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ABSTRACT

Background Tumor relapse constitutes a major challenge
for anti-tumoral treatments, including immunotherapies.
Indeed, most cancer-related deaths occur during the tumor
relapse phase.

Methods We designed a mouse model of tumor relapse in
which mice transplanted with E7* TC1 tumor cells received
a single therapeutic vaccination of STxB-E7+IFNot. Unlike
the complete regression observed after two vaccinations,
such a treatment induced a transient shrinkage of the
tumor mass, followed by a rapid tumor outgrowth. To
prevent this relapse, we tested the efficacy of a local
administration of IFNo together with a systemic therapy
with anti-PD1 Ab. The immune response was analyzed
during both the tumor regression and relapse phases.
Results We show that, during the regression phase,
tumors of mice treated with a single vaccination of
STxB-E7 + IFNo harbor fewer activated CD8 T cells and
monocytes than tumors doomed to fully regress after

two vaccinations. In contrast, the systemic injection of an
anti-PD1 Ab combined with the peri-tumoral injection of
IFNo: in this time frame promotes infiltration of activated
CD8 T cells and myeloid cells, which, together, exert a

high cytotoxicity in vitro against TC1 cells. Moreover, the
IFNo. and anti-PD1 Ab combination was found to be more
efficient than IFNo: or anti-PD1 used alone in preventing
tumor relapse and was better able to prolong mice
survival.

Conclusions Together, these results indicate that the local
increase of IFNo. in combination with an anti-PD1 therapy
is an effective way to promote efficient and durable innate
and adaptive immune responses preventing tumor relapse.

BACKGROUND

A transient response to therapy followed by
recurrence and drug resistance is a common
clinical outcome in many types of cancers.
Glioblastoma, for example, relapse in nearly
all patients, despite aggressive therapy.'
Among patients with ovarian cancer, the rate
of recurrence reaches 85%.> More impor-
tantly, tumor relapses are the cause of cancer-
related mortality. Thus, the discovery of
therapeutic approaches that seek to prevent
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tumor relapse is essential for improving
cancer medicine.

The origin of tumor escape can be intrinsic
to the tumor cells, often through the selec-
tion of resistant variants. In particular, an
initial attack by the immune system frequently
selects cancer subclones poorly recognized
by the immune system, a phenomenon called
“tumor editing”.” Indeed, some selected
tumor variants no longer present tumor-
associated antigens recognized by cytotoxic
T cells. Others have acquired a resistance to
cytotoxic molecules. For example, 40% of
non-small cell lung cancers and 80% of breast
tumors present HLA alterations, including
total or partial HLA class I antigen loss, which
leads to their immune escape.*®

In addition, a inflammatory
response frequently develops in the tumor
microenvironment, which promotes the
expression of inhibitory molecules on
immune cells, such as PD1 and CTLA-4. The
presence of these molecules at the surface
of activated T cells is functionally important
for preventing their excessive expansion in
various immune responses. However, their
induction at the surface of tumor-infiltrating
T lymphocytes (TIL) leads to a premature
weakening of their response against the
tumor.’

Tumor escape may also be due to a tumor
microenvironment that protects cancer cells
from an immune cell attack. The recruitment
of myeloid-derived suppressor cells and T
regulatory cells at the tumor site, together
with the accumulation of molecules such as
IL-10, TGFB and VEGE, contribute to build
such an immunosuppressive tumor microen-
vironment. For instance, TGFp is often associ-
ated with tumor resistance and fibrosis. TGF(3
decreases the capacity of myeloid cells to
present tumor antigen by decreasing MHCII
expression at their surface.® It also prevents
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them from producing anti-tumoral cytokines such as type
ITFN.’

Therefore, various therapeutic interventions blocking
these tumor escape mechanisms have been envisaged
to overcome tumor relapse. The targeting of immune
checkpoints has evolved as the treatment of choice to
preserve and restore the function of anti-tumor T cells.
For multiple cancers, anti-PD1 immunotherapy has been
successful at enhancing effector CD8" T-cell responses
associated with objective clinical responses. However, a
large fraction of patients treated with this approach does
not respond or if they do respond, ultimately experience
tumor relapse. Thus, multimodal therapies aiming at
disrupting different modes of immunosuppression could
potentially have synergistic effects and improve the effi-
cacy of current immunotherapies. In line with this, two
recent studies have shown that blocking TGFp increases
the therapeutic response of anti-PD-L1 therapy, resulting
in tumor regression in an EMT6 breast carcinoma
model'” and in the complete elimination of established
liver metastases in a colorectal cancer model."'

Another way to achieve this goal would be to directly
reinvigorate the different tumor-infiltrating immune cell
populations. Indeed, the activation of immune cells trig-
gers negative feedback loops that terminate the immune
response. A de novo, acute inflammation may be needed
to reboot the immune system against the tumor.'* To this
end, type I IFN could directly activate a variety of immune
cells, such as dendritic cells, macrophages, monocytes,
and both CD4" and CD8' T cells."®

Of particular interest is the possibility to activate the
tumoricidal activity of macrophages, which are abundant
in solid tumors, and which have well-known pro-tumoral
and immunosuppressive roles during chronic inflamma-
tion. Indeed, recent reports in the literature, including
ours, have brought new evidence that myeloid cells, when
appropriately activated, can participate in the elimina-
tion of tumor cells."* This has been observed after direct
targeting of myeloid cells with an anti-CD40 agonist'> '® as
well as after therapies which rely on type [TFN.""* In such
a context, activated myeloid cells may positively interact
with CD8" T cells and induce tumor regression.'® "

Despite its importance, the number of preclinical
models aimed at studying the specific question of tumor
relapse is much too low. To model and overcome tumor
relapse, we have set up a suboptimal vaccine protocol
in which more than 65% of the tumors relapse after an
initial phase of regression. We show that in this context,
an anti-PD1 combined with a local IFNa therapy prevent
tumor recurrences through the development of innate
and adaptive immune responses efficiently targeting
cancer cells.

METHODS

Mice and cell lines

C57BL/6] and FVB/N mice (7weeks old) were obtained
from Janvier Labs or Charles River Laboratories,

respectively. Mice were maintained in the specific
pathogen-free barrier facility of the Cochin Institute.
Animal care was performed by expert technicians in
compliance with the Federation of European Labora-
tory Animal Science association and under the approval
of the animal experimentation ethics committee of Paris
Descartes. Small and large tumor diameters (d and D)
were measured with calipers and the tumor volume was
approximated with the volume of a spheroid (d*xD/2).

The TCI cell line and the TCI-GFP line' were
maintained in DMEM GlutaMAX, with 10% FCS (GE
Healthcare), antibiotics (penicillin 50U/mlL, strepto-
mycin 50 pg/mL; GIBCO) and sodium pyruvate (1 mM;
GIBCO). Cultured cells were trypsinized, washed three
times in serum-free PBS and tumor cell suspensions were
injected subcutaneously (10° TC1 cells) in the back of
8-week-old C57BL/6] mice. When the tumors reached
a diameter of approximately 6mm (after 10 days), mice
were vaccinated (DO, priming) with a peri-tumoral injec-
tion of 15 g of E7 vaccine (STxB-E7 vaccine)® and 6x10°
U of IFNa4,” in a total volume of 200 pL. Control mice
were injected in parallel with PBS. The next day, the vacci-
nated mice received the same dose of IFNa. This protocol
was repeated a week later in some mice (D7, boost).
For experiments conducted in the PyMT-tumor model,
FVB/N mice were transplanted in the mammary gland
with freshly dissociated PyMT tumor cell suspensions
as previously reported."” After 2weeks, mice with PyMT
tumors (6mm in a diameter) received one intraperito-
neal injection (20mg/kg) of DMXAA (Sigma). For anti-
body treatment, mice were injected intraperitoneally with
200pg of anti-PD1 (#BE0146: clone RMP1-14) purchased
from Bioxcell. IFNa. (6x10° U) was injected peri-tumorally
in 100 pL. Anti-PD1 and IFNo were injected at days 14, 16
and 18 after the priming in TCl-bearing mice or at days
8, 10 and 14 after DMXAA injection.

Preparation of tumor cell suspensions and multicolor flow
cytometry

Fresh TCI tumors were dissociated mechanically and
incubated for 30 min at 37°C with DNase I (100 pg/mL;
Roche) and collagenase (1mg/mL; Roche). The cell
suspension was filtered on a 40-pm filter then rinsed two
times with PBS 2% FCS and 1mM EDTA. Cells (4x10°%
were labeled in 96-well round-bottom plates with fluo-
rescent blue reactive dye (Invitrogen) for 20min at
room temperature. Fc receptors were blocked with anti-
anti-CD16/CD32 Abs (5pg/mL; BD Pharmingen). Cells
were then labeled with fluorescent Abs (table 1) for
15 min at 4°C with agitation. For the detection of E7-spe-
cific CD8 T cells, tumor cell suspensions were stained with
Db/E7-Dextramers (Immudex) for 20min at 4°C, before
fluorescent Abs were added for an additional 15min.
After washing in PBS, cells were fixed in 1% PFA, stored at
4°C and acquired the next day with LSR II flow cytometer
(BD Bioscience). Data were analyzed with FlowJo V.10.0.7
software.
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Table 1 List of antibodies used in flow cytometry

Marker Fluorochrome Clone Company Catalog reference number
CD45 PeCy7 30-F11 BD Pharmingen 552848
CD11b BV785 M1/70 Biolegend 101243
CD11c FITC HL3 BD Pharmingen 557400
Ly6G BV510 1A8 Biolegend 127633
Ly6C ACP-Cy7 HK1.4 Biolegend 12825
F4/80 BV650 BM8 Biolegend 123149
IA/IE PE M5/114.15.2 BD Pharmingen 557000
PDL1 APC 10F.9G2 Biolegend 124312
TCRB BV605 H57-597 BD Pharmingen 562840
CD4 BV711 GK1.5 BD Pharmingen 563050
CD8 PerCPef710 53-6.7 eBioscience 46-0081-82
PD1 BVv421 29F.1A12 Biolegend 135221

Cytotoxic assay

Freshly dissociated tumor cell suspensions were stained
with anti-F4/80 UltraPureMicroBeads (Miltenyi #130-110-
443) and passed through an Automacs (MiltenyiBiotec)
following manufacturer’s instructions to purify F4,/80"
myeloid cells. The negative fraction was subsequently
stained with anti-CD8a MicroBeads (Ly2; Miltenyi #130-
117-044) and then CD8" tumor-infiltrating T cells were
purified with the Automacs. Purified CD8" and F4,/80"
cell suspensions were >90% pure. Then, purified myeloid
and CD8" T cells (2x10°) were added to a monolayer of
TCI-GFP cells (2x10%), and co-cultured for 24hours at
37°C before acquisition of images with an inverted micro-
scope (TE2000-E; Nikon) equipped with a x20 objective,
and Metamorph imaging software. The fraction of the
surface covered by GFP was calculated using Image].

Transcriptomic analysis

Total RNA was extracted from fresh tumors using the
RNeasy Mini kit (Qiagen). Gene expression was analyzed
with the nanostring technology as described earlier.'® The
house keeping genes (ACTB, GAPDH and RPL4) were
used to normalize for RNA loading differences. The posi-
tive control and housekeeping normalized counts were
then logarithmically transformed and used for all subse-
quent analysis.

Statistics

Data were analyzed with GraphPad Prismb software to
run unpaired Student’s t-test or one-way ANOVA plus
Tukey test for multiple comparisons. Values <0.05 were
considered significant. *p<0.05; **p<0.01; ***p<0.001.

RESULTS

Suboptimal vaccination leads to a partial regression followed
by tumor relapse

We have previously reported a complete and persistent
regression of TCI transplanted tumors in mice receiving
two peri-tumoral injections (p.t.), 7 days apart, of a

vaccination that combined STxB-E7 + IFNo. (priming and
boost).'® The recruitment and activation of both CD8" T
cells and myeloid cells at the tumor site were required
to reach this optimal regression. From this model and in
order to tackle the relapse phase usually seen in human
cancers, we set up an experimental relapse model in
which a suboptimal initial treatment, with only one
injection of the STxB-E7 vaccine + IFNa. (priming only),
induces a regression of the TCI tumors usually between
day 8 and day 14 post-priming but followed by a robust
regrow (figure 1).

Immune infiltrate influences the tumor fate

We first examined which parameters were most crit-
ical in the induction of a complete tumor regression
without any relapse. To this end, we first compared the
evolution of tumor size after one prime (P), that is,
conditions in which a regrow of the tumor is usually
observed, with that observed after a priming and boost
(PAB) treatment. The two successive PAB vaccinations
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Figure 1 TC1 tumor relapse is obtained after a single
injection of E7 vaccine+IFNa. C57BL6/J mice with TC1
tumors received one injection of the E7 vaccine associated
with IFNo.. Tumor growth curves (individual mice) are shown
for both control and treated group. Blue arrow: day of priming
(day 0). n=22 or n=9 mice for treated or control tumors,
respectively, from 5 independent experiments.
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Figure 2 Difference in terms of immune infiltrate between
PAB and P tumors during tumor regression. (A) Comparison
of the tumor volume evolution between control, Primed
and Boost (PAB), or Primed only (P)-treated mice during
the phase of tumor regression (day 8 to day 14 post first
injection of E7 vaccine+IFNo). n=10-17 mice from 3 to
5 independent experiments. B-E: measurements were
performed at day 10. (B) The proportion of CD45" cells in
tumors for control (empty circles) or PAB-treated (black
circles) or P-treated (blue circles) mice was determined by
flow cytometry after dissociation of the tumors. n=27-40
mice from 5 independent experiments. Results are expressed
as mean+SEM. Tukey’s multiple comparison test. *p<0.05;
**p<0.01; **p<0.001. (C) Correlation between the percentage
of CD45" cells among the viable cells of the tumors and the
tumor volume. (D) The proportion of CD8 T cells, tumor-
associated macrophages (TAM) and monocytes among those
CD45* cells for control (empty circles) or PAB-treated (black
circles) or P-treated (blue circles) mice are shown. n=12-37
mice from 5 independent experiments. Results are expressed
as mean+SEM. Tukey’s multiple comparison test. *p<0.05;
**p<0.01; **p<0.001. (E) Tumors from control, PAB-treated
or P-treated mice were analyzed by flow cytometry for the
expression of PD1 on CD8 T cells and MHC class Il on
TAM and monocytes. n=6-27 mice from 3 to 5 independent
experiments.

induced a strong tumor burden reduction, with a
14-fold decrease in tumor size at day 14 after the
priming, whereas the suboptimal P protocol induced
only a 2-fold reduction in tumor volume at this time
point (figure 2A). No such difference was visible at
earlier time points, for example, day 10, suggesting
that this could be a tipping point in tumor evolution.
We thus examined closely several features of the
tumor microenvironment at this particular time point

in mice having received the P or the PAB treatment.
Cytokines and chemokines present in the tumor micro-
environment of the two groups were not significantly
different. Indeed, compared with untreated mice, both
treated groups showed increased levels of cytotoxic
and cytostatic cytokines such as TNFo, Grzmb, IFNy
and iNOS (online supplemental figure 1A) and of
T-cell chemoattractants (CXCL9, CXCL10, CCL5 and
CCL3) (online supplemental figure 1B). Moreover, the
same level of pro-tumoral, anti-inflammatory cytokines
(VEGFA, TGFp, IL10) were detected in the P-treated
and PAB-treated groups (online supplemental figure
1B).

Next, we characterized the immune cells infiltrating
the tumors at day 10 again (online supplemental figure
2). Tumors from mice treated with only one prime were
less infiltrated by immune cells, with 30% of immune
cells on average in P-treated tumors versus 45% in
PAB-treated ones. The global abundance of this CD45"
immune infiltrate was negatively correlated with the
tumor size (figure 2B). All the progressing tumors in
the control group (PBS-treated mice) showed less than
25% of immune cells whereas in the majority of PAB-
treated tumors, which systematically regressed, more
than 25% of CD45" cells were present. Concerning the
P-treated tumors, the proportion of immune cells infil-
trating the tumors of different mice was highly vari-
able, just as the evolution of their tumor size.

What about the abundance of CD8" T cells and
myeloid cells in these tumors? CD8" T cells were two
times more abundant in PAB-treated than in P-treated
groups (figure 2D). The proportion of macrophages
(Ly6C™® Ly6g"® F4/80" or TAM) was similar in
P-treated and PAB-treated groups. However, mono-
cytes (Ly6C' Ly6g"® F4/80") were slightly more
abundant in PAB-treated tumors, so that the balance
between monocytes and macrophages was skewed in
favor of monocytes in PAB mice (figure 2D). Of note,
both CD8" T cells and myeloid cells were activated in
both P-treated and PAB-treated tumors, as shown by
the expression of PD1 or MHCII in the two cell subsets,
respectively (figure 2E).

Taken together, these results suggest that the abun-
dance of the immune cell infiltrate and its internal
balance are conspicuous parameters associated with an
optimal tumor regression.

Tumor relapse is associated with a decrease in immune cell
recruitment and activation
Next, we focused on tumors from P-treated mice. The kinetics
and behavior of the immune cell infiltrate was evaluated
at different key points of the tumor evolution. We selected
day 10 and day 17 postpriming as tipping points for the
regressing and the relapsing phases, respectively. This also
allowed comparing tumors of similar sizes in the two groups.
The proportion of CD45" immune cells increased
progressively from day 4 and reached a peak at day
10, around the start of the regression phase (30% of
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Figure 3 Decrease in immune cell recruitment and
activation in the key period preceding tumor relapse. This
period, between days 10 and 17 post-priming, is highlighted
in gray in all the panels. (A) The proportion of CD45* cells
in tumors of P mice was determined by flow cytometry
after dissociation of the tumors at different times during the
tumor size evolution. n=20-40 mice from 5 independent
experiments. (B) The proportion of total and E7-specific
CD8* T cells, tumor-associated macrophages (TAM) and
monocytes among those CD45" cells for P-treated mice are
shown. n=20-40 mice from 5 independent experiments. (C)
Tumors from control, PAB-treated or P-treated mice were
analyzed by flow cytometry for the expression of PD1 on CD8
T cells and MHC class Il on TAM and monocytes. n=6-30
mice from 3 to 5 independent experiments.

immune cells among viable cells) and then decreased
rapidly thereafter (around 17% at day 17) (figure 3A
and online supplemental figure 3). Intriguingly, while
the abundance of total CD8" T cells at day 17 (17%)
was larger than during the regression phase (10%), the
frequency of E7-specific CD8" TIL has dropped from
8% at day 10% to 4% at day 17 (figure 3B). Whereas
no difference was observed in the TAM proportions
(figure 3B), the proportion of monocytes decreased
sharply (about 2-fold) between day 10 and day 17, until
reaching the proportion found in tumors before treat-
ment. In addition, while the expression of PD1 on CD8"
T cells was maintained between day 10 and day 17, the
proportion of MHCII" activated myeloid cells was consid-
erably reduced during this time frame (figure 3C).

All these results show that the suboptimal treatment
induced only a transient anti-tumoral immune infil-
trate, unable to prevent tumor relapse.

Peri-tumoral IFNa associated with systemic PD1 blockade
restores the anti-tumor response

Based on these results, we tested different treatments
susceptible to reactivate an anti-tumoral immune
response. IFNo has remarkable potential for promoting
the activation and recruitment of various immune
effector cells, whereas anti-PD1 antibodies are well
known to prevent the inhibition of PD17 T lymphocytes.
Separately, both are already used to treat certain types
of cancer. We examined to what extent these molecules
could prevent tumor relapse after a suboptimal vaccine
treatment. Fourteen and 16 days after one peri-tumoral
injection of the STxB-E7 vaccine + IFNo that led to
tumor regression, two injections of IFNo (5x10°U,
p-t.) or anti-PD1 (200 pg i.p.) were performed, sepa-
rately or together. At day 17, tumors of mice that had
received the different treatments were collected and
analyzed to determine the potential benefit of such
additional treatments. IFNo alone was able to promote
an increase in the immune cell infiltrate (figure 4A
and online supplemental figure 4A). However, combi-
nation with an anti-PD1 was most efficient at recruiting
additional CD8" T cells in the tumors. Indeed, CD8" T
cells represented 37% of CD45" cells in these treated
tumors (figure 4B) compared with 19% or 10% during
the relapsing or regressing phase, respectively, when
animals were treated with a prime only (figure 3B).
Similarly, the proportion of E7-specific CD8 T cells was
increased in those tumors (online supplemental figure
4B). Moreover, compared with single therapy with
IFNo or anti-PD1 alone, the combination was able to
restore the proportion of monocytes found during the
regression phase at day 10 (figures 4B and 3B) and to
reactivate myeloid cells as shown by MHCII expression
(figure 4C). Finally, the association of IFNo and anti-
PD1 Ab gave the lowest variability in immune recruit-
ment (online supplemental figure 4C).

These results show that it is the combination of IFNo. + anti-
PD1 that was optimal, for the recruitment and the activation
of both myeloid and lymphoid cells in the tumors, compared
with IFNo or anti-PD1 alone.

Re-activated myeloid and lymphoid cells cooperate to
efficiently kill tumor cells

We next examined if the combined anti-PDI+IFNo treat-
ment could increase the cytotoxic activity of CD8" T cells and
myeloid cells. To address this, we purified tumor-infiltrating
myeloid (F4/80" cells) and T cells (CD8") at day 17 from
primed mice, treated or not with anti-PD1 + IFNo. These puri-
fied cells were then co-cultured for 24hours with TC1-GFP*
tumor cells. The GFP fluorescence intensity of the cultures
was measured by quantitative imaging in the different condi-
tions. An illustration is shown in figure bA.

We observed that TC1-GFP" cells were more efficiently
killed by F4/80" or CD8" T cells purified after combined
anti-PD1 + IFNo treatment, as detected by the low density
of remaining adherent TC1-GFP" cells, compared with the
denser network of TC1-GFP" cells observed in co-cultures
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Figure 4 Combination of anti-PD1+IFNa. is able to restore
a well-activated immune infiltrate. Mice received 2 injections
of either control (blue circles) or IFNa (light gray circles) or
anti-PD1 (dark gray circles) or both (pink circles) in order to
prevent tumor relapse at days 14 and 16 post first injection
of E7 vaccine+IFNo. (A-C) Measurements were performed
at day 17. (A) The proportion of CD45* cells in tumors after
the different treatments was determined by flow cytometry.
n=8-15 mice from 3 to 5 independent experiments. Results
are expressed as mean+SEM. Tukey’s multiple comparison
test. *p<0.05; **p<0.01; **p<0.001. (B) The proportion of
CD8 T cells, tumor-associated macrophages (TAM) and
monocytes among that CD45" are shown. n=20-40 mice
from 5 independent experiments. Results are expressed

as mean+SEM. Tukey’s multiple comparison test. *p<0.05;
**p<0.01; **p<0.001. (C) The expression of PD1 on CD8

T cells and MHC class Il on TAM and monocytes was
determined in each condition. n=6-30 mice from 3 to

5 independent experiments. Results are expressed as
mean+SEM. Tukey’s multiple comparison test. “p<0.05;
**p<0.01; **p<0.001.

with myeloid cells or CD8" T cells from P-treated mice (33%
vs 7% for myeloid cells and 22% vs 10% for CD8" T cells
purified from P or P + anti-PD1 + IFNo-treated mice, respec-
tively) (figure 5B). Importantly, killing of TC1-GFP" tumor
cells was further improved when both myeloid cells and CD8
T cells were added to the culture of TCI-GFP" cells. Such a
cooperative activity was only seen when immune cells were
purified after a combined anti-PD1 + IFNo treatment (3%
of GFP" surface left). Indeed, such a strong cytotoxicity was
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. P
* P+a-PD1+IFNa

TC1+CD8* T cells
from P-treated tumors

Figure 5 Interaction between myeloid and CD8 T cells

for the killing of tumor cells. (A) TC1-GFP* tumor cells were
co-cultured with CD8* T cells isolated from tumors at day
17. Contrary to control tumors (upper panel), CD8 T cells
from P+anti-PD1+IFNo~treated mice (lower panel) were
cytotoxic for tumor cells (disappearance of GFP labeling,
loss of tumor cells). (B) Quantification of the living cells, from
3 to 5 independent experiments. The apparent fraction of
living adherent TC1 cells (fraction of the image occupied by
GFP* cells, measured in 6-17 images per condition) is shown
in the various conditions. For each experiment, 3 tumors
obtained from 3 mice were pooled to purify enough cells.
Student t-test was performed to compare the cytotoxicity of
cells purified from P vs P+anti-PD1+IFNo~treated mice for
F4/80* or CD8" or F4/80"+CD8" T cells conditions. *p<0.05;
**p<0.01; **p<0.001. Tukey’s multiple comparison test was
performed to compare the cytotoxicity of F4/80* or CD8" or
F4/80+CD8" T purified from P only or P+anti-PD1+IFNo—
treated mice.

not observed when myeloid and CD8' T cells originated from
P-treated mice (36% of GFP" surface left).

Altogether, these data indicate that the combined anti-PD1
+ IFNo treatment stimulates the cytotoxicity of myeloid and
CD8 T cells, which cooperate functionally to eliminate tumor
cells.

Anti-PD1+IFNo, administered as a second-line therapy,
prolongs tumor-free survival

Finally, it remained to be established if this combined
treatment could prevent tumor relapse. Three injec-
tions of anti-PD1 or IFNo or both were performed at
day 14, day 16 and day 18 post-priming. IFNo or anti-
PD1 Ab injected separately were able to reduce the
proportion of mice with relapsing tumors (figure 6A).
Indeed, 50% (P + IFNa) and 57% (P + anti-PD1) of the
tumors regressed completely in these treated groups of
mice, compared with 35% in the P group left untreated
(figure 6B). However, the greatest effect was observed
with the treatment combining anti-PD1 antibody with
IFNa (figure 6A). Indeed, more than 80% of the mice
experienced a complete regression of their tumors with
this combined treatment (figure 6B). Remarkably, these
complete regressions with the combined therapy were
sustained over time, as shown by long-term survival for
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Figure 6 Administration of anti-PD1 associated with IFNo.
in second line induces a long-term tumor-free survival.
TC1 tumor-bearing mice primed with the STxB-E7 vaccine
received various combinations of treatment to prevent tumor
relapse: control, IFNa, anti-PD1 or anti-PD1 + IFNa. (A)
Tumor growth curves (individual mice) are shown for each
treatment. Dotted lines: days of treatment injections (days
14, 16 and 18). n=13-26 mice from 3 to 5 independent
experiments. (B) Proportion of tumors that completely regress
at day 30 after priming, after receiving various treatments at
days 14, 16 and 18. n=13-26 mice from 3 to 5 independent
experiments. (C) Survival of mice that received the different
treatments. n=10 mice from 3 independent experiments. Log-
rank test. *p<0.05; **p<0.01; **p<0.001.

more than 80% of the P+anti-PD1 + IFNo—treated mice,
compared with 35%-57% in the primed-only-treated
mice or with the single therapies (figure 6C). In addi-
tion, we show that the combination of anti-PD1 antibody
with IFNo was also efficient for protecting PyMT tumor-—
bearing mice following a suboptimal treatment with a
STING agonist (online supplemental figure 5).

Taken together, these results highlight the high efficacy
of a combined anti-PD1 and IFNa treatment, adminis-
tered after an initial tumor regression induced by immu-
notherapy, in preventing tumor relapse.

DISCUSSION

It is quite common that human cancers initially respond
to an anti-tumoral immunotherapy. However, unfortu-
nately, this beneficial effect is frequently followed by a
tumor regrowth poorly accessible to a new treatment.
Various reasons could explain why this tumor escape

occurs: intrinsic alterations of the properties of the
cancer cells themselves, modification of the tumor micro-
environment or induction of inhibitory molecules such
as PD-1 on CD8" T lymphocytes, which led to a weakened
immune response. All these phenomena could be part
of the development of a tumor resistance against the
immune response, thus leading to a relapse. In order
to tackle this issue, we have used in this work a murine
model of cancer immunotherapy, in which treatment
only induces a transient regression of the tumor. Our
main conclusion is that association of anti-PD1 antibody
with IFNa is able to prevent the tumor relapse observed
in this model. We also demonstrate the importance of a
coordinated activation of myeloid cells and CD8" T cells
to fight the cancer cell regrowth.

We have previously shown that a complete tumor regres-
sion required a robust immune response.'® We show here
that a suboptimal therapeutic intervention leads to a
transient immune infiltrate. This strongly suggests that
sustaining the immune response over time could prevent
tumor relapse. Moreover, anti-tumoral T cells are indeed
important to attack tumors, but they cannot be the sole
actors. Indeed, their efficacy is maximized when they
can cooperate with other cells, in particular with mono-
cytes/macrophages as we have reported earlier.'* ' 1
Thus, tumor relapse could be due to an excessive brake
exerted on T cells by checkpoint inhibitors and also to
a loss of cooperation between T cells and myeloid cells.
The suboptimal vaccination protocol used in this study
aimed at observing a systematic tumor relapse after an
initial vaccination-induced transient regression. At the
time where relapses usually start (2weeks after the vacci-
nation), mice were treated again by systemic anti-PD1 and
peri-tumoral IFNo. Such a combined treatment showed a
high efficacy for lowering the probability of tumor relapse.
Similarly, this combined treatment protected mice with
a carcinoma-structured PyMT tumor,' relapsing after a
suboptimal therapy with a STING agonist.

Which key tumor features could explain why a tumor
may either completely regress or regrow after a transient
regression? To answer this question, we have taken advan-
tage of the difference between mice vaccinated once on
day 0 (P) or twice on days 0 and 7 (PAB). Day 10 is a
tipping point, when the tumor sizes of the two groups
have notyet diverged, but their immune infiltrates start to
differ. The comparison of situations P and PAB at day 10
is therefore of major interest. No evidence was observed
in terms of immunosuppressive molecules such as IL-10
or TGFB expression when comparing tumors that will
relapse and the ones that will completely regress.

The outcome of these two protocols lay in their respec-
tive immune infiltrates. Indeed, PAB-treated tumors,
which uniformly regress, harbor more monocytes, and
twice more CD8 T cells than P-treated tumors, which are
likely to regrow. We expected that intratumoral chemok-
ines would be more abundant in PAB tumors, but unex-
pectedly this was apparently not the case. Several other
features were similar in the two tumor types. In particular,
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as judged by PD1 and MHC II expression, most CD8" T
cells and monocytes/macrophages were activated in both
P-treated and PAB-treated mice. This activation and the
abundance of these cells were much larger than that of
immune cells found in tumors of mice that had not been
vaccinated at all. Thus, the comparison between the P and
PAB protocols shows that modest changes in the global
immune infiltrate measured at day 10 are nevertheless
determinant to allow or not a full tumor regression.

A similar conclusion may be drawn by comparing
tumors in mice vaccinated only once, but further treated
or not on days 14 and 16 by anti-PD1 or IFNo., or both. We
have shown that after a third injection on day 18, the risk
of tumor relapse was minimized by the combination, with
the isolated treatments having an intermediate effect.
The tumor infiltrate was analyzed on day 17, after only
two injections, because many tumors would have become
too small to be analyzed after three injections. A striking
observation (figure 4) is that all treatments (isolated or
combined) had an important effect on the abundance of
monocytes/macrophages and CD8" T cells and on their
activation status (MHC II expression). It is worth noting
that the efficacy of checkpoint inhibitors such as anti-PD1
or anti-CTLA-4 alone is not restricted to their expected
effects on T cells. Indeed, it has recently been shown that
checkpoint inhibitors can also reshape the myeloid cell
compartment,” which include potentially a direct action
on myeloid cells.” IFNo has an even larger spectrum
of action. It has been shown to activate myeloid cells by
increasing MHC I, MHC II, CD80 and CD86 expression,24
and to favor the cross-presentation of antigens,” thus
allowing the activation of the adaptive response. In addi-
tion, IFNa-induced chemokines allow the recruitment/
retention of inflammatory monocytes (CCL2, CCL3) and
T cells (CXCL10). All these properties could contribute
to explain why anti-PD1 alone or IFNo alone were able
to increase and activate both cellular effectors and have
some anti-relapse efficacy. Thus, the clear anti-tumoral
advantage of the combined treatment, in terms of tumor
size and survival, cannot be explained with these quanti-
tative features.

Instead, this effect could result from a qualitative differ-
ence induced specifically by the anti-PD1 Ab + IFNo
combination. Indeed, our results suggested that the
combined treatment increased the cytotoxicity of T cells
and myeloid cells. Moreover, it was only with the combi-
nation that a cooperation between T cells and myeloid
cells was observed, resulting with stronger global anti-
tumoral cytotoxicity. These results may explain the large
proportion of complete tumor regression and the long-
term tumor-free survival observed in more than 80% of P
+anti-PD1 + IFNo—treated mice.

CONCLUSIONS

In conclusion, we have shown that, in order to enhance
the anti-tumoral efficacy of checkpoint inhibitors, rather
than eliminating myeloid cells whole scale, it makes much

more sense to combine these checkpoint inhibitors with
treatments aiming at recruiting and activating monocytes
locally, as we have done with peri-tumoral IFNo. Other
ways of increasing type I IFN could be used, for instance
local radiotherapy. This may explain why combining the
blockade of CTLA-4 with radiotherapy has shown a clin-
ical benefit associated with a rise in IFNf} secretion in the
serum of these patients.26 However, the full production
of IFNa./ may be hindered locally by TGFP as we have
reported.9 In this context, the addition of an anti-TGFf
to the local type I IFN inducer plus checkpoint inhibitor
would be reasonable.
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