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Cover image: Pictured are residential burglary hotspots in a portion of Los Angeles. Cali-

fornia. Martin B. Short et al. report on reaction-diffusion models indicating that spatial crime

] patterns come in two fundamental types: supercritical hotspots, which emerge from small

i) & stochastic fluctuations in crime, and subcritical hotspots, which emerge from large spikes in
7 crime. The authors suggest that policing tactics focused on supercritical hotspots can displace

the hotspot into a ring structure, which then breaks up into new hotspots, whereas tactics

- S ) focused on subcritical hotspots may result in lasting crime dissipation. See the article by Short
! = HREBLE et al. on pages 3961-3965. Image courtesy of P. Jeffrey Brantingham.
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Previous research has shown that focusing police resources in
crime “hotspots,” high-risk locations within communities, can re-
duce the number of criminal offenses at that location. But predict-
ing whether this strategy can suppress criminal activity, or whether
the action simply displaces crime into adjacent areas, is less well
understood. In an attempt to coordinate crime-prevention strate-
gies with mapped crime patterns, Martin Short et al. (pp. 3961-
3965) devised a pair of coupled differential equations to simulate
how criminals search for and choose their targets. According to
the authors, the equations constitute a mechanistic model that
may reproduce how crime tends to cluster geographically over
time. By examining numerous computer simulations, the authors
claim that when crime “spikes” in communities with higher-than-
average crime rates, a focused police response can eradicate the
hotspots permanently. Small fluctuations in criminal activity in lo-
cations with lower-than average crime rates, on the other hand,
are more likely to result in crime displacement by hotspot polic-
ing. The model may aid police forces by predicting where short-
term increases in police presence are most likely to produce lasting

Effects of hotspot policing superimposed on
burglary hotspots in Los Angeles, CA.

results. — T.J.

Gallstones and typhoid in mice and men Oxytocin and autism
Typhoid-inducing salmonella bac- Despite their preserved intel-
teria, Salmonella Typhi, may hide lectual function, patients who
from the bOdy’S immune defenses suffer from Asperger syndrome
and resist clinical treatment by and other high-functioning

) —— f()rmiﬂg bloﬁims OF'Cholesterol autism Spectrum disorders typ]-
Gallbladder gallstones. S. Typhi is well-adapted | cally do not engage appropri-
to the human gallbladder, despite | ately with others in social situ-

the organ’s bile-rich environment,
and commonly persists in the body
after acute typhoid symptoms sub-

ations. Previous research has
shown that oxytocin, a hormone

Cholesterol diet-induced gallstones in the de. T Fioibs isecior & o active in social behaviors and
gallbladder of experimental mice. siae. in patienis cartying 5. lyphl emotions, is deficient in some
and gallstones, clinically admin-

istered antibiotics typically prove ineffective against the bacterial infection, and
removal of the gallbladder remains the most successful treatment option. Robert
Crawford et al. (pp. 4353-4358) report that mice inoculated with Typhimurium
and fed high cholesterol diets formed biofilm-covered gallstones, and harbored a : 4
larger number of bacteria in the gallbladder tissue, bile, and fecal matter than gall- | 2UtISm patients appears to
stone-free mice. The authors also tested excised gallstones from patients found to | Promote social behavior. The
be asymptomatic typhoid carriers, and observed 80-95% §. Typhi biofilm coverage authors administered oxytocin

children with autism. Elissar
Andari et al. (pp. 4389-4394)
report that administering
oxytocin to high-functioning

on all but one sample. The researchers suggest that S. Typhi biofilm formation on | Via inhalation to 13 patients
cholesterol gallstones may help to explain the disease’s asymptomatic persistence with high-functioning autism
and spread. The research may facilitate further investigations into the genetics and | disorders and confirmed the
molecular biology of S. Typhi carriage in vivo, and implies an additional therapeu- hormone’s distribution by

tic target against the spread of typhoid fever, according to the authors. — J.M. measuring the patients’ blood

www.pnas.org/cgi/doi/10.1073/iti0910107 PNAS | March 2,2010 | vol. 107 | no.9 | 3943-3944
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Vaccination with irradiated B16 melanoma cells expressing either
GM-CSF (Gvax) or Fit3-ligand (Fvax) combined with antibody
blockade of the negative T-cell costimulatory receptor cytotoxic
T-lymphocyte antigen-4 (CTLA-4) promotes rejection of preim-
planted tumors. Despite CTLA-4 blockade, T-cell proliferation and
cytokine production can be inhibited by the interaction of
programmed death-1 (PD-1) with its ligands PD-L1 and PD-L2 or
by the interaction of PD-L1 with B7-1. Here, we show that the
combination of CTLA-4 and PD-1 blockade is more than twice as
effective as either alone in promoting the rejection of B16
melanomas in conjunction with Fvax. Adding a«PD-L1 to this regi-
men results in rejection of 65% of preimplanted tumors vs. 10%
with CTLA-4 blockade alone. Combination PD-1 and CTLA-4 block-
ade increases effector T-cell (Teff) infiltration, resulting in highly
advantageous Teff-to-regulatory T-cell ratios with the tumor. The
fraction of tumor-infiltrating Teffs expressing CTLA-4 and PD-1
increases, reflecting the proliferation and accumulation of cells
that would otherwise be anergized. Combination blockade also
synergistically increases Teff-to-myeloid-derived suppressor cell
ratios within B16 melanomas. IFN-y production increases in both
the tumor and vaccine draining lymph nodes, as does the fre-
quency of IFN-y/TNF-a double-producing CD8* T cells within the
tumor. These results suggest that combination blockade of the PD-1/
PD-L1- and CTLA-4-negative costimulatory pathways allows tumor-
specific T cells that would otherwise be inactivated to continue to
expand and carry out effector functions, thereby shifting the tumor
microenvironment from suppressive to inflammatory.

FIt3-ligand | melanoma | PD-L1 | immunotherapy | vaccine

he interaction between the T-cell receptor complex (TCR)
and antigenic peptides bound in surface MHC molecules
provides the specificity that defines adaptive T-cell immunity. In
addition to TCR activation, costimulation via ligation of the
coreceptor CD28 on T cells by B7 molecules on antigen-
presenting cells (APCs) is required for optimal T-cell activation
(1). Once mobilized, however, T cells begin to express other
members of the CD28/B7 receptor family that attenuate the
immune response through inhibition of proliferation and cytokine
production (2). Cytotoxic T-lymphocyte antigen-4 (CTLA-4) is
rapidly up-regulated following T-cell activation and binds to B7
molecules with a higher affinity than does CD28. The receptor
programmed death-1 (PD-1) is also expressed on T cells following
activation, where, on binding to its ligands PD-L1 and PD-L2, it
promotes T-cell anergy, apoptosis, and exhaustion. Recently, an
additional coinhibitory ligand/receptor interaction has been
described that involves binding of PD-L1 on T cells to B7-1 on
APCs or vice versa (3). Although the existence of so many layers
of T-cell inhibition may seem surprising, the severe and sometimes
fatal autoimmunity that results when even one of these pathways
is disrupted attests to their necessity.
Malignant transformation was classically defined by the ability
fo avoid the normal regulatory mechanisms of cell growth,
division, and death. Another common feature uniting all lincages

Www.pnas.org/cgi/doi/10.1073/pnas.0915174107

of tumor is the ability to evade destruction by the host immune
system. Ample evidence now exists that T cells infiltrating tumors
can be inhibited by both CTLA-4 and PD-1 coinhibitory signals.
Myeloid-derived suppressor cells (MDSCs) populating the tumor
microenvironment can express both B7-1 and PD-L1 (4). In
addition, tumors themselves sometimes express PD-L1, which
can negatively signal T cells through both the PD-1 and B7-1
molecules on their surface (5). Antibody blockade of CTLA-4 or
PD-1 has been shown to enhance antitumor immune responses
in both murine preclinical models and clinical trials (2, 5).

Previously, we have shown that vaccination with B16-GM-CSF
(Gvax) or B16-Flt3-ligand (Fvax) promotes the rejection of pre-
implanted B16-BL6 melanomas when combined with antibody
blockade of CTLA-4 (6, 7). Although CTLA-4 and PD-1 belong to
the same family of molecules and are both coinhibitory, evidence
suggests they use distinct nonredundant mechanisms to inhibit T-
cell activation. Most strikingly, CTLA-4 knockout mice dic by 4
weeks of age from a lethal lymphoproliferative disorder, whereas
some colonies of PD-1 knockout BL6 mice live over a year before
manifesting lupus-like symptoms with ~50% penetrance (8, 9).
Although the phosphatases Src homology 2-containing tyrosine
phosphatase (SHP)-1 and SHP-2 have been implicated in both
CTLA-4 and PD-1 negative signaling, the phosphatase PP2A
binds only CTLA-4 and leads to inhibition of Akt phosphorylation
through a pathway that is distinct from that of PD-1 (10). Also,
both PD-1/PD-L1 and CTLA-4/B7 interactions help to maintain
peripheral tolerance through modifications in T-cell motility;
however, they seem to do so through distinct mechanisms (11, 12).
Because the CTLA-4 and PD-1 inhibitory pathways appeared to
be nonredundant, we investigated whether PD-1 blockade in
addition to CTLA-4 blockade could further enhance rejection of
B16 melanoma.

Here, we show that in a B16 melanoma treatment setting in
which Fvax + aCTLA-4 cures only 10% of animals, Fvax + aPD-1
promotes tumor rejection in almost 25% of animals. More strik-
ingly, combination blockade of PD-1 and CTLA-4 leads to
rejection of 50% of melanomas, and the further addition of «PD-
L1 allows 65% of mice to survive tumor-free. We show that
blockade of single negative costimulatory pathways often leads to
enhanced effector T-cell (Teff) infiltration of tumors but that
these T cells accumulate high levels of the unblocked negative

“coreceptors that eventually limit their exPansion. Blockade of

multiple coinhibitory pathways allows CD8" and CD4™ T cells to
continue to survive, proliferate, and carry out effector functions
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within the tumor. Combination blockade of the CTLA-4 and PD-1
pathways also cooperates to increase the ratio of Teffs to both
regulatory T cells (Tregs) and MDSCs, thereby reducing sup-
pression and promoting inflammation in the tumor micro-
environment. Combination blockade further enhances this
inflammatory state by increasing the frequency of IFN-y and TNF-
o double-producing T cells within the tumor and by increasing the
proliferation of both CD8* and CD4% Teffs relative to Fvax
treatment alone. Combination blockade of the PD-1, CTLA-4,
and PD-LI coinhibitory molecules coupled with Fvax vaccination
initiates an inflammatory cascade in the tumor microenvironment
leading to enhanced Teff infiltration, activation, and cytokine
production, thereby antagonizing tumor-induced immune sup-
pression and promoting tumor rejection.

Results

PD-1 Blockade Cooperates with CTLA-4 Blockade and Fvax
Vaccination to Promote B16 Melanoma Rejection. Combination
vaccination with either Gvax or Fvax and antibody blockade of the
coinhibitory receptor CTLA-4 prevent the outgrowth of a majority
of 3-day preimplanted B16-BL6 melanomas (6). If vaccination is
delayed until 5 days following implantation, the efficacy of this
therapy declines substantially. When combined with Fvax, PD-1
blockade alone was more effective than CTLA-4 blockade alone
and combination blockade of both coinhibitory pathways was
synergistic, promoting full rejection of B16 melanoma in half of
the animals (Fig. S14). When combined with Gvax + «aCTLA-4
therapy, we found that the addition of PD-1 blockade failed to
increase survival or slow tumor growth (Fig. S1B).

Because higher levels of B7-1 expression have been reported
following vaccination with GM-CSF relative to Flt3-ligand, we
asked whether increased B7-1/PD-L1 inhibition might be respon-
sible for the observed discrepancy between Gvax and Fvax (13).

With Fvax, Blockade of CTLA-4/B7, PD-1/PD-L1, and B7-1/PD-L1
Interactions Each Promotes Rejection of B16 Melanoma and Is
Additive when Used in Combination. To test the contribution of
B7-1/PD-L1 inhibition, we used a high B16 challenge (5 x 10*
cells) and vaccination on days 3, 6, and 9. In this setting, no
antibody regimen without a cellular vaccine was curative (Fig.
§2). Also, neither blockade of any single coinhibitory receptor
nor of any combination resulted in greater than 20% survival
when combined with Gvax (Fig. 14). In the context of Fvax,
however, blockade of either the PD-L1 (8% survival), CTLA-4
(10% survival), or PD-1 (25% survival) receptor demonstrated
modest therapeutical benefit (Fig. 1B). Combination blockade of
CTLA-4 and PD-1 promoted tumor rejection in 50% of mice,
whereas the further addition of aPD-L1 clevated the rate of
tumor-free survival to 65%.

Combination Blockade of the CTLA-4 and PD-1 Pathways Strongly
Increases Both CD8" T-Cell/Treg and CD4* Teff/Treg Ratios Within the
Tumor. Because there was a clear hierarchy of effect of each
costimulatory blocking therapy as well as of the combinations
when paired with Fvax, we sought to dissect the effects of each
therapy on T-cell infiltration of tumor in this background. Both
CTLA-4 and PD-1 blockade strongly increased infiltration of
tumor by CD8™ T cells, whereas aPD-L1 blockade alone did so
only modestly (Fig. 24 and Fig. S34). The combination of
CTLA-4 and PD-1 blockade increased CD8" T-cell infiltration
more than CTLA-4 blockade alone. In contrast to CTLA-4 and
PD-L1 blockade, PD-1 blockade had little effect on the per-
centage of tumor-infiltrating lymphocytes (TILs) composed of
CD4" Teffs (Fig. 2B); however, PD-1 and CTLA-4 increased
absolute numbers of infiltrating CD4™ Teffs to a similar degree
(Fig. S3B). Combination PD-1/CTLA-4 blockade with or without
oPD-L1 increased the percentage of CD4 Teff infiltration to a
similar degree to that of aCTLA-4 alone; however, absolute
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numbers of CD4 Teffs appear to be increased to a greater Cxteng
by combimation therapy. Anti-CTLA-4 treatment alone or j,
combination with other coinhibitory blockade decreased the
fraction of TILs composed of Tregs (Fig. 2C); however, the
number of Tregs per cubic millimeter of tumor was not dimjp.
ished (Fig. S3C). PD-1 blockade alone, in contrast, did noy
decrease the TIL fraction of Tregs and seemed to promote ap
increase in their absolute numbers.

CTLA-4, PD-1, or PD-L1 blockade increases CD8™ T-cell-to.
Treg ratios within the tumor, which we have previously describeg
as being predictive of therapeutical efficacy in the B16 melanomg
model (14) (Fig. 2D). Combination therapy with CTLA-4 and
PD-1 blockade increases CD8/Treg ratios significantly more thap
aCTLA-4 alone, whereas triple coinhibitory blockade is statisti-
cally superior to any individual antibody therapy.

Of the single coinhibitory antibodies, only aCTLA-4 sig.
nificantly improves CD4 Teff/Treg ratios within the tumor (Fig.
2FE). The combination of aCTLA-4, «PD-1, and aPD-L1 ig
superior to any other single or combination therapy in terms of
promoting advantageous CD4 Teff/Treg ratios in TILs.

Combination Coinhibitory Pathway Blockade Allows Accumulation of
High Percentages of Active T Cells Expressing CTLA-4 and PD-1 that
Would Otherwise Be Anergized. We hoped to learn more about the
activation state of the tumor-infiltrating T cells by measuring their
expression of relevant costimulatory molecules. In the CD4 Teff
population, the fraction of CTLA-4-expressing cells was increased
by each costimulatory blocking antibody alone and cooperatively
by the double- and triple-antibody combinations (Fig. 34). The
frequency of PD-1 expression by these cells also increased in
response to blockade of each coinhibitory pathway, but this ele-
vation in PD-1 frequency was strongest in response to aCTLA-4
alone or in combination with other agents. The sum of these
effects more than doubled the frequency of CTLA-4/PD-1 double-
positive CD4 " Teffs in the combination-treated vs. untreated mice.

In the case of CD8™ T cells, CTLA-4 was again up-regulated by
blockade of any coinhibitory pathway; however, in this case, aPD-1
alone or in combination with other antibodies produced the
greatest increase in CTLA-4 expression (Fig. 3B). Blockade of
CTLA-4, PD-1, or PD-L1 alone resulted in an increased fraction
of CD8" T cells expressing PD-1. Simultaneous blockade of all
three receptors resulted in an even higher frequency of PD-1
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Fig. 1. Survival of mice challenged with 5 x 10* B16-BL6 cells and vaccinated
on days 3, 6, and 9 with 1 x 10° Gvax (A) or Fvax (B) intradermally and the
indicated antibody or combination i.p.. Lack of survival was defined as death

or tumor size >1,000 mm?, Each curve represents three to four independent
experiments of 5-15 mice per group.
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Fig. 2. Lymphocyte infiltration of B16 melanoma. Mice were challenged with 1.5 x 10° B16-BL6 cells; treated with Fvax and the indicated antibody on days 3,
6, and 9; and killed on day 16. Percentages of CD45" TiLs of CD8" T cells (A), CD4™ Teffs (B), and Tregs (C) are shown. The ratios of CD8™ T cells to Tregs (D) and
CD4* Teffs to Tregs () are shown. Values shown are for individually analyzed mice and are the sum of four to seven independent experiments with 5-15 mice
per group. To determine statistical significance between samples, t tests were performed. *P < 0.05; **P < 0.01; ***P < 0.001.

expression, with nearly every CD8" T cell staining positive for PD-1.
Vaccination with Fvax combined with any of these antibodies
increases the frequency of CTLA-4/PD-1 double-positive
CD8" T cells; however, aPD-1 has a significantly stronger
effect than either «CTLA-4 or aPD-L1. Similar to CD4 Teffs,
combination costimulatory blockade results in over 75% of
CD8" T cells coexpressing PD-1 and CTLA-4, whereas dou-
ble-expressing cells make up less than 30% of the CD8™ T
cells infiltrating untreated tumors. ,
Levels of coinhibitory receptor expression were also measured
and further demonstrate that blockade of one coinhibitory pathway
leads to compensatory up-regulation of others (Fig. 54 A and B).

Combination Coinhibitory Receptor Blockade Decreases Expression of
Treg Activation Markers Except Inducible T-Cell Costimulator (1COS).
CTLA-4 and PD-1, although inhibitory for Teffs, have been im-
plicated in the formation of inducible Tregs as well as in Treg
suppressive function, respectively (15, 16). Treatment with ¢ CTLA-
4 diminished the rate of CTLA-4 expression by CD4* FoxP3™ Treg
cells, whereas both PD-1 and CTLA-4 blockade reduced the fre-
quency of PD-1 expression (Fig. S5). Combined blockade of PD-1,
CTLA-4, and PD-L1 reduced the fraction of intratumoral Tregs
expressing CTLA-4 and PD-1 individually as well as the fraction of
double-positive cells. In more than a third of triple-combination
blockade-treated mice, less than 50% of the Tregs in TILs
expressed both CTLA-4 and PD-1, a phenotype not observed in
any untreated or Fvax alone-treated animals. Although aCTLA-4
and oPD-1 increased Treg expression levels of the unblocked
receptor, both depressed PD-L1 levels when used individually
(Fig. S4C).

In addition to CTLA-4 and PD-1, expression of 4-1BB and
KLRG1 has been associated with enhanced Treg function (17,
18). Tn each case, we found that combination blockade of the
CTLA-4 and PD-1 pathways significantly decreased the fraction
of Tregs expressing the relevant activation marker (Fig. S6 A
and B), ICOS expression has also been associated with enhanced
Treg function: however, in contrast to the other activation

Curran et al,

molecules under study, we found that ICOS levels increased on
Tregs following treatment with aCTLA-4 or aPD-1 (19) (Fig.
S6C). Further, simultaneous blockade of both receptors resulted
in significantly increased ICOS levels relative to aCTLA-4 alone.
Interestingly, «PD-L1 did not promote an increased frequency of
ICOS" CD4" Tregs when used alone (Fig. S6C).

Combination Coinhibitory Receptor Blockade Synergistically
Increases the Ratio of Teffs to MDSCs in the Tumor. The activity of
the enzyme arginase-1 is an important mechanism by which
MDSCs dampen T-cell activity within tumors (4). We assessed
the effects of our therapy on MDSCs using both the traditional
CD11b"GR-1* gating and a functional CD11b"*arginase-1"
stain. Blockade of cither CTLA-4, PD-1, or PD-L1 in the context
of Fvax vaccination increased the ratio of CD8" T cells to
MDSCs within the tumor (Fig. 44). Combination blockade of
these negative costimulatory receptors synergistically increased
CD8/MDSC ratios to more than double those achieved with
single coinhibitory blockade and more than 10 times the levels in
untreated tumors. Similar results were obtained if MDSCs were
defined as CD11b*GR-1" cells (Fig. S7A).

CD4 Teff-to-MDSC (CD11b™arginase-17) ratios were increased
relative to untreated tumor by Fvax + aCTLA-4 vaccination
(Fig. 4B). As with CD8" T cells, both double and triple coinhibitory
blockade regimens significantly increased the ratio of CD4™ Teffs
relative to MDSCs in tumors compared with Fvax treatment alone.
Only triple coinhibitory blockade was statistically superior to any
single-antibody therapy in this setting. Similar results were obtained
if MDSCs were defined as CD11b"GR-1" cells (Fig. S7B).

Combination Coinhibitory Receptor Blockade Increases Inflammatory
Cytokine Production in the Vaccine and Tumor Draining Lymph Nodes
and in the Tumor ltself. To define the functional effects of each
therapy on effector cytokine production clearly, we elected to
use the Bl6-ovalbumin (B16-Ova) model antigen system to
measure cytokine responses. Mice were challenged with 2.5 X 10°
B16-Ova cells in 30% Matrigel (BD Bioscience) and vaccinated
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Fig. 3. CTLA-4 and PD-1 expression by TILs. Mice challenged with 1.5 x 10°
B16-BL6 cells and treated on days 3, 6, and 9 were killed on day 16. TILs were
fixed and stained for lymphocyte lineage and activation markers using the
FoxP3 fixation kit. CTLA-4 and PD-1 were stained for surface and intracellular
expression. Percentages of CD8" T cells (A) and CD4* Teffs (B) expressing PD-1,
CTLA-4, or both are shown. Values shown are for individually analyzed mice
and are the sum of three to six independent experiments with 5-15 mice per
group. To determine statistical significance between samples, t tests were
performed. *P < 0.05; **P < 0.01; ***P'< 0.001.

on days 6, 9, and 12. Combination costimulatory blockade sig-
nificantly increased IFN-y and TNF-a production from CDS cells
in both the vaccine and tumor draining lymph nodes relative to
blockade of any single receptor alone (Fig. 54). The addition of
PD-L1 blockade to aCTLA-4/aPD-1 combination therapy did
not significantly alter inflammatory cytokine production.

CD4" T cells in the vaccine draining lymph node demon-
strated increased IL-10 and IL-4 production with combination
costimulatory blockade (Fig. 5B). Although this increase reflects
the increased activation resulting from PD-1 and CTLA-4 com-
bination blockade, the apparent T helper (Th) 2 polarization
likely reflects the known Th2 bias of Ova-specific CD4 responses
in this background (20). Despite this Th2 bias, we still observed a
significant increase in IFN-y production in the tumor draining
lymph node following CTLA-4 and CTLA-4/PD-1 combination
coinhibitory blockade (Fig. 5B).

To investigate changes in cytokine expression resulting from
combination coinhibitory blockade within the tumor itself further,
we restimulated tumor-infiltrating T cells for 8 h with both Ova- and
B16 peptide-pulsed dendritic cells (DCs) and measured intra-
cellular cytokine accumulation by flow cytometry. Combination
CTLA-4 and PD-1 blockade has previously been associated with
increased IFN-y and TNF-a expression by reactivated CD8" T cells
responding to hepatitis C virus infection (21). Similarly, combina-

tion coinhibitory blockade produced high frequencies of Cg+ T
cellsin TILs producing both IFN-y and TNF-o (Fig. 5C and Fig, S8).
Much as we observed in the lymph nodes, addition of «PD-[ ] ¢,
dual PD-1/CTLA-4 blockade did not significantly enhance inflam,.
matory cytokine production. In the CD4™ Teff population of T

the highest fraction of IFN-y and TNF-a double-producing cejj
was induced by CTLA-4 blockade alone or in combination with
other antibodies (Fig. 5D). We also assayed IL-10 production by
did not observe substantial levels from any population of B16-QOyy
infiltrating T cells.

Combination coinhibitory receptor blockade increases Teff
infiltration of tumors, and those cells appear to be producip,
high levels of inflammatory cytokines. We assayed Ki67 expres.
sion of tumor-infiltrating T cells in an effort to determine the
extent of proliferation of these cells in response to each therapy,
CTLA-4 blockade was the strongest driver of intratumoral T-ce]|
proliferation of any single agent tested, and combining it with
PD-1 blockade did not further increase division in CD4 or CD§
cells (Fig. 5 E and F). Intratumoral Treg proliferation was alsg
highest with CTLA-4 blockade alone but was very similar among
all samples (Fig. S9).

Discussion

Here, we show that in the context of Fvax vaccination, combing-
tion blockade of the CTLA-4- and PD-l1-negative costimulatory
receptors leads to synergistic levels of tumor rejection. Underlying
this effect, we find dramatically enhanced levels of Teff infiltration
of tumors and inflammatory cytokine production. The accumu-
lation of CTLA-4/PD-1 double-positive Teffs within B16 mela-
nomas in the context of combination blockade suggests that T cells
that would otherwise be functionally and proliferatively repressed
are instead able to continue expanding and carrying out effector
functions. Addition of PD-L1 blockade to aCTLA-4/aPD-1 com-
bination therapy increased mean survival from 50 to 65% in mice
challenged with 5 x 10 B16-BL6 cells. It is unlikely that this
represents a direct antitumor effect, because B16 melanoma
expresses little to no PD-L1 in vivo (22). The primary benefit of
blocking the additional PD-L1/B7-1 inhibitory pathway in this
context appeared to be in augmenting the CD4/Treg and CD4/
MDSC ratios within B16 melanomas.

It has been shown previously that both CTLA-4 and PD-1
blockade individually augments the capacity of Gvax to promote
rejection of B16 melanomas (6, 7, 23). We purposely chose the
less immunogenic B16-BL6 model (as opposed to B16-F10) and
settings of high tumor challenge or delayed vaccination in hopes of
observing cooperative effects between blockade of multiple coin-
hibitory pathways. Still, we were surprised that even with triple
coinhibitory blockade, we were unable to observe any significant
additive effects of these antibodies in the context of Gvax.
Although we did not pursue the roots of the differences between
Fvax and Gvax further, the inability of any T-cell-potentiating
antibody combination to promote cure of more than 20% of mice
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performed. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 5. Changes in cytokine production in response to coinhibitory blockade. Mice challenged with 2.5 x 10° B16-Ova cells and treated on days 6, 9, and 12
were killed on day 14. T cells were purified from tumor-draining lymph nodes and vaccine-draining lymph nodes, stained with antibodies, and sorted by flow
¢ytometry into CD4" and CD8” subsets. Cytokine production was measured after 36 h using the TH1/TH2/TH17 CBA Kit and is shown for 2 x 10° CD8 T cells
restimulated on 1 x 10° Ova 257-264 peptide-pulsed DCs (A) and for 2.5 x 10° CD4 T cells restimulated on 1 x 10° Ova 323-339 peptide-pulsed DCs (8). Data
are shown for three to four independent experiments with five pooled mice per group. (C and D) TILs were purified from 5-10 pooled tumors per group and
enriched using the Miltenyi T-cell purification kit. A total of 2 x 10° TILs were restimulated with 7.5 x 10° DCs [1:1 mix of Ova(257) and Ova(323) pulsed DCs]
per well for 8 h in the presence of GolgiPlug. Cells were fixed using the FoxP3 kit and analyzed by flow cytometry for lymphocyte markers and intracellular
IFN-y and TNF-a production for CD8 cells (C) and CD4 Teffs (D) and also for Ki67 expression in CD8 cells (E) and CD4 Teffs (F). TIL data are from four

independent experiments. All means shown are + SEM.

with Gvax suggests the presence of a dominant suppressive
mechanism. We have observed that Gvax, even when administered
on the opposite flank from the tumor site, leads to increased
myeloid suppressor accumulation in the tumor, although Fvax can
have the opposite effect (6). Gvax may also increase elaboration of
tolerogenic cytokines such as TGF-p (24). Additionally, Fvax has
been shown to elicit greater CDS infiltration of both vaccine and
tumor sites relative to Gvax, which may also be partially respon-
sible for the increased synergy with therapies such as aPD-1, which
interact strongly with CD8 T cells. It is also possible that the
optimal timing of coinhibitory blockade may differ in the context
of Gvax vs. Fvax. In the end, further study will be necessary to
define the reasons underlying the lack of cooperativity between
CTLA-4/PD-1 combination blockade and Gvax.

Although we observe enhanced infiltration, activation marker
expression, and inflammatory cytokine production following
simultaneous blockade of the CTLA-4 and PD-1 pathways, the
greatest difference between single and multiple coinhibitory
blockade was in enhancing the ratio of CD8" T cells relative to
Tregs and MDSCs in tumors. In each case, ratios following com-
bination antibody treatment were more than double those from
mice receiving any single antibody and ~10-fold higher than those
found in untreated mice. In the case of CD8/Treg ratios, the
cooperativity we observe likely results from increased CD8 infil-
tration and expansion, impaired conversion of CD4 T cells into
Tregs resulting from CTLA-4 blockade, and reduced Treg sup-
pression through PD-1 blockade (15, 25). In the case of MDSCs,
enhanced production of Thil-type cytokines by the increased frac-
tion of tumor-infiltrating T cells likely antagonizes further MDSC
formation, although converting a portion of the tumor-infiltrating
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myeloid cells into functional APCs at the same time. Supporting
this model, we found that combination coinhibitory blockade sig-
nificantly reduced the fraction of TILs composed of MDSCs (Fig.
$10). Direct antagonism of MDSC function through coinhibitory
blockade has been reported in ovarian cancer; however, we
observed minimal expression of PD-1 and CTLA-4 by these cells in
untreated B16 tumors (26) (Fig. S11). PD-L1, in contrast, was
expressed by a substantial portion of MDSCs, making it impossible
for us to exclude direct effects on these cells in mice receiving aPD-
L1 antibody. Anti-PD-L1 alone, however, did not appear to have a
substantially greater impact on MDSC-to-T-cell ratios than other
coinhibitory blocking antibodies (Fig. 4). This striking reversal in
the ratios of CD8" T cells to suppressor T and myeloid cells within
the tumor is largely responsible for shifting the microenvironment
from one of dominant suppression to an inflammatory milieu
permissive for immune-mediated tumor rejection.

In clinical trials, antibodies that block CTL.A-4 have shown
efficacy in treating advanced melanoma and prostate cancer but
at the price of autoimmune complications that are often severe.
Human studies of aPD-1 and aPD-L1 antibodies are at a much
earlier stage yet suggest that these agents may be efficacious
while engendering fewer autoimmune complications (27). Our
preclinical data in the B16 melanoma model strongly suggest
that combining these agents may have synergistic effects in
driving tumor rejection. Although combining multiple coinhibi-
tory blocking antibodies in the clinic should be approached with
great caution, our studies suggest that blocking a single inhibitory
receptor only leads to up-regulation of the unblocked pathway.
To allow tumor-infiltrating T cells the capacity to expand, kill,
and produce inflammatory cytokines within the tumor micro-
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environment appears to require simultaneous blockade of mul-
tiple negative costimulatory receptors.

Materials and Methods

Mice. C57BL/6 mice (4-6-week-old male; Jackson Laboratories) were cared for
accordance with National Institutes of Health and American Association for
the Accreditation of Laboratory Animal Care International regulations.
Experiments were all approved by the Memorial Sloan-Kettering Cancer
Center Institutional Animal Care and Use Committee. B6.SIL mice (6-week-
old male) were obtained from Tacenic.

Antibodies. Anti-CTLA-4 (9D9), «PD-1 (RMP1-14) (28), aPD-L1 (9G2), Rat Ig, and
mlgG2b used in vivo were obtained from Bioxcell. Dosing per injection was 100 ug
of9D9, 250 pg of RMP114, 100 pg of 9G2, 250 pg of Rat Ig, and 100 ug of migG2b.
Staining antibodies included CD4-Q605, CD8-Pacific Orange, and CD3-
APCAlexa750 (Invitrogen); CD4-APC, FoxP3-Pacific Blue, KLRG1-APC, PD-1-
FITC, 4-1BB-biotin, GR-1-phycoerythrin (PE) Cy7, and CD11b (eBioscience); CD8-
PE, PD-L1-PE, IFN-y-PE-CY7, Ki67-FITC, and TNF-a-APC (BD Bioscience); 1COS
and CTLA-4 (4F10) (Bioxcell); CD45.1 peridinin chlorophyll protein (Biolegend);
and arginase-1 (Santa Cruz). Some clones were conjugated using Invitrogen
monoclonal antibody conjugation kits to Alexa 532, Alexa 594, or Qdot 655.

Cell Lines. B16/BL6 cells as well as B16-sFlt3L-Ig (Fvax) and B16-GM-CSF (Gvax)
have been described previously.

Peptides. Ova 257-264 (SIINFEKL) and 323-339 (ISQAVHAAHAFINEAGR)
(American Peptide Company) were used at a final concentration of 5 M.
GP100 (25), Trp-1 (455, 481, and 522), and Trp-2 (181) peptides were
obtained from Biosynthesis, Inc. and used at a final concentration of 10 pm.
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B16 Melanoma Treatment Experiments. Mice were injected in the flank
intradermally at day 0 with 5 x 10* B16-BL6 cells and treated on days 3, 6, ang
9, with 1 x 10° irradiated (150 Gy) gene-modified B16 cells on the i
tralateral flank and the indicated therapeutical antibody i.p.

Tumor Infiltration/Activation Marker Analysis. Mice receiving a 1.5 x 10° gqg_
BL6 challenge were vaccinated as discussed in the previous section an days 3
6, and 9 and were killed on day 16. Tumors were measured immediatg;'
before the mice were killed. Excised tumors were digested in Liberase
(Roche) and DNase (Roche), cells were counted, and lymphocytes Were
enriched on a Ficoll gradient (Histopaque 1119; Sigma). Cells were staineg
using a FoxP3 staining kit (eBioscience); CTLA-4 and PD-1 were stained for
total intracellular and extracellular protein. Stained samples were run
completely on an LSRII (BD Bioscience) cytometer.

Analysis of Cytokine Production. Mice receiving a 2.5 x 10° B16-Ova challenge
in 30% collagen matrix (Matrigel) were vaccinated as discussed in the previoyg
section on days 6, 9, and 12 and killed on day 14. Vaccine and tumor draining
lymph nodes as well as tumors were pooled from five mice per group. Lymph
node cells were stained with DAPI and antibodies to CD4 and CD8 and sorted
on a MoFlo cell sorter (Beckman Coulter). Tumor cells were purified as dis-
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FoxP3 kit.
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