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Keynote 001: Kaplan-Meier Estimate of PFS 

Analysis cut-off date: April 18, 2014.

Population Median, mo 95% CI Rate, 6 mo

IPI-N 5.5 3.4-9.0 48%

IPI-T 5.1 3.2-5.6 42%

Overall 5.4 3.8-5.6 45%
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dysfunction within the TME is unclear. It is imperative to under-
stand the cumulative effect of blocking LAG-3 on multiple intra-
tumoral cell populations for full understanding and prediction of 
responsiveness to LAG-3-targeted immunotherapies. (c) What is 
the underlying mechanism of synergy following dual blockade of 
LAG-3 and PD-1? Combinatorial blockade substantially improves 
anti-tumor immunity, but the mechanism underlying the observed 
synergy is unknown. Deeper understanding may lead to the iden-
tification of biomarkers that facilitate the stratification of patients 
who would be responsive to combinatorial blockade. (d) How does 
LAG-3 work? The downstream signaling mechanism of LAG-3 is 
still a mystery, which highlights the critical importance of research 
on this question.

TIM-3
TIM-3 (CD366; also known as HAVCR2) is a transmembrane pro-
tein that was initially characterized on CD4+ TH1 helper T cells 
and CD8+ Tc1 cytotoxic T cells and is constitutively expressed on 
a subset of Treg cells with enhanced suppressive function39. TIM-3 
also can be expressed by members of the innate immune cell com-
partment, such as DCs, NK cells, monocytes and macrophages39. 
Like LAG-3, TIM-3 has been well characterized as an IR that con-
trols both anti-viral immunity and anti-tumor immunity39–41. It is 
expressed on highly dysfunctional T cells and is associated with 
poor disease prognosis in a variety of cancers, including melanoma 
and NSCLC42,43.

One study suggested that the inhibitory function of TIM-3 
requires a heterodimeric cis and/or trans interaction with the adhe-
sion protein CEACAM-1 (carcinoembryonic antigen–related cell-
adhesion molecule 1)44 (Fig. 2). In patients with colorectal cancer, 
co-expression of CEACAM-1 with TIM-3 on CD8+ TILs is asso-
ciated with reduced production of IFN-  and correlates with an 
advanced disease stage45,46. Although blocking the CEACAM-1–
TIM-3 interaction improves anti-tumor immune responses in mice 
with CT26 mouse colon carcinoma tumors, further preclinical 
investigation is needed to determine the relevance of targeting this 
interaction as an immunotherapeutic approach44.

There are three other ligands known to bind TIM-3 and reg-
ulate anti-tumor immunity: galectin-947, phosphatidylserine 
(PtdSer)48 and HMGB1 (high-mobility group box 1)49 (Fig. 2). 
Galectin-9 binds to the carbohydrate chains of TIM-3 and can reg-
ulate TH1 cell immunity by inducing apoptosis, which may impede 
anti-tumor immunity47,50. TIM-3 also promotes the clearance of 
apoptotic bodies in the TME via interaction with PtdSer, although 
the physiological effect of this interaction on TIM-3+ T cells is 
not fully understood48. Finally, HMGB1, a damage-associated 
molecular pattern that is also known as an alarmin that triggers 
danger signals, binds to the abundant TIM-3 on tumor-infiltrating 
DCs49. The HMGB1–TIM-3 interaction impairs innate immune 
responses to nucleic acids mediated by Toll-like receptors and 
cytosolic sensors, which hinders the efficacy of DNA vaccines and 
cytotoxic chemotherapy49.

Upregulation of TIM-3 is associated with a resistance mecha-
nism, as observed in a cohort of subjects with head and neck 
squamous-cell carcinoma who did not respond to treatment with 
cetuximab (mAb to epidermal growth factor receptor)51. Moreover, 
patients with NSCLC are reported to have upregulated TIM-3 as 
a mechanism of adaptive resistance to PD-1 blockade52. Preclinical 
studies of various mouse tumor models have shown that while anti-
TIM-3 monotherapy results in moderately improved tumor control, 
combinatorial therapy with anti-PD-1 or anti-PD-L1 significantly 
reduces tumor burden and improves the anti-tumor immune 
response40,53. As a result of these preclinical observations, several 
immunotherapeutic agents targeting TIM-3 are currently in clini-
cal trials as monotherapy or in combination with agents that block 
PD-1 or PD-L1 (Table 1). These include LY3321367 (anti-TIM-3) 

alone or in combination with LY3300054 (anti-PD-L1), assessed in a 
phase I study of patients with advanced solid tumors54. Preliminary 
data have revealed that LY3321367 is not only well tolerated but also 
induced >20% tumor regression in two patients54.

Bispecific antibodies to TIM-3 have also been developed. 
RO7121661 (bispecific antibody to TIM-3 and PD-1) and 
LY3415244 (bispecific antibody to TIM-3 and PD-L1) are currently 
under clinical investigation. Given the preclinical efficacy observed 
with combinatorial therapies targeting both TIM-3 and PD-1 and 
the potential differences between targeting PD-1 and targeting 
PD-L1, preliminary results from these trials are eagerly awaited.

Due to the complexity of TIM-3’s biology, several key questions 
remain. (a) What are the relative contributions and importance 
of each TIM-3 ligand? Given the number of potential ligands of 
TIM-3, it is imperative to determine which TIM-3–ligand interac-
tion is dominant in various cancer types to optimally counteract 
TIM-3-mediated regulation of anti-tumor immunity. A preclini-
cal study has shown that functional antibodies to TIM-3 inter-
fere with the binding of PtdSer and CEACAM-1 but not with the 
binding of galectin-955. Indeed, most TIM-3-targeting agents cur-
rently in clinical and preclinical development have been designed 
mainly to block the TIM-3–PtdSer interaction. At present, no 
TIM-3-targeting agent exists that specifically blocks the immuno-
regulatory TIM-3–HMGB1 interaction, and the relevance of this 
interaction in hindering anti-tumor immunity is unknown. The 
design of novel agents that broadly block multiple TIM-3–ligand 
pathways may further improve the efficacy of existing combinato-
rial immunotherapies and, thus, patient survival. However, caution 
must be applied, because none of these ligands are TIM-3 specific, 
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Fig. 2 | TIM-3–ligand interactions and current targeting strategies in the 

clinic. TIM-3 expressed on T cells in the TME interacts with numerous 

ligands, including galectin-9 secreted by tumors and CEACAM-1 expressed 

on tumor cells or on the T cell itself. TIM-3 is also expressed on tumor-

infiltrating DCs and can bind t o PtdSer on apoptotic cells or to HMGB1 

released in the TME. Various mAbs and bispecific antibodies tar geting 

these TIM-3–ligand interactions are being investigated in clinical trials.
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so blocking these interactions may have additional implications. 
(b) What is the effect of blocking TIM-3 on its downstream sig-
naling? Although this is not fully understood, the TIM-3 signaling 
pathway is distinct from that of PD-1 or CTLA-4, as TIM-3 does 
not contain canonical inhibitory motifs (such as immunoreceptor 
tyrosine-based inhibitory motifs), so blocking TIM-3 may not be 
functionally redundant; this suggests that combinatorial therapy 
may be more efficacious. (c) Is targeting TIM-3 more or less sus-
ceptible to irAEs than is blockade of PD-1 or CTLA-4? TIM-3-
deficient mice or anti-TIM-3-treated mice do not exhibit systemic 
autoimmunity56, unlike CTLA-4- or PD-1-deficient mice1,2; this is 
consistent with the low toxicity reported in patients treated with 
TIM-3 blockade. However, anti-TIM-3 treatment exacerbates lung 
inflammation and fibrosis in a bleomycin-induced model of pul-
monary fibrosis due to inhibition of apoptotic-cell clearance, con-
sistent with the role of TIM-3 in the ligation of PtdSer57. Further 
observation and clinical understanding of such side effects must be 
closely monitored in patients receiving TIM-3-targeted treatments.

TIGIT and other member s of the poliovirus receptor family
TIGIT (Vstm3) is a member of the immunoglobulin superfamily 
that was first identified in 2009 as an IR58–60. TIGIT belongs to a 
unique family of poliovirus receptors (PVRs) that includes PVR 
(CD155), as well as CD96, CD112 (PVRL2), CD112R (PVRIG) 
and CD226 (DNAM-1)61 (Fig. 3). While TIGIT, CD96, PVRIG 
and CD226 are expressed predominately on T cells and NK cells, 
CD155 and CD112 have been found on DCs and tumor cells62, 
with overexpression of both ligands being associated with a worse 
postoperative prognosis in patients with pancreatic cancer63. TIGIT 
and PVRIG are expressed after the activation of T cells to medi-
ate a cell-intrinsic inhibitory effect64,65, while induction of TIGIT 
on NK cells inhibits cytotoxicity59. Expression of TIGIT on Treg cells 
is associated with enhanced suppressive capacity, and ligation of 
TIGIT increases expression of the inhibitory molecules IL-10 and 
Fgl2 (fibrinogen-like protein 2)66. TIGIT also has high expression 
on human intratumoral Treg cells. However, further investigation is 
needed to understand the promiscuous role of TIGIT in Treg cells 
relative to its role in effector T cells.

Interestingly, members of PVR family are highly interactive 
and exert co-stimulatory or co-inhibitory effects depending on the 
binding or pairing combination in a context- and cell type–specific 
manner. For example, while the CD226–CD155 interaction medi-
ates a co-stimulatory response that enhances the cytotoxicity of 
T cells and NK cells58, TIGIT binds its ligands to mediate a co-inhib-
itory effect61,67 (Fig. 3). Moreover, TIGIT competes with CD226 by 
binding with greater affinity to CD155–CD112 and can even bind 
to CD226 in cis to disrupt co-stimulatory signaling, which results 
in a dominant inhibitory effect65. Additionally, PVRIG also exerts a 
co-inhibitory effect on T cells after binding to CD11268.

Within the TME, TIGIT is highly upregulated on CD8+ TILs 
across many cancer types, such as melanoma, with an increased 
ratio of TIGIT expression to CD226 expression on intratumoral 
Treg cells being correlated with a poor prognosis69,70. Interestingly, 
TIGIT also seems to have a role in regulating anti-tumor immunity 
mediated by the tumor-infiltrating microbiome. The abundance 
of Fusobacterium nucleatum is significantly elevated in colorectal 
carcinomas and correlates with poor patient prognosis and a high 
recurrence rate71. The F. nucleatum virulence factor Fap2 interacts 
with TIGIT on T cells and NK cells, which abolishes their effec-
tor function72. PVRIG is also expressed at particularly high levels 
on CD4+ TILs and CD8+ TILs, as well as on intratumoral NK cells 
isolated from ovarian, lung and breast cancers65. These observations 
present multiple opportunities for therapeutic intervention cen-
tered on the development of blocking mAbs to TIGIT and PVRIG.

Although there are several TIGIT- and PVRIG-targeting agents 
in clinical development (Table 1), no preliminary data on efficacy 

have been reported thus far. All clinical trials have a PD-1- or 
PD-L1-targeting combination arm based on the synergy observed 
by blockade of both IRs in preclinical mouse models. The combina-
tion of anti-TIGIT and anti-PD-L1, but not either antibody as mono-
therapy, clears CT26 tumors in a CD8+ T cell–dependent manner73. 
In patients with melanoma, combinatorial blockade of TIGIT and 
PD-1 enhances the proliferation and cytokine production of CD8+ 
TILs69. Seven TIGIT-targeting therapeutics are currently in early 
phase clinical trials: MK-7684, AB154, tiragolumab, BMS-986207, 
etigilimab, ASP8374 and BGB-A1217 (Table 1). Additionally, 
COM-701 (anti-PVRIG) enhances the proliferation and cytokine 
production of human T cells in vitro65,74. Blocking both TIGIT and 
PVRIG synergistically improves the production of IFN-  and TNF 
by T cells in vitro74, which suggests that TIGIT–PVR and CD122–
PVRIG interactions use distinct pathways to synergistically regulate 
T cell function. Treatment with anti–mouse PVRIG in combination 
with anti-PD-L1, but not as a monotherapy, improves anti-tumor 
responses in the CT26 model75, which further expands the potential 
therapeutic targets within the PVR family.

Given the complex biology of TIGIT and PVRIG and their 
broad expression across multiple cell subsets in the TME, key ques-
tions remain to be addressed. (a) Which cell type is predominantly 
affected by blockade of TIGIT? Although all T cells upregulate 
both TIGIT and CD226 after stimulation via the T cell antigen 
receptor in vitro, TIGIT is expressed predominantly on a subset of 
exhausted PD-1+ CD8+ T cells in tumors and is often expressed on 
the majority of human intratumoral Treg cells. Moreover, TIGIT is 
significantly upregulated relative to the expression of CD226 on the 
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elicits improved anti-tumor responses associated with enhanced 
T cell proliferation and effector function (relative to responses elic-
ited by an isotype-matched control antibody)16,25. This indicates that 
binding to MHC class II may be dispensable for LAG-3’s function 
and raises the possibility that other ligands may exist, particularly 
in the context of the role of LAG-3 on CD8+ TILs. Although down-
stream signaling mechanisms of LAG-3 have yet to be elucidated, 
the cytoplasmic domain, particularly the KIEELE motif, is indis-
pensable for the negative regulatory activity of LAG-3 on T cells, 
yet it lacks typical tyrosine-based inhibitory motifs associated with 
other IRs27,30.

Galectin-3, which is expressed on tumor-associated stromal 
cells, and the lectin LSECtin (liver sinusoidal endothelial cell lec-
tin), expressed by tumor cells, are proposed to be LAG-3 ligands31,32 
(Fig. 1). Both interact with LAG-3 via its glycosylated sites, and 
blockade of this interaction enhances the production of IFN-  by 
CD8+ T cells31,32. In addition, the fibrinogen-related protein FGL-1 
was reported to bind to the D1 and D2 domains of LAG-3, inde-
pendently of MHC class II33. FGL-1 is a soluble factor that is nor-
mally produced by the liver at low levels but has high expression by 
some solid tumors. Neutralization of FGL-1 substantially reduces 
the growth of MC38 mouse colon adenocarcinoma tumors, compa-
rable to the effects of C9B7W; this suggests that the LAG-3–FGL-1 
interaction may be a useful novel therapeutic target33.

Early clinical trials attempting to modulate LAG-3 have focused 
on a recombinant, dimeric LAG-3–immunoglobulin fusion protein 
(IMP321) designed to activate monocytes and dendritic cells (DCs) 
via stimulation with MHC class II. These trials have resulted in 
only modest clinical responses thus far15. All other LAG-3-targeting 
strategies have focused on blockade with antagonistic mAbs, with at 
least ten therapeutics currently in clinical and preclinical develop-
ment, administered as a monotherapy or in combination with anti-
PD-1 or anti-PD-L1 (Table 1).

The first antagonistic mAb to LAG-3 to enter the clinic was 
relatlimab, which disrupts the LAG-3–MHC class II interaction. In 
a phase I–II study assessing the tolerability of relatlimab in combi-
nation with nivolumab, an ORR of 11.5% was observed in patients 
with advanced melanoma whose tumors had progressed on previous 
anti-PD-1 or anti-PD-L1 immunotherapy34. Further, in this cohort, 
the ORR was more than three times higher in patients with expres-
sion of LAG-3 by TILs (>1%; 18% ORR) than in LAG-3-negative 
patients (<1%; 5% ORR), irrespective of PD-L1 status. This suggests 
that LAG-3 expression on TILs may serve as a predictive biomarker 
for clinical efficacy34. While prior treatment with anti-PD-1 or anti-
PD-L1 was not reported, a combination of LAG525 (anti-LAG-3) 
and spartalizumab (anti-PD-1) elicited durable responses in 12 of 
121 (9.9%) patients with solid malignancies, including 2 of 8 (25%) 
patients with mesothelioma and 2 of 5 (40%) patients with triple-
negative breast cancer35. However, the trial design lacked a spartali-
zumab monotherapeutic arm and did not report efficacy in patients 
receiving LAG525 monotherapy, so the contribution of targeting 
LAG-3 with this agent is unclear.

To further capitalize on the expected synergy of targeting both 
PD-1 and LAG-3 or both PD-L1 and LAG-3, researchers have gen-
erated several bispecific antibodies to simultaneously block both 
inhibitory pathways with a single therapeutic agent. FS118 is a struc-
turally unique bispecific antibody composed of anti-PD-L1 with its 
Fc region replaced with an Fc structure that has anti-LAG-3 func-
tionality36. In vitro studies have revealed that FS118 enhances the 
activation of CD8+ T cells stimulated with MHC class I–restricted 
peptides better than anti-PD-L1 alone; this suggests that the bioac-
tivity of FS118 is independent of the LAG-3–MHC class II interac-
tion36. Preclinical analysis of an anti-mouse bispecific surrogate of 
FS118 has shown that this surrogate has anti-tumor activity com-
parable to the dual administration of anti-PD-L1 and anti-LAG-3. 
Since LAG-3 and PD-L1 are expressed on different cells, FS118 is 

also expected to act as a bridge to facilitate T cell–APC and T cell–
tumor interactions.

MGD013 is a LAG-3–PD-1-bispecific agent generated through 
the use of a dual-affinity re-targeting platform; this platform cova-
lently links two polypeptide chains between the variable domains 
of two antibodies via a disulfide bridge and a short linker, which 
promotes heterodimerization37,38. Clinical results for these bispe-
cific agents are highly anticipated, particularly if superior efficacy 
is achieved with a bispecific agent than with combination therapy 
with monospecific antibodies. Moreover, the difference between 
FS118 and MGD013 in structural design, as well as any differential 
consequences of targeting PD-1 versus targeting PD-L1, will be of 
interest for further preclinical and clinical development.

While antagonistic mAbs to LAG-3 progress rapidly through 
clinical trials, with LAG-3 being the third IR to be clinically investi-
gated as a target for cancer immunotherapy, many important ques-
tions related to LAG-3’s biology remain unanswered. (a) Are the 
current immunotherapeutic agents designed to specifically block 
the LAG-3–MHC class II interaction optimal? MHC class II has 
long been the sole focus of analysis, but these new ligands add an 
interesting layer of complexity to LAG-3’s function in the TME. 
These agents may not fully disrupt all LAG-3–ligand interactions, 
which might potentially lead to incomplete blockade of LAG-3-
mediated immunosuppression. Thus, designing immunotherapeu-
tics that block all LAG-3 interactions might lead to greater efficacy. 
(b) What is the effect of targeting LAG-3 on different tumor-
infiltrating subpopulations? While the effect of blocking LAG-3 
on the reversal of T cell exhaustion within the TME has been 
studied extensively, the role of LAG-3 on other cell populations is 
poorly understood. Whether LAG-3 on Treg cells is important for 
their maximal suppressive function or whether it contributes to 

Tumor

MHC-II

TCR

LAG-3

DC

Relatlimab
TSR-033
LAG525
MK-4280
BI 754111

REGN3767
Sym022

INCAGN02385

Tumor-associated
stromal cell

LSECtin

Galectin-3

FGL-1

Other LAG-3–ligand interactions

PD-L1
PD-1

PD-1–LAG-3
bispecific
MGD013

PD-L1–LAG-3
bispecific
FS118

Bispecific LAG-3-targeting
agents in the clinic

Monotherapeutic
LAG-3-targeting
agents in the clinic

T cell
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Experimental liver metastasis suppresses immunity against distant 
subcutaneous tumor.
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(A) C57BL/6 mice were each injected subcutaneously (SQ) with 5.0 x 105 MC38 tumor cells with or without experimental liver (via intrahepatic injection) or lung metastasis (via 
tail vein injection) established as described in methods. Kaplan Meier curves of percent mice survival are shown (mice with BCS < 2 or with tumor size > 2cm were sacrificed). (B)
Kaplan Meier curves of mice with experimental liver metastasis, lung metastasis, or only subcutaneous tumor. (C) Seven days later, mice were intraperitoneally injected with 4 
doses of anti-PD-1 mAb (100ug per dose, clone RMP 1-14), every other day. (D) Tumor growth curve of mice with experimental liver and lung metastasis treated with anti-PD-1 
mAb. 
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IFNγ and Expanded Immune Signatures Correlate With 
Response to Pembrolizumab in Melanoma 
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IFNg Signature validated with clinical outcome
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 429 

Figure 3. Flt3L production by NK cells controls the levels of CD103
+
 DCs in the tumor. (a) Quantification of 430 

CD103
+
 and CD11b

+
 DCs of total MHC-II

+
 cells in two-week-old ectopic B16F10 tumors from WT (grey) or Il2rg

–/–
 431 

(black) mice. (b) Quantification of CD103
+
 and CD11b

+
 DCs of total MHC-II

+
 cells in two-week-old ectopic B16F10 432 

tumors from mixed bone marrow chimeras reconstituted with a 50:50 mixture of Il2rg
–/–

:WT (dark blue) or Il2rg
–/–

:Flt3l
–433 

/–
 (dark purple), and WT (light blue) and Flt3l

–/–
 (light purple) controls. (c) Quantification of CD103

+
 and CD11b

+
 DCs 434 

as a proportion of total MHC-II
+
 cells in two-week-old B16F10 tumors from WT (white) or Rag

–/–
 (grey) mice. (d) 435 

Quantification of CD103
+
 and CD11b

+
 DCs as a proportion of total MHC-II

+
 cells in two-week-old B16F10 tumors from 436 

WT mice treated with isotype control (red) or mice treated with anti-NK1.1 antibody (blue) every 3 days, starting 3 437 
days prior to tumor injection.  (a-d) Plotted as mean ± S.D and analyzed by Mann-Whitney U Test.  438 

Barry et al.    Figure 3

WT Rag–/–

c.

Rag KO

+ B16F10

0

10

15

20

%
C

D
1
1

b
+
 D

C
s

o
f 
M

H
C

-I
I+

5

n.s.

WT
0

6

8

10

%
C

D
1
0

3
+
 D

C
s

o
f 
M

H
C

-I
I+

Rag–/–

4

2

n.s.

d.

anti-NK1.1 ab

+ B16F10

p= 0.0010

Isotype NK1.1
0

2

4

6

%
C

D
1
0
3

+
 D

C
s

o
f 
M

H
C

-I
I+

5

3

1

Il2rg KO

a.

+ B16F10

p=0.0159 n.s.

WT Il2rg–/–
0

2

4

6

8

10

0

5

10

15

WT Il2rg–/–

%
C

D
1
1

b
+
 D

C
s

o
f 
M

H
C

-I
I+

%
C

D
1
0
3

+
 D

C
s

o
f 
M

H
C

-I
I+

50% Il2rg  KO: 50% WT BM

50% Il2rg KO: 50% Flt3l KO BM

Flt3l KO

b.

+ B16F10

0

60

1

11

%
C

D
1
0
3

+
 D

C
s

o
f 
M

H
C

-I
I+

–/
–

Il2

rg
   

 :W
T –/

–

–/
–

Il2
rg

   
 :F

lt3
lW

T –/
–

Flt3

l

9

7

5

3

**

%
C

D
1
1
b

+
 D

C
s

o
f 
M

H
C

-I
I+

–/
–

Il2
rg

   
 :W

T –/
–

–/
–

Il2

rg
   

 :F

lt3
l

–/
–

Flt3
l

40

20

W
T

IsotypeNK1.1
0

5

10

15

25

%
C

D
1
1

b
+
 D

C
s

o
f 
M

H
C

-I
I+

n.s.

20

Running Title: NK Cells Generate Rare Cross-Presenting DCs and Drive Responses to Checkpoint Blockade  

Page 16 

 

 454 

Figure 5. BDCA3
+
 DC levels correlate with levels of NK cells in human melanoma tumor microenvironment. 455 

(a) NK cell gene signature. (b) Percentile rank normalization of FLT3LG expression plotted versus the percentile rank of the 456 
NK cell gene signature for individual patients in the TCGA melanoma dataset

11
 (c) Percentile rank normalization of the SDC 457 

gene signature (Fig. 1a) plotted versus the percentile rank of the NK cell gene signature for individual patients in the TCGA 458 
melanoma dataset

11
. (d) Quantification of NK cells of total CD45

+
 cells plotted versus quantification of BDCA3

+
 DC of total 459 

HLA-DR
+
 cells for individual melanoma patients in cohort A (n=27). (e) Quantification of NK cells of total CD45

+
 cells plotted 460 

versus quantification of BDCA3
+
 DC of total HLA-DR

+
 cells for individual patients in a cohort of head and neck squamous 461 

cell carcinoma patient samples (n=13). (a-d) Data plotted as scatter plot with regression line superimposed (dotted red line); 462 
correlation assessed using the Pearson correlation coefficient.  463 
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[43_TD$DIFF]their effectiveness. Furthermore the metabolism of T cells
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Introduction
T he progression of cancer from localized tumor to meta-
static disease is associated with reduced patient survival
and poor efficacy of further therapeutic interventions [1].
T here is currently a lack of therapeutic options to

successfully treat metastatic solid tumors with surgery,
chemotherapy and radiation strategies often failing to
fully arrest disease progression [2,3]. Increasingly,

immunotherapy can be used to treat patientswith cancer.
T his includes the adoptive transfer of naturally-occurring
tumor infiltrating lymphocytes (T IL ) or genetically-engi-
neered T cells and the use of immune checkpoint

inhibitors to boost the function of T cells [4 [38_TD$DIFF],5,6]. Cancer
immunotherapy hasbeen successfully utilized to mediate
complete and durable clinical responses in patients with
several types of cancer including melanoma and acute
lymphoblastic leukemia (AL L ) [7–9], and is currently

being explored as a potential therapeutic strategy in
numerous other types of cancer [10]. Recent research
hasbegun to elucidate some of the mechanismsby which
T cell mediated cancer immunotherapy works to
eliminate disseminated tumor cells and indicates that
T cell differentiation status and the metabolic properties
of T cells may play an important role in regulating their
anti-tumor functionality [11 ].

T he contextual basis for much of our current understand-
ing of the role of metabolism in regulating tumor
immunity is derived from a series of studies on CD8+

T cell differentiation. CD8+ T cells can be divided into
subsets such as naı̈ve (T N), stem cell memory (T SCM ),
central memory (T CM), effector memory (T EM) and
terminally differentiated effector cells (T EFF) [12].
Importantly, it has been clearly established that various
subsets of T cells have distinct metabolic profiles that
regulate function [13,14]. Interestingly, there is a
negative correlation between the degree of differentia-
tion of T cells and their capacity for anti-tumor function
[15]. In human patients that have undergone T IL
therapy, increased telomere length and CD27 expression
in infused T cells have been correlated with improved
tumor clearance [16]. Consistent with these findings, the
adoptive transfer of fully-differentiated terminal effectors
(T EFF) wasfound to be lesseffective in controlling tumor
growth than utilizing less-differentiated T SCM or T CM

subsets in mouse models of large vascularized melanoma

[17,18]. T hese studies suggest that the acquisition of a
fully-differentiated terminal effector phenotype limits
the in vivo expansion and survival capacity of T cells
following adoptive transfer, which likely limits the

effectiveness of their anti-tumor response. Conversely,
cells with increased self-renewal potential appear to
possess increased therapeutic activity [17,19].

Cellular metabolic processes regulate self-renewal
capacity, as evidenced by studies in the settings of
hematopoietic stem cells (HSC) and memory T cells
[20 [55_TD$DIFF],21,22]. In the HSC setting, increased metabolic
activity may directly contribute to the loss of quiescence
through the generation of high reactive oxygen species
(ROS) levels that can impair long-term self-renewal
properties[23–25]. Similarly, the increased mitochondrial
metabolism and ROS generation driven by T cell activa-
tion is necessary for effector function and proliferation
[26,27] but also may compromise the long-term self-
renewal capacity of memory T cell subsets (T SCM and
T CM) (Figure 1).

Available online at www.sciencedirect.com

ScienceDirect

Current Opinion in Immunology 2017, 46:14–22 www.sciencedirect.com



Model Proposed by Max Krummel PhD, UCSF 



IL-12 is a key mediator of communication between  
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Figure 2. Best overall 
response in A. Sum of 
treated lesions and in B. 
Sum of untreated 
lesions. C. Overall change 
in tumor burden over time 
(N = 48).

Untreated LesionsTreated Lesions
100%

50%

0%

-50%

-100%

100%

50%

0%

-50%

-100%

D
S

Lo
n

ge
st

 D
ia

m
et

er
s

0

6 12
Months

0

-50

-100

50

100

D
S

Lo
n

ge
st

 D
ia

m
et

er
s 
–

A
ll 

Le
si

o
n

s 
(%

)

Non-responders

Transient responses

Durable responses

A B

C

Phase II trial of 
Monotherapy i.t. Tavo



• 100% of patients with >30% of TILs exhibiting CTLA4hiPD-1hi biomarker phenotype went on to respond to anti-PD-1 (PR or 

CR)

• 100% of patients with <20% of TILs exhibiting CTLA4hiPD-1hi biomarker phenotype failed to respond to anti-PD-1 (SD or PD)

• 60% of patients with 20-30% of TILs exhibiting CTLA4hiPD-1hi biomarker phenotype responded to anti-PD-1 (PR or CR)
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Figure 1: aPD-1 triggers intratumoral DC-derived IL-12 production, which is necessary for treatment efficacy. (A) 

Diagram describing intravital imaging of MC38-H2B-mApple tumors implanted in cytokine-reporter mice for tracking 

lymphoid and myeloid cell pharmacodynamics (PD) after aPD-1 treatment. (B) Left: Intravital micrographs of MC38 

tumors in IFN-! -eYFP reporter mice treated or not with aPD-1 mAb (n = 3 mice/group). Yellow, IFN-! -eYFP expressing 

cells; red, tumor cells; blue, PacificBlueFMX-labeled tumor-associated macrophages (TAM). Right: Fold change of IFN-! + 

cells in both groups after 24 hours and compared to baseline. (C) Same as in (B) but in IL-12p40-eYFP reporter mice (n = 

5 mice/group). Green, IL-12p40-eYFP expressing cells; red, tumor cells; blue, TAM. (D) Distance between IL12p40+ cells 

and the tumor margin measured by intravital imaging. Each point represents a single cell (n = 8 control and 5 aPD-1-

treated mice). (E) Distance between IL12p40+ cells and closest tumor vessel measured by intravital imaging. Each point 

represents a single cell (n = 5 mice/group). (F) MC38 tumor volume in mice treated with aPD-1 (black), aPD-1 and aIL-12 

(red), or vehicle (gray); n = 15 mice/group. Arrows indicate when and for how long the treatments were given. (G) t-SNE 

plot using scRNA sequencing data from CD45+ cells sorted from MC38 tumors 3 days after aPD-1 treatment. Untreated 

mice served as control and both control and aPD-1 samples are pooled. (H) Feature plot of Il12b expression across cell 

clusters identified in G. (I) MC38 tumor-bearing Zbtb46-DTR bone marrow chimeras were treated or not with diphtheria 

toxin (DT) to deplete DCs and tumors were further assessed following aPD-1 treatment. n.s. = not significant, * p < 0.05, 

** p < 0.01, *** p < 0.001, **** p < 0.0001. Values represent SEM. For comparisons between two groups, Student’s two-

tailed t-test was used. For comparisons between three or more groups, One way ANOVA with multiple comparisons was 

used.
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