i

e-1 GIgC UYW-NYI S AY¥3A00SIA YIINYI

RC 261
Al
C3747

Set 1




NUMBER Cancer discovery (Print)
RC261 .A1 C3747 v. 5, no. 1 (2015 Jan.)

‘ \\“\ 4 2011204352 ||II||I||I||II|II||I|||||||llIIIIIIIII|III|I|||I|||II||| o s

2088 IMPACT FACTOR

45.929

AA‘ American Association for Cancer Research




Kari Alitalo

James P. Allison
Scort A. Armstrong
Carlos L. Arteaga
Alan Ashworth
René Bernards
Elizabeth H. Blackburn
Paolo Boffetta

Joan S. Brugge

John C. Byrd
Andrea Califano
Arul Chinnaiyan
Sara A. Courtneidge
Alan D. D’Andrea
Johann S. de Bono
Hugues de Thé
Ralph J. DeBerardinis
Ronald A. DePinho
Vishva M. Dixit
Matthew J. Ellis
Jeffrey A. Engelman
Douglas T. Fearon
Keith T, Flaherty
Lori Friedman

Levi A. Garraway
Jennifer R. Grandis

Lewis C. Cantley

EDITORS-IN-CHIEF

José Baselga

EXECUTIVE EDITORS
Mark W. Landis

SCIENTIFIC EDITORS

Narhanael S. Gray
Daniel A. Haber
William C. Hahn
Douglas Hanahan
Manuel Hidalgo
Waun Ki Hong

Tyler Jacks

William G. Kaelin
Theodore S. Lawrence
John P. Leonard
Arnold J. Levine
Douglas R. Lowy

Tak W. Mak

Richard M. Marais
Joan Massagué

Frank McCormick
Ari M. Melnick
Matthew L. Meyerson
Gordon B. Mills

Paul S. Mischel

Sean J. Morrison
Benjamin G. Neel
Olufunmilayo I. Olopade
Pier Paolo Pandolfi
William Pao

David R. Piwnica-Worms

Judy N. Quong

Helen M. Piwnica-Worms
Kornelia Polyak
Carol Prives

Antoni Ribas

Andrea L. Richatrdson
Jeftrey M. Rosen
Mark A. Rubin
Charles L. Sawyers
David Schenkein
Alice T. Shaw
Margaret A. Shipp
Kevan M. Shokat

M. Celeste Simon
Lillian L. Siu

David B. Solit

Laura Soucek
Margaret R. Spitz
Josep Tabernero
Craig B. Thompson
David A. Tuveson
Victor E. Velculescu
Robert H. Vonderheide
Karen H. Vousden
Xiaodong Wang
Ralph Weissleder
Eileen White

Editorial Office: Cancer Discovery [ISSN 2159-8274 (Print); ISSN 2159-8290 (Online)] is published monthly, one volume

per year, by the American Association for Cancer Research, Inc., 615 Chestnur St., 17th Floor, Philadelphia, PA 19106-4404.
Periodicals postage is pending at Philadelphia, PA and additional mailing offices, POSTMASTER: Send address changes to
Cancer Discovery, AACR Member Services, 615 Chestnut St., 17th Floor, Philadelphia, PA 19106-4404 or E-mail: membership@
aacr.org. Copyright 2015 by the American Association for Cancer Research, Inc. Printed on acid-free paper in the US.A,

| AAC“ American Association for Cancer Research

JANUARY 2015 CANCER DISCOVERY



JANUARY 2015

CONTENTS

= VOLUMES5S = NUMBER1

INTHIS Highlightedresearch

ISSUE

articles. ........... .o 1

NEWS

IN BRIEF

IN

NEWS
DEPTH

RESEARCH
WATCH

ONLINE

VIEWS

Important news stories affecting

the community.................ooees 4

Cancer-Killing CAR Therapies
GainSpeed..............coieeaen 7

In Search of Exceptional
Responders...................... 8

Selected highlights of recent articles
of exceptional significance from
the cancer literature ................. 9

For more News and Research Watch,
visit Cancer Discovery online at
http://CDnews.aacrjournals.org.

In The Spotlight

Addressing the Controversy:

Do Bisphosphonates Directly
Affect Primary Tumors? ........ 14
J.A.Sterling

See article, p. 35

The Microsatellite Instable

Subset of Colorectal Cancer Is

a Particularly Good Candidate

for Checkpoint Blockade
Immunotherapy................. 16
Y. Xiao and G.J. Freeman

See article, p.43

Turning Telomerase into a
Jekylland Hyde Case? .......... 19
R.J. Wellinger

See article, p.82

In Focus

How Does Multistep Tumorigenesis
Really Proceed? ................ 22
C.L.Chaffer and R.A. Weinberg

ii | CANCER DISCOVERY JANUARY 2015

MINI

REVIEW

TRKing Down an Old

Oncogene ina New Era

of Targeted Therapy ............. 25
A.Vaishnavi, AT. Le, and R.C. Doebele

RESEARCH
BRIEFS

Real-Time Intravital Imaging
Establishes Tumor-Associated
Macrophages as the Extraskeletal
Target of Bisphosphonate
ActioninCancer................. 35
S.Junankar, G. Shay, J. Jurczyluk, N. Ali,
J.Down, N. Pocock, A. Parker, A. Nguyen,

S. 5un, B. Kashemirov, C.E. McKenna,

Pl. Croucher, A. Swarbrick, K. Weilbaecher,
T.G.Phan, and M.J. Rogers

Précis: Bisphosphonates bind granular micro-
calcifications and are internalized by tumor-
associated macrophages in breast tumors.

See commentary, p. 14

The Vigorous Immune
Microenvironment of Microsatellite
Instable Colon Cancer |Is Balanced
by Multiple Counter-Inhibitory
Checkpoints ..................... 43
N.J. Llosa, M. Cruise, A, Tam, E.C. Wicks,
E.M. Hechenbleikner, J.M. Taube,
R.L.Blosser, H.Fan, H. Wang, B.S. Luber,
M. Zhang, N. Papadopoulos, KW. Kinzler,
B. Vogelstein, C.L. Sears, R.A. Anders,
D.M.Pardoll, and F. Housseau

Précis: Mismatch repair-deficient
colorectal cancers counteract Th1/CTL
immune responses by upregulating immune
checkpoint proteins, including PD-1 and
PD-L1.

See commentary, p. 16

Mutant KRAS-Induced Expression
of ICAM-1 in Pancreatic Acinar Cells
Causes Attraction of Macrophages
to Expedite the Formation of
Precancerous Lesions ........... 52
G-Y.Liou, H. Déppler, B. Necela, B. Edenfield,

L. Zhang, D.W. Dawson, and P. Storz

Précis: Crosstalk between pancreatic
acinar cells and proinflammatory
macrophages promotes initiation of
acinar-to-ductal metaplasia via
KRASS12D-induced expression of the
macrophage chemoattractant ICAML.

www.aacrjournals.org




Prospective Blinded Study of BRAFY600F Induction of Telomere Dysfunction

Mutation Detection in Cell-Free DNA Mediated by the Telomerase Substrate

of Patients with Systemic Histiocytic Precursor 6-Thio-2’-Deoxyguanosine. ... 82
Disorders.............oooivieiiiinn..n. 64 @ |.Mender, S.Gryaznov, Z.G. Dikmen,

D.M.Hyman, E.L. Diamond, CRT. Vibat, L. Hassaine, V' WE. Wright, and JW. Shay

J.C.Poole, M. Patel, V.R.Holley, G. Cabrilo, T.T. Lu, Précis: 6-thio-2’-deoxyguanosine is a precursor of
M.E. Arcila, Y.R. Chung, R. Rampal, ME. Lacouture, atelomerase substrate that is incorporated into

ll:l/l'.g?lé?lna‘:al;ﬂr‘,elrzl.cJ-aBnelzﬂ,s;(ﬁ?’OJ: EEZ‘Z'E\E;\'IEHEIKEFZFOCk' newly syr'lthesized telo!'nere s, leading to telon'1e re
dysfunction and death in telomerase-expressing

Précis: Cell-free DNA testing using plasma and cells.

urine samples may be a reliable, noninvasive

method to identify mutations and monitor

treatment response in histiocytic disorders.

See commentary, p. 19

f. “ARCH Measuring Residual Estrogen Receptor
'TICLES  Availability during Fulvestrant Therapy in

Patients with Metastatic Breast Cancer...72
M. van Kruchten, E.G. de Vries, AW. Glaudemans,
M.C. van Lansehot, M. van Faassen, |.P. Kema,
M. Brown, C.P.Schrider, E.F. de Vries, and G.A. Hospers
Précis: Decreased [!8F|fluoroestradiol uptake
visualized by PET/CT provides a measure of tumor ER
availability and correlates with fulvestrant treatment
outcome in patients with metastatic breast cancer.

@ ACiconindicates Author Choice

For more information please visit http://www.aacrjournals.org

ONTHE Hyman, Diamond, and colleagues carried out a prospective, blinded study

COVER to quantitatively detect the BRAFV60%E mutation in circulating tumor cell-
free DNA (cfDNA) from the urine and plasma of patients with Langerhans
cell histiocytosis or Erdheim-Chester disease. Urinary cfDNA analysis de-
fined the BRAF genotype of all 30 patients and was 100% concordant with
tissue genotypes among treatment-naive patients. Furthermore, serial
urinary cfDNA analyses in patients treated with a BRAF inhibitor or immunomodu-
latory therapy showed a progressive decrease in BRAFYE0%E allele burden, consistent
with radiographic evidence of disease improvement. Tissue and cfDNA genotyping
also identified a previously unreported somatic KRAS®12> mutation in a BRAF wild-
type patient. These data suggest cfDNA testing as a reliable, noninvasive method
to detect BRAFVE9CE mutations and monitor response to therapy in histiocytic dis-
orders. For details, please see the article by Hyman, Diamond, and colleagues on
page 64.
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- P V(s We examined the immune microenvironment of primary colorectal cancer using

immunohistochemistry, laser capture microdissection/qRT-PCR, flow cytometry, and
functional analysis of tumor-infiltrating lymphocytes. A subset of colorectal cancer displayed high infil-
tration with activated CD8* cytotoxic T lymphocyte (CTL) as well as activated Thl cells characterized by
IFNyproduction and the Thl transcription factor TBET. Parallel analysis of tumor genotypes revealed that
virtually all of the tumors with this active Th1/CTL microenvironment had defects in mismatch repair, as
evidenced by microsatellite instability (MSI). Counterbalancing this active Th1/CTL microenvironment,
MSI tumors selectively demonstrated highly upregulated expression of multiple immune checkpoints,
including five—PD-1, PD-L1, CTLA-4, LAG-3, and IDO—currently being targeted clinically with inhibitors.
These findings link tumor genotype with the immune microenvironment, and explain why MSI tumors are
not naturally eliminated despite a hostile Th1/CTL microenviranment. They further suggest that blockade
of specific checkpoints may be selectively efficacious in the MSI subset of colorectal cancer.

SIGNIFICANCE: The findings reported in this article are the first to demonstrate a link between a genet-
ically defined subtype of cancer and its corresponding expression of immune checkpoints in the tumor
microenvironment. The mismatch repair-defective subset of colorectal cancer selectively upregulates
at least five checkpoint molecules that are targets of inhibitors currently being clinically tested. Cancer
Discov; 5(1); 43-51. ©2014 AACR.

See related commentary by Xigo and Freeman, p, 16,
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INTRODUCTION

An increasing body of research has revealed thar the
immune microenvironment of cancer is unique and com-
plex; indeed, tumors can be viewed as distiner immunologic
organs. Pathologists have long recognized the diversity of
immune infileration into rumors, invoking terms such as
“lymphocyte poor” and “inflammatory.” For some cancer
types, it is becoming clear that simple quantitation of lym-
phocyte infiltration has prognestic significance, suggesting
that lymphocyte infileration is not passive but may actively
promote or inhibit tumor growth (1). In the case of color
ectal cancer, Galon and colleagues (2) demonstrated that
levels of lymphocyte infiltration into primary tumors repre-
sented a strong independent predicror of relapse and overall
survival, with high lymphocyte infiltration being a positive
prognostic factor, Using expression profiling of colorectal
cancers, they further defined the relevance of specific immune
signatures, demonstrating that T helper | cells (Thl)-type,
IENy-dominant immune profiles signified an improved prog-
nosis, whereas Th17-type, IL17-dominant immune pwﬁles
signified a poor prognosis (3). These findings are in concord-
ance with multiple studies in murine models demonstrating
that Thl/cytotoxic T lymphocyte (CTL)-dominant immune
responses are anticumorigenic (4), whereas Thi17-dommant
responses are typically procarcinogenic (S).

The relevance of molecular regulation of lymphocyte func-
tion in the tumor microenvironment (TME) has been further
highlighted by the emerging clinical experience in treatment
of cancer with antibody blockade of the PD-1 parhway.
Anti-PD-1 and anti-PD-L1 antibodies have been demon-
strated to induce significant durable tumor regressions in
patients with melanoma, venal cancer, and non-small cell
lung cancer (6-9). The finding that expression of PD-LL in
tumor biopsies is a predictor of response to PD-1 pathway-
blocking antibodies (6) supports conclusions from murine
studies thar this pathway plays a major role in blocking anti-
rumor immune responses directly within the TME (10). With
increasing efforts to develop antibody blockers of muldiple
additional immune-inhibitory ligands and receptors (termed
checkpoines) for cancer immunotherapy, understanding the
expression patterns and functions of these molecules in
the context of the TME will be critical in selecting patient
populations most likely to benefit from their applicarion
(11). In contrast to melanoma, renal cancer, and lung cancer,
colorectal cancer cohorts demonstrated a very low response
rate to PD-1 or PD-L1 blockade and have been considered
a nonresponding histology to the PD-1 pathway blockade
(6-8). However, there was an insufficient number of patients
to potentially define subsets of colorectal cancer that might
be more amenable to checkpoint blockade.

With these considerations in mind, we have undertaken a
comprehensive analysis of the immune microenvironment
of colorectal cancer, using a combination of immunohisto-
chemistry (ITIC), laser capture microdissection combined
with quantirative reverse transcription PCR (LCM /qRT-PCR),
multiparameter flow cytometry (MFC), and functional analy-
gis of purified tumor-infiltrating lymphocyres (TIL) from
a large set of surgically resected primary colorectal cancer.
These analyses revealed, in an unbiased fashion, that a subser

of colorectal cancer possesses a highly activared Thl- and
CTL-rich microenvironment, Through concomitant genetic
analysis, we found that this subser of umors harbored micro.
satellite instability (MSI), indicating that they were mis
match repair-deficient (12). This finding was in accordance
with numerous prior studies indicaring thar MSI tumors
are highly infilerated with T cells including CTLs (13-16)
How could tumors persist in this hostile microenvironment
To find out, we carried our an extensive investigation of the
regulatory factors operative in this microenvironment. We
found that there was a dramatic overexpression of immune
checkpoint-related proteins in the microenvironment of
MSI tumors, thus explaining a long-standing enigma and
suggesting that immunotherapeutic interventions involving
checkpoint blockade might be selectively effective in this
important subset of cancers, On the basis of these findings,
clinical rrials have been initiated ro test PD-1 blockade in
patients with colorectal cancer identified as MSL

RESULTS

We began our analysis of primary sporadic colorectal can-
cer by performing quantitative IHC for standard T-cell sub-
sets using antibodies to €D3, CD4, CD8, and Foxp3. We
distinguished three comparements: true TIL representing
lymphocytes intercalared within the glandular or medullary
epithelial component of the rumor, T cells in the rumor
stroma surrounding the epithelial component of the rumor,
and the invasive front where the tumor invades into the
lamina propria (Supplementary Fig. S1). Infiltration by these
T-cell types in each of the compartments was quaniitated
numerically by blinded analysis of 5 high-power fields (hpf;
0.0028 mm?/hpf) and displayed as average number of stained
cells per hpf. We found a subset of tumors (roughly 20%) that
had large infiltrates of roral (CD3" T cells) as well as CD4'
and CD8* T cells in all three compartments, with CD8" T cells
the most dramatically increased. We wondered whether this
subset of tumors was M8, given prior studies indicating lym-
phocyte infilerations in such tumors (13-16). Indeed, analysis
of microsatellites showed that nearly all of the tumors with
the infiltrates were MSL We therefore focused on differences
between tumors harboring MSI versus microsatellice stability
(MSS; Supplementary Table S1) for the in-depch analysis of
the immune TME of colorectal cancer.

Figure 1A and B show typical examples of THC staining,
and Fig. 1C shows the quantirative analyses demonstranng
startistical differences between MSI and MSS tumors for the
total CD3* T cells and CD4* T cells among T1L and invasive
front as well as CD&" T cells among all three compartments.
Although it did not reach statistical significance mn tumor
stroma and the invasive front, we observed higher Foxpd'
cell infiltrates, representative of regulatory T cells (Treg), 0
MSI compared with MSS tumors. OFf note, a single outlier
included in our MSS cohore displayed a high infileration of
cach T-cell subser, similar in range to the one of MSI tumors
(Fig. 1C and Supplementary Figs. 52 and S3A).

We further explored the nature of the T-cell infilerates by
performing LCM on MSI and MSS tumors, separately dissect:
ing the TIL, stroma, and invasive front compartments (Sup-
plementary Fig. S1) and then performed qRT-PCR (Fig. 2A-C)
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Figure 1. Geographic distribution in situ of MSI and MSS
colorectal cancer-infiltrating lymphocytes. Formalin-fixed,
paraffin-embedded tissue sections were characterized by
IHC for CD4+, CD8*, and FOXP3* cellinfiltration. Three dis-
tinct histologic areas designated as TIL, tumor stroma, and

0SS MSI MSS MSI MSS Mol ’ MSS MSI MSS MS| MSS MS invasive front.(wher_e tumor invaded normal lamina propria)
TIL Stroma  Invasive Iron| TIL Stroma  Invasive front were _hlStOloglcally identified and separately analyzed
. Invasive front (A) and TIL/stroma (B) areas of representative
600 CcD8g* 200 MSS (bottom) and MSI (top) specimens are shown (<20 mag-
1 . 1 + L oo S : At :
c 388 t }88 FOXP3 nification). Dashed lines in A delineate the invasive front with
E 50 € ' - the tumor tissue on the top side and the normal tissue on
K 200 § 75 P ] . the bottom side. Red stars and blue arrows in B indicate the
3 S ' . A tumor stroma and tumor epithelium-infiltrating immune cells,
= 150 2 W * % respectively. Scale bars, 100 um. C, cell density was scored
3 100 g o he! b o 1 in 14 MSS (blue) and 9 MSI (red) specimens by determining
w50 3 " . o . . the average number of stained cells in 5 distinct hpf {0 0028
0 - — . mm?/hpf). The graphs display the mean for each group; ™,
MSS MSI MSS MSI MSS MSI MSS MSI MSS MSi MSS MSI statistically significant differences between MSS and M5!
TIL Stroma  Invasive front TIL Stroma  Invasive iront

for selected genes encoding signature T-cell cytokines as well
as core transcription factors for each of the three major Th
subsets, Th1/Tcl (cype I CTL; TBX21 and IFNG are common
to Thl and Tcl), Th2, and Th17. We additionally analyzed
genes associated with CTL and Treg and also general inflam-
matory cytokines. Finally, we analyzed expression of genes
encoding both coinhibitory membrane ligands and receptors
(commonly termed checkpoints) and metabolic enzymes that
have been shown to regulate lymphocyte activity; these serve
feedback-inhibitory functions in normal physiology but can
represent important mechanisms of adaptive immune resist-
ance by tumors in the face of an endogenous antitumor T-cell
reperroire (11).

We found that the expression of the gene encoding IFNy
(IFNG), the canonical Th1/Tcl cytokine, is higher in all
three compartments of MSI compared with MSS tumors
(Fig. 2A-C; the differences reach statistical significance in the
TIL and invasive front areas with Wilcoxon test P = 0.041 for
both). The expression of TBX21 encoding TBET, the Thl/
Tcl canonical transcription factor, is similarly increased in
MSI tumors, though differences did not reach statistical
significance among the cohort analyzed. The CDSA gene,
Mainly expressed by CTLs, is highly differentially expressed in
the TIL regions of MSI relative to MSS tumors (Fig. 2A; P =
0.004), in concordance with significantly higher CD8 infiltra-
tion observed by IHC (Fig. 1C). In marked contrast to Th1
and CTL genes, expression of Th17 genes is virtually identical

(P <0.05, using Mann-Whitney U test).

between MSI and MSS tumors for all compartments. IL13
and IL4 (the canonical Th2-type cytokines) were undetect-
able in most of the MSI and MSS samples for each of the
TME regions analyzed, and GATA3 (Th2 transcription factor)
expression was not different between MSS and MSI (data not
shown). Treg-associated genes, including FOXP3, were similar
between MSI and MSS tumors. Gene group comparison anal-
ysis using the Wilcoxon-Mann-Whitney permutation test
confirms that Th1/Tcl (TBX21 and IFNG) and CTL (CD8A4,
GZMB, PRF1, and IL21} groups but not the Th17 (RORC,
IL17A, and IL23) group show statistical differences in their
representation between TIL compartments of MST and MSS
colorectal cancer (Fig. 2D). In summary, MSI tumors have a
selective Thl and CTL infilcration and activation relative to
MSS tumors. The highest value for IFNG and TBX21 expres-
sion in TIL from a single MSS sample (detailed in Supple-
mentary Fig. S3B) represents the same outlier observed in the
quantitative analysis of CD4 and CD8 TIL infiltration from
Fig. 1C. Among genes encoding inflammatory cytokines,
IL18, which is generally associated with Thl responses and
selectively promotes 1FNy production by T cells, is more
highly expressed in MSI tumors in all three compartmencs
(P < 0.05), whereas genes encoding IL1 and IL6, which selec-
tively promote Th17 responses, are not (Fig. 2A-C). The
expression of PTGS2 (encoding COX2), ILI2A (encoding
1L12p35), and TNF (encoding TNFo) did not differ between
MSS and MSI specimens.

AA‘ ‘-R American Association for Cancer Research

JANUARY 2015 CANCER DISCOVERY | 45

RESEARCH BRIEF



RESEARCH BRIEF

Llosa et al,
A TIL B Stroma
cD4  Thifel CcTL Th17 Treg cDa  Thi/Tcl cTL Thi7 Treg
r" * 100y : tae '.
1 1004, | I 10 |
gl RIS P O (e 100 e o W
HEE B | e [ 9 - ! o ns
o RN T (T R A S 10 s U
[§) i . * . " R !
i | F 10 I BURCLE . el :
o b s - Rl B S SR 5
H - 1 107 | ! : !
| ol .- i . 105 o i i
| " . H | ’, » i R H
= 106 | R S T ke

E=te=y
Q ul
SR

g r_é’ q;\'_'_'_'b S
S i cp‘"—’ty“qﬁ R

Proinflammation Checkpoints Metabolism Prointismmation
- 102 -
¥ 10! 10! ! .
I.. o 100 : 100 1o & . E _.'.ﬁ
| g FRLE I TI  ~ a a » ad L (N
S | ral St T T w0 BT 4 gTET
& E hi1o - T B
i 5 107! 107 !
| 107 105 B :
e e Lt
: 107 ~ 107 L : '
N A H QR & Be o oo N
\00 o ~b\(<\ (& O OGS d(,;; Q(p Joc’;’m \00 s ~<>§‘\
cpD4  ThifTel cTL Thi7 Treg Gene group comparison beiween MSS and MSI CRC
1020 &% 4 # 1
1 i . 1 . .
1301{: i } e o Gene group Wilcoxon permutation test p value
_ 1o N ot LEV
S yg2 e | Invasive
T 03 y, e ! = TIL Stroma
o 1074 P 8 { " front
107° } E 3 ! .
10473 1I ‘l Th1/Tel 0.035* 0.069 0.030"
1077 b
3 o F © S D
F  eF Ty @‘\@“ v & CTL 0.001" 0.006" 0.093
Proinflammation Checkpoints bollsm Th17 0.525 0.497 0,436
Treg 0.026* 0.273 0.432
!
| Checkpoints 0.010* 0.019* 0.014
|
i
& m Mss
:gfﬂ ) = :gf [ o msl
gb"b N B N ,1/‘?~ ‘;ﬁ n Q\ Ofb 0’\ ‘-o‘l, Ao
SRR I PN U R

Figure 2. Thl and CTL-based immune signature and elevated checkpoint expression in MSI colorectal cancer. RNA was extracted from tissue samples
laser-microdissected representing TIL in tumor nests (A), stroma surrounding tumor (B), and invasive front (C) areas of MSS (blue squares) and MSI {red
circles) colorectal cancer specimens, Immune-related gene expression profiles were assessed using TagMan-based qRT-PCR for selected genes. Sets of
genes were defined by functional relevance (Th1/Tcl, CTL, Th17, Treg, proinflammation, immune checkpoints, and metabolism). The Y-axis represents an
arbitrary unit of expression 24%, AC, representing cycle threshold (C;) of the gene of interest normalized by C, of ubiquitous genes (GUSB and GAPDH).
The graphs display the geometric means. Their differential representation between MSS and MSI specimens was analyzed using adjusted Wilcoxon-
Mann-Whitney test as described in Methods. * Wilcoxon P < 0,05, D, gene group comparison in TIL, tumor stroma, and invasive front areas between MSS
and MS| specimens. Permutation test results based on the maximum Wilcoxon-Mann-Whitney test statistic within the gene groups Th1/Tcl, CTL, Th17,

and immune checkpaints. % statistically significant differences between MSS and M5!I (P < 0.05).

We next analyzed the expression of genes encoding check-
point receptrors. We found that all three of the clinically rar-
geted checkpoint receptors—CTLA-4 (CTLA4), PD-1 (PDCD1),
and LAG-3 (LAG3)—were expressed at considerably higher
levels in MSI compared with MSS tumors (P < 0.05 in all com-
partments for CTLA4, in TILs and the invasive front for LAG3;
P>0.05 in all comparements for PDCDI). The gene encoding
PD-L1 (CD274), a major IFNy-inducible PD-1 ligand expressed
in the epithelial cells of many solid tumors (17), was unexpect-
edly expressed in TILs and stroma of MSI tumors (Wilcoxon
test P values are 0.009 and 0.015, respectively; Fig. 2A and B).
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Among inhibitory metabolic enzymes, the IFNy-induced gene
encoding indolamine 2’3’-dioxygenase (IDO), which metabo-
lizes tryptophan to kynurenine, demonstrates significantly
higher expression in TILs of MSI tamors (P = 0.041; Fig. 2A).
In contrast, arginase-1 (ARG1), a myeloid enzyme induced by
the Th2 cytokines IL4 and IL13 and upregulated in M2 mac-
rophages, was generally not detectable in either MSI or MSS
tumors (data not shown). Thus, along with the Thl and CTL
genes, multiple immune-inhibitory genes, including a number
that are IFNy-induced, are preferentially expressed in the
TILs and stroma of MSI cumors. Of note, these results reflect
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A Invasive front

MSH

MSS

B TIL and stroma

—

Figure 3. PD-1 and LAG-3 expression in MS! and MSS colorectal cancer specimens. IHC analysis of PD-1 and LAG-3 expression in invasive front (A)
and ' IL/stroma (B) areas was performed on formalin-fixed, paraffin-embedded tissue sections of a representative set of MS| {top) and MSS (bottom)
coloi ectal cancer specimens. Magnification, x20; scale bars, 100 um; red stars and blue arrows in B indicate the tumor stroma and tumor epithelium-

infilirating immune cells, respectively.

a combination of higher immune infilcration and cellular
upiegulation in MSI compared with MSS tumors.

Because differences in checkpoint expression could have
significant implications in defining patient subgroups poten-
tiallv responsive to checkpoint blockade, we sought to deter-
mine whether differences at the RNA level were mirrored at
the protein level. Indeed, IHC for both PD-1 and LAG-3 dem-
onstrated robust expression in lymphocytes of MSI rumors,
whereas very little was observed in MSS tumors (Fig. 3A
and B). The qRT-PCR/LCM analyses shown in Fig. 2 there-
fore underestimated the differences between MSI and MSS
tumors with respect to PD-1 protein surface expression by
TIL. Multiparameter flow cytometry of freshly isolated lym-
phocytes from tumors demonstrated that a large proportion
of both CD4* and CD8" T cells infiltracing MSI tumors
express high levels of PD-1 (Fig. 4A and B). This PD-1"
population was largely absent in MSS tumors (except two
MSS specimens, one of which was the highly infilerated MSS
outlier described above) and the normal mucosa adjacent to
MSI tumors. The TBET downregulation and PD-1 upregula-
tion by T cells is typically found in chronic viral infection
and rermed “exhaustion” (18). Because the presence of PD-1"
T-cell infiltrate in MSI tumors is concomitant with the detec-
tion of high IFNy (MFC in Fig. 4C and qRT-PCR in Fig. 2) and
high TBET (qRT-PCR in Fig. 2), furcher investigation should
be conducted to determine the coexpression of these mol-
ecules at the single cell level and formally rule out the clas-
sic “exhaustion” phenotype of these TILs. Of note, the two
MSS tumors exhibiting an unusually strong proportion of
PD1M CD8* T cells (Fig. 4B) were also characterized by a high
proportion of IFNy-producing CD8" T cells (Supplemencary
Fig. 53 and data not shown). Our findings suggest thar a
small proportion of MSS tumors are characterized by the
concordant detection of Th1/CTL infiltration and immune
checkpoint expression that is found in all MSI tumors.

AA‘ Amarican Associalion for Canzer Research

Finally, we analyzed PD-L1 protein expression by IHC.
MSI tumors demonstrated much higher PD-L1 expression
than MSS tumors (Fig. 4D). Surprisingly, in conctrast to
other cancers, such as melanoma, renal cancer, and lung
cancer (19), there was virtually no discernable PD-L1 expres-
sion on tumor cells of MSI tumors by IHC; rather, costain-
ing with CD163 demonstrated that the majority of PD-L1
expression was by myeloid cells. There were large numbers
of PD-L1* myeloid cells at the invasive front and in the
stroma and some were intercalated between epichelial cells
in the cumor nests of MSI specimens (Fig. 4D). Histologic
scoring of PD-L1* cells in TIL and the invasive front regions
confirmed the high expression of PD-L1 in MSI tumors
(Fig. 4E). Omitcing the MSS outlier patient (high CD8" cell
infileration and IFNy production) that also demonstrated
high PD-L1 expression, we found that che difference between
MSS and MSI specimens reached statistical significance in
the TIL area (P < 0.05, Mann-Whitney U test). MFC analysis
performed on freshly dissociated MSI tumors confirmed
high levels of PD-L1 expression on viable CD11b*HLA-
DRCD15"CD14*CD33* myeloid cells (Fig. 4F). Because
most human cancers appear to upregulate PD-L1 as an
adaptive response to IFENy (17), the lack of clear PD-L1
expression on tumor cells in the MSI specimens as assayed by
THC was unexpected, particularly given the high IFNy level
in these tumors. Of note, although PD-L1 was upregulated
on a number of both MSI and MSS colon tumor cell lines
after incubation with IFNy, this upregulation was, in gen-
eral, much less than the one observed in melanoma cell lines
(Supplementary Fig. S4). Interestingly, cell lines with the
weakest PD-L1 induction also showed weak MHC II induc-
tion after IFNy trearment, suggesting that colon tumors may
have relatively dampened STAT1 signaling.

MSI tumors have a much higher mutational load (and
thus potentially more neoantigens) than MSS cumors, and
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Figure 4. M5} colorectal
cancers are characterized by
IFNy-producing PDI™ TIL and
PDL-1* tumor-infiltrating myeloid
cells. A, freshly dissociated MSS
and MSI colon tumors (T) as well

as patient-matched normal tissue
(N) were assessed by MFC for the
expression of PD-1 oninfiltrating
CD4+and CO8*T cells. PD-1 expres-
sion in tumor was normalized to the
normal tissue run simultaneously
and both histograms were aligned
to delineate in tumor samples the
PD1M ceils when compared with
normal tissue. B, proportion of
PD-1% CD4* and CD8* cells among
D3+ lymphocytes infiltrating MSS
(blue squares} and MSl (red circles)
specimens. In each group the mean
is indicated: *, statistically signifi-
cant differences between MSS and
MSI (*, P< 0 05; =, P < 0.0001;
nonparametric Mann-Whitney U
test). C, representative ICS for IFNy
production by in vitro phorbol-12-
myristate-13-acetate/ionomy-
cin-activated T cells (3 hours). The
dot plots show the coexpression of
PD-1 and IFNyin CD4* T cells and
CD8+T cells in arepresentative

set of MSS (left) and MSI (right)
colorectal cancer (top) and patient-
matched normal (bottom) speci-
mens. The gates delineate PD1"
and PD1" cells. D, colocalization

of CD163 and PD-L1 expression in
invasive front (left) and TIL/stroma
(right) areas of a representative
set of MSS (bottom) and MS| (top)
colorectal cancer specimens were
assessed by IHC; x20 magnifica-
tion. Scale bars, 100 um. Red

stars indicate the tumor stroma. E,
PD-L1 expression scores in 7 MSS
{blue) and 7 MS (red) colorectal
cancer specimens (average of 5
hpf/sample). F, MFC analysis of
PD-L1 expression on MS| colorectal
cancer-infiltrating myeloid cells.
Dot plots represent the expression
of myeloid-associated markers on
CD11b*HLA-DRo* cells. Infiltrat-
ing myeloid cells were characterized
as CD15°CD14*CD33+CD11c* cells.
PD-L1 expression (dark gray) is
overlaid with corresponding isotype
control {light gray).
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this could be related to the presence of the vigorous immune
microenvironment in this genotypic subset of colorectal
cancer. We therefore wondered whether the highly infil-
crared MSS tumor described above had more mutations than
expected for an MSS tumor. To address this question, we

erformed exome sequencing on the microdissected tumor of
this individual. We found only 49 nonsynonymous, somatic
murations in this tumor, a number well within the typical
range for MSS colorectal cancer and much less than in MSI
rumors (20). In addition, no mutations in POLE and POLDI
geni's were identified; tumors with mutations in these genes
alsy contain a high mutational load despite having sta-
ple microsatellites (21). Thus, in this individual cumor, the
prominent T-cell infiltration was not due to an unusually
high mutational load (Supplementary Table S2).

D: ZUSSION

Direct analysis of the immune microenvironment of
tumors is emerging as the most important means of under-
standing the relationship between patients’ immune systems
and their cancer (1). These analyses are bearing fruit in
informing prognosis and guiding immunotherapy, particu-
larly using antibody blockade of immune checkpoints. We
demonstrate here that the immune microenvironment of
DN\ repair-deficient MSI colorectal cancer contains a strong
Th1 and CTL component not found in the vast majority of
DNA repair-sufficient MSS tumors, in keeping with previ-
ous reports of high T-cell infileration in MSI tumors (13-16).
Mote importantly, we address a vexing question in the field:
Why are human tumors, which are apparently strongly immu-
nogenic, as judged by histopathologic criteria, not rejected by
the host? The numbers of infiltrating activated lymphocytes
and CTLs in some tumors are huge, in some cases larger than
the number of neoplastic cells. The answer to this question
was found through the analysis of immune checkpoints.
Multiple key immune-inhibitory ligands, receptors, and meta-
bolic enzymes, including those that are IFNy inducible (PD-
L1, IDO), were highly upregulated in MSI tumors relative to
MSS (Fig. 2). We suggest that MSI represents a classic exam-
ple of adaptive resistance in which an active immune Thl /
CTL microenvironment results in compensarory induction of
checkpoints thar protect the tumor from killing (11).

The mechanistic basis for the link between MSI genetic
status and a high Th1/CTL microenvironment in colorectal
cancer is not known. However, one impormnt factor may be
the increased number of tumor "neoantigens” in DNA repair—
deficient cumors created by the high mutarional load, typically
berween 10 and 50 times that of DNA repair-sufficient tumors
(14, 16). The notion is that mutation-generated neoantigens
are truly cumor specific and may not induce immune tolerance
to the same extent as self-antigens, even those upregulated in
tumors due to epigenetic dysregulation (22). Ultimately, an
altered amino acid due to a coding mutation is only relevant
3 a rumor neoantigen for T cells if it can be processed and
Presented on self-MHC. Exomic sequencing and application of
@ multifactorial algorithm to the mutations in the MSS with
a0 active Th1/Tcl microenvironment may predict a number
of potential neoepitopes capable of being presented on the
tumor’s HLA class I alleles (23). The multiple variables involved

in antigen processing and presentation suggest that although
mutational density may correlate with neoantigenicity on a
population level, individual tumors with lower murational
load can nonetheless generate good T-cell neoepitopes if the
mutations are appropriately positioned. In addition, many
other mechanisms besides neoantigenicity (i.e., praduction of
immune regulatory cytokines and chemokines by the tumor
and nontransformed stromal cells) likely contribure to the
character of the immune microenvironment.

Among the many immune-inhibitory ligand-receptor pairs
(checkpoints) and metabolic enzymes discovered to date,
CTLA-4, PD-1, PD-L1, LAG-3, and IDO are of particular
interest because inhibitory antibodies or drugs (in the case of
IDO) are currently in active clinical testing to enhance thera-
peutic antitumor responses. Of note, all of these were highly
elevated in all three compartments (TIL, stroma, and invasive
front) of MSI tumors. THC of PD-1, PD-L1, and LAG-3 con-
firmed the gene expression findings and demonstrated that
MSS tumors and their infiltrating and invasive front lym-
phocytes (with the exception of the outlier) express very little
of these checkpoint molecules. Recent findings point to the
elevated expression of these checkpoints in tumors (particu-
larly PD-L1 and IDO) as an adaptive response to cytokines
such as IFNy that are part and parcel of an active intratu-
moral immune response (24, 25). This mechanism appears
to be operative in MSI tumors. What is strikingly different
in MSI colorectal cancer relative to melanoma, renal, or lung
cancet is that there is little PD-L1 expressed by tumor cells;
rather it is expressed predominantly by infilerating myeloid
cells. The modest upregulation of PD-L1 by colorectal cancer
cell lines in response to in vitro incubation with IFNy suggests
that adaptive PD-L1 expression in colorectal cancer is pre-
dominantly at the level of infiltrating myeloid cells, though
low levels of PD-L1 could be expressed by tumor cells in situ
that are below the detection level of IHC. Regardless, a very
important prediction of our findings on differential expres-
sion of immune-inhibitory ligands, receptors, and metabolic
enzymes is that MSI tumors will respond to checkpoint
blockade with agents such as anti-PD-1 or anti-PD-L1 anti-
bodies, whereas MSS tumors will be much less responsive.
Indeed, based on these findings, two clinical crials testing
anti-PD-1 antibodies in parients selected based on MSI have
been initiated (NCT01876511 and NCT02060188).

METHODS

Patient Selection, Tumor Samples, and Cell Lines

Tumor tissues were collected at the Johns Hopkins Hospital (Balti-
more, MD) from patients with primary sporadic colorectal cancer and
free of prior chemotherapy. Demographic, pathologic [tumor location
and tumor-node-metastasis (TNM) grade] and genetic status are
detailed in Supplementary Table S1. This scudy was approved by the
Johns Hopkins Institutional Review Board. All samples were obtained
in accordance with the Health Insurance and Accountability Act.

Assessment of MSI was done using the length of a panel of micro-
satellite markers in the tumor and a normal reference (either normal
mucosa or germline) by using fragment analysis of PCR products
labeled with fluorescent dyes. Fragment analysis determined the
expression level of the proteins in charge of maintaining the integ-
rity of microsatellite tracts. Differences in the length of two or
more markers (the standard Bethesda panel uses five markers) were

AAC—R American Association for Cancer Research
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indicative of MSI status. Eleven patients tested as MSI positive and
14 patients as MSS (Supplementary Table S1).

Analysis of mutations on the MSS outlier sample was perfornied
using DNA exomic sequencing from formalin-fixed, pa raffin-embedded
(PEPE) tissues. Tdentification of tumor-speciic muratons mvolved
comparison with normal matched cells derived from FFPE sections
that contained no rumor. Genomic DNA libraties were prepared fol-
lowing Illumina’s suggested protocol with small modification. Briefly,
the ends of sheared genomic DNA fragments are blunted and Mlumina
adaptors are ligated. The fragment library was amplified by 15 cycles
of PCR. Human exome capture is performed following a modified
protocol from Agilent’s SureSclect Paired-End Version 2.0 Human
Exome Kit (Agilent). The genomic library is hybridized o rhe SureSe-
lect probes. After washes, the genomic regions caprured by the probes
are elured. The captured région covers 38 Mb of exomic sequences,
Following PCR amplification of six cycles, the library is hybridized to
an Hlumina flow cell and eventually sequenced according to [llumina’s
protocols, Mismatched bases were identified a5 a mutation based on
rigorous crireria desenibed previously, Mutations wete further con-
firmed to not be variants present in the normal population according
to the NCBI Single Nucleotide Polymorphism Database.

For analysis of cell lines, three microsatellite instable (SW48,
HCT116, and DLD1) and three chromosomal instable (HT29, Caco-
2, and SW480) human colorectal cancer cell lines were used. These
cell lines were obtained from the Genetic Resources Core Facility
(GRCF), Institute of Genetic Medicine, Johns Hopkins School of
Medicine, which purchased these eells from rhe authenticated ATCC
repository. The cell lines were maintained in culture in 10% feral calf
serum DMEM supplemented with L-glutamine, nonessential amine
acids, sodium pyruvate, and antibiotics.

Immunohistochemistry

FFPE specimens were €t into 5-im secrions and mounted on
glass slides. For cach specimen, CD3 (clone PS1; Leica Biosystems),
CD4 (clone Sp33; Ventana), CDS (clone C8144B; Cell Marque),
Foxp3 (236A/E7; Abcams), and CD163 (clone Novacastral0D6: Leica
Biosystems) stainings were performed according to standard proto-
cols. IHC for PD-L1 (clone SH1) and PD-1 (clone M3) stainings was
performed m.‘q,'.nrdmg to a protocol previously reported (24). Posirive
cells were counted in 5 hpf (0.028 mm/hpf; Olympus BX41) by two
blinded pathologists (R.A. Anders and M. Cruise) in three distinct
tumor areas denominated TIL, tumor stroma, and invasive front.
LAG3 IHC was performed using clone 17B4 (LS Bio).

Laser Capture Microdissection and
TagMan Quantitative RT-PCR

FFPE and hemartoxylin and eosin-stained tissue sections (5 pmy)
were used for the LCM procedure using the Leica LMD 7000 system.
For cach patient, tissues were microdissecred from the three previ-
ously defined areas and directly collected in rissue lysis buffer for RNA
extraction, RNA was isolared following the manufacturer’s instruc-
tons fi-ligh Pure Paralfin Kic Roche). RNA was converted to cDINA
using the High-Capacity RNA-to-cDNA Kir (Life Technologies) and
a step of preamplification was first done using a pool of primers and
a preamplificacion mascer mix kie (Life Technologies), lollowed by
TagMan RT-PCR (list of primers in Supplementary Table 53). Dara
are expressed as 273, where AC, represents € g, = G e Fot our cal-
culation, C, o is the average of C, for two ubiquitous genes (GAPDH
and GUSB). When undetectable, a value of 40 was assigned as C,.

Tumor Processing and Flow Cytometry

Tumor specimens were collected and freshly dissociared using enzy-
matic cocktail (0.1% DNasel and Liberase 400 u/mL; Roche). Leukocytes
were enriched by Percoll density gradient (GE Healthcare) and cells were
banked in liquid nitrogen undl further analysis. MFC was performed

with a LSRII cytometet (BD Biosciences). Samples were stained with anti-
CD45 (2D1; BD Biosciences) anti-CD3 (UCHT1; BD Biosciences), anti-
CD4 (OKT4; BD Biosciences), anti-CD8 (RPA-T8; BD Biosciences),
anti-PD-1 (EH12.1; BD Biosciences), and anti-FOXP3 (259D/C7; BD
Biosciences). Cytokine inttacellular staining (ICS) for [FNy (B27; BD
Biosciences) and IL17 (SCPL1362; BD Biosciences) was performed
following 3-hour in vitro stimulation in the presence of stimulation
cocktail (phorbol-12-myristate-13-acetate + wonomycin; eBinsciance
and GolgiSop (Monensin; BD Biosciences) according to the manufac
turer’s instuctons, Dara were analyzed asing DIVA 6.1 Software (Bl
Biosciences). Myeloid cells were stained using anti-CD45, anti-CD11b
(ICRF44; BD Bioscieﬁces), anti-DR (G46.6; BD Biosciences), anti-CD 15
(HI98; BI2 Biosciences), anti-CD14 (MAE2; BD Biosciences), anti-CD33
(WMS53; BL Biosciences), antCDI le (B-Ly6; BD Biosciences), and
anti-PD-L1 {29E.2A3; BioLegend), Cell lines were cultured for 3 days
in the presence or absence of IFNy (500 1U/mL). Cells were stained with
DR and B7-H1/PD-L1 mAb before analysis by flow cytometry.

Statistical Analysis

IHC scoring in each of the three histologic areas (ie., TIL, stroma,
and invasive front) and MFC data were summarized using scatter
plots and compared between MSI and MSS patients using means and
the nonparametric Mann-Whitney U test. For the gene expression
analysis, scatter plots and geometric means were used ro character-
ize MSI/MSS patienc groups for each of the three locations. Genes
were grouped by lineage and/or function (Th1/Tcl, CTL, Thl7, Treg,
proinflammation, and metabolism), and to distinguish which groups
of genes were differentially expressed on the basis of MSS/MSI status,
a resampling-based permutation test was conducted on the basis of
the maximum Wilcoxon-Mann-Whitney test statistic within the gene
group. Individual gene expression was also compared across MSI/
MSS status using the Wilcoxon-Mann-Whitney test. All tests are
descriptive and no multiplicity adjustment was considered. Statistical
analysis was performed using the R statistical package (version 2.15 ).

Disclosure of Potential Conflicts of Interest

J.M. Taube reports receiving a commercial research grant from
Bristol-Myers Squibb and is a consultant/advisory board member
for the same. K.W. Kinzler has ownership interest (including patents)
in PGDx and is a consultant/advisory board member for Symex-
Inostics. B. Vogelstein has ownership interest (including patents) in
PGDx and PapGene, Inc; is a consultant/advisory board member for
Symex-Inostics; and has licensed inventions through Johns Hopkins
University. R.A. Anders reports receiving a commercial research grant
from Bristol-Myers Squibb. D.M. Pardall is a consultant/advisory
board member for Aduro, ImmuneXcire, Medimmune, and Bristol-
Myers Squibb. No potential conflicts of interest were disclosed by
the other authors.

Authors’ Contributions

Conception and design: NJ. Llosa, M. Cruise, E.M. Hechenbleikner,
N. Papadopoulos, K.W. Kinzler, B. Vogelstein, C.L, Sears, RA. Anders,
F. Housseau

Development of methodology: N.J. Llosa, M. Cruise, J.M. Taube,
K.W. Kinzler, RA. Anders, F. Housseau

Acquisition of data (provided animals, acquired and managed
patients, provided facilities, etc.): NJ. Llosa, M. Cruise, A. Tam,
E.C. Wick, E.M. Hechenbleikner, JM. Taube, H. Fan, M. Zhang,
M. Pa pﬂdnpmulu:\‘, KW, Kinzler, C.L. Sears, RA. Anders, E. Housseal
Analysis and interpretation of data (e.g., statistical analysis,
biostatistics, computational analysis); NJ. Llosa, A, Tam, EM.
Hechenbleikner, ].M. Taube, R.L. Blosser, H. Wang, B.S. Luber, N. Papa-
dopoulos, K.W. Kinzler, C.L. Sears, RA. Anders, F. Housseau

Writing, review, and/or revision of the manuseript: NJ. Llosa,
M. Cruise, M. Hechenbleikner, M, Taube, H. Wang, B.S. Luber,

50 | CANCER DISCOVERY JANUARY 2015

www.aacrjournals.org



jmmune Checkpoints in Human Colorectal Cancer

N. pﬂpadopoulos, K.W. Kinzler, B. Vogelstein, C.L. Sears, R.A. Anders,
D.M. Pardoll, E. Houssean

Administrative, technical, or material support (i.e., reporting
or organizing data, constructing databases): A. Tam, E.C. Wick,
EM Hechenbleikner, K.W. Kinzler, F Housseau

Study supervision: N.J. Llosa, C.L. Sears, F. Housseau

Acknowledgments

The authors thank K. Judge and C. Blair for excellent management
and coordination of colorectal cancer patient recruitment and speci-
men banking The authors acknowledge Robert Scharpf (Department
of Bhostatistics, Johns Hopkins University School of Medicine, Balti-
more. Maryland) for his helpful expertise in genomic data analysis.

Grant Support

This work was supported by the NIH through PSO CA062924 (GI
SPORJE to F. Housseau), RO1 CA151393 (to C.L. Sears and D.M.
pardoil), KO8 DK087856 (ro E.C. Wick), ST32CA126607-05 (to E.M.
Hechenbleikner), P30 DK089502 (GI Core), and P30 CA006973
(Sidney Kimmel Comprehensive Cancer Center core). Additional
SUp[oI T was provided by GSRRIG-015 (American Society of Colon
and Recral Surgeons, to E.M. Hechenbleikner), the Mérieux Founda-
tion (ro C.L. Sears and D.M. Pardoll), Stand Up To Cancer-Cancer
Research Institute Cancer Immunology Dream Team Translational
Rescarch Grant SU2C-AACR-DT1012 (Stand Up To Cancer is a pro-
gram of the Entertainment Industry Foundation administered by the
American Association for Cancer Research), a Melanoma Research
Alliance award (to D.M. Pardoll), the Commonwealth Foundation
(o KW. Kinzler, N. Papadopoulos, and B. Vogelstein), and The
Vitginia and D.K. Ludwig Fund for Cancer Research and the Ludwig
Institute (ro K.W. Kinzler and B. Vogelstein).

The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby
matked advertisement in accordance with 18 US.C. Section 1734
solely ro indicate this fact.

Received August 6, 2014; revised October 20, 2014; accepted Octo-
ber 23, 2014; published OnlineFirst October 30, 2014.

REFERENCES

L. Fridman WH, Pages F, Sautes-Fridman C, Galon J. The immune
contexture in human rumours: impact on clinical outcome Nat Rev
Cancer 2012;12:298-306.

2 Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B,
Lagorce-Pages C, et al Type, density, and location of immune cells
within human colorectal tumors predict clinical outcome. Science
2006;313:1960-4

3. Tosolini M, Kirilovsky A, Mlecnik B, Fredriksen T, Mauger S, Bindea
G, etal Clinical impacr of different classes of infilerating T cytotoxic
and helper cells (Th1, th2, weg, th17) in patients with colorectal can-
cer. Cancer Res 2011;71:1263-71.

4. Shankaran V, Ikeda H, Bruce AT, White JM, Swanson PE, Old LJ, et al.
IFNgamma and lymphocytes prevent primary tumour development
and shape tumour immunogenicity. Nature 2001;410:1107-11.

S Wilke CM, Kryczek I, Wei S, Zhao E, Wu K, Wang G, et al. Th17 cells
In cancer: help or hindrance? Carcinogenesis 2011;32:643-9.

6 Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDer-
mott DF, et al. Safety, activity, and immune correlates of anti-PD-1
antibody in cancer. N Engl ] Med 2012;366:2443-54

10

11

12.

13.

14.

15.

16.

17.

18

20.

21,

22.

23,

25

Safety and activity of anti-PD-L1 antibody in patients with advanced
cancer N Engl ] Med 2012;366:2455-65

. Topalian SL, Sznol M, McDermott DF, Kluger HM, Carvajal RD,

Sharfman WH, et al. Survival, durable tumor remission, and long-
term safety in patients with advanced melanoma receiving nivolumab.
J Clin Oncol 2014;32:1020--30.

- Hamid O, Robert C, Daud A, Hodi FS, Hwu WJ, Kefford R, et al.

Safety and tumor responses with lambrolizumab (anti-PD-1) in
melanoma. N Engl ] Med 2013;369:134-44.

Hirano F, Kaneko K, Tamura H, Dong H, Wang S, Ichikawa M, et al.
Blockade of B7-H1 and PD-1 by monoclonal antibodies potentiates
cancer therapeutic immunity. Cancer Res 2005;65:1089-96.

Pardoll DM. The blockade of immune checkpoints in cancer immu-
notherapy. Nat Rev Cancer 2012;12:252-64.

Boland CR, Goel A. Microsatellite instability in colorectal cancer
Gastroenterology 2010;138:2073-87.

Kim H, Jen J, Vogelstein B, Hamilton SR. Clinical and pathological
characreristics of sporadic colorectal carcinomas with DNA rep-
lication errors in microsatellite sequences. Am J Pathol 1994;145:
148-56.

Smyrk TC, Watson P, Kaul K, Lynch HT. Tumor-infiltrating lym-
phocytes are a marker for microsatellite instability in colorectal
carcinoma Cancer 2001;91:2417-22.

Dolcetti R, Viel A, Doglioni C, Russo A, Guidoboni M, Capozzi
E, et al. High prevalence of activated intraepithelial cytotoxic T
lymphocytes and increased necplastic cell apoptosis in colorectal
carcinomas with microsatellite instability. Am ] Pathol 1999;154:
1805-13.

Phillips SM, Banerjea A, Feakins R, Li SR, Bustin SA, Dorudi S.
Tumour-infiltrating lymphocytes in colorectal cancer with microsat-
ellite instability are activated and cytotoxic Br]J Surg 2004;91:469-75.
Dong H, Strome SE, Salomao DR, Tamura H, Hirano F, Flies DB,
et al. Tumor-associated B7-H1 promotes T-cell apoptosis: a potential
mechanism of immune evasion. Nat Med 2002;8:793-800.

Kao C, Oestreich KJ, Paley MA, Crawford A, Angelosanto JM, Ali MA,
et al. Transcription factor T-bet represses expression of che inhibitory
receptor PD-1 and sustains virus-specific CD8" T cell responses dur-
ing chronic infection Nat Immunol 2011;12:663-71.

. Taube JM, Klein A, Brahmer JR, Xu H, Pan X, Kim JH, et al. Associa-

tion of PD-1, PD-1 ligands, and other features of the tumor immune
microenvironment with response to anti-PD-1 therapy. Clin Cancer
Res 2014;20:5064-74

Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, Diaz LA Jr,
Kinzler KW. Cancer genome landscapes. Science 2013;339:1546-58.
Palles C, Cazier JB, Howarth KM, Domingo E, Jones AM, Broderick
P, et al. Germline mutations affecting the proofreading domains of
POLE and POLDI1 predispose to colorectal adenomas and carcino-
mas Nat Genet 2013;45:136-44.

Segal NH, Parsons DW, Peggs KS, Velculescu V, Kinzler KW, Vogel-
stein B, et al. Epitope landscape in breast and colorectal cancer.
Cancer Res 2008;68:889-92.,

van Rooij N, van Buuren MM, Philips D, Velds A, Toebes M, Heem-
skerk B, et al. Tumor exome analysis reveals neoantigen-specific
T-cell reactivity in an ipilimumab-responsive melanoma J Clin Oncol
2013;31:e439-42,

. Taube JM, Anders RA, Young GD, Xu H, Sharma R, McMiller TL,

ecal Colocalization of inflammatory response with B7-h1 expression
in human melanocytic lesions supports an adaptive resistance mecha-
nism of immune escape. Sci Transl Med 2012;4:127ra37.

Spranger S, Spaapen RM, Zha Y, Williams J, Meng Y, Ha TT, et al. Up-
regulation of PD-L1,IDO, and T(tegs) in the melanoma tumor microen-
vironment is driven by CD8(+) T cells. Sci Transl Med 2013;5:200ca116.

AA‘ Amarncan Assaciatinn for Cancer Research

JANUARY 2015 CANCER DISCOVERY | 51

RESEARCH BRIEF

. Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, Topalian SL, Hwu P, ec al,



| o

miiiii |
0 045 505 794 2

AACR CANCER
PROGRESS REPORT 2014

TRANSFORMING LIVES THROUGH RESEARCH

Get your FREE copy of the AACR Cancer Progress Report 2014 by
visiting CancerProgressReport.org, and learn about the many ways in
which research is transforming lives. Some of the recent advances you
will learn about include:

FROM AUG. 1, 2013, TO JULY 31, 2014, THE FDA HAS APPROVED:

: 6 new anticancer therapeutics. 2 new uses 2 1new
5 new uses for previously for imaging FZ,T‘T use for a
E approved anticancer . agents. /4 screening
FS therapeutics. ol

test.

RESEARCH IS TRANSFORMING LIVES BY ALLOWING US TO:

#» advance develop new overcome
—§ immunotherapeutic molecularly targeted drug
=\ development; therapeutics; and resistance.

AA‘ American Association for Cancer Research
- AACR.01Y

FINDING CURES TOGETHER" #CancerProgresst4




