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ABSTRACT

Adjuvant immunotherapies targeting CTLA4 or PD-1 recently demonstrated efficacy in the treatment of
earlier stages of human cancer. We previously demonstrated using mouse spontaneous metastasis
models that neoadjuvant immunotherapy and surgery was superior, compared to surgery and adjuvant
immunotherapy, in eradicating the lethal metastatic disease. However, the optimal scheduling between
neoadjuvant immunotherapy and surgery and how it impacts on efficacy and development of immune-
related adverse events (irAEs) remains undefined. Using orthotopic 4T1.2 and E0771 mouse models of
spontaneously metastatic mammary cancer, we varied the schedule and duration of neoadjuvant
immunotherapies and surgery and examined how it impacted on long-term survival. In two tumor
models, we demonstrated that a short duration (4-5 days) between first administration of neoadjuvant
immunotherapy and resection of the primary tumor was necessary for optimal efficacy, while extending
this duration (10 days) abrogated immunotherapy efficacy. However, efficacy was also lost if neoadju-
vant immunotherapy was given too close to surgery (2 days). Interestingly, an additional 4 adjuvant
doses of treatment following a standard 2 doses of neoadjuvant immunotherapy, did not significantly
improve overall tumor-free survival regardless of the combination treatment (anti-PD-1+anti-CD137 or
anti-CTLA4+anti-PD-1). Furthermore, biochemical immune-related adverse events (irAEs) increased in
tumor-bearing mice that received the additional adjuvant immunotherapy. Overall, our data suggest
that shorter doses of neoadjuvant immunotherapy scheduled close to the time of surgery may optimize
effective anti-tumor immunity and reduce severe irAEs.
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Introduction neoadjuvant treatment may offer a number of advantages,
allowing one to: (i) determine therapy efficacy within the
individual patient for possible additional adjuvant therapy,
if needed; (ii) reduce tumor burden before surgery; and (iii)
use pathological response data as surrogate outcome mar-
kers for relapse-free and overall survival.® Recently, we
demonstrated the improved efficacy of neoadjuvant immu-
notherapy to eradicate spontaneous metastatic disease in
mouse models of triple negative breast cancer (TNBC)
following resection of the primary tumor.” We observed
improvement in long-term survival regardless of the types
of immunotherapy used, including anti-CD25 to deplete
Tregs or anti-PD-1 alone or in combination with agonistic
anti-CD137 to activate effector T and natural killer (NK)
cells. Importantly, immediately increased tumor-localized
tumor-specific CD8" T cells and early elevated, and sus-
tained peripheral tumor-specific CD8" T cells after neoad-
juvant immunotherapy, strongly correlated with improved
survival.” Clinically, the efficacy of neoadjuvant, compared
to adjuvant ipilimumab (anti-CTLA4) and nivolumab (anti-
PD-1) combination immunotherapy was assessed in a small
two-arm Phase 1b trial in high-risk stage IIIB/C melanoma
patients (OpACIN; NCT02437279)(n = 20). Patients were
randomized to either receive four cycles of ipilimumab

Antibody-based therapies targeting the immune checkpoint
receptors cytotoxic T-lymphocyte-associated protein 4
(CTLA4) or programmed cell-death protein 1 (PD-1) or its
ligand PD-L1 alone or in combination are now approved for
the treatment of various advanced cancer types including
melanoma and NSCLC." The demonstration that these cancer
immunotherapies induced clinical responses and improved
overall survival, even in advanced cancer has now prompted
the evaluation of their efficacy in an adjuvant setting in the
context of cancer surgery for patients who are at high risk of
disease recurrence. Both adjuvant anti-CTLA4 and anti-PD-1
improved recurrence-free survival in the treatment of patients
with resectable stage III melanoma.”* In addition, it was
reported that amongst patients with stage IIIB, IIIC, or IV
melanoma, the use of adjuvant anti-PD-1 compared to anti-
CTLAA4 resulted in a significantly longer recurrence-free sur-
vival (RFS) at 12 months and a better safety profile.”
Although promising, there is scope to further improve
clinical outcomes, given a significant proportion of patients
who receive adjuvant anti-CTLA4 or anti-PD-1 still
relapse.> One strategy is to administer immunotherapies
in a neoadjuvant setting prior to cancer surgery. Potentially,
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+nivolumab every 3 weeks following tumor resection or to
receive two cycles of ipilimumab+nivolumab every 3 weeks
pre-surgery, followed by surgery at week 6 and another two
cycles of treatment at week 12. Neoadjuvant immunother-
apy was feasible as all patients underwent surgery on sche-
dule with data suggesting a better recurrence-free benefit in
the neoadjuvant compared to an adjuvant-treated group at
a median follow-up of 25.6 months.® Neoadjuvant ipilimu-
mab+nivolumab expanded more tumor-resident T cell
clones compared to an adjuvant application, similar to
what we observed pre-clinically.” However, due to the
high toxicity rates, a median of only two courses of treat-
ment were given in both the neoadjuvant and adjuvant
arms. Currently, new trials assessing the efficacy of neoad-
juvant immunotherapies alone or in combination with che-
motherapy and targeted therapy against other cancer types
including NSCLC are underway.

Given that mature overall survival data from current
neoadjuvant immunotherapy trials are a few years away,
a number of key questions still remain to be answered. In
this study, we defined the optimal duration between admin-
istration of neoadjuvant immunotherapy and surgery using
clinically relevant mouse tumor models. We also assessed
whether additional adjuvant immunotherapy should be
given after neoadjuvant immunotherapy and whether this
impacted on overall survival and development of immune-
related adverse events (irAEs).

Materials and methods
Mouse strains

BALB/c and C57BL/6] wild-type (WT) mice were bred-in-
house or purchased from the Walter and Eliza Hall
Institute for Medical Research. Female mice greater than
eight weeks old were used in all experiments and were
approved by the QIMR Berghofer Medical Research
Institute Animal Ethics Committee.

Cell culture

The BALB/c-derived 4T1.2 or C57BL/6-derived or E0771
mammary carcinoma cell line was cultured in RPMI 1640 or
DMEM containing 10% FCS, penicillin/streptomycin, and
L-glutamine, respectively, as previously described.” All cell
lines were routinely tested for mycoplasma but cell line
authentication was not routinely performed.

Antibodies and reagents

Purified anti-mouse PD-1 mAb (RMPI1-14), anti-mouse
anti-CD137 (3H3), anti-mouse CTLA4 (UC10-4F10), con-
trol IgG (2A3) were obtained from BioXCell (West
Lebanon). FTY720 was obtained from Sigma and adminis-
tered at 25 pg/mouse i.p. as indicated. For experiments
where the anti-PD-1+anti-CD137 combination was used,
100 pg/mouse each of anti-PD-1 or anti-CD137 or 200
pug/mouse of clg were administered i.p. as indicated. For
experiments where the anti-PD-1 alone or anti-PD-1+anti-

CTLA4 combination was used, 250 pg/mouse each of anti-
PD-1 or anti-CTLA4 and 250 or 500 pug/mouse of cIg were
administered i.p as indicated.

Spontaneous tumor metastasis

For post-surgery survival experiments, the indicated dose of
4T1.2 or E0771 tumor cells were inoculated into the fourth
mammary fat pad of female mice as previously described” and
survival monitored. The mean tumor size at the time of
resection was ~30-80 mm?.

Flow cytometry analysis

Tumor, blood, lungs, spleen and lymph nodes were harvested
from mice and processed for flow cytometry analysis as pre-
viously described.” For surface staining, single cell suspensions
were stained with anti-CD45.2 FITC (104)(eBioscience), anti-
TCRP PerCP-Cy5.5 (H57-597)(eBioscience), anti-CD8a BV711
(53-6.7)(Biolegend), anti-CD4 BV605 (RM4-5)(Biolegend),
anti-CD69 PE-Cy7 (H1.2F3)(eBioscience), H-2L¢ tetramer to
peptide SPSYVYHQF APC (MuLV env gp70 423-431)(NIH
Tetramer Core facility) and live/dead dye Zombie Aqua
(Biolegend) in the presence of anti-CD16/32 (2.4G2) to block
FcR. To stain for Ki67 (Sol185)(eBioscience), samples were fixed
and permeabilized with Foxp3 Fixation/Permeabilization kit
(eBioscience). To measure intracellular cytokine staining, single-
cell suspensions were incubated for 4 hrs in complete RPMI with
brefeldin A (Becton Dickinson). Samples were then surface
stained before being fixed/permeabilized (Becton Dickinson
CytoFix/CytoPerm Kit) and stained with anti-IFNy AF488
(XMG1.2)(Biolegend) and fluorescence minus one control for
IFNy staining. To determine absolute counts in samples, liquid
counting beads (Becton Dickinson Biosciences) were added
directly before samples were run on the flow cytometer. All
data were collected on a Fortessa 4 (Becton Dickinson) flow
cytometer and analyzed with FlowJo v10 software (Tree
Star, Inc.).

gp70 tetramer-specific CD8"* T cell sorting and
stimulation

Total CD8" T cells were positively selected from the lungs of
neoadjuvant-treated mice by staining cell suspensions with
anti-mouse CD8 microbeads in accordance with the manu-
facturer’s instructions. Cell suspensions were passed through
magnetized Miltenyi LS columns (Miltenyi), then removed
from the magnetic field and eluted off the column.
Positively selected CD8" T cells of every two mice from the
same group were pooled into one tube for cell sorting. Next,
cells were further stained for with anti-TCRp PE (H57-597)
(eBioscience), anti-CD8a Brilliant Violet 711 (53-6.7)
(Biolegend), H-2L? tetramer to peptide SPSYVYHQF APC
(MuLV  env gp70 423-431)(kindly provided by NIH
Tetramer Core facility) and 7AAD (Biolegend). Live 7JAAD"™
CD45.2" TCRB* CD8" gp70 tetramer™ cells were sorted on
the MoFlo XDP cell sorter (Beckman Coulter Life Sciences).
Sorted cells were incubated for 4 h in complete RPMI media
containing Cell Stimulation Cocktail (containing PMA and



Ionomycin)(eBioscience) with monensin and brefeldin
A (Becton Dickinson) at 37°C. Cell suspensions were then
measured for intracellular IFNYy.

Histology and liver enzyme analysis

Mouse livers were perfusion fixed in 10% neutral buffered
formalin overnight, processed routinely and embedded in
paraffin. Four micron thick sections were cut and stained
with hematoxylin and eosin (H&E). H&E stained tissue sec-
tions were imaged using Aperio Scanscope AT (Leica,
Germany) and analyzed by Aperio ImageScope. The pathol-
ogy of mouse liver sections was scored by referring to
Sparwasser’s standards.” The liver score is the sum of indivi-
dual scores for inflammatory cell infiltration in portal tracts,
parenchyma, and necrosis. Serum ALT levels were measured
as an indicator of liver damage. ALT levels in fresh sera were
measured by Pointe (SGPT) Liquid ALT detection kit (USA).

Statistics

Statistical analysis was performed using GraphPad Prism soft-
ware (San Diego, CA). Comparison of different groups was
carried out using unpaired Welch’s t-test. In some experi-
ments, to determine what immunological effects were induced
after respective neoadjuvant or adjuvant immunotherapies,
significance had to be performed on different days. Kaplan-
Meier analyses with log-rank sum test were used for animal
survival experiments. We did not adjust for all multiple com-
parisons between the survival curves since we were only con-
cerned with a limited number of comparisons between
groups. Data was considered to be statistically significant
where the p value was equal to or less than 0.05.

Results

Proximal neoadjuvant immunotherapy and tumor
resection are critical for optimal efficacy

Clinically, a concern with neoadjuvant immunotherapy is its
potential to delay scheduled cancer surgery due to induction
of irAEs, particularly when targeting CTLA4, as well as the
potential deterioration of non-responders which may interfere
with potentially curative surgery.® Therefore, we determined
how varying the duration between neoadjuvant immunother-
apy and resection of the primary 4T1.2 tumor from the
mammary fat pad of BALB/c mice impacted on overall survi-
val (Figure 1). In our standard treatment protocol, we main-
tained a four or five-day window between the start of
neoadjuvant immunotherapy and surgery. As we previously
demonstrated, neoadjuvant anti-PD-1+anti-CD137 given on
days 12 and 14 followed by surgery on day 16 significantly
improved the long-term survival of 4T1.2 tumor-bearing mice
(7/10) compared to similar groups of mice that received
surgery on day 10 followed by adjuvant anti-PD-1+anti-CD
137 on days 12 and 14 (0/10) (Figure 1a). However, extending
this duration to 10 days, where neoadjuvant anti-PD-1+anti-
CD137 therapy was given early at days 6, 8 and surgery was
still performed on day 16, resulted in a complete loss of long-

ONCOIMMUNOLOGY €1581530-3

term survivors (Figure 1a). Nevertheless, this cohort still sur-
vived significantly longer compared to tumor-bearing mice
that received adjuvant anti-PD-1+anti-CD137 (Figure la). To
further demonstrate that a shorter duration between neoadju-
vant immunotherapy and surgery was optimal for its efficacy,
we setup another experiment in which neoadjuvant immu-
notherapy was given early on days 6 and 8, followed by
surgery on day 10 or day 16. Similar to Figure la, a 10-day
window between immunotherapy and surgery did not result
in any long-term survivors, although their survival was pro-
longed (Figure 1b). In contrast, in similar groups of mice that
received treatment on days 6 and 8, followed by surgery
on day 10 (i.e maintaining a 4-day duration), all mice survived
long-term (8/8) (Figure 1b). This enhanced survival was not
unexpected given the earlier neoadjuvant immunotherapy and
surgery.

We next examined how further shortening the duration
between neoadjuvant treatment and surgery impacted on
overall survival (Figure 1c). For this experiment, two doses
of neoadjuvant anti-PD-1+anti-CD137 combination immu-
notherapy or anti-PD-1 monotherapy were given on day 14
and on day 16 (Close), the time point when the primary
tumor was resected. For the standard treatment, two doses
of neoadjuvant immunotherapy were given on day 12 and 14
followed by surgery on day 16. Strikingly, this shortened
window between neoadjuvant anti-PD-1+anti-CD137 and
surgery resulted in the complete loss of long-term survivors
(Figure 1c). Similarly, the duration between neoadjuvant anti-
PD-1 monotherapy and surgery also significantly reduced
prolongation of survival compared to the group that received
standard neoadjuvant anti-PD-1 (Figure 1lc). As expected,
60% of mice that received the standard treatment survived
long-term (Figure 1c).

The envelope glycoprotein (gp70) is encoded by the
endogenous murine leukemia virus (MulLV) and is
expressed in a range of mouse cancer cell lines, including
4T1.2. Gp70 is generally silent in normal mouse tissues and
can function as a dominant tumor antigen in cell lines that
express MuLV.”'®'! We previously reported that an
increase in gp70 tetramer-specific CD8" T cells in the
blood and peripheral organs occur early after neoadjuvant,
but not adjuvant, immunotherapy, and this correlated with
treatment efﬁcacy.7 Important to note, gp70 tetramer-
specific CD8" T cells in the lungs of adjuvant-treated
mice continued to express the targets of therapy: CD137,
PD-1, and CTLA4 (Supp. Figure 1A), suggesting this was
not the reason why adjuvant immunotherapy was less effec-
tive. To determine if the decrease in efficacy observed with
scheduling a longer duration between neoadjuvant immu-
notherapy and surgery impacted on the kinetics of gp70-T
cell expansion, peripheral blood was obtained longitudinally
from groups of mice in an experimental setup similar as
Figure la (Figure 2a)(Supp. Figure 1B). As we previously
reported, neoadjuvant immunotherapy increased peripheral
gp70-T cells, with the maximum peak observed 4 days after
commencement of treatment (Figure 2a)(Supp. Figure 1B).
Interestingly, a similar gp70-T cell kinetics was observed in
mice that received early neoadjuvant immunotherapy (days
6, 8) followed by surgery on day 16, suggesting that the
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Figure 1. Duration between neoadjuvant immunotherapy and removal of primary tumor impacts on long-term survival.

(a-b), Groups of BALB/c WT mice (n = 5-10/grp) were injected with 5 X 10* 4T1.2 mammary carcinoma cells into the mammary fat pad. a, b, As indicated, some
groups of mice were treated i.p. with anti-PD-1+anti-CD137 or clg on days 12 and 14. (a), Additionally, some groups received neoadjuvant anti-PD-1+anti-CD137 or
clg on days 6 and 8 (early). All neoadjuvant-treated groups had their primary tumors resected on day 16. Additionally, one group of mice was resected of their
tumors on day 10 and treated i.p with adjuvant anti-PD-1+anti-CD137 on days 12 and 14. (b), Additionally, some groups of mice were treated with neoadjuvant anti-
PD-1+anti-CD137 or clg on days 6 and 8 (early) with primary tumors resected either on day 10 or 16. (c) Groups of BALB/c WT mice (n = 10/grp) were injected with 2
x 10* 4T1.2 mammary carcinoma cells into the mammary fat pad. As indicated in the schematic, some groups of mice were treated i.p. with either anti-PD-1+anti-CD
137 or anti-PD-1 alone or clg on days 12 and 14 while other groups received neoadjuvant anti-PD-1+anti-CD137 or anti-PD-1 alone on days 14 and 16 (close). All
groups had their primary tumors resected on day 16 as indicated in the schematic. (a,b,c) The Kaplan—Meier curves for overall survival of each group are shown.
Significant differences between indicated groups were determined by log-rank sum test with exact p values shown. All experiments were performed once.
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Figure 2. Duration between neoadjuvant immunotherapy and removal of primary tumor does not affect peripheral blood tumor-specific T cell expansion kinetics but
attenuates its effector function.

(a), In an experimental setup similar to Figure 1a, peripheral blood was collected from all groups of mice (n = 5/grp) at the indicated time point and analyzed using
flow cytometry. Gating on live CD45.2" cells of lymphocyte morphology, the proportion of gp70 tetramer* CD8* TCRB* T cells are shown. Differences between
neoadjuvant anti-PD-1+anti-CD137 (day 16) and early neoadjuvant anti-PD-1+anti-CD137 (day 10) (i.e. 4 days after the start of their respective therapies) were
determined by unpaired Welch's t-test with exact p-value indicated. (b), As indicated, groups of mice were treated i.p. with neoadjuvant anti-PD-1+anti-CD137 on
days 11 and 13. Some groups of mice had their primary tumors resected on day 16 (surgery) compared to others that did not (No Surgery). Peripheral blood was
collected from all groups of mice at the indicated time point, and the proportion of gp70 tetramer*CD8*TCRB™ cells are shown. Differences between neoadjuvant
anti-PD-1+anti-CD137 with and without surgery at day 15 were determined by unpaired Welch’s t-test with exact p-value indicated. (a-b), Data presented as mean +
SEM with one naive mouse included in both experiments. Experiments were performed once. (c), In a similar experimental setup as Figure 1a, sorted lung gp70
tetramer* CD8* TCRB™ T cells (n = 8-10 mice/group with 2 lungs pooled for each sample displayed) from all groups of mice on day 20 after tumor inoculation were
re-stimulated with PMA/lo for 4 h and assessed for intracellular IFNy* production. Data presented as mean + SEM. Differences between neoadjuvant anti-PD-1+anti-
(D137 and early neoadjuvant anti-PD-1+anti-CD137 were determined by unpaired Welch’s t-test with exact p-value indicated. Data pooled from 2 experiments.
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inability to generate long-term survivors in this group was
not due to changes in gp70-T cell kinetics. Next, we exam-
ined how the presence of the primary tumor impacts on the
kinetics of gp70-T cells. We set up an experiment in which
groups of tumor-bearing mice received neoadjuvant immu-
notherapy and either had their primary tumor resected or
did not receive surgery (Figure 2b)(Supp. Figure 1C).
Again, the kinetics of gp70-T cells was similar between
both groups, demonstrating that the changes in proportions
of gp70-T cells in the blood were induced by neoadjuvant
immunotherapy and not impacted by surgery. However, the
presence of the primary tumor was clearly required for the
expansion of gp70-T cells as this was not observed in
adjuvant immunotherapy treated mice (Figure 2a)(Supp.
Figure 1B).

Although the expansion kinetics of gp70 tetramer-specific
T cells was not different between mice that received early or
standard neoadjuvant immunotherapy (Figure 2a)(Supp.
Figure 1B), we hypothesized that the differences in their
effector function may explain the difference in survival out-
comes (Figure la). In an experimental setup similar to Figure
la, we sorted lung gp70 tetramer-specific CD8" T cells from
early neoadjuvant or standard neoadjuvant-treated mice 20
days after tumor inoculation and restimulated them with
PMA/Ionomycin and assessed their ability to produce IFNy
(Figure 2c) (Supp. Figure 1D). We selected this time point as
the level of tumor-specific T cells had decreased to a similar
level between early and standard neoadjuvant-treated groups
(Figure 2a) (Supp. Figure 1B). We demonstrated that
a significantly greater proportion of tumor-specific T cells
from the standard compared to early neoadjuvant-treated
mice produced IFNy (Figure 2¢) (Supp. Figure 1D). Overall,
our data suggest that there is an optimal window between
neoadjuvant immunotherapy administration and surgery,
which ultimately impacts on effector function of tumor-
specific T cells.

Migration of tumor-specific T cells is critical for the
efficacy of neoadjuvant immunotherapy

Following neoadjuvant immunotherapy, flow cytometry ana-
lysis demonstrated that gp70 tetramer-specific CD8" T cells
increased in the blood (Figure 2a) and primary tumor as we
previously described.” Using immunohistochemistry, we also
observed an increased infiltration of CD8™ cells in the primary
tumor of neoadjuvant compared to clg treated mice (Supp.
Figure 2A). These T cells were likely to migrate to metastatic
sites to mediate their anti-tumor function. To address how
their ability to circulate systemically impacts on the efficacy of
neoadjuvant immunotherapy, we treated groups of mice with
FTY720, a sphingosine 1 phosphate (SP1) receptor antagonist
or PBS control one day before neoadjuvant anti-PD-1+anti-
CD137 treatment and maintained FTY720 treatment until day
16 when the primary tumor was resected (Figure 3).
Strikingly, the addition of FTY720, which is thought to inhibit
lymphocyte egress from lymphoid tissues, resulted in the
complete loss of survival compared to the PBS-treated control
group where 60% of the mice survived long-term (Figure 3a).
In another experiment, we performed ex vivo analysis of gp70

tetramer-specific CD8" T cells in the tumor, draining lymph
node, lung, spleen, and blood of neoadjuvant-treated mice
that received FTY720 or PBS on day 16, at the time point
when surgery of the primary tumor would occur (Figure 3b-f).
We observed a significant decrease in tumor-specific T cells in
the lung, spleen, and blood from FTY720 compared to PBS-
treated groups, but not from the tumor and draining lymph
node. Overall these data demonstrated the tumor and/or
draining lymph node were the likely sources from which
tumor-specific T cells originated.

No significant benefit and greater irAEs with extended
neoadjuvant-adjuvant immunotherapy

In our standard treatment protocol, two doses of neoadjuvant
immunotherapy were administered followed by surgery.
Clinically, some trials maintain treatment with immunothera-
pies after surgery.® To assess if additional doses of immunothera-
pies can further increase the proportion of tumor-free mice, we
compared tumor-bearing mice receiving the standard two doses
of neoadjuvant immunotherapy to those that received two doses
of neoadjuvant immunotherapy followed by four doses of adju-
vant therapy after surgery (NeoAdj comprehensive)(Figure 4).
Interestingly, the proportion of tumor-free mice did not signifi-
cantly differ between mice that received standard or compre-
hensive neoadjuvant immunotherapy (Figure 4a). Similarly, no
significant differences in survival were observed between mice
receiving comprehensive compared to standard adjuvant anti-
PD-1+anti-CD137 (Figure 4a). Furthermore, no major differ-
ences in the blood gp70-T cell kinetics of mice that received
standard or comprehensive neoadjuvant immunotherapies were
observed (Figure 4b)(Supp. Figure 3). Using E0771 as another
spontaneously metastatic tumor model, we again demonstrated
that standard (2 doses) or comprehensive (6 doses) of neoadju-
vant anti-PD-1+anti-CD137 therapy were equally effective in
generating long-term survivors (Figure 4c), although here the
standard neoadjuvant combination immunotherapy was already
completely effective. We also validated in the E0771 tumor
model that the efficacy of neoadjuvant immunotherapy
depended on a short duration between treatment and surgery,
since early neoadjuvant immunotherapy on days 8 and 10, rather
than on days 14, 16, followed by surgery on day 18, significantly
reduced the number of tumor-free mice (3/10 vs 10/10)(Figure
4c¢). Given that the efficacy of anti-PD-1+anti-CTLA4 combina-
tion immunotherapy is currently being evaluated in many new
neoadjuvant clinical trials, we tested this combination in 4T1.2
tumor-bearing mice (Figure 4d). Although comprehensive anti-
PD-1+anti-CTLA4 significantly prolonged survival compared to
standard neoadjuvant anti-PD-1+anti-CTLA4, the number of
tumor-free survivors was not statistically different (3/25 vs 1/
25)(Figure 2d) and the kinetics of gp70-T cell expansion again
did not greatly differ between these groups (Supp. Figure 4).
A similar observation was seen for mice treated with compre-
hensive or standard anti-PD-1 monotherapy, where again the
overall proportion of long-term survivors were similar (1/15 vs
0/15)(Figure 4d). Interestingly, standard neoadjuvant anti-PD-1
was still superior at significantly prolonging survival of treated
mice compared to comprehensive adjuvant anti-PD-1 mono-
therapy (p = 0.0004)(Figure 4d). Overall our data suggest
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Figure 3. The blockade of lymphocyte migration attenuates the anti-tumor efficacy of neoadjuvant immunotherapy.

Groups of BALB/c WT mice (n = 5/grp) were injected with 5 x 10* 4T1.2 mammary carcinoma cells in the mammary fat pad on day 0. a, As indicated in the schematic,
all mice were treated i.p. with neoadjuvant anti-PD-1+anti-CD137 mAb on days 11 and 13 with all primary tumors resected on day 16. Additionally, these groups of
mice were treated i.p. with either PBS or FTY720 every day from day 10 to day 16. (a) The Kaplan-Meier curves for overall survival of each group are shown. Data
pooled from 2 experiments with significant differences between indicated groups determined by log-rank sum test with exact p values shown. (b-f) In a similar
experimental setup as Figure 3a, all mice (n = 4-5/grp) were sacrificed on day 16 and their organs were collected and single cell suspensions generated for flow
cytometry. Gating on live CD45.2* cells of lymphocyte morphology, the absolute numbers of gp70 tetramer™ CD8* TCRB™ cells in the tumor (b), the draining lymph
node (dLN) (c), the lung (d), the spleen (e) and the blood (f) are shown. Each symbol represents a single mouse. Data presented as mean + SEM. Data pooled from 2
experiments with significant differences determined by unpaired Welch's t-test with exact p-value shown.

additional treatment following neoadjuvant immunotherapy
and cancer surgery does not further increase the proportion of
long-term survivors.

Although combination immunotherapies can increase clin-
ical responses in a greater proportion of patients, the severity
and proportion of patients who develop irAEs can also
increase.”'>'? Therefore, we assessed whether standard or
comprehensive neoadjuvant anti-PD-1+anti-CD137 therapy
in 4T1.2 tumor-bearing mice affected the development of
irAEs (Figure 5). Long-term surviving mice were sacrificed
63 days after 4T1.2 tumor inoculation and liver, spleen and
sera were collected for a series of analyses to detect

biochemical irAEs, as we have previously described."* Mice
that received comprehensive neoadjuvant anti-PD-1+anti-CD
137 therapy (6 doses) displayed increased spleen weight com-
pared to mice that received standard neoadjuvant anti-PD-1
+anti-CD137 therapy (2 doses)(Figure 5a). Comprehensive,
compared to standard, neoadjuvant immunotherapy-treated
mice displayed increased liver damage as indicated by
increased ALT levels and histological liver score (Figure 5b,
¢)(Supp. Figure 5A, B). By contrast, the spleen weight and
ALT levels in standard neoadjuvant immunotherapy-treated
mice were similar to naive mice (Figure 5a,b). The increased
spleen weight in comprehensive neoadjuvant-treated mice
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Figure 4. Comprehensive compared to standard neoadjuvant anti-PD-1+anti-CD137 are equally efficacious in impacting on long-term overall survival.

(a-b) Groups of BALB/c WT mice were injected with 5 x 10* 4T1.2 mammary carcinoma cells into the mammary fat pad (n = 10/grp). As indicated, groups of mice were
treated i.p. with neoadjuvant or adjuvant anti-PD-1+anti-CD137 on days 12 and 14 with all primary tumors resected on day 16 (neoadjuvant groups) or day 10 (adjuvant
groups). Additionally, some groups of neoadjuvant and adjuvant-treated mice received additional anti-PD-1+anti-CD137 or clg on days 18, 20, 27 and 34 (comprehensive).
(b) In an experimental setup similar to (a), peripheral blood was collected from all groups of mice (n = 5/grp) at the indicated time point for flow cytometry. Gating on live
CD45.2" cells of lymphocyte morphology, the proportion of gp70 tetramer” CD8" TCRB™ cells is shown. Data presented as mean + SEM. A naive mouse was also included in
this experiment. Differences between mice that received standard or comprehensive anti-PD-1+anti-CD137 on day 20 following tumor inoculations were determined by
unpaired Welch's t-test with exact p-value indicated. ¢, Groups of C57BL/6) WT mice (n = 10/grp) were injected with 2 x 10% E0771 mammary carcinoma cells into the
mammary fatpad. As indicated, some groups of mice were treated i.p. with neoadjuvant anti-PD-1+anti-CD137 mAb or clg on days 8 and 10 (early), days 14 and 16 or days
14,16, 20, 27 and 34 (comprehensive) with all primary tumors resected on day 18. One group of mice was treated with adjuvant anti-PD-1+anti-CD137 on days 20, 27 and 34
(comprehensive) with primary tumors resected on day 18. d, Groups of BALB/c WT mice (n = 5-10/grp) were injected with 2 x 10* 4T1.2 mammary carcinoma cells into the
mammary fat pad. As indicated, some groups of mice were treated i.p. with neoadjuvant anti-PD-1 alone, anti-PD-1+anti-CTLA4 or clg on days 12 and 14 with all primary
tumors resected on day 16. Additionally, some groups of neoadjuvant-treated mice received additional anti-PD1+anti-CTLA4 or clg on days 18, 20, 27 and 34
(comprehensive). Other groups of mice received comprehensive adjuvant anti-PD-1 alone or anti-PD-1+anti-CTLA4 on days 18, 20, 27, 34 with primary tumors resected
onday 16. (a, ¢, d) The Kaplan—-Meier curves for overall survival of each group are shown. Significant differences between indicated groups were determined by log-rank sum
test with exact p values shown. All experiments were performed once except for (d) where the data was pooled from 3 experiments. (b) is representative of two independent
experiments.
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Figure 5. Comprehensive compared to standard neoadjuvant anti-PD-1+anti-CD137 immunotherapy increases the severity of immune-related adverse events.

(a-e), From the same experiment as Figure 4b and/or another experiment in a similar setup as Figure 4b, long-term surviving mice (n = 3-4/grp) treated with 2 doses
(Standard) or 6 doses (Comprehensive) of neoadjuvant anti-PD-1+anti-CD137 were sacrificed on day 63 after 4T1.2 tumor inoculation. Naive mice (n = 2-4/grp) were
included in the experiment. Spleens were collected and single cell suspensions generated for flow cytometry. Spleen weights (a), sera ALT levels (b) and histological
liver score (c) of the indicated groups of mice are shown. Gating on live CD45.2* cells of lymphocyte morphology, the proportions of splenic CD4* and CD8* T cells
(TCRB*) that were (d) CD69" or (e) Ki67* are shown. (a-e) Data presented as mean + SEM. Significant differences between standard and comprehensive neoadjuvant-
treated groups determined by unpaired Student’s t-test with exact p-value shown. All experiments were performed once except for (a) which was pooled from two

experiments.

also corresponded with an increase in the proportion of
activated and proliferating total CD4" and CD8" T cells as
defined by CD69 (Figure 5d)(Supp. Figure 5C) and Ki67
(Figure 5e)(Supp. Figure 5C) expression. Overall, these data
suggest that extended neoadjuvant/adjuvant treatment only
serves to increase systemic immune perturbation in peripheral
tissues such as the liver.

Discussion

In this study, using two spontaneously metastatic mouse
tumor models, we demonstrated that proximal (4-5 days)
neoadjuvant immunotherapy and primary tumor resection

was necessary for optimal efficacy, since commencing immu-
notherapy with delayed surgery (8 days after last treatment)
was comparatively ineffective. However, further shortening
the duration between neoadjuvant treatment and surgery
from 4 to 5 days to 2 days also resulted in complete loss of
long-term survivors, suggesting there is a window between
neoadjuvant immunotherapy and surgery that is optimal for
its anti-tumor efficacy. In addition, tumor-bearing mice
receiving extended immunotherapy (2 neoadjuvant plus 4
adjuvant) did not display any significant increase in overall
survival compared with mice simply given 2 doses of neoad-
juvant immunotherapy immediately prior to surgery. This
finding was observed whether mice were treated with anti-
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PD-1+anti-CD137 or anti-CTLA4+anti-PD-1. Furthermore,
biochemical irAEs increased in tumor-bearing mice that
received 6 doses, compared to 2 doses, of immunotherapy.
Opverall, our data suggest that a short course of neoadjuvant
immunotherapy immediately prior to surgery may suffice to
induce effective anti-tumor immunity while reducing the risk
of developing severe irAFEs.

A two-arm Phase 1b trial has assessed whether the combi-
nation of ipilimumab+nivolumab was more efficacious when
administered in a neoadjuvant compared to adjuvant setting
in Stage III melanoma patients who are able to receive com-
plete resection of their primary tumor (OpACIN trial;
NCT02437279).° In this study, patients were randomized to
either receive 4 doses of adjuvant or a split neoadjuvant and
adjuvant immunotherapy regime (2:2)(n = 10/grp). The trial
met one of its co-primary endpoints, demonstrating the fea-
sibility of the neoadjuvant regime, since all patients in the
neoadjuvant arm underwent surgery at the pre-planned time
point with no surgery-related adverse events attributed to
immunotherapy.® However, many patients received only 2
out of the 4 planned doses of immunotherapy due to an
unexpectedly high proportion of these patients developing
grade 3-4 irAEs (18/20)° which appeared higher than what
would be predicted from Stage IV melanoma patients treated
with the same combination immunotherapy.'” Despite the
reduction in the planned courses of treatment, pathological
complete responses (pCR) were achieved in 7/9 neoadjuvant-
treated patients and none have so far relapsed, suggesting two
cycles of treatment might suffice although this has to be
confirmed with long-term overall survival follow-up. In our
study, we observed that comprehensive neoadjuvant immu-
notherapy (6 doses) induced greater biochemical irAEs com-
pared to standard neoadjuvant immunotherapy (2 doses).
A possible explanation for the increased toxicities observed
in the OpaCIN trial may relate to the better immune status of
the melanoma patients or a lower degree of systemic immu-
nosuppression. The former would seem less likely an explana-
tion for the differences we observed in mice. In preliminary
results from a larger follow-up phase 2 trial (n = 90)
(OpACIN-neo trial, NCT02977052), patients treated with 2
cycles of ipilimumab (1 mg/kg) and nivolumab (3 mg/kg)
were shown to have reduced toxicities while anti-tumor effi-
cacy was preserved.'® In our study, we demonstrated in two
tumor models that additional treatment following 2 doses of
neoadjuvant immunotherapy was generally not necessary as it
did not significantly increase the proportion of long-term
surviving mice, nor did it further expand the proportion of
blood tumor-specific T cells. Going forward, with an optimal
dosage now defined in the OpACIN-neo trial, it will be
important to perform a randomized clinical trial powered to
demonstrate whether neoadjuvant immunotherapy is superior
compared to adjuvant immunotherapy in improving RFS and
overall survival (OS), as we demonstrated in this and our
previous study.”

In published results from a phase 2 clinical trial by Amaria
et al., neoadjuvant nivolumab was compared to neoadjuvant
ipilimumab+nivolumab to treat patients with resectable clin-
ical stage III or oligometastatic stage IV melanoma
(NCT02519322)."* Here, patients were randomized to receive

up to 4 doses of neoadjuvant nivolumab every 14 days or up
to 3 doses of ipilimumab+nivolumab every 21 days prior to
surgery, before all patients were subsequently scheduled to
receive adjuvant nivolumab. In this study, neoadjuvant ipili-
mumab-+nivolumab or nivolumab monotherapy induced pCR
rates of 45% (5/11) or 25% (3/12), respectively.12 Similar to
the study by Blank et al.,° grade 3/4 irAEs were observed in
most of the combination treated groups (8/11) with dose
delays being frequent (7/11). Interestingly, greater pCRs
were observed in the Blank study compared to the Amaria
study. Although there were some patients with stage IV dis-
ease in the latter, the majority of patients amongst these two
studies were stage IIIb/c suggesting clinical stage differences
may not fully explain the differences in response observed
between these two trials. Another possibility could be the
duration between treatment and surgery affected its efficacy.
In the trial by Amaria, there was a 9-week window between
the commencement of the three doses of neoadjuvant ipili-
mumab+nivolumab and surgery with most of these patients
requiring dose delays between treatments due to toxicity
issues.'” It was unclear if this dose delay meant surgery was
also delayed. In the Blank study, there was a 6-week duration
between the two cycles of neoadjuvant ipilimumab+nivolu-
mab and surgery, with all patients undergoing surgery at the
pre-planned time point.® Interestingly, in another clinical trial
of patients with resectable stage IIIB/C or Stage IV melanoma
(n = 27), patients only received one dose of neoadjuvant anti-
PD1 (pembrolizumab) before undergoing surgery 3 weeks
later, followed by one year of adjuvant treatment.'” In this
trial, all patients had successful tumor resection and complete
or near-complete pathological response was reported in 30%
of patients (8/27), all of whom were reported recurrence-free.
'7 These response rates were similar to what was described by
Amaria et al.'* Clinically, the optimal time point for resection
of the primary tumor post-neoadjuvant immunotherapy is not
known. Our current data together with these recent neoadju-
vant immunotherapy clinical trials in melanoma certainly
demonstrates the importance in considering how the timing
of neoadjuvant treatment and surgery impacts on its efficacy
and this should be kept in mind in the design of future
neoadjuvant clinical trials.

Pre-clinically, we have shown that neoadjuvant anti-PD-1
alone prolonged survival but was not curative compared to
mice that received combination anti-PD-1+anti-CD137.” The
clinical trial by Amaria et al., was stopped early on the basis of
an early observation of disease progression, preventing surgical
resection in the neoadjuvant nivolumab monotherapy-treated
group (2/12)."? In contrast, two cycles of neoadjuvant nivolumab
monotherapy in patients with resectable early NSCLC (stage I, II,
or IITA), reported major pathological response in 9 of 20 resected
tumors (45%)(NCT02259621)."® All 20 patients who received
nivolumab had a successful resection of their tumors 4 weeks
after commencement of treatment. In contrast, a pCR of 22%
(10/45) was reported in preliminary analysis of NSCLC patients
receiving neoadjuvant anti-PD-L1 monotherapy.'® Whether the
better response of neoadjuvant anti-PD-1 monotherapy in
NSCLC compared to melanoma patients was due to the former
cohorts having earlier stages of disease or the presence of more
tumor-reactive T cells in the former compared to the latter or the



shorter duration between treatment and surgery remains to be
elucidated. Ultimately, overall survival from the neoadjuvant-
treated patients will validate whether neoadjuvant nivolumab
monotherapy is efficacious.

In our study, the efficacy of neoadjuvant immunotherapy
was critically dependent on an optimal duration between
commencement of treatment and resection of the primary
tumor as extending or shortening this duration abrogated
the generation of long-term survivors. Although the expan-
sion kinetics of gp70 tetramer-specific CD8" T cells did not
differ greatly between mice that received standard or early
neoadjuvant immunotherapy, we observed an increased
proportion of IFNy producing lung tumor-specific T cells
from the former compared to the latter group. We have
previously demonstrated the requirement of IFNy for the
efficacy of neoadjuvant immunotherapy.” We propose that
the timely removal of the primary tumor at the height of
tumor-specific T cell expansion serves a number of pur-
poses. First, the primary tumor represents the major source
of tumor antigen and contains a significant proportion of
tumor-specific gp70-T cells that are most likely to become
dysfunctional/exhausted over time (expressing PD-1). We
have previously demonstrated that gp70 tetramer-specific
CD8" T cells in the primary tumor represented ~50% of
the tumor-infiltrating CD8" T-cell population following
neoadjuvant immunotherapy’ and were likely to be reinvi-
gorated and expand following neoadjuvant immunotherapy.
As the experiment with FTY720 to block lymphocyte egress
demonstrated, the tumor and draining lymph node likely
represented the main source(s) of tumor-specific T cells
that eventually traffic to the sites of metastases. By remov-
ing the primary tumor at the right time, we may prevent
the retention of tumor-specific T cells at this site, which
due to its size, may chronically stimulate tumor-specific
T cells and contribute to their dysfunction. We have pre-
viously demonstrated that gp70 tetramer-specific CD8"
T cells were not effective against large primary 4T1.2
tumors as they were suppressed but not rejected.”

Currently, adjuvant anti-CTLA4 and anti-PD-1 are FDA-
approved for the treatment of high-risk patients with earlier
stages of melanoma following surgery. However, a significant
proportion of patients still relapse and our data demonstrates
that neoadjuvant immunotherapy if it can be given prior to
surgery, is one strategy to further improve overall survival. By
understanding the key mechanisms and/or pathways activated
by neoadjuvant immunotherapy, it may allow for their selec-
tive targeting which may further improve the efficacy of
immunotherapies in general in the adjuvant or advanced
cancer settings. Going forward, a key goal of neoadjuvant
immunotherapy will be to identify immunological correlates
of outcomes either from the primary tumor or in the PBMCs
of these patients.
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