-term protection.

INT230-6 treatment reduces metastatic burden at
a distant site

To further characterize whether T cell immunity could induce
systemic protection against micrometastasis, we challenged
mice with C26 cells not only SC but also IV seven days before
treatment onset (Figure 2c). Mice that received C26 tumor
cells only IV died from lung tumor burden, whereas mice

with vehicle-treated SC tumors in addition to IV challenge
had reduced metastatic burden in the lung but died from SC
tumors, suggesting that the presence of tumor at the SC site
perhaps induced an immune response which reduced the
tumor burden at the secondary tumor site (lung). Mice that
had tumor at both sites and received INT230-6 treatment into
the SC tumors had a significant survival advantage. The
majority died from the primary (SC) tumor burden, not the
lung tumors. INT230-6 treated animals had a trend (p = 0.07)
towards greater reduction in the numbers of lung nodules
than mice whose SC tumors had been treated with vehicle
only, suggesting that T cells induced by the local treatment of
the SC tumor were able to reduce metastatic lung tumor
burden.
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Figure 2. Mice with complete response (CR) were protected from tumor re-establishment in a T cell-dependent manner.
a) Mice with complete response (CR) and naïve ( ) mice were challenged with 1 × 106 C26 tumor cells by SC injection into the right flank (n = 10/group). Mice
with CR underwent prior depletion of CD4 ( ), CD8 ( ), CD4/8 ( ) or control IgG injections ( ), (150 µg anti-CD8/4, 300 µg IgG, day −1, 3, 5, 12 and 19) by IP
administration. Kaplan-Meier plot is shown of a representative experiment (of 2 with similar results) and a Log-rank test indicated significant differences (p < .0001:
naïve vs CR+IgG, naïve vs CR+aCD4, naïve vs CR+aCD8, CR+IgG vs CR+aCD4/8, CR+CD8 vs CR+CD4/8; p < .001: CR+CD4 vs CR+CD4/8; p < .01: naïve vs CR+aCD4, CR
+IgG vs CR+aCD4). b) C26 tumor cells (1x106) were inoculated IV into mice with CRs (solid line) and naïve mice (dashed line, n = 10/group) to produce lung
metastases. Kaplan-Meier plot is shown of a representative experiment (of 3 with similar results) and a log-rank test showed a significant difference (p < .0001)
between groups. c) C26 tumor cells (1x106) were inoculated SC into the right flank and 2.5 × 105 C26 tumor cells were inoculated IV 7 days later. An additional 10
mice received IV tumor cells only (dotted line). Vehicle (dashed line) or INT230-6 (solid line) were administered IT into 275mm3 (50µl/400mm3 C26 tumor) SC tumors
(n = 10/group) for 5 sequential days (day 0 to 4) starting on day 14 and tumor growth was monitored. Kaplan-Meier plot of a representative experiment (of 2 with
similar results) is shown (top left), and a log-rank test indicated significant differences (p < .01: C26 iv only vs vehicle; p < .0001: C26 iv only vs INT230-6, vehicle vs
INT230-6). Quantification of lung nodules at the time of death (n = 9–10/group) is presented (bottom left). Median test was applied for vehicle vs INT230-6 treatment
groups. Representative lungs that had been injected with 15% black India ink are shown on the right. Healthy lung tissue is black and smooth whereas tumor
nodules appear white and nodular.
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PD-1hiCD44hicd69+ AH-1-specific CD8+ T cells were raised
against untreated C26 tumors but were unable to clear
untreated tumors

Because INT230-6 treatment induces CD8+ T cell effector and
memory responses, we wanted to further phenotype CD8+

T cells within the C26 tumor model. When staining for AH-
1/Ld-tetramer-specific CD8+ T cells in untreated C26 tumor-
bearing mice, we identified a significant proportion of these
tumor antigen-specific CD8+ T cells in the tumor microenvir-
onment, which were present at much lower frequencies in the
periphery (Figure 3a). Compared to CD8+ T cells in the
periphery, total tumor CD8+ T cells and especially antigen-
specific CD8+ T cells not only had an activated phenotype
(CD44hiCD69hiCD62Llow), but the majority also expressed
high levels of PD-1 as seen in humans also29 suggesting that
C26 tumors induced AH-1-specific CD8+ T-cell activation
and proliferation, and these activated T cells homed to the
tumor site.

Tumor-specific CD8+ T cells in mice with complete response
are functional

To determine the functionality of AH-1-specific CD8+ T cells,
we performed a cytotoxic assay. In order to obtain sufficient
tumor antigen-specific CD8+ T cells, we expanded them from
splenocytes from mice with complete responses (Figure 3b).
Splenocytes were stimulated for one week with high (1 μM) or
low (1 nM) AH-1 peptide concentration to expand CD8+

T cells of low and high functional avidities, respectively,
before determining lytic activity (Figure 3c). Stimulation of
CD8+ T cells with high AH-1 peptide concentration presum-
ably expands T cells with low as well as high functional avidity
(Figure 3b). Expansion (about 100-fold) was observed by flow
cytometry and expanded CD8+ T cells could lyse C26 cells but
not the control AH-1-negative syngeneic tumor cell line, A20
(Figure 3c). Stimulation of CD8+ T cells with low AH-1
peptide concentration, in order to expand high avidity
T cells, did not result in significant expansion and the stimu-
lated pool of cells were consequently not able to significantly
lyse C26 tumor cells. Hence, in vitro, a pool of splenocytes
enriched in AH-1-specific CD8+ T cells were capable of lysing
tumor cells, suggesting that suppression of AH-1-specific
CD8+ T cells may hamper their ability to control tumor in
the tumor microenvironment in vivo. However, most CD8+

T cells responding to the AH-1 epitope may have low func-
tional avidity, as we could not induce expansion with low
concentrations of peptide, consistent with known tolerization
of high avidity T cells in the thymus.

CD8 infiltration increases 11 days after treatment onset

To confirm the local immune response of INT230-6 treat-
ment, histology was performed on tumors before treatment
and over 14 days after treatment onset. H&E staining detected
leukocyte infiltration into the tumor (Figure 4 top row).
Immunohistochemistry revealed that CD8+ T cell infiltration
was very low at baseline (Figure 4, 2nd, 3rd row, and graph).
Consistent with the known timeline for a T cell response to

develop, and also consistent with the appearance of tumor-
specific T cells at day 14 but not day 7 in Figure 1d, we found
that the density of CD8+ T cells did not change significantly
before day 8 after treatment onset, but increased thereafter
with the most apparent effects on day 11 and 14
(combined day 11 + 14 significantly higher than the earlier
time points p = 0.04).

INT230-6 treatment of primary tumors results in regression
of tumors at distant sites when combined with anti-CTLA-4

Systemic T cell responses should control tumors in other sites.
To determine if systemic responses mounted upon INT230-6
treatment can be enhanced with checkpoint inhibitors, we
performed a dual contralateral tumor experiment in which
we applied the combinatorial treatment of IT INT230-6 with
either IP anti-PD-1 (Figure 5a–d) or IP anti-CTLA-4 (Figure
5e–h). As an additional control to vehicle-treated primary
tumors some mice received tumors only at the contralateral
site and were left untreated (Figure 5d,h). In Figure 5a with
anti-PD-1, the contralateral tumors were kept small by inocu-
lating only three days before treatment onset. INT230-6 had
significant efficacy on the primary tumor compared to vehicle
only (Figure 5c). This activity in the injected tumor was
enhanced by addition of anti-PD-1 (doubling the rate of
complete response despite no complete responses seen with
the checkpoint inhibitor given alone). At the contralateral
tumor site, the INT230-6-treated group had significantly dif-
ferent tumor sizes only from the group bearing a tumor at
that contralateral site alone, not from the vehicle control
(Figure 5d, h), but nevertheless resulted in significantly
improved survival (Figure 5b, f). Anti-PD-1 monotherapy
had limited efficacy on either tumor site, not significantly
different in tumor size from vehicle control. However,
tumor sizes were found to be smaller than in mice with
contralateral tumor alone (in the absence of a primary
tumor) at the untreated contralateral site (Figure 5d). The
combination of INT230-6 and anti-PD-1 did significantly
improve the response of primary tumors over INT230-6 treat-
ment alone on day 16 and 18 (Figure 5c) and on secondary
tumors on day 18 (Figure 5d), but this did not translate into
a statistically significant survival advantage (Figure 5b).

In Figure 5e studying anti-CTLA-4, contralateral tumors
were 30% larger than in Figure 5a as C26 cells were inoculated
seven days before treatment onset. Mice that received vehicle
treatment had a shorter survival than in Figure 5b due to the
larger tumor burden at the contralateral site. Again, INT230-6
treatment alone resulted in a significant response at the pri-
mary tumor site. Anti-CTLA-4 monotherapy significantly
reduced tumor sizes in the primary site (Figure 5g), although
none of the mice had a complete response. Anti-CTLA-4 also
had a significant impact on contralateral tumors compared to
vehicle and untreated contralateral tumors alone by inducing
the complete response of contralateral tumors in 3 out of 10
mice (Figure 5h). Anti-CTLA-4 synergized with INT230-6,
resulting in significantly improved survival over INT230-6
or anti-CTLA-4 monotherapy (Figure 5f). The combination
significantly increased the number of complete responses on
both primary (9/10) and contralateral (6/10) tumors
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a) Mice with bulky (1000mm3) C26 tumors (untreated) as well as naïve controls (n = 4–6/group) were bled and euthanized to harvest and prepare single cell
suspensions of tumors, spleen and draining lymph nodes (LN). Lymphocytes were stained for AH-1/Ld-tetramer reactive populations (top panel), activation markers
(CD44hiCD69+CD62−, middle panel) and PD-1 expression (lower panel) on CD8+ T cells and analyzed by flow cytometry. Individual responses and mean values are
shown of pooled data from two experiments. Kruskal–Wallis with Tukey post hoc test was performed and indicated that AH-1 specific CD8+ T cells are significantly
enriched (p < 0.01) in the tumor compared to the periphery (blood, spleen or lymph nodes) of tumor-bearing or naive mice. Total tumor CD8+ T cells and AH-1
specific CD8+ T cells were significantly more activated (p < 0.0001) and expressed higher levels of PD-1 (p < 0.0001) than in the periphery of tumor-bearing or naïve
mice. b) Splenocytes, harvested from mice with CR, were stimulated for one week with high (1 μM, left graph) or low (1 nM, right graph) AH-1 peptide concentration
with syngeneic BALB/c splenocytes as antigen-presenting cells. Lymphocytes were stained for AH-1/Ld-tetramer reactive CD8+ T populations. c) Lactate dehydro-
genase (LDH) cytotoxicity assay was performed with expanded splenocytes. For this, C26 cells were applied as AH-1 expressing target (T) cells (solid line). A20 cells
were utilized as an AH-1 negative target cell line (dashed line). These cells were incubated with different ratios of CD8+ effector (E) T cells for 4 h and LDH assay was
performed to calculate cytotoxicity. Mean ± standard deviation is shown of three pooled experiments. Two-way ANOVA with Sidak’s multiple comparison test was
performed and showed significant difference (**p < 0.01) at the 25:1 ratio. Representative flow cytometry plots (bottom) illustrate the expansion of AH-1 specific
CD8+ T cells.
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compared with either treatment alone. This suggests that
CTLA-4 may be a more critical checkpoint in T cell responses
to these distant untreated tumors, at least under these condi-
tions, and rejuvenation of intra-tumor antigen-specific CD8+

T cells (as expected to be mediated by anti-PD-1) may be less
critical than enhanced activation of T cells and promotion of
T cell entry into the tumor microenvironment by anti-CTLA
-4. Thus, although both checkpoint inhibitors showed some
activity in combination with INT230-6, the effect was more
pronounced with anti-CTLA-4, especially on the contralateral
tumors.

INT230-6 facilitates T cell mediated tumor regression in
4T1 orthotopic breast carcinoma model

To test the efficacy of INT230-6 intratumoral injection on
inducing T cell mediated long-term tumor regression in
a tumor growing orthotopically, we utilized the 4T1 breast

carcinoma cell line. This cell line gives rise to mammary
tumors when injected orthotopically into the mammary fat
pad of BALB/c mice. 0.5 × 106 cells were injected into the
mammary fat pad adjacent to the 4th nipple of BALB/c mice.
Once the tumors reached an average size of ~200 mm3, we
performed intratumoral injection with either vehicle or
INT230-6 for five consecutive days. We found that tumors
treated with INT230-6 were significantly smaller and grew at
a much slower rate (Figure 6a) compared to the vehicle-
treated ones (Figure 6b). Furthermore, we found that the
survival of mice carrying 4T1 tumors treated with INT230-6
was significantly longer than those treated with vehicle
(Figure 6c). Although unlike the C26 tumor model, we did
not observe a CR in 4T1 orthotopic mode (probably because
mortality was driven by early lung metastases in this model),
the size of INT230-6 treated tumor remained significantly
smaller, even two weeks after the last dose of INT230-6.
Therefore, we hypothesized that this prolonged protection
may be due to activation of the adaptive immune system.

To evaluate the role of the adaptive immune system in
mediating tumor regression after INT230-6 treatment in the
4T1 orthotopic model, we depleted both CD4+ and CD8+

T cells at the time of treatment onset. To do so, we injected
anti-CD4 (100 µg/mouse) and anti-CD8 (200 µg/mouse) anti-
bodies intraperitoneally to mice carrying 4T1 mammary
tumors treated with either INT230-6 or vehicle. Rat IgG
(300 µg/mouse) was used as a control. We did not find any
significant effect on the growth kinetics (Figure 6d–e), as well
as overall survival (Figure 6f-black and blue curve), between
CD4/CD8 depleted and IgG-treated animals in the vehicle-
treated groups. However, we observed a significant reduction
in the survival probability of CD4/CD8 depleted mice carry-
ing 4T1 mammary tumors treated with INT230-6 in compar-
ison with those treated with INT230-6 and IgG (Figure 6f-
purple and red curve). Additionally, the growth rate of CD4/
CD8 depleted INT230-6 treated 4T1 mammary tumors was
also significantly faster than that of the INT230-6 + control
IgG-treated tumors (Figure 6g–h). This suggests a probable
role of the T cell adaptive immune system in mediating the
anti-tumoral effect of INT230-6 treatment. Additionally, we
observed a significant difference in overall survival (**p <
0.001) of mice carrying 4T1 tumors when treated with either
vehicle versus INT230-6 when CD4/CD8 depleted (Figure 6f-
blue vs purple curves). Nevertheless, the INT230-6 treated
and CD4/CD8 depleted tumors grew significantly more slowly
than the vehicle-treated and CD4/CD8 depleted group (**p <
0.006) (Figure 6d vs h). This suggests that INT230-6 itself also
can affect tumor growth through the chemotherapeutic effect
partially independently of T cell immunity. However, on
depleting T cells, the effect is partially lost (Figure 6g vs h),
confirming a role of CD4/CD8 T cells in mediating the anti-
tumor effect in INT230-6 treated 4T1 orthotopic breast tumor
model.

Discussion

In this study, we demonstrate that the IT delivered cytotoxic
formulation, INT230-6, converts tumors into endogenous
vaccines. Specifically, we show not only that the efficacy of

Day 0 Day 8 Day 11-12 Day 14

Figure 4. CD8+ T cells infiltrate increases 11 days after treatment onset.
Top panel shows representative images of histology of C26 tumors before
treatment (day 0) and after treatment (day 8, 11–12 and 14). H&E staining is
depicted in the top row, CD8+ T cells are presented in the middle and bottom
row at different magnifications (see scale bar). The bottom graph is
a quantification of CD8+ T cells per mm2 of tumor tissue (n = 6 per time
point). Each point represents a different mouse tumor, as mice has to be
euthanized to harvest tumors at each time point. The 12 specimens at days
11 + 14 differ from those at the earlier time points (p = 0.04) by a Kruskal–Wallis
test.
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Figure 5. Contralateral tumor response can be induced by INT230-6 in combination with anti-CTLA-4 but not with anti-PD-1.
a) Illustration of INT230-6 and anti-PD-1 treatment regimen (top). C26 (1x106) were inoculated into the right flank (day −14). Contralateral tumors were inoculated 11
days after primary tumors (day −3). Primary tumors were treated with INT230-6 (50 μl/400 mm3 tumor, 5 sequential days) starting on day 0. Average primary tumor
volume on day 0 was 290mm3 and average contralateral tumor volume was 42mm3. Anti-PD-1 treatment (100 μg) was given on day 0, 3, 7 and 10. b) Kaplan-Meier
plot (below illustration) and individual responses of c) treated (ipsilateral) (middle) and d) contralateral flank (bottom) are shown of vehicle (black), anti-PD-1
(purple), INT230-6 (red) and anti-PD-1+ INT230-6 (blue) treatment as well as contralateral tumor only control (orange, n = 10/group). Fractions (e.g. 3/10) indicate
the number of mice that completely lost tumor that the indicated flank. Log-rank test was significantly different between vehicle and INT230-6 (p < 0.0001), vehicle
and anti-PD-1+ INT230-6 (p < 0.0001), anti-PD-1 and INT230-6 (p < 0.01) and anti-PD-1 and anti-PD-1 + INT230-6 (p < 0.0001). Two-way ANOVA with Sidak’s
multiple comparison test of growth curves showed that untreated contralateral tumors only were significantly different (p < 0.0001) from all groups on secondary
site. Furthermore, vehicle was significantly different (p < 0.0001) from INT230-6 and INT230-6+ anti-PD-1 on day 8 and 11 on the primary site. Vehicle was
significantly different (p < 0.05) from INT230-6+ anti-PD-1 on day 11 on the secondary site. INT230-6 was significantly different anti-PD-1 or INT230-6+ anti-PD-1
on day 16 (p < 0.01) and day 18 (p < 0.001) on the primary tumor site. INT230-6 was significantly different (p < 0.01) from INT230-6 + anti-PD-1 on day 18 on the
contralateral site. Anti-PD-1 was significantly different (p < 0.0001) from INT230-6+ anti-PD-1 on day 8 and 11 at the primary site only. e) Illustration of INT230-6 and
anti-CTLA-4 treatment regimen (top). C26 (1x106) tumor cells were inoculated into the right flank (day −15). Contralateral tumors were inoculated 7 days after
primary tumors (day −8). Primary tumors were treated with INT230-6 (50 μl/400 mm3 tumor, 5 sequential days) starting on day 0. Average primary tumor volume
on day 0 was 250mm3 and average contralateral tumor volume was 60mm3. Anti-CTLA-4 treatment (100 μg) was given on day 0, 3 and 6. f) Kaplan-Meier plot
(below illustration) and individual responses of g) treated (ipsilateral) (middle) and h) contralateral flank (bottom) are shown of vehicle (black), anti-CTLA-4 (purple),
INT230-6 (red) and anti-CTLA-4+ INT230-6 (blue) treatment as well as contralateral tumor only control (orange, n = 10/group). Fractions (e.g. 4/10) indicate the
number of mice that completely lost tumor in the indicated flank. Log-rank test was significantly different between vehicle and all other groups (p < 0.0001), INT230-
6 and anti-CTLA-4+ INT230-6 (p < 0.0001) and anti-CTLA-4 and anti-CTLA-4+ INT230-6 (p < 0.0001). All experiments were performed twice. Two-way ANOVA with
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INT230-6 depends on CD8+ T cells but also that it induces
systemic long-term T cell memory and protection against
rechallenge. Tumor antigen-specific CD8+ T cells can also be
detected at increased levels in the circulation during tumor
regression, strengthening the evidence that tumor-specific
immunity is induced. Limited efficacy of effector T cells
induced by INT230-6 alone to shrink contralateral tumors
can be substantially improved by synergy with anti-CTLA-4.

In situ vaccination and checkpoint inhibitors, such as anti-
CTLA-4, have the advantage that antigen-specific T cell
responses are tailored in vivo and therefore a wide range of
antigens can be targeted simultaneously by the treatment-
induced immune response. In contrast to recently developed
antigen-specific adoptive cell therapy treatments30,31 in situ
vaccination also has the advantage of reducing the risk of
resistance and immunoediting compared to defined antigen-
targeted therapies. In the clinic, current checkpoint blockade
immunotherapies are given systemically, which in the major-
ity of cases restricts efficacy to tumors already infiltrated with
T lymphocytes. Here, we deliver a formulation directly into
C26 colon or orthotopic 4T1 mammary tumors which results
in complete response, responses at distant sites, and immu-
nologic T-cell dependent memory, as well as prolonged sur-
vival in the C26 model, and in the case of 4T1, also delayed
tumor growth and prolonged survival dependent on T cells
(in the 4T1 model, prolonged survival (CR) is limited by the
early metastasis of tumors from the primary site to the lungs).
The mechanism is likely due to massive cell death, as its
component cisplatin cross-links DNA and vinblastine inhibits
microtubule formation. We discovered that this cell death is
highly immunogenic and dependent on induction of adaptive
immunity, as treatment of tumor-bearing RAG1−/- mice,
which do not have lymphocytes, results in a temporary
growth delay (due to local cytotoxicity) but no regression
from baseline or complete response. Additionally, Bender
et al. (2018) detected influx of dendritic cells in treated tumors
by 8 days, which may contribute to induction of T cells.32

Although cisplatin by itself is not thought to induce immuno-
genic cell death because of a failure to induce calreticulin
exposure (although it does induce HMGB1 and ATP
release)16,19–21 combinations of cisplatin with other ER stress
inducers, such as thapsigargin or tunicamycin or radiother-
apy, can induce immunogenic cell death16,20,21 so it is possible
that the combination with vinblastine and the stress of the
intratumoral delivery contributed to this process. The main
effector cell is the CD8+ T cell, as depletion of CD8+ cells at
treatment onset results in abrogation of complete response,
and tumor antigen-specific CD8+ T cells can be detected in
peripheral blood during the regression phase of tumors. Long-
term memory is also T cell-dependent, as is tumor growth
slowing and improved survival in the 4T1 orthotopic model.

Cancer vaccines are created to prime and expand tumor
antigen-specific T cells,3 which makes the intratumoral for-
mulations that induce cell death, such as INT230-6, ideal
candidates to promote broad antigen presentation, which
will result in an in situ vaccine-like effect.

Intratumoral delivery of anti-cancer agents is not a new
concept, and even though benefits have been recorded, these
have not been translated into standard care, mainly because of
three assumptions or beliefs: 1) accessible primary tumors can
be mostly resected anyway, 2) the needle track may spread
tumor cells to produce metastases and 3) local treatment may
not have an effect on metastases,33 suggesting that a role for
systemic immunity in the efficacy of cytotoxic agents has not
been widely recognized. In addition, most anti-cancer agents
are not formulated specifically for intratumoral delivery as
INT230-6 is. A recent study by Gao et al. 2017, for example,
investigates the efficacy of an intratumoral methotrexate-
loaded implant in a sarcoma model which caused delay in
tumor growth, but the immune response was not
investigated.34 On the other hand, a clinical study by Yu
et al. 2015 compared intratumoral chemotherapy to ultra-
minimum incision personalized intratumoral chemoimmu-
notherapy which consisted of an oxidant, a cytotoxic drug
(cytosine arabinoside) and hapten.35 The authors treated 97
patients with advanced lung cancer and found significantly
improved overall survival with their chemoimmunotherapy. It
was also shown that patients on chemoimmunotherapy had
more leukocyte infiltrate in their tumors.35 Even though the
authors highlighted the ‘chemoimmunotherapy’, both regi-
mens tested contained a cytotoxic agent that induced an
immune response through cell death to different degrees,
similar to this study, although a clear role for CD8+ T cells
was not observed. The concept of using checkpoint inhibitors
with intratumoral therapy is also supported by the observa-
tion that in a glioblastoma model, intratumoral chemotherapy
improved the effect of anti-PD-1 whereas systemic che-
motherapy diminished the benefit of anti-PD-1.36

A definite role of CD8+ T cells in response to intratumoral
cytotoxic agents has not been described in the literature to our
knowledge. However, Casares et al. have shown that injection
of doxorubicin-treated CT26 tumor cells induces tumor rejec-
tion in BALB/c mice but not in nude mice or mice depleted of
CD8+ cells prior to treated CT26 cell injection. This loss of
protection suggested that immunogenic cell death was
induced11 The authors then treated CT26 tumors intratumo-
rally with doxorubicin in BALB/c and nude mice and showed
that only immunocompetent mice were able to clear 40% of
the tumors, suggesting the dependence of tumor clearance on
immune responses. Our study has now definitely proven this
concept and gone further in tracking of tumor-specific CD8+

T cells in the circulation in response to treatment, and in

Sidak’s multiple comparison test of growth curves showed that untreated contra-later tumors were significantly different (p < 0.0001) from all other groups on the
contralateral site. Vehicle was significantly different (p < 0.0001) from INT230-6, anti-CTLA-4 and anti-CTLA-4+ INT230-6 on day 6 and 8 at the primary (ipsilateral)
site. Vehicle was significantly different from anti-CTLA-4 (day 8: p < 0.0001) and anti-CTLA-4+ INT230-6 (day 6: p < 0.001, day 8: p < 0.0001) at the contralateral site.
INT230-6 was significantly different from anti-CTLA-4 at the primary site (day 8: p < 0.05, day 10: 0.001) and secondary site (day 8: p < 0.01, day 9: p < 0.001, day 10:
p < 0.0001). INT230-6 was significantly different from anti-CTLA-4 + INT230-6 at the contralateral site only (day 6: p < 0.05, day 8–10: p < 0.0001). Anti-CTLA-4 was
significantly different from anti-CTLA-4 + INT230-6 at the primary site (day 8: p < 0.01, day 9: p < 0.05, day 10: p < 0.0001) and at the secondary site (day 6: p < 0.05).
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demonstrating CD8+ T-cell-dependent immunological mem-
ory, effects on distant untreated tumors, and synergy with
checkpoint blockade. This has direct relevance to the clinic.

A study by Scurr et al. demonstrated that low dose oral
cyclophosphamide treatment in advanced stage colorectal
cancer patients led to a marked expansion of tumor antigen,
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Figure 6. Intratumoral administration of INT230-6 delays tumor growth rate and improves overall survival, in a T cell-dependent manner, in 4T1 orthotopic breast
carcinoma tumor models: a & b) 4T1 tumor growth curve of individual mice when treated with either INT230-6 (a) or vehicle (b). The INT230-6 treated 4T1 mammary
tumors grew at a significantly slower rate than the vehicle-treated tumors (n = 15, **p < 0.003). c) Kaplan-Meier survival curve shows a significant difference between
the vehicle-treated 4T1 mammary tumor-bearing mice as compared to INT230-6 treated ones (n = 15, *p < .03). d & e) Vehicle treated 4T1 tumor grow at a similar
rate with (d) or without (e) CD4/CD8 depletion. f) Kaplan-Meier survival curve depicting the differences in survival probabilities of mice carrying 4T1 mammary tumor
upon treatment with either INT230-6 or vehicle, with or without depletion of CD4 and CD8 cells. g-h) The CD4/CD8 depleted INT230-6 group (g) shows a significantly
faster tumor growth rate compared to INT230-6 & IgG treated (h) ones(***p < 0.0003). There was a significant difference in survival probability of INT230-6 + IgG (red
curve) treated mice (n = 22) compared to INT230-6 + anti-CD4/CD8 treated mice (purple curve) (n = 22, **p < 0.008). No significant difference, either in survival or
tumor growth rate, was observed in vehicle-treated groups, with (e) or without (f) CD4/CD8 depletion. There was a significant difference in overall survival of vehicle
versus INT230-6 treated tumor-bearing mice when both were T-cell depleted (panel f, blue vs purple curve **p < 0.001).
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5T4-specific CD8+ T cells expressing granzyme B in periph-
eral blood, which correlated with prolonged progression-free
survival.37

Even though we have focused on treatment of a colorectal
origin and orthotopic breast origin cancer, different cytotoxic
agents have efficacy in different tumor types and may cause
different types of ICD. Drugs composed of multiple agents
with advanced cell uptake may, therefore, be able to maximize
ICD pathways and consequently increase the probability of turn-
ing tumor tissue into a cancer vaccine. INT230-6’s in situ vaccine
potential was tested only in the C26 and orthtopic 4T1 models
here, but these models constitute a valuable proof of principle.

When looking more closely at the C26 tumor microenvir-
onment, we were surprised to see that tumor antigen-specific
CD8+ T cells can readily be detected in tumor tissue from
treatment-naïve animals but were less prevalent in the circu-
lation, suggesting activation and expansion of tumor-specific
CD8+ T cells by C26 and homing to the tumor tissue. These
cells expressed high levels of PD-1 and had an activated
phenotype that was defined by CD69+CD44hiCD62L−.
A recent study by Enamorado et al. 2017 showed that in
order to induce efficacious cancer vaccines tissue resident
memory CD8+ T cells need to infiltrate the tumor.38 These
cells are defined by expression of CD69 and CD103. As we
have not been able to look at the CD8+ T cells recovered from
infiltrates of treated tumors (because they are rejected) or at
CD103+ cells, we are not able to further subdivide the tumor-
infiltrating CD8+ T cells. Nevertheless, we have clearly shown
that upon treatment with INT230-6 CD8+ T cells home to the
tumor tissue (Figure 4). The presence of lymphocyte infiltra-
tion into untreated C26 tumors suggests that tumors were
‘hot’ rather than ‘cold’. CT26, a sister cell line, has been
characterized as an immunogenic tumor model.39 On the
one hand, this limited our insight into de novo responses of
less infiltrated tumors, but on the other hand, this allowed us
to track and test the tumor antigen-specific CD8+ T cell
responses. For example, we were able to examine functionality
of tumor antigen-specific CD8+ T cells from mice with com-
plete response. We found that tumor antigen-specific CD8+

T cells were functionally active and possibly of low functional
avidity. This agrees with the fact that high avidity T cells
against self are deleted in the thymus. As the tumor antigen
epitope in this study, AH-1, is derived from the endogenous
retroviral protein, gp70, that is not expressed in healthy mur-
ine tissue due to DNA methylation,40 it may not have been
expressed in the thymus. Furthermore, low affinity or low
avidity may also partially explain why tumor antigen-specific
CD8+ T cells were not able to eradicate the untreated tumor
despite being present in the tumor.

To clear primary C26 tumors, Bender et al. (2018 sub-
mitted) combined INT230-6 with anti-PD-1 or anti-CTLA-4.
They determined that INT230-6 and anti-PD-1 synergized
most efficiently. In this study, we studied combinational treat-
ment on untreated contralateral tumors. Due to the high
expression of PD-1 on tumor antigen-specific CD8+ T cells,
we also expected a synergistic effect with anti-PD-1. However,
using a dual tumor model we surprisingly found that synergy
was achieved more effectively with anti-CTLA-4, rather than
anti-PD-1. As anti-CTLA-4 promotes entry of new T cells

into the tumor in addition to CD4+ and CD8+ T cell activa-
tion, whereas anti-PD-1 targets mainly rejuvenation of
exhausted CD8+ T cells,41–44 it may be possible that anti-
CTLA-4 synergizes by promoting entry of the endogenous
vaccine-induced T cells into the small untreated contralateral
tumors, which may not have recruited or induced their own
T cells. Another explanation could be that there is limited
expression of PD-L1 in the untreated contralateral tumors,
making blockade of the PD-1/PD-L1 axis less critical. This can
be further explored in the future.

The combinational studies with anti-PD-1 and anti-CTLA
-4 were not run in parallel. In fact, the contra-lateral tumors
that were studied in combination with anti-PD-1 were inocu-
lated only three days before treatment onset. Interestingly,
treatment of tumor with vehicle, which causes damage to
the tumor structure, increased the immune response enough
to reduce tumor burden, resulting in 2/10 mice losing their
contralateral tumors. When contralateral tumors were given
seven days before vehicle treatment so that tumors were more
established (30% larger), all contralateral tumors persisted.
This is consistent with the model of tumor immunosurveil-
lance – the immune system is able to detect and destroy
tumor cells, but after longer exposure will be overridden by
escape mechanisms such as immunosuppression.45

Interestingly, this was recently also confirmed in patients on
anti-PD-1 treatment. Response to the checkpoint inhibitor
was correlated with tumor burden at treatment onset. As anti-
PD-1 targets T cells, this can be interpreted in the wider sense
that there is a threshold for T cells to induce regression.46 The
fact that anti-PD-1 had lower efficacy in smaller contralateral
tumors than anti-CTLA-4 did even in larger contralateral
tumors suggests the greater efficacy at the distant site of anti-
CTLA-4 even though experiments were not performed in
parallel.

To highlight the important findings from this paper, it is
best to compare two papers, studies by Sagiv-Barfi et al.47

and by Ariyan et al.48 The Sagiv-Barfi study induces in situ
vaccination by agonistic anti-OX40 and CpG intratumoral
delivery47 CpG, acting through Toll-like receptor 9, induces
OX40 expression, allowing agonistic anti-OX40 to synergis-
tically stimulate anti-tumor immunity. This treatment regi-
men induced complete regression of not only treated
primary tumors but also contralateral tumors. This efficacy
was not achieved by monotherapies, showing that stimula-
tion of pattern recognition receptors (as induced by
DAMPS) and activation of T cells need to be targeted in
order to induce the in situ vaccine conversion, similar to
cytotoxic agents’ synergy with a checkpoint inhibitor.
Ariyan et al.48 combined local chemotherapy, melphalan,
with systemic anti-CTLA-4 in pre-clinical models and clin-
ical melanoma. The authors found that the combination
increased response to local and systemic tumors with 62%
having a complete response and remaining tumor free after
one year. They determined that even though tumors and
peripheral blood of patients had low T cell numbers at
treatment onset, an increase could be measured for CD4+

and CD8+ T cells in both compartments suggesting
a systemic immune response, which is in agreement with
our study. However, the role of T cells in the Ariyan et al.
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study was inferred from correlations with response,48

whereas in the present study, we proved by T cell depletion
that the induction of CRs of the primary tumor as well as
long-term memory of 3 months or longer were both depen-
dent on both CD4+ and CD8+ T cells.

To conclude, INT230-6 is composed of two cytotoxic
agents with a diffusion enhancer agent. This study shows
that this intratumoral treatment can cause immunogenic cell
death that results in an endogenous personalized vaccine. This
effect is likely due to release of DAMPS that can recruit
presenting cells into the tumor, which in turn can process
tumor antigens and induce an expanded population of anti-
gen-specific CD8+ T cells and long-term T cell memory.
These effects are augmented with the co-administration of
checkpoint inhibitors. Our results suggest that novel intratu-
moral approaches can be designed to provide a new strategy
for effective immunotherapy of cancer. INT230-6 is currently
being evaluated in a Phase I/II clinical trial for solid tumors.

Materials and methods

Mice

Female and male BALB/c mice were obtained from Animal
Production Colonies, Frederick Cancer Research Facility,
National Cancer Institute (NCI, Frederick, MD). Female
BALB/c RAG1-deficient (The Jackson Laboratory, Bar
Harbor, ME) were bred under specific pathogen-free and
Helicobacter-free conditions at the NCI. NCI’s Animal Care
and Use Committee permitted and guided all experiments
that were performed with mice. Mice were at least seven
weeks of age.

Reagents

INT230-6 contains 0.5 mg/ml cisplatin (Tocris, Minneapolis,
MN), 0.1 mg/ml vinblastine (Tocris) and 10 mg/ml SHAO cell
penetration enhancer (Intensity Therapeutics, Westport CT)
(Bender et al. 2018, submitted). The enhancer is 8-((2-hydro-
xybenzoyl)amino)octanoate or SHAO, with the structure:

It has no pharmacological activity on its own. It is dissolved
using NaOH and then Tween 80 (final concentration 0.2%) is
added and the solution neutralized. The final formulation of
INT230-6 contained 10 mg/ml of SHAO, 0.5 mg/ml of cisplatin,
and 0.1 mg/ml of vinblastine. The vehicle control is just an
aqueous solution of Tween 80 0.2% but neither of the cytotoxic
agents or the enhancer. It was either prepared under sterile
conditions in house or provided by Intensity Therapeutics in
sterile vials. The selection of this compound was empirical.
Intensity Therapeutics originally empirically screened six differ-
ent cytotoxic agents for killing of tumor cells in vitro, and

selected the two most cytotoxic, cisplatin and vinblastine, to
combine in the INT230-6. The ratios were then optimized for
maximum killing in vitro as well.

Cell lines

The Colon26 (C26) BALB/c murine carcinoma cell line
(obtained from Charles River Laboratories, Raleigh) was cul-
tured in RPMI-1640 medium supplemented with 10% fetal
calf serum (FCS), 100 units/ml Penicillin and 100 μg/ml
Streptomycin, 2 mM L-glutamine and 10 mM HEPES.

4T1 mammary carcinoma cells were purchased from
ATCC. The cells were cultured and expanded in RPMI-1640
medium supplemented with 10% Fetal Bovine Serum, 100
units/ml Penicillin and 100ug/ml Streptomycin. Low passage
(0.5x106) cells (P4-5) were inoculated into BALB/c mice via
mammary fat pad injection.

The A20 BALB/c murine B lymphoma cell line was cul-
tured in T cell medium consisting of RPMI-1640, supplemen-
ted with 10% FCS, 100 units/ml penicillin and 100 μg/ml
streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate,
and 1x nonessential amino acids (Gibco Laboratories,
Gaithersburg, MD) and 5 × 10−5 M 2-mercaptoethanol.

All cells were maintained at 37°C and 5% CO2.

Tumor models

A single cell suspension of C26 cells in Hank’s Balanced Salt
Solution was prepared and inoculated subcutaneously (SC)
into the right flank (1x106 cells/mouse). Tumor sizes were
monitored by caliper gauge two to three times a week and
converted to tumor volume (V) calculated from length (L)
and width (W) as following: V = (W2 × L)/2 (Faustino-Rocha
13 Lab Animal). After tumors reached an average size of
300 mm3, mice were randomized into appropriate treatment
groups. Intratumoral (IT) treatment of INT230-6 or vehicle
was performed at 50 µl or 100 µl/400 mm3 for 3 to 5 sequen-
tial days.

Re-challenges were performed by inoculation of C26
(1x106 cells/mouse) cells SC into the left flank or intrave-
nously (IV) before monitoring tumor growth either by caliper
gauge or labored breathing. Lungs from IV-challenged mice
were harvested, stained and fixed, and the number of nodules
was quantified to determine tumor burden.49

Dual tumor challenges were performed by first inoculating
C26 cells (1x106) SC into the right flank. The second challenge
was either IV (2.5x105 C26 cells) 7 days after the first chal-
lenge or SC into the left flank (1x106 C26 cells) 7 to 11 days
after the initial inoculation. Tumor growth was monitored at
both tumor sites as described above. INT230-6 was given
14–15 days after primary tumor inoculation (50 µl/400 mm3

for 5 sequential days). Combinational therapy was performed
by intraperitoneal (IP) injection of 0.1 mg anti-PD-1 (clone
RMP1-14, Bio X Cell, West Lebanon, NH) on day 0, 3, 7 and
10 after INT230-6 treatment onset or 0.1 mg anti-CTLA-4
(clone 9H10, Bio X Cell) on day 0, 3 and 6 post INT230-6
treatment onset. Rat immunoglobulin G (IgG, 0.1 mg, Sigma-
Aldrich, St. Louis, MO) was administered as a control for
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anti-PD-1 treatment and Syrian hamster IgG (Bio X Cell) as
control for anti-CTLA-4.

For the 4T1 orthotopic breast cancer model, BALB/c
female mice were shaved around the 4th nipple and right
flank area. The mammary fat pad was located adjacent to
the 4th nipple. A single cell suspension of 0.5 × 106 cells/100
µl was injected into the mammary fat pad. Tumors were
allowed to grow up to an average size of ~200 mm3 before
the beginning of treatment with either INT230-6 or vehicle.

In vivo T lymphocyte depletion

T cells were depleted in vivo by IP injection of 0.1 mg anti-CD
4 (clone GK1.5, Harlan Laboratories, Frederick, MD) and/or
0.2 mg anti-CD8 (clone 2.43, Harlan Laboratories) during
INT230-6 treatment experiments on days 0, 1, 5, 8 and 15
after the initial INT230-6 dose. Depletion in re-challenge
studies was performed with 0.15 mg anti-CD8 and/or anti-
CD4 on days −1, 3, 5, 12 and 19. Rat IgG (0.3 mg) was
administered as a control for antibody treatments.

Immunohistochemistry staining of CD8

C26 tumors were collected at treatment onset and on day 3, 5,
8, 11 and 14 after onset. Tumors were fixed in neutral-
buffered formalin, embedded in paraffin wax and cut into 5
µm thick sections. Sections were stained with hematoxylin
and eosin (H&E). CD8 (clone YTS169.4, Abcam) staining
was performed on destained H&E slides. Secondary anti-rat
antibody was utilized before the DAB substrate was applied.
Mounted slides were digitalized with Aperio ScanScope
(Leica). Cell quantification was performed according to
McCarty Jr et al.50 Cell quantification is reported as number
of positive cells per mm2.

Splenocytes, peripheral blood, tumor draining lymph
node and tumor infiltrating leukocytes

Retro-orbital bleeds were performed at treatment onset as well as
on days 7, 14, 21 and 28 after onset whenmonitoring lymphocytes
during the treatment course. Blood was collected in 0.1 M EDTA,
lysed with Ammonium-Chloride-Potassium Lysing Buffer
(Lonza, Allendale, NJ) and washed with RPMI-1640.

When euthanizing tumor-bearing mice, retro-orbital
bleeds were performed before harvesting and generating sin-
gle cell suspensions from spleens and tumor-draining lymph
nodes (axillary and inguinal). Finally, tumor infiltrating leu-
kocytes (TILs) were prepared by detaching tumors from the
skin and homogenizing them on a gentleMACS Dissociators
in gentleMACS™ C Tubes containing a digestion buffer
(RPMI-1640 with 50 µg/ml Liberase TM (Roche Molecular
Systems Inc., Branchburg, NJ), and 0.2 mg/ml DNase I,
Sigma-Aldrich). Digestion followed by incubation at 37°C in
a rotating water bath for 40 min at 100 rpm for agitation.
Cells were then passed through a 100 µm nylon membrane,
washed and fractionated by Histopaque 1083 to obtain
leukocytes.

Flow cytometry

To monitor peripheral AH-1-specific CD8+ T cells in blood,
cells were incubated with anti-CD16/CD32 (clone 93,
Biolegend, San Diego, CA) and with AH-1/H-2Ld -tetramers
(NIH Tetramer Facility) before staining with FITC-anti-TCR
β chain (clone H57-597, Biolegend) and PE-anti-CD8a (clone
53–6.7, BD Biosciences, San Jose, CA).

Single cell suspensions from organs harvested from naïve
and tumor-bearing mice were stained with LIVE/DEAD™
Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific,
Waltham, MA) followed by incubation with anti-CD16/CD32
and AH-1/H-2Ld -tetramers. Finally, cells were stained with
Alexa Fluor 700 anti-CD45 (clone 30-F11, Biolegend), APC-
Cy7 anti-TCR β chain (clone H57-597, Biolegend), BV650
anti-CD8a (clone 53–6.7 Biolegend), FITC anti-CD69 (clone
H1.2F3, Biolegend), PerCP-Cy5.5 anti-CD44 (clone 1M7,
Biolegend), BV421 anti-CD62L (clone Mel-14, Biolegend),
and anti-PD-1 (clone RMP1-30, Biolegend) for the evaluation
of CD8+ T cell characteristics. Gates were set with fluorescent-
1 (FMO) controls to account for spillover from other chan-
nels, but the antibodies used had been validated also pre-
viously with isotype controls.

All cells were visualized on an LSRII or FACSymphony
using DIVA software (BD Biosciences). Data were analyzed by
FlowJo (FlowJo, LLC, Ashland, Oregon).

Cytotoxic T lymphocyte killing assay

Splenocytes, from mice with complete response, were pre-
pared and plated in 24-well culture plates (Corning,
Corning, NY) at 4 × 106 cells/well and incubated for 7
days with 1 μM or 1 nM AH-1 (SPSYVYHQF) peptide
(United BioSystems, Herndon, VA). Cultures were supple-
mented with 10% T-STIM Culture Supplement Rat, without
CON A (Corning) on day 2 and 4. The CD8+ T cell cyto-
toxicity was measured with the Pierce™ LDH Cytotoxicity
Assay Kit (Thermo Fisher Scientific) according to manufac-
turer’s instructions. Briefly, all cells were resuspended and
incubated in T cell medium containing 5% FCS. Target cells
(1x104, C26 and A20 cells) were cultured with different
ratios of stimulated splenocytes containing effector cells
(25:1 to 3.125:1 effector:target ratio) in a 96-well flat-
bottom plate (Corning) for 4 h in triplicate. Supernatant
was then transferred into new plates and incubated for 30
min with the reaction mix before stopping the reaction and
measuring absorbance at 490 and 680 nm. Cytotoxicity (%)
was calculated the following: (Sample LDH activity – spon-
taneous LDH activity)/(maximum LDH activity – sponta-
neous LDH activity) x 100.

Statistics

The data were analyzed using the Log-rank test, Mann–Whitney
test, Kruskal–Wallis with Tukey post hoc test or two-way
ANOVA with Sidak’s test using GraphPad Prism (version 7,
GraphPad Software, Inc., La Jolla, CA). Significance was deter-
mined at p < 0.05, and all experiments were performed at least
twice to guarantee reproducibility.
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