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1. INTRODUCTION
The B7-CD28 family of ligands and receptors play important roles in T cell

costimulation and coinhibition. Phylogenetically they can be divided into three groups.
Antibodies blocking these interactions in the group I and II of B7-1/B7-2/CTLA-4 and
PD-L1/PD-L2/ PD-1 have had remarkable clinical success in several cancers and are less
toxic than traditional chemotherapy. Even though only a small proportion of patients
respond to checkpoint blockade, the duration of such responders due to immunological
memory is remarkable and is longer than would be expected with any other agent in
refractory disease The recent discovery of the new molecules [B7-H3 (CD276), B7x (B7-
H4/B7S1) and HHLA2 (B7H7/B7-HS5)/TMIGD2 (IGPR-1/CD28H)] of the group III has
expanded therapeutic possibilities for the treatment of human diseases. We have
discovered the newer members of T cell costimulatory/coinhibitory B7 family, such as
B7x and B7-H3, and found that both B7x and B7-H3 down-regulates immune responses
via negative T cell costimulation (coinhibition). Our central hypothesis of this grant is
that blockade of B7x and B7-H3 generates therapeutic tumor immunity against prostate
cancer. We finished the largest investigation of B7 family molecules in human
malignancy with 823 prostatectomy patients. This study reveals that prostate cancer
patients with strong expression of B7x or B7-H3 by tumor cells are significantly more
likely to have disease spread at time of surgery, and are at significantly increased risk of
clinical cancer recurrence and cancer-specific death. These basic studies and clinical
observations have formed the foundation that targeting B7x and/or B7-H3 could be
developed as novel immunotherapies against human prostate cancer. The first aim of this
proposal is, therefore, to develop new immunotherapeutic strategies against prostate
cancer by anti-B7x and ant-B7-H3. The second aim of this proposal is, therefore, to
examine combination therapy of anti-B7x/anti-B7-H3 with other therapies. The
understanding of these two novel pathway is anticipated to provide new targets for
therapeutic interventions that will aid the growing numbers of prostate cancer patients. In
addition, it is expected that the proposed research will fundamentally advance the fields
of T cell coinhibition in cancer.

2. KEYWORD
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3. ACCOMPLISHMENTS

What were the major goals of the project?

Task 1. Develop new immunotherapeutic strategies against prostate
cancer by anti-B7x and ant-B7-H3 (Months 1-36).

la.Generation of mAbs to human and mouse B7-H3 (Months 1-12).

1b.Effectiveness of B7x and/or B7-H3 blockade in a subcutaneous prostate
tumor model (Months 6-24).

lc.Effectiveness of B7x and/or B7-H3 blockade in treatment of prostate
tumor metastasis (Months 12-30).

1d.Effectiveness of B7x and/or B7-H3 blockade in treatment of primary
prostate tumor (Months 12-36).

le.Effect of B7x- or B7-H3-specific mAbs on T cell function in vivo in
humanized NSG mice (Months 12-24).

Task 2. Examine combination therapy of anti-B7x/anti-B7-H3 with other
therapies (Months 12-36).

2a.Synergy between anti-B7x/B7-H3 therapy and blockade of PD-1 or
CTLA-4 (Months 18-30).

2b.Synergy between B7x/B7-H3 blockade and regulatory T cell depleting
(Months 18-30).

2c.Potential mechanism of anti-B7x/B7-H3 therapy: blockade of B7-
mediated T cell immunosuppression (Months 12-36).

2d.Potential mechanism of anti-B7x/B7-H3 therapy: effect on the
generation of induced regulatory T cells (iTreg) and myeloid-derived suppressor
cells (MDSCs) (Months 12-36).

2e.Potential mechanism of anti-B7x/B7-H3 therapy: antibody-dependent
cell-mediated cytotoxicity and complement-dependent cytotoxicity (Months 12-
30).

What was accomplished under these goals?
Task 1. Develop new immunotherapeutic strategies against prostate
cancer by anti-B7x and ant-B7-H3 (Months 1-36).

*  We generated B7x gene knock-out mice. Therefore we took advantage of
these mice for generating mAbs against both human and mouse B7x.
Briefly, B7x knock-out mice were immunized with 100ug of human B7x-Ig
fusion protein, after 3 weeks the mice were immunized with 100 ug
of mouse B7x-Ig fusion protein with hopes to produce cross-reactive
antibodies. Two immunized mice generated good anti-B7x antibodies in
sera, suggesting our immunization protocol worked well. These two mice were
finally boosted with 100 ug of human B7x- Ig. Four days after the final boost
spleens were harvested and fused to a myeloma cell line and plated over 66 plates
in preparation for a primary screening.

e ELISA is the traditional method that is used to screen positive wells for individual
clones, but our lab has recently developed a FACS based protocol to perform the
screening that is much faster and more suitable for our purposes. For example we



would use 3T3 cells expressing hB7x tagged to YFP and 3T3 cells expressing
another protein that is YFP negative. We added these cells in a 50/50 ratio to an
individual well than added supernatant from one of the many potential clones to
the well for 30 minutes which we hoped to contain antibodies against B7-H3.
Then we added a conjugated anti-mouse Ig for 30 minutes and went to FACS to
look for positive hits.

We went through and screened all plates and sub-cloned each positive
hybridoma 3 times to ensure a monoclonal population. We were able to

obtain a total of 12 different clones (Fig 1.). We have purified all these 12 anti-
B7x mAbs and are performing immunotherapy against prostate cancer lines in
mice in vivo.
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Figure 1. Total 12 anti-B7x mAbs were generated. B7x-/- mice were
generated. B7x-Ig fusion were produced and purified from the S2 expression
system. B7x-/- mice were immunized with B7x-Ig fusion proteins and then
spleens were harvested and fused to establish mAbs.

Similarly, we generated B7-H3 gene knock-out mice. Therefore we took
advantage of these mice for generating mAbs against both human and mouse B7-
H3. Briefly, B7-H3 knock-out mice were immunized with human B7-H3-Ig
fusion protein and spleens were harvested and fused to establish mAbs. We are
still in the process of screening and subcloning. At present, we have 6 IgG type
mAbs: 3 IgGl, 1 IgG2a, and 2 IgG2b (Fig. 2). In addition, we have at least 6
mAbs which are still the mix of [gG/IgM and need to further subcloning (Fig. 2).



We will purfy these mAbs and use them in vivo immunotherapy against prostate
cancer lines in mice.
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Figure 2. Anti-B7-H3 mAbs were generated. B7-H3-/- mice were generated. B7-
H3-Ig fusion were produced and purified from the S2 expression system. B7-H3-/-
mice were immunized with B7-H3-Ig fusion proteins and then spleens were harvested
and fused to establish mAbs. we have 6 IgG type mAbs and at least 6 mAbs which
are still the mix of IgG/IgM and need to further subcloning.

* To facilitate future clinical trails, we want to examine the effect of B7x- or B7-
H3-specific mAbs on T cell function in vivo in humanized NOD-scid IL2Rg-/-
mice (NSG). We have successfully established humanized NSG mice for prostate
cancer immunotherapy. NSG mice were first engrafted with human prostate
cancer lines and then human peripheral blood mononuclear cells. These
humanized mice usually develop T cell-mediated graft-versus host immune
responses within one month, so human T cells are activated and express receptors
for B7x and B7-H3 and human prostate cancer cells express B7x or B7-H3. FACS
showed the approach how we identified human prostate cancer cells from these
NOG mice (Fig. 3). These mice will be used to examine if anti-B7x and/or anti-
B7-H3 enhance T cell function and reduce prostate cancer growth in vivo.
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Figure 3. Establishment of humanized NSG mice for prostate cancer
immunotherapy. FACS showed the approach to identify human prostate cancer cells
from these NOG mice. Human cancer cells were hREpCAM+mCD45-mCD31-mTer119-
mMHCI-.

Task 2. Examine combination therapy of anti-B7x/anti-B7-H3 with other
therapies (Months 12-36).

* We have screened a panel of mAbs against PD-1 or CTLA-4 for in vivo
immunotherapy. Our results showed that clone RMPI-14 of anti-PD-1 and clone
9H10 of anti-CTLA-4 worked well in vivo. Therefore we are performing
experiments to see if there are synergy between anti-B7x/B7-H3 therapy and
blockade of PD-1 or CTLA-4.

* We are performing experiments to dissect the potential mechanisms of anti-
B7x/B7-H3 therapy. We wanted to see if B7x affects the differentiation of naive
CDA4 T cells into Th1, Th2, Th9, Th17, and iTregs. Naive CD4 T cells were
incubated in the presence of B7x-Ig with the following conditions:

ThO (CD3/CD28)

Thl (CD3/CD28 + anti IL-4 + IL-2)

Th2 (CD3/CD28 + anti IFNg + IL-4)

Th9 (CD3/CD28 + TGF beta + IL-4 + IL-2 + anti IFNg)

Th17 (CD3/CD28 + IFNg + IL-4 + IL-6 + TGF beta)

iTregs (CD3/CD28 + TGF beta + 1L-2)

On day 5, CD4 T cells were determined for the expression of IFN-g (Thl), IL-4
(Th2), IL-17 (Th17), and Foxp3 (Treg). Our preliminary results suggest that B7x
is able to inhibit Th1 T cells (Fig. 4).
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Figure 4. Effects of B7x on the differentiation of naive CD4 T cells into Th1 and
Th17. Naive CD4 T cells were incubated in the presence of B7x-Ig with the following

conditions: ThO (CD3/CD28), Th1 (CD3/CD28 + anti IL-4 + IL-2), and Th17
(CD3/CD28 + IFNg + IL-4 + IL-6 + TGF beta). Day day 5, CD4 T cells were

determined.

*  WE recently discovered HHLA?2 as the newest B7 immune checkpoint and it was

over-expressed in human prostate cancer. We further generated new mAbs to
HHLAZ2 and developed a new IHC protocol for HHLA2 protein expression.
Interestingly enough, none of three normal prostate tissues expressed HHLA2,
whereas three out of nine prostate cancer samples were HHLA2 positive (Fig. 5),
suggesting the HHLA?2 pathway represents a novel immunosuppressive
mechanism within the tumor microenvironment of human prostate cancer and an
attractive target for human prostate cancer therapy.



Figure 5. HHLA? is the newest B7 immune checkpoint and is over-expressed in human
prostate cancer.

What opportunities for training and professional development has the project
provided?
Nothing to Report

How were the results disseminated to communities of interest?
Nothing to Report

What do you plan to do during the next reporting period to accomplish the
goals?

We will 1) further dissect the mechanisms of antiB7x/B7-H3 therapies; 2) test
there are synergy between anti-B7x/B7-H3 therapy and blockade of PD-1 or CTLA-4;
and 3) identify receptors for B7x.

10



Y

2)

3)

4)

5)

6)

4. IMPACT
Nothing to Report

5. CHANGES/PROBLEMS
None

6. PRODUCTS (Publications)

Assal A, Kaner J, Pendurti G, Zang X. Emerging targets in cancer
immunotherapy: beyond CTLA-4 and PD-1. Immunotherapy, 7:1169-1186,
2015.

Picarda E, Ohaegbulam KC, Zang X. Molecular pathways: Targeting B7-H3
(CD276) for human cancer immunotherapy. Clinical Cancer Research, 22:3425-
3431, 2016

Yao Y, Ye H, Qi Z, Mo L, Yue Q, Baral A, Hoon DSB, Vera JC, Heiss JD, Chen
CC, Hua W, Zhang J, Jin K, Wang Y, Zang X*, Mao Y*, Zhou L*. B7-H4(B7x)-
mediated cross-talk between glioma-initiating cells and macrophages via the IL-
6/JAK/STAT3 pathway lead to poor prognosis in glioma patients. Clinical
Cancer Research, 22:2778-2790, 2016 (*Co-corresponding authors)

Liu W, Almo SC, Zang X. Co-stimulate or co-inhibit regulatory T cells, which
side to go? Immunological Investigations, 45:813-831, 2016

Janakiram M, Pareek V, Cheng H, Narasimhulu D, Zang X. Immune checkpoint
blockade in human cancer therapy: Lung cancer and hematopoietic malignancy.
Immunotherapy, 8:809-819, 2016

Janakiram M, Shah UA, Liu W, Zhao A, Schoenberg MP, Zang X. The third
group of B7-CD28 immune checkpoint family: HHLA2, TMIGD2, B7x and B7-
H3. Immunological Reviews, accepted.

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

PI: Xingxing Zang

Kim Ohaegbulam, Elodie Picarda, Qizhe Sun, Xiaoshen Dong

No Change.

Has there been a change in the active other support of the PD/PI(s) or
senior/key personnel since the last reporting period?

Nothing to Report

What other organizations were involved as partners?

Nothing to Report

8. SPECIAL REPORTING REQUIREMENTS
None

9. APPENDICES
Next page

11



Review

For reprint orders, please contact: reprints@futuremedicine.com

Emerging targets in cancer
immunotherapy: beyond CTLA-4 and PD-1

Manipulation of co-stimulatory or co-inhibitory checkpoint proteins allows for the
reversal of tumor-induced T-cell anergy observed in cancer. The field has gained
credence given success with CTLA-4 and PD-1 inhibitors. These molecules include
immunoglobulin family members and the B7 subfamily as well as the TNF receptor
family members. PD-L1 inhibitors and LAG-3 inhibitors have progressed through
clinical trials. Other B7 family members have shown promise in preclinical models.
TNFR superfamily members have shown variable success in preclinical and clinical
studies. As clinical investigation in tumor immunology gains momentum, the next
stage becomes learning how to combine checkpoint inhibitors and agonists with each

other as well as with traditional chemotherapeutic agents.

Keywords: B7 family e checkpoint proteins ¢ immunotherapy ® TNFR superfamily

e translational medicine

One of the hallmarks of cancer is the abil-
ity of the malignant cell to escape eradication
by the immune system [1]. Proposed over a
century ago, the concept of immune con-
trol of cancer continues to develop [23]. The
existence of tumor antigens led Burnett and
Thomas to form their hypothesis about can-
cer immune surveillance where the adaptive
immune system was responsible for prevent-
ing the development of cancer in immuno-
competent hosts. This hypothesis fell out of
favor until the 1990s when improved mouse
models of immunodeficiency were developed
and particularly when the role of IFN-y in
promoting immune-mediated rejection of
transplanted tumor in mice [4].

Tumors are variably infiltrated by cyto-
toxic T lymphocytes (CTLs), but a dense
infiltration portends a better prognosis [5-7).
The T-cell response follows a complex inter-
action between an antigen-presenting cell
(APC) and a T cell. TCR recognition of
an antigen on MHC molecule is not suffi-
cient, a second signal provided by a member
of the B7 family is required (8]. CD28 pro-
vides the primary co-stimulatory signal for

the activation of T cells after it engages B7-1
(CD80) or B7-2 (CD86) [97. CTLA-4 is a
CD28 homologue that interacts with B7-1
and B7-2 and, in contrast to CD28, provides
an inhibitory signal [10,11]. Newly identified
members of the B7 family also provide inhib-
itory signals the roles of which continue to
be explored [12]. Blocking CTLA-4 mediated
inhibition of the T-cell effector response has
been an attractive therapeutic target. Mono-
clonal antibodies (mAb) that block CTLA-4
are effective in mouse models of a variety of
tumors [13-15]. Ipilumumab (Yervoy®) is US
FDA approved for the treatment of meta-
static malignant melanoma and represents
the first success story of T-cell checkpoint
inhibitor immunotherapy [16].

A more recent success story in cancer
immunology is that of PD-1. PD-1 was first
identified in lymphoid cells lines induced to
undergo programmed cell death [17]. Later
reports noted that PD-1 is expressed on acti-
vated T and B cells, dendritic cells (DCs)
and monocytes upon stimulation where it is
found to play an inhibitory role [18-20]. PD-1
is highly expressed on T cells and leads to
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T cell exhaustion [21.22]. PD-1 expression is also noted
on CD4* Foxp3* regulatory T cells (Tregs) where it
contributes to their inhibitory role [23]. Several mAbs
targeting PD-1 have progressed through clinical tri-
als. The first FDA approved mAb was pembroli-
zumab (Keytruda®), also known as lambrolizumab
after showing response rates in melanoma patients
who have progressed after first line therapy including
immunotherapy with ipilimumab (KEYNOTE-001
trial) or in comparison to investigator-choice chemo-
therapy (KEYNOTE-002) [2425]. The second PD-1
targeting mAb to receive FDA approval was nivolumab
(Opdivo®). It was well tolerated in Phase I studies in
solid tumors as well as lymphomas [26-30]. Similar to
pembrolizumab, nivolumab was shown to be superior
to chemotherapy in the second line setting in mela-
noma in the Phase III CheckMate-037 trial [3132].
Nivolumab yielded better survival and higher response
rated in comparison to docetaxel in the treatment of
advanced squamous non-small-cell lung cancer [33].
Other PD-1 mAbs include pidilizumab (CT-011)
which was the first one to reach clinical trials and
remains in development (studies reviewed in [34]) and
more recently MEDIO680 which is entering clinical
trials [35,36].

Blocking CTLA-4 and PD-1 are not the exclu-
sive path toward T-cell ‘dis-inhibition’. A variety of
immunomodulatory pathways have been studied and
exploited clinically with varying degrees of success and
are at different stages of clinical development. Other
members of the B7 family, part of the immunoglobulin
superfamily, include B7x, HHLA2 and B7-H3 which
play an inhibitory role. VISTA, Tim-3 and LAG-3 are
members of the immunoglobulin superfamily have also
been shown to play an inhibitory role. Immunomodu-
latory pathways include members of the TNF receptor
family and their ligands which have been studied as
targets for cancer immunotherapy. These inhibitory
and stimulatory molecules that have been studied as
therapeutic targets are depicted in Figure 1A &B, respec-
tively. Finally, indoleamine 2,3—dioxygenase 1 inhibi-
tors have also been studied as antitumor therapies as
discussed below.

PD-L1 & PD-L2

The first reported ligand for PD-1 is PD-L1 (B7-H1)
with wide expression at the mRNA level in lymphoid
and nonlymphoid tissues (37]. It is a cell surface protein
that is expressed on activated APC, T and B lympho-
cytes and other cells. It inhibits TCR mediated T-cell
proliferation and cytokine production through the
engagement of PD-1 [38]. The PD-1/PD-L1 interac-
tion induce T-cell tolerance in lymphoid tissue before
their exit to the periphery, and blockade of this interac-

tion can reverse T-cell anergy [39]. Additionally, PD-L1
expressed on tumor cells can also act as a ligand to
deliver an anti-apoptotic signal that leads to resistance to
cytolytic function of CTL as well as to Fas-induced and
drug-induced apoptosis [40]. Another interesting fact is
that B7-1 was also shown to interact with PD-L1 which
results in inhibition of T cells [41.42]. A second ligand
for PD-1 is PD-L.2 (B7-DC), which inhibits TCR medi-
ated T-cell proliferation and cytokine production [43.44].
It is mainly expressed on DCs and macrophages [44.45].
Recently, a novel binding partner for PD-L2 is identified
named RGMb, which is important for the development
of respiratory immune tolerance [46].

PD-L1 is expressed in a variety of human carcinoma
specimens as well as hematological malignancies such
as multiple myeloma, leukemia and peripheral T-cell
lymphoma and has been correlated to poor progno-
sis [8,34]. Several mAbs that target PD-L1 have reached
clinical trials. BMS—-936559 is a fully human monoclo-
nal IgG4 antibody that blocks PD-L1 [47]. Anti-PD-L1
antibodies inhibited tumor growth in murine synge-
neic tumor models with a durable antitumor immunity.
BMS-936559 can reverse in vitro Treg mediated sup-
pression and does not cause antibody-dependent cyto-
toxicity or complement-dependent cytotoxicity [47].
The first clinical trial with BMS-936559 also dem-
onstrated high tolerability and durable responses [47].
Other monoclonal anti-PD-L1 antibodies include
MEDI4736 [48,49], atezolizumab (MPDL3280A) which
demonstrated a 43% response rate in a Phase I clinical
trial in metastatic urothelial bladder cancer patients
resulting in an FDA breakthrough designation [so],
and MSB0010718C which exhibits antitumor activ-
ity by blocking PD-L1 as well as antibody-dependent
cell-mediated cytotoxicity [51,52].

B7x (B7-H4/B7- S1)

B7x is an inhibitory transmembrane protein that
binds activated T cells and is a member of the B7 fam-
ily (53-55]. It inhibits CD4 and CDS8 cell proliferation
and cytokine production [s3]. It is hardly expressed on
professional APC but is expressed on nonlymphoid tis-
sues, mainly epithelial tissues where a role in immune
tolerance is postulated [s4:56-s8]. It is expressed in the
lung epithelium and is implicated in attenuating the
immune response to bacterial infection in mice [s6].
B7x is expressed in a variety of human cancers which
include cancers of the brain, esophagus, lung, breast,
pancreas, kidney, gut, skin, ovary and prostate [59].
Prostate cancer specimens from patients treated with
radical prostatectomy had 15% prevalence of B7x
expression and high expression was significantly asso-
ciated with a higher risk of prostate cancer related
death [60]. B7x expression in renal cell carcinoma is
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associated with adverse clinical and pathological fea-
tures as well as poor survival [61]. Tumor expression of
B7x in human gastric cancer predicts poor survival [62].
Similar findings were also reported in studies of ovarian
cancer and lung cancer [63.64]. In a preclinical model,
mouse colon carcinoma cells line CT26 transfected
with murine or human B7x resulted in a higher number
of lung metastasis and shorter survival [6s]. Blockade of
B7x with a mADb resulted in a reduction of number of
lung metastasis in a CT26 as well as 4T1 based mouse
models of lung metastasis [65]. B7x thus represents a very
promising target for cancer immunotherapy.

HHLA2 (B7y/B7-H5/B7H7)
HHLA2 is another member of the B7 family that mod-
ulates T-cell function [66.67]. It is expressed on mono-

cytes and induced on CD19 positive B cells. HHLA2—
Ig fusion protein bound resting and activated CD4 and
CDS8 T cells, as well as APC. It was shown to inhibit
proliferation of CD4 and CD8 T cells in the presence
of TCR signaling as well as T-cell cytokine produc-
tion [66]. TMIGD?2, also called CD28H or IGPR-1,
is identified as one of the receptors for HHLA2 [67,68].
IGPR~-1 was initially reported to be an adhesion mol-
ecule involved in angiogenesis [68]. HHLA2 expression
in non-lymphoid tissues was limited to placenta, GI
tract, kidney, gallbladder and breast, but its expres-
sion was more common in human tumor specimens
including breast, lung, thyroid, melanoma, pancreas,
ovary, liver, bladder, colon, prostate, kidney and esoph-
agus [68]. In a cohort of 50 patients with triple negative
breast cancer, 56% of patients had HHLA2 expression
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on their tumors, and high HHLA?2 expression was sig-
nificantly associated with regional lymph node metas-
tasis and stage. Of interest, increase in HHLA2 expres-
sion was also due to an increase in gene copy number,
and not just stimulation [68]. There is much to be dis-
covered about HHLA?2 and it represents a potential
target for cancer immunotherapy.

B7-H3

B7-H3 was first identified as a molecule that binds a
receptor on activated T lymphocytes [69]. Its expression
was inducible on DCs and was initially thought to be
costimulatory to T lymphocytes [69]. Iz vivo studies in
mouse models showed that B7-H3 was an inhibitory
to T lymphocytes and preferentially inhibits T helper
cells type 1 response [70]. The receptor for this ligand
is still unclear. It is expressed in some cancer cells and
was associated with regional nodal metastasis [12.71].
Currently the majority of evidence suggests that this
is a co-inhibitory ligand for T-cell response [72]. B7-H3
was found to be upregulated in graft-versus-host dis-
ease (GVHD) target organs and its absence in B7-H3"
mice resulted in augmented GVHD lethality and
T-cell proliferation and function (73]. Increased B7-H3
expression in cancer specimens has been reported [74],
and has been correlated to worse outcomes [60.75].
Therefore, B7-H3 is another potential target for cancer
immunotherapy.

VISTA

VISTA is a recently discovered negative modula-
tor of the immune system [76]. VISTA is primarily
expressed on hematopoietic cells, including APCs and
T cells [77). It is a suppressor of CD4 and CD8 T cells.
In addition, within the CD4 subset, both effector
and memory T-cells are effectively suppressed. T cells
cultured with soluble VISTA-Ig fusion protein show
no shift in expression of CD45RA to CD45RO [77].
Another notable phenomenon is that, while it blocks
proliferation, it does not induce apoptosis and thus the
cells remain viable. Lastly, the suppressive effect on
T cells appears to be long lasting, even after VISTA
effect was removed. In addition to being immunosup-
pressive of T cells, it is also immuneregulatory. Under
neutral conditions, VISTA-Ig is capable of suppressing
naive T-cells from forming Treg. This however was not
the case when the culture conditions were changed,
and in the presence of IL-2 and anti-CD28 VISTA-Ig
was actually able to increase the proportion of Treg.
Of note, VISTA does not appear to have any effect
in vitro on B-cell proliferation or regulation. Its effect
on cytokine production included reduced levels of
IL-10, IFN-y and TNF-a [77]. Anti-VISTA mAb exac-

erbate experimental auto-immune encephalomyelitis

as well as enhancing antitumor immune responses [76].
Anti-VISTA mAbs are able to increase the number of
tumor specific T cells in the periphery and enhance
the infiltration, proliferation and effector function
of tumor infiltrating lymphocytes within the tumor
microenvironment [76]. In a melanoma model, both
transplantable and inducible cancers are suppressed
effectively with anti-VISTA monotherapy [78]. VISTA’s
antitumor effect was also explored in concert with a
peptide-based cancer vaccine where VISTA blockade
synergistically impaired tumor growth.

CD27

CD27 is a T-cell differentiation antigen and mem-
ber of the TNFR superfamily [79]. It has increased
membrane expression on anti-CD3-activated T cells.
Agonistic CD27 mAb resulted in enhanced prolifera-
tion of CD3 stimulated T cells. CD27 and its ligand
CD70 are thought to have important effects on T-cell
function [79]. Using intranasal influenza virus infec-
tion as a model system, CD27 has been shown to be
a major determinant of CD8 T-cell priming at the site
of infection. CD27 signaling, along with other signal-
ing including CD28, is crucial for the generation of
antigen specific CD8 T cells. Via cell survival stimu-
lation, CD27 promotes accumulation of activated T
cells thereby expanding the proportion of virus spe-
cific T cells [79]. The survival signal relies on IL-2R
signaling and autocrine IL-2 production and CD27
is responsible for long-term survival of primed CD8
T cells, and hence memory. CD27 function has been
extensively studied in mice and is transiently expressed
during the germinal center reaction. CD27 expres-
sion is most abundant during the phase of expansion
of primed B cells and is absent from memory B cells.
It appears that CD27 T cells provide help to B cells to
form small germinal centers. Additionally, CD27 sig-
naling in B cells results in enhanced levels of plasma
cell formation and increased IgG production. Interest-
ingly, constitutive CD27 signaling could have alternate
effects on cellular and humoral immunity [79]. Collec-
tively, the data elucidated CD27 signaling as a deter-
minant of germinal center kinetics. In mouse models,
costimulatory effect of CD27 was necessary for anti-
CD40 antitumor efficacy [80]. Antitumor efficacy was
shown in a mouse model of lymphoma using an anti-
CD27 mAb. Anti-CD27 demonstrated no effect in
SCID mice suggesting the need for an intact adaptive
immune response and that the response itself was not
due to a direct effect on the lymphoma cells [so].

A fully human anti-CD27 mAb, IF5, increased sur-
vival in a mouse model of leukemia and lymphoma [81].
Its toxicity was assessed in a non-human primate model
and has entered clinical development under the name
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CDX-1127 (Varlilumab) and was assessed in a Phase I
clinical trial [82). The drug was well tolerated and
responses included a complete response in a patient
with stage IV Hodgkin’s lymphoma who had previ-
ously failed stem cell transplant, chemotherapy and
brentuximab-vedotin and three additional patients
with stable disease.

0X40/0X40L

OX40 is a member of the TNFR superfamily and is
expressed on activated CD4 and CD8 T cells as well
as other lymphoid and nonlymphoid cells [83]. It is also
expressed in natural killer (NK) cells, NKT cells and
neutrophils. OX40L is also a member of the TNFR
superfamily and its expression is inducible on APC.
Nonlymphoid cells can also be induced to express
OX40L which supports of the role of the OX40/
OX40L pathway in regulating the T-cell response.
T cells themselves can express OX40L which repre-
sents an additional mechanism for T-cell response
amplification. TCR signaling is sufficient to induce
OX40 in activated CD4 and CD8 T cells, however
this is augmented by CD28 and B7-1/B7- 2 interac-
tion and modulated by cytokines such as IL-1, IL-2
and TNF [83]. OX40L expression on the other hand is
can be induced on APC upon activation by ligation of
CD40 or by Toll-like receptors [83].

The OX40/OX40L pathway plays a large role in
T cell expansion and survival, primarily by maintain-
ing later proliferation and T-cell survival through the
effector phase [83]. OX40 ligation can also directly
inhibit naturally occurring Treg activity in mice pro-
viding another means to promoting effector T-cell
proliferation and survival [83]. Foxp3 expression on
naive CD4 T cells is blocked by OX40/OX40L activ-
ity which supports a role in the suppression of naive
CD4 T-cells differentiation to become Treg. There
have been conflicting reports however on the impact
of OX40 signaling, which is expressed constitutively
expressed on Treg, and may in fact promote Treg
responses depending on the cytokine milieu [84].

The rationale for targeting OX40/OX40L signaling
for cancer immunotherapy is supported by the expres-
sion of OX40 in tumor infiltrating lymphocytes. Pre-
clinical models have shown that injection of agonist
OX40L-Ig fusion proteins, OX40 mAb, RNA aptam-
ers that bind OX40 and transfection of tumor cells or
DCs with OX40L can all suppress tumor growth [s3].
In mouse models of cancer including sarcoma, mela-
noma and glioma, among others, OX40 activity has
been shown to decrease tumor growth (84]. The mecha-
nism of tumor growth suppression is related to CD8
T-cell survival, and/or promotion of CD4 T-cell help
for CD8 T cells. There may be an additional role via

augmentation of NK cell activity. Tumor infiltrating
Tregs express high levels of OX40, and the signaling of
OX40 within this environment suppressed their activ-
ity [85). In animal models, stimulation of OX40 appears
to both augment antitumor activity as well as suppress
Treg activity. Human studies include a Phase I trial
using anti-OX40 mab 9B12 in patients with advanced
cancers (NCT01644968 [86)) (87]. Therapy was well tol-
erated with no maximum tolerated dose reached. Most
common grade 3 or 4 side effects included lympho-
penia that was transient. Best response to therapy by
response evaluation criteria in solid tumors (RECIST)
only included stable disease with some tumor regres-
sion noted but less than 30% of overall tumor. One
limitation of this agent was the induction of human
antimouse antibodies, which precluded patients from
receiving additional cycles. Nevertheless, this study
provides evidence in humans that OX40 agonism can
augment the immune system by stimulating CD4 and
CD8 T-cell proliferation, CD8 IFN-y production and
increased antibody titers and T cell recall in response
to tetanus immunization.

It seems that targeting OX40 alone may not be
sufficient to elicit a robust antitumor response, and
thus combination immunotherapy, particularly with
antagonistic anti-CTLA-4 and anti-PD-1 antibodies,
has been an area of study in preclinical models [84].
Combination therapies may stimulate complimen-
tary pathways that synergistically respond to poorly
immunogenic or large tumors, which has been an area
of weakness in immunotherapy. Naturally, synergism
may also extend to worsening the toxicity profile of
such therapy but the fact the anti-OX40 therapy was
fairly well tolerated may be promising.

CD40/CD40L

CD40 and its ligand CD40L are members of the
TNFR/TNEF family 83]. CD40 is expressed on pro-
fessional APC as well as other non-immune cells and
tumors. Its ligand, CD40L is transiently expressed on T
cells and other non-immune cells under inflammatory
conditions [88]. Inherited lack of CD40L is responsible
for x-linked hyper-IgM syndrome (H-XIM). It acti-
vates DCs and allows them to stimulate CD8 T-cell
activation and proliferation [89].

Binding of CD40L to CD40 promotes CD40 clus-
tering on the cell surface, as well as recruitment of
adapter proteins known as TRAFs to the cytoplasmic
domain of CD40 (88]. CD40 signaling is carried for-
ward by different pathways which include MAPKs, NF
kappa B, PLC and PI3K. Additionally, it is noted that
JAK3 binds the cytoplasmic domain of CD40 and can
mediate other cellular processes. CD40/CD40L can
directly activate DCs [89]. This CD40/CD40L inter-
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action is necessary for the maturation and survival of
DCs and CD40-dependent maturation of DCs leads
to sustained expansion and differentiation of antigen
specific T cells. The increased life span of DCs is very
important in driving cell-mediated immunity. With-
out the CD40 survival signal, passive apoptosis of
T cell is induced [ss].

CDA40 signaling by B cells is required for the gen-
eration of high titers of isotype switched high affin-
ity antibody as well as for the development of humoral
immune memory [88]. The binding of CD40L on CD4
T cells to CD40 on activated B cells is an important
step in initiation and progression of the humoral
immune response. Once CD40 signaling is active,
there are downstream effects including B-cell intra-
cellular adhesion, sustained proliferation, differentia-
tion and antibody isotype switching. This process is
essential for memory B cells and long lived plasma
cells. B-cell fate is heavily influenced by CD40 sig-
naling (88]. This signaling via binding of CD40 and
CD40L can help determine whether the maturing B
cell becomes a plasmablast or seeds a germinal center.
With the activated CD40 pathway, the B cell will go
on to form a germinal center. The lack of CD40 sig-
naling is sufficient to block germinal center formation.
T helper cells are recruited to these germinal centers,
some of which express CD40L on their cell surface,
which serve to maintain the germinal center. The lack
of CD40 signaling in germinal center B cells increase
Fas dependent apoptosis.

CDA40 is expressed in mouse and human models of
melanoma, prostate and lung cancers, and carcino-
mas of the nasopharynx, bladder cervix and ovary [ss].
Hematologic malignancies such as non-Hodgkin’s
lymphoma, Hodgkin’s lymphoma, acute leukemias and
multiple myeloma also express CD40. Anti-CD40L
mADb treatment inhibits the generation of protective
immune responses from potent tumor vaccines [90].
Additionally, using CD40 deficient mice, no protec-
tive antitumor immune response was induced follow-
ing a protective vaccination regime. Early studies using
a lymphoma model showed that agonistic anti-CD40
antibodies were able to eradicate tumor. Gene delivery
of CD40L to DCs and tumor cells was sufficient to
stimulate a long lasting systemic antitumor immune
response in a murine model [90]. The approach of gene
therapy with adenovirus expressing CD40L has been
shown to be successful in colorectal carcinoma, lung
carcinoma and melanoma murine models. CD40 ago-
nism alone, however, was not sufficient for antitumor
response likely due to the lack of TLR signaling.

Clinically, recombinant CD40L has been used in
patients with solid tumors or non-Hodgkin’s lym-
phoma given subcutaneously daily for 5 days in a

Phase I clinical trial (91]. Responses to therapy included
6% of patients with a partial response and one patient
with a complete response. Humanized agonistic
CD40 mAb include CP-870,893, SGN-40 and HCD
122. In a Phase I trial, CP-870,893 produced a par-
tial response in 14% of patients (27% of melanoma
patients). Dose-limiting toxicities were observed and
included cytokine release syndrome [88]. Dacetuzumab
(SGN-40) is a weak agonist and was studied in a Phase
I trial in patients with refractory or recurrent B-cell
non-Hodgkin’s lymphoma [92]. Toxicity was shown
to be acceptable and antitumor activity was seen with
six objective responses, 13 patients with stable disease.
The overall response rate for patients in this cohort was
18%. In a Phase II trial with this drug, 46 patients
again with relapsed or refractory diffuse large B-cell
lymphoma were treated and the overall response rate
was 9% and disease control rate (stable disease or
better) was 37% [92]. Lucatumumab (HCD122) is a
fully human anti-CD40 antagonist and was tested
in 28 patients with refractory or relapsed MM [93].
Responses included 12 patients with stable disease, and
one patient maintaining a partial response for greater
than 8 months. It was also well tolerated with a good
safety profile.

CD137(4-1BB)/CD137L

CD137, also known as 4-1BB, is an induced T-cell
costimulator molecule and a member of TNFR super-
family [94]. CD137 is induced on activated CD4 and
CD8 T cells, NK cells and constitutively on DCs,
Tregs, monocytes and myeloid cells [(94.95]. Its ligand
4-1BBL is expressed on B cells, DCs, macrophages,
activated T cells and endothelial cells [94-96]. Ago-
nistic CD137 mAb stimulated the proliferation of
CD4 and CD8 T cells, mainly CD8 CTL, increased
cytokine production, prevent activation induced cell
death [(94,97) and in absence of cognate signals increases
the memory T-cell expansion [98]. Large tumors in
mice are eradicated with increased cytotoxic T-cell
activity in poorly immunogenic Agl04A sarcoma and
highly tumorigenic P815 mastocytoma using agonist
CD137 mAb [99]. CD 137 agonist mAbs also increase
adhesion molecules ICAM-1, VCAM 1 and E-selectin
thus increasing the trafficking of activated T-cells into
tumor and also prevent immune tolerance by prevent-
ing induction of CD8 CTL anergy to soluble tumor
antigens [100].

Urelumab (BMS 663513) is humanized IgG4
mAb and PF 05082566 is humanized IgG2 mAbs
for CD137 which are currently in clinical develop-
ment [101,102]. BMS 663513 was tested in a Phase 1/
IT trial with locally advanced and metastatic solid
tumors. Initially patients with melanoma have been
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enrolled but enrollment has been expanded to include
renal cell and ovarian cancer patients [103]. Treatment
is well tolerated and responses included three partial
responses and four with stable disease [104]. A ran-
domized Phase II trial (NCT00612664) in metastatic
melanoma patients as a second-line therapy was termi-
nated due to grade 4 hepatitis [95]. Urelumab is being
tested with rituximab in B-cell non-Hodgkin’s lym-
phoma or chronic lymphocytic leukemia as enhanced
antibody-dependent cytotoxicity by rituximab was
noted after activation of NK cells with CD137 [10s].
Addition of anti-CD137 mADb to cetuximab improves
efficiency of cetuximab in head and neck tumors as
well as KRAS mutant and wild-type colorectal cancer,
which provides further evidence for the use of immu-
notherapy, specifically anti-CD137, in combination
with other agents [106]. PF-05082566 was tested in
a Phase I study of 27 patients and is well tolerated
with mostly grade 1 adverse effects with one grade 3
elevated alkaline phosphatase was noted [107].

GITR

GITR is a member of TNFR superfamily and is a
co-stimulatory receptor. It has been originally discov-
ered as up regulated in dexamethasone treated murine
T-cell hybridomas [108]. It has very low expression in
human T cells but constitutively expressed in human
Treg [109]. Upon stimulation, naive T cells and Treg
upregulate GITR in a similar fashion to 4-1BB and
OX40 suggesting their role in latter time points rather
than early priming [110]. GITR-L is expressed in DCs,
macrophages and B cells and is upregulated upon
activation. GITR-L is also found in endothelial and
activated T cells and may have role in leukocyte adhe-
sion [110]. Its function is similar to OX40 and 4-1BB; it
sends costimulatory signals inducing T-cell prolifera-
tion, effector function and protects T cells from acti-
vation induced cell death [110). Combined anti-PD-1
blockage and GITR costimulation has potent anti-
tumor activity in murine ID8 ovarian cancer model
and is synergistic with chemotherapeutic agents. This
combination promotes accumulation of CD4, CD8 T
cells with decreased Treg and myeloid derived suppres-
sive cells [111]. TRX518, an anti-GITR mAb, is being
studied in a Phase I study in patients with stage III
or stage IV melanoma or other solid tumor malignan-
cies (NCT01239134 (8¢]). To circumvent autoimmune
complications from immunomodulators mRNA trans-
fected DCs are used locally to deliver anti CTLA-4
mAb and soluble GITR-L while increasing the anti-
tumor immune responses [112]. Phase I clinical trial of
a DC vaccine that entails intranodal injection of DCs
transfected with mRNA encoding tumor antigens
along with DCs transfected with mRNA encoding

soluble human GIRT-L and anti CTLA-4 mAb is in
progress (NCT 012164306 [86)).

Tim-3

Tim-3 was first described in 2002 [113]. It is expressed
on CD4 T cells and CD8 CTLs. Tim-3 binds several
molecules including Gal-9, CEACAMI1, HMGBI
as well as glycosylated molecules [114]. Binding of its
ligand, Gal-9 induces cell death and thus illustrating its
role as a negative regulatory molecule, with particular
importance in Thl- and Tcl-driven responses. Tim-3
is expressed on all IFN-y secreting Thl cells as well as
DCs 113]. Thl immunity is regulated via binding of its
ligand, Gal-9, directly triggering cell death. It has also
been shown that Tim-3/Gal-9 binding also suppresses
immune responses indirectly by expanding the popula-
tion of myeloid derived suppressor cells [113]. Tim-3 has
been implicated in inducing T-cell exhaustion in sev-
eral scenarios including chronic viral infections such
as hepatitis C and HIV, bacterial infections and can-
cer [113]. In murine models of colon adenocarcinoma,
melanoma and mammary adenocarcinoma, Tim-3
can be co-expressed with PD-1 in tumor infiltrating
CD4 and CDS8 T cells. Tim-3*PD-1* CD8 T cells were
among the most impaired T cells with reduced prolif-
eration and decreased production of IL-2, TNF and
IEN-y. In vivo, Tim-3 blockade in concert with PD-1
blockade produced a significantly higher antitumor
effect than either one alone. Additionally, this com-
bined blockade increased the frequency of proliferating
antigen specific CD8 T cells.

LAG-3

LAG-3, also called CD223, is expressed on acti-
vated T cells, NK cells, B cells and tumor infiltrat-
ing lymphocytes [115]. It is closely related to CD4;
it is a member of the immunoglobulin superfamily
and its gene is located near CD4 on chromosome 12.
LAG-3 is a negative regulator of T-cell activation and
homeostasis [115]. LAG-3 binds to MHC class II mol-
ecules with high affinity [116]. LAG-3 cross-linking
on activated human T cells induces T-cell functional
unresponsiveness and inhibits TCR-induced calcium
ion fluxes. Similar to CD4 and CD8, LAG-3 is con-
sidered to be a coreceptor to the CD3-TCR complex.
Inhibition of cytokines, such as IL-2, is induced by
LAG-3 in vitro. It decreases the pool of memory
CD4 and CD8 T cells. It also increases the suppres-
sive activity of Treg. For maximal suppressive activ-
ity of Treg, LAG-3 signaling is required [117]. It was
not clear however, if the signal alone was sufficient.
Within the tumor microenvironment LAG-3 pro-
motes immune tolerance of the tumor by inhibiting
APC and T-cell function [118].
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Malignant mouse and human tissue has been
shown to co-express PD-L1 and LAG-3 [119]. A sig-
nificant percentage of tumor infiltrating CD4 and
CDS8 T cells from mouse tumor models of melanoma,
colorectal adenocarcinoma and fibrosarcoma, express
high levels of LAG-3 and PD-1. When using anti-
LAG-3 immunotherapy, reduced growth of fibrosar-
coma and colorectal adenocarcinoma is observed in
some mice. This same effect is seen with anti-PD-1
monotherapy. Anti-LAG-3 produced a synergistic
effect when combined with anti-PD-1 immuno-
therapy with 70% of the fibrosarcoma and 80% of
colorectal adenocarcinoma mice noted to be tumor
free [119]. This regimen, however, was shown to have
no effect on the melanoma model. Interestingly,
treating mice with anti-LAG-3/anti-PD-1 combined
therapy is proposed to be less toxic given that LAG-3
and PD-1 co-expression is largely limited to tumor
infiltrating lymphocytes.

IMP321 is a clinical grade LAG-3-Ig recombinant
fusion protein that antagonizes normal LAG-3 func-
tioning [120]. In 2009 the results of the first Phase I
study involving IMP321 alone was released. Patients
with advanced renal cell carcinoma were treated [121].
No significant adverse events occurred. Tumor growth
reduction was seen and progression-free survival
was better in those patients receiving higher doses
(>6 mg). Out of eight patients treated with high dose
IMP321, seven had stable disease at 3 months com-
pared with only three of 11 in the lower dose group.
Another Phase I trial of IMP321 and paclitaxel in
metastatic breast cancer was conducted [122]. Patients
treated with IMP321 were found to have a sustained
increase in the number and activation of monocytes
and DCs as well as an increase in the percentage of
NK and long lived cytotoxic effector memory CD8
T cells, which correlates well with the preclinical
data. Additionally 90% of patients had some clini-
cal benefit, with only three of 12 patients progress-
ing by 6 months. Objective tumor response rate was
50% compared with the historic control group of
25% [122]. IMP321 is well tolerated as well. There
were several other Phase I trials combining IMP321
with other agents. In 18 patients with advanced pan-
creatic adenocarcinoma, IMP321 was combined with
conventional gemcitabine and had a good safety pro-
file [123]. Its clinical benefit was hard to evaluate likely
due to suboptimal dosing of gemcitabine. IMP321
was combined with an anticancer vaccine MART-1
peptide and used in 12 patients with advanced mela-
noma [124]. Six patients received MART-1 alone and
six in combination with IMP321. One patient expe-
rienced a partial response in the IMP321 group and
none in the MART-1 alone group.

BTLA

BTLA (CD272) is a transmembrane protein that
is expressed on Thl cells as well as B cells and
DCs [125-127]. BTLA, via interaction with HVEM (her-
pes virus entry mediator), inhibits cancer specific CD8
T cells 1271. HVEM is expressed in hematopoietic cells,
including B and T cells, as well as in nonhematopoietic
cells (parenchymal cells) (126]. HVEM is also expressed
in melanoma cells and variety of solid tumors [126].
Hodgkin’s lymphoma, B-cell non-Hodgkin’s lym-
phoma and some T-cell non-Hodgkin’s lymphomas use
BTLA for immune evasion [127]. BTLA and HVEM
are highly expressed in B-cell chronic lymphocytic
leukemia suggesting their role in pathogenesis [126,128].
BTLA-HVEM is implicated in Vy9V&2 T-cell prolif-
eration, differentiation and has a critical role in their
control of lymphogenesis [129]. T-cell responses against
minor histocompatibility antigens on malignant cells
play an important role for cure in hematological malig-
nancies after allogeneic stem cell transplant via graft
versus tumor effect. BTLA suppresses minor histocom-
patibility antigen-specific CD8 T cells after allogeneic
stem cell transplant thus providing a rationale for its
clinical utility in post transplantation therapies [130].
High BTLA expression is associated with shorter sur-
vival in gastric cancer [131]. BTLA expression is upregu-
lated on cytotoxic CD8 T cells in peripheral blood of
patients with hepatocellular carcinoma and correlates
with disease progression and increased expression is
associated with high recurrence rates [132]. Downregu-
lation of BTLA 7n vivo can be attained by adding CpG
oligonucleotides to vaccine formulation, which leads to
increased resistance to BTLA/HVEM inhibition [133].
Because of the role of BTLA/HVEM in hematological
as well as solid tumors, BTLA inhibition also represents
a target for cancer immunotherapy.

IDO synthase

Tryptophan plays an important role in peripheral
immune tolerance through its rate limiting tryptophan
degradation along the kynurenine pathway, including
IDOLI and tryptophan-2,3-dioxygenase (TDO). Short-
age of tryptophan leads to cell cycle arrest, decreased
proliferation through inactivation of mTOR pathway,
while tryptophan metabolites can cause T-cell apop-
tosis, and induce differentiation of Tregs. Tumors can
evade the immune system by hijacking tryptophan
catabolizing enzymes IDO1 and TDO [134. IDOI1
protein is expressed in mature DCs in lymphoid tis-
sues, some epithelial cells of female genital tract, pla-
cental and pulmonary endothelial cells 135]. IDOI1
positive cells are scattered in human and tumoral lym-
phoid tissues particularly in cervical, colorectal and
gastric carcinomas. It is highly present in vascular cells
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in renal cell cancer [135). Expression of IDO1 is highest
in endometrial and cervical cancers followed by kid-
ney and lung [135]. IDOLI expression is associated with
aggressive phenotype, poor prognosis, shorter survival
and increased Tregs [136]. IDOLI inhibitors were shown
to exhibit antitumor effect in mouse models alone as
well as have synergistic effects with a variety of che-
motherapeutic agents in preclinical models [137-140].
Indoximod is an IDO inhibitor that is being studied
in a Phase II trial with taxane chemotherapy in meta-
static breast cancer (NCT 01792050 [s6)). IDO inhibi-
tors can provide a synergistic effect when administered
with vaccines and immunotherapy; IDO induction
in response to inflammation can attenuate antitumor
vaccine [139]. This provided the rationale for a random-
ized Phase II study of Indoximod with Sipuleucel-T
(Provenge®) in the treatment of patients with asymp-
tomatic or minimally symptomatic metastatic castra-
tion resistant prostate cancer (NCT01560923 [86]).
Other studies include a Phase I study of NLG-919, an
IDO inhibitor, for patients with advanced solid tumor
malignancies and a Phase I/II trial of the indoximod
in combination with ipilimumab for the treatment of
unresectable advanced stage melanoma [141,142].

Conclusion & future perspective

Our understanding of immune dysfunction in cancer
continues to develop. Growth and progression of can-
cer are made possible by the ability of the malignant
cells to manipulate immune checkpoint pathways that
prevent immune overstimulation. Significant progress
has been made in the field with mAb against CTLA-4
and now PD-1 in clinical use. This gives credence to
the efforts aimed at developing agents targeting other
immune modulatory pathways. The success PD-1
inhibitors may very well translate to PD-L1 inhibi-
tors being successful in the clinic. PD-L1 is widely
expressed in a variety of tumors and PD-L1 inhibitors
have shown impressive, albeit preliminary, results in
areas of unmet need such as urothelial bladder can-
cer which has been resistant to conventional chemo-
therapy (34:50). Other B7 family members are emerg-
ing as clinical target in preclinical models such as B7x,
HHLA2 and B7-H3. Other immunoglobulin super-
family members such as Tim-3 and VISTA also show
promise in preclinical models. LAG-3 targeting mol-
ecules have also reached clinical trials with good safety
profile and evidence of antitumor efficacy.

TNEFR superfamily member also hold promise in
cancer immunotherapy. Preclinical and clinical data
support targeting CD27 where a durable response
was noted as well [81,82]. mAb targeting CD40L have
reached clinical trials although the clinical experience
in the CD40/CD40L pathway illustrates some of the

caution needed with immune disinhibition, particu-
larly in unwanted side effects such as cytokine release
syndrome [88,92,93]. OX40, CD137 and GITR antibod-
ies have also reached clinical trials providing further
evidence that TNFR family members are viable targets
for cancer immunotherapy [101-104112]. Table 1 is the
summary of clinical trials with agents targeting immu-
nomodulatory pathways beyond CTLA-4 and PD-1/
PD-L1.

The redundancy in inhibitory immune checkpoint
molecules sheds light on the complexity of immune
regulation. It also allows for the targeting of these mol-
ecules in succession or in combination. A new path-
way may be targeted after the efficacy of an earlier
immunotherapy is exhausted as evidenced by the suc-
cess of PD-1 targeting mAbs in ipilimumab-refractory
tumors indicating that tumors may recruit additional
pathways when one is blocked, or several pathways
may be in fact be recruited simultaneously by tumor
cells [242531]. Efficacy of ipilimumab in combina-
tion with nivolumab also illustrates that tumors may
recruit more than one inhibitory pathway at the same
time [143].

Another interesting dilemma that emerges as cancer
immunotherapy gains momentum is integrating these
novel agents with current regimens that mainly consist
of conventional cytotoxic chemotherapy. On one hand,
conventional wisdom may lead us to believe that che-
motherapy may be synergistic. The immunosuppressive
effect of chemotherapy however can have unpredict-
able effects on the immune system. Cyclophosphamide
has been used as a Treg depleting agents in preclini-
cal models with some success [144,145]. Combination
regimens have also reached clinical trials [34122,123].
Combination of immune checkpoint inhibitors have
also been studied with traditional immunotherapies
or targeted therapies such as rituximab and cetuximab
where they show efficacy and tolerability [105.106,146].
With evidence pointing to better outcomes in second
line setting or even first line setting of immunothera-
pies, cancer immunotherapy will play a vital role in the
future of oncology [24,31,147].
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Executive summary

Cancer immunotherapy targets in clinical trials

¢ PD L-1 blockade can restore cytotoxic T-lymphocyte antitumor activity.

e CD27 is a hematologic malignancy marker that has been targeted in Phase | trials.

e Lag-3is a co-inhibitory molecule and blocking antibodies have reached clinical trials.

e CD40, CD137 and GITR agonism may play a role in cancer immunotherapy and have reached Phase | and

Phase Il trials.

¢ Indoleamine 2,3-dioxygenase is not a cell-surface protein and inhibitors have reached clinical trials.
Emerging targets for cancer immunotherapy still in preclinical study

e B7x, HHLA 2, B7-H3 are B7 family members that have inhibitory role and are expressed by tumor cells.
e Tim-3, VISTA and BTLA blockade are emerging targets in preclinical models.

e Agonism of stimulatory molecules OX40 and OX40L may also play a role in cancer immunotherapy.

Conclusion

e T-cell disinhibition is now a clinically effective approach.

e Targeting of several pathways may be done in succession or in concert.
e Immunotherapy can be more effective than chemotherapy especially in the second-line setting.

Reference

Papers of special note have been highlighted as: ¢ of interest

>

>4

»s

>

£

»>9

Hanahan D, Weinberg RA. Hallmarks of cancer: the next
generation. Cell 144(5), 646674 (2011).

Provides a conceptual overview of cancer where tumor

immunology fits in the overall spectrum on tumor genesis.

Schreiber RD, Old L], Smyth M]J. Cancer immunoediting:
integrating immunity’s roles in cancer suppression and

promotion. Science 331(6024), 1565-1570 (2011).

Burnet M. Cancer: a biological approach. III. Viruses
associated with neoplastic conditions. I'V. Practical

applications. Br. Med. J. 1(5023), 841-847 (1957).
Dunn GP, Bruce AT, Sheehan KC ez a/. A critical function

for type I interferons in cancer immunoediting. Naz.
Immunol. 6(7), 722-729 (2005).

Galon J, Costes A, Sanchez-Cabo F ez al. Type, density, and
location of immune cells within human colorectal tumors
predict clinical outcome. Science 313(5795), 1960-1964
(2006).

Pages F, Berger A, Camus M ez al. Effector memory T cells,
carly metastasis, and survival in colorectal cancer. V. Engl. J.

Med. 353(25), 2654-2666 (2005).

Taube JM. Emerging immunologic biomarkers: setting the
(TNM-immune) stage. Clin. Cancer Res. 20(8), 2023-2025
(2014).
Zou W, Chen L. Inhibitory B7- family molecules in the
tumour microenvironment. Nat. Rev. Immunol. 8(6),
467-477 (2008).
Linsley PS, Clark EA, Ledbetter JA. T-cell antigen CD28
mediates adhesion with B cells by interacting with activation
antigen B7/BB-1. Proc. Natl Acad. Sci. USA 87(13),
5031-5035 (1990).

0  Krummel MF, Allison JP. CD28 and CTLA-4 have opposing
effects on the response of T cells to stimulation. /. Exp.
Med. 182(2), 459-465 (1995).

1 Walunas TL, Lenschow DJ, Bakker CY ez /. CTLA-4

can function as a negative regulator of T cell activation.

Immunity 1(5), 405-413 (1994).

12

» s

» 16

SV,

| ST

| S0)

» 20

Zang X, Allison JP. The B7 family and cancer therapy:
costimulation and coinhibition. Clin. Cancer Res.

13(18 Pt 1), 5271-5279 (2007).

Illustrates the role of B7 family members in T-cell

coinhibition and antitumor effect.

Leach DR, Krummel MF, Allison JP. Enhancement
of antitumor immunity by CTLA-4 blockade.
Science 271(5256), 17341736 (1996).

Van Elsas A, Hurwitz AA, Allison JP. Combination
immunotherapy of B16 melanoma using anti-cytotoxic

T lymphocyte-associated antigen 4 (CTLA-4) and
granulocyte/macrophage colony-stimulating factor (GM-
CSF)-producing vaccines induces rejection of subcutaneous
and metastatic tumors accompanied by autoimmune

depigmentation. J. Exp. Med. 190(3), 355-366 (1999).

Kwon ED, Foster BA, Hurwitz AA et /. Elimination

of residual metastatic prostate cancer after surgery and
adjunctive cytotoxic T lymphocyte-associated antigen 4
(CTLA-4 ) blockade immunotherapy. Proc. Natl Acad. Sci.
USA 96(26), 1507415079 (1999).

Hodi ES, O’day S], Mcdermott DF ez al. Improved survival
with ipilimumab in patients with metastatic melanoma.

N. Engl. ]. Med. 363(8), 711-723 (2010).

Ishida Y, Agata Y, Shibahara K, Honjo T. Induced expression
of PD-1, a novel member of the immunoglobulin gene
superfamily, upon programmed cell death. EMBO J. 11(11),
3887-3895 (1992).

Agata Y, Kawasaki A, Nishimura H ez al. Expression of the
PD-1 antigen on the surface of stimulated mouse T and

B lymphocytes. Int. Immunol. 8(5), 765-772 (1996).

Said EA, Dupuy FP, Trautmann L ez a/. Programmed
death-1-induced interleukin-10 production by monocytes
impairs CD4" T cell activation during HIV infection. Naz.
Med. 16(4), 452—459 (2010).

Nishimura H, Minato N, Nakano T, Honjo T.
Immunological studies on PD-1 deficient mice: implication

of PD-1 as a negative regulator for B cell responses. /nz.
Immunol. 10(10), 1563-1572 (1998).

Review

fsg

future science group

www.futuremedicine.com

1181


http://www.futuremedicine.com/action/showLinks?pmid=20208540&crossref=10.1038%2Fnm.2106&coi=1%3ACAS%3A528%3ADC%252BC3cXivVKjsr8%253D
http://www.futuremedicine.com/action/showLinks?pmid=16371631&crossref=10.1056%2FNEJMoa051424&coi=1%3ACAS%3A528%3ADC%252BD2MXhtlarsrrE
http://www.futuremedicine.com/action/showLinks?pmid=20525992&crossref=10.1056%2FNEJMoa1003466&coi=1%3ACAS%3A528%3ADC%252BC3cXhtVCrtrbN
http://www.futuremedicine.com/action/showLinks?pmid=7543139&crossref=10.1084%2Fjem.182.2.459&coi=1%3ACAS%3A528%3ADyaK2MXntFKhsL4%253D
http://www.futuremedicine.com/action/showLinks?pmid=13413231&crossref=10.1136%2Fbmj.1.5023.841&coi=1%3ASTN%3A280%3ADyaG2s%252FlvFGqsA%253D%253D
http://www.futuremedicine.com/action/showLinks?pmid=9796923&crossref=10.1093%2Fintimm%2F10.10.1563&coi=1%3ACAS%3A528%3ADyaK1cXms1Kqur0%253D
http://www.futuremedicine.com/action/showLinks?pmid=8596936&crossref=10.1126%2Fscience.271.5256.1734&coi=1%3ACAS%3A528%3ADyaK28XhvVWmsLk%253D
http://www.futuremedicine.com/action/showLinks?pmid=24634379&crossref=10.1158%2F1078-0432.CCR-14-0328&coi=1%3ACAS%3A528%3ADC%252BC2cXmtl2nu7o%253D
http://www.futuremedicine.com/action/showLinks?pmid=21376230&crossref=10.1016%2Fj.cell.2011.02.013&coi=1%3ACAS%3A528%3ADC%252BC3MXjsFeqtrk%253D
http://www.futuremedicine.com/action/showLinks?pmid=1396582&coi=1%3ACAS%3A528%3ADyaK3sXkslShtbs%253D
http://www.futuremedicine.com/action/showLinks?pmid=7882171&crossref=10.1016%2F1074-7613%2894%2990071-X&coi=1%3ACAS%3A528%3ADyaK2cXmt1yhurw%253D
http://www.futuremedicine.com/action/showLinks?pmid=15951814&crossref=10.1038%2Fni1213&coi=1%3ACAS%3A528%3ADC%252BD2MXltlynsrc%253D
http://www.futuremedicine.com/action/showLinks?pmid=10430624&crossref=10.1084%2Fjem.190.3.355&coi=1%3ACAS%3A528%3ADyaK1MXkvFarsrY%253D
http://www.futuremedicine.com/action/showLinks?pmid=18500231&crossref=10.1038%2Fnri2326&coi=1%3ACAS%3A528%3ADC%252BD1cXmt1Ojt74%253D
http://www.futuremedicine.com/action/showLinks?pmid=8671665&crossref=10.1093%2Fintimm%2F8.5.765&coi=1%3ACAS%3A528%3ADyaK28Xjt1Kmurw%253D
http://www.futuremedicine.com/action/showLinks?pmid=17008531&crossref=10.1126%2Fscience.1129139&coi=1%3ACAS%3A528%3ADC%252BD28XhtVSnsrnK
http://www.futuremedicine.com/action/showLinks?pmid=10611340&crossref=10.1073%2Fpnas.96.26.15074&coi=1%3ACAS%3A528%3ADC%252BD3cXhtFarsg%253D%253D
http://www.futuremedicine.com/action/showLinks?pmid=2164219&crossref=10.1073%2Fpnas.87.13.5031&coi=1%3ACAS%3A528%3ADyaK3cXkvFGrsL0%253D
http://www.futuremedicine.com/action/showLinks?pmid=21436444&crossref=10.1126%2Fscience.1203486&coi=1%3ACAS%3A528%3ADC%252BC3MXjs1Cgtbs%253D

Review Assal, Kaner, Pendurti & Zang

>

22

24

» s

» 26

>

30

>3

32

»33

>34

35

Barber DL, Wherry EJ, Masopust D ¢ a/. Restoring function
in exhausted CD8 T cells during chronic viral infection.

Nature 439(7077), 682—687 (2006).

Hofmeyer KA, Jeon H, Zang X. The PD-1/PD-L1 (B7-H1)
pathway in chronic infection-induced cytotoxic T lymphocyte
exhaustion. /. Biomed. Biotechnol. 2011, 451694 (2011). 36

Francisco LM, Sage PT, Sharpe AH. The PD-1 pathway in
tolerance and autoimmunity. mmunol. Rev. 236, 219-242
(2010).

Dummer R, Daud A, Puzanov I ¢# a/. A randomized
controlled comparison of pembrolizumab and chemotherapy
in patients with ipilimumab-refractory melanoma. /. Transl. 37

Med. 13,2062 (2015).
Robert C, Ribas A, Wolchok JD ez al. Anti-programmed-

death-receptor—1 treatment with pembrolizumab in > 38
ipilimumab-refractory advanced melanoma: a randomised
dose-comparison cohort of a Phase 1 trial. Lancer 384(9948),

1109-1117 (2014).

Brahmer JR, Drake CG, Wollner I e al. Phase I study
of single-agent anti-programmed death—1 (MDX-1106)
in refractory solid tumors: safety, clinical activity,
pharmacodynamics, and immunologic correlates. /. Clin. > 40

Oncol. 28(19), 3167-3175 (2010).

Topalian SL, Hodi FS, Brahmer JR et al. Safety, activity, and
immune correlates of anti-PD-1 antibody in cancer. N. Engl. P41
J. Med. 366(26), 2443-2454 (2012).

Wolchok JD, Kluger H, Callahan MK ¢t a/. Nivolumab plus
ipilimumab in advanced melanoma. N. Engl. J. Med. 369(2),
122-133 (2013). >4

Ansell SM, Lesokhin AM, Borrello I ez a/. PD-1 blockade
with nivolumab in relapsed or refractory Hodgkin’s
lymphoma. N. Engl. . Med. 372(4), 311-319 (2015). > 43

Odutlines the first study with significant response of a

hematologic malignancy to a checkpoint protein inhibitor.

Lesokhin AM, Ansell SM, Armand P ez al. preliminary

results of a phase i study of nivolumab (BMS-936558) in

patients with relapsed or refractory lymphoid malignancies.
Presented at: 56th ASH Annual Meeting and Exposition. CA, » 45
USA, 6-9 December 2014.

Weber JS, D’angelo SP, Minor D ez al. Nivolumab versus
chemotherapy in patients with advanced melanoma who
progressed after anti-CTLA-4 treatment (CheckMate 037):
a randomised, controlled, open-label, Phase 3 trial. Lancer
Oncol. 16(4), 375-384 (2015). » 47
Long GV, Atkinson V, Ascierto PA ez al. Nivolumab

improved survival vs dacarbazine in patients with untreated

advanced melanoma. /. Transl. Med. 13, 2063 (2015). 48

|

» 46

Brahmer J, Reckamp KL, Baas P ¢z /. Nivolumab versus
docetaxel in advanced squamous-cell non-small-cell lung

cancer. N. Engl. J. Med. 373(2), 123135 (2015). 49
Ohaegbulam KC, Assal A, Lazar-Molnar E, Yao Y, Zang X.

Human cancer immunotherapy with antibodies to the PD-1

and PD-L1 pathway. Trends Mol. Med. 21(1), 24-33 (2015).

Summarizes the biology and clinical evidence supporting
use of PD-1 and PD-L1 inhibitors.

Hamid O, Chow LQM, Tavakkoli F ez al. Phase I, open-label
study of MEDI0680, an anti-programmed cell death-1

(PD-1) antibody, in combination with MEDI4736, an
anti-programmed cell death ligand—1 (PD-L1) antibody,

in patients with advanced malignancies. Presented at: 515z
Annual Meeting of American Society of Clinical Oncology. IL,
USA, 29 May-2 June 2015.

Infante JR, Goel S, Tavakkoli F ez /. A Phase I, multicenter,
open-label, first-in-human study to evaluate MEDI0680,

an anti-programmed cell death—1 antibody, in patients with

advanced malignancies. Presented at: 51st Annual Meeting of
American Society of Clinical Oncology. IL, USA,

29 May—02 June 2015.

Dong H, Zhu G, Tamada K, Chen L. B7-H]1, a third member
of the B7 family, co-stimulates T-cell proliferation and
interleukin—10 secretion. Nat. Med. 5(12), 1365-1369 (1999).

Freeman GJ, Long AJ, Iwai Y ¢t al. Engagement of the PD-1
immunoinhibitory receptor by a novel B7 family member
leads to negative regulation of lymphocyte activation. /. Exp.
Med. 192(7), 1027-1034 (2000).

Tsushima F, Yao S, Shin T ez a/. Interaction between B7-H1
and PD-1 determines initiation and reversal of T-cell anergy.

Blood 110(1), 180-185 (2007).

Azuma T, Yao S, Zhu G, Flies AS, Flies SJ, Chen L. B7-
H1 is a ubiquitous antiapoptotic receptor on cancer cells.
Blood 111(7), 3635-3643 (2008).

Butte MJ, Keir ME, Phamduy TB, Sharpe AH, Freeman
GJ. Programmed death—1 ligand 1 interacts specifically with
the B7-1 costimulatory molecule to inhibit T cell responses.
Immunity 27(1), 111-122 (2007).

Park JJ, Omiya R, Matsumura Y ez a/. B7-H1/CD80
interaction is required for the induction and maintenance of
peripheral T-cell tolerance. Blood 116(8), 1291-1298 (2010).

Latchman Y, Wood CR, Chernova T ez al. PD-L2 is a
second ligand for PD-1 and inhibits T cell activation. Nat.
Immunol. 2(3), 261-268 (2001).

Tseng SY, Otsuji M, Gorski K ez al. B7-DC, a new dendritic
cell molecule with potent costimulatory properties for

T cells. /. Exp. Med. 193(7), 839-846 (2001).

Yamazaki T, Akiba H, Iwai H ez a/. Expression of
programmed death 1 ligands by murine T cells and APC.
J. Immunol. 169(10), 5538-5545 (2002).

Xiao Y, Yu S, Zhu B ez al. RGMb is a novel binding partner
for PD-L2 and its engagement with PD-L2 promotes
respiratory tolerance. /. Exp. Med. 211(5), 943-959 (2014).

Brahmer JR, Tykodi SS, Chow LQ ¢t a/. Safety and activity
of anti-PD-L1 antibody in patients with advanced cancer.
N. Engl. ]. Med. 366(26), 24552465 (2012).

Beck A, Wurch T, Reichert JM. 6th Annual European
Antibody Congress 2010: 29 November—1 December 2010,
Geneva, Switzerland. mAbs 3(2), 111-132 (2011).

Callahan MK, Ott PA, Odunsi K ez al. A Phase 1 study

to evaluate the safety and tolerability of MEDI4736, an
anti-PD-L1 antibody, in combination with tremelimumab
in patients with advanced solid tumors. Presented at: 50z%
Annual Meeting of American Society of Clinical Oncology. 1L,
USA, 30 May—03 June 2014.

Powles T, Vogelzang NJ, Fine GD et a/. Inhibition of PD-L1
by MPDL3280A and clinical activity in pts with metastatic

1182

Immunotherapy (2015) 7(11)

fsg

future science group


http://www.futuremedicine.com/action/showLinks?pmid=20516446&crossref=10.1200%2FJCO.2009.26.7609&coi=1%3ACAS%3A528%3ADC%252BC3cXpslajtLw%253D
http://www.futuremedicine.com/action/showLinks?pmid=20472828&crossref=10.1182%2Fblood-2010-01-265975&coi=1%3ACAS%3A528%3ADC%252BC3cXhtFersbbP
http://www.futuremedicine.com/action/showLinks?pmid=24752301&crossref=10.1084%2Fjem.20130790&coi=1%3ACAS%3A528%3ADC%252BC2cXotVCjsL0%253D
http://www.futuremedicine.com/action/showLinks?pmid=20636820&crossref=10.1111%2Fj.1600-065X.2010.00923.x&coi=1%3ACAS%3A528%3ADC%252BC3cXovFaks7s%253D
http://www.futuremedicine.com/action/showLinks?pmid=17289811&crossref=10.1182%2Fblood-2006-11-060087&coi=1%3ACAS%3A528%3ADC%252BD2sXnsVaisLg%253D
http://www.futuremedicine.com/action/showLinks?pmid=26028407&crossref=10.1056%2FNEJMoa1504627&coi=1%3ACAS%3A528%3ADC%252BC2MXht12qu7%252FJ
http://www.futuremedicine.com/action/showLinks?pmid=22658127&crossref=10.1056%2FNEJMoa1200690&coi=1%3ACAS%3A528%3ADC%252BC38XhtV2rs7fN
http://www.futuremedicine.com/action/showLinks?pmid=11224527&crossref=10.1038%2F85330&coi=1%3ACAS%3A528%3ADC%252BD3MXhvVaksrc%253D
http://www.futuremedicine.com/action/showLinks?pmid=22658128&crossref=10.1056%2FNEJMoa1200694&coi=1%3ACAS%3A528%3ADC%252BC38XhtV2rsbnJ
http://www.futuremedicine.com/action/showLinks?pmid=18223165&crossref=10.1182%2Fblood-2007-11-123141&coi=1%3ACAS%3A528%3ADC%252BD1cXktlWmsbs%253D
http://www.futuremedicine.com/action/showLinks?pmid=25440090&crossref=10.1016%2Fj.molmed.2014.10.009&coi=1%3ACAS%3A528%3ADC%252BC2cXhvFarsLnN
http://www.futuremedicine.com/action/showLinks?pmid=23724867&crossref=10.1056%2FNEJMoa1302369&coi=1%3ACAS%3A528%3ADC%252BC3sXht1ektbrF
http://www.futuremedicine.com/action/showLinks?pmid=16382236&crossref=10.1038%2Fnature04444&coi=1%3ACAS%3A528%3ADC%252BD28XhtFyktL0%253D
http://www.futuremedicine.com/action/showLinks?pmid=11283156&crossref=10.1084%2Fjem.193.7.839&coi=1%3ACAS%3A528%3ADC%252BD3MXisVyhurg%253D
http://www.futuremedicine.com/action/showLinks?pmid=10581077&crossref=10.1038%2F70932&coi=1%3ACAS%3A528%3ADyaK1MXnvFCqt74%253D
http://www.futuremedicine.com/action/showLinks?pmid=25795410&crossref=10.1016%2FS1470-2045%2815%2970076-8&coi=1%3ACAS%3A528%3ADC%252BC2MXkvVWgsLk%253D
http://www.futuremedicine.com/action/showLinks?pmid=25034862&crossref=10.1016%2FS0140-6736%2814%2960958-2&coi=1%3ACAS%3A528%3ADC%252BC2cXhtFGlsb%252FN
http://www.futuremedicine.com/action/showLinks?pmid=17629517&crossref=10.1016%2Fj.immuni.2007.05.016&coi=1%3ACAS%3A528%3ADC%252BD2sXosFeqtrk%253D
http://www.futuremedicine.com/action/showLinks?pmid=25482239&crossref=10.1056%2FNEJMoa1411087
http://www.futuremedicine.com/action/showLinks?pmid=12421930&crossref=10.4049%2Fjimmunol.169.10.5538&coi=1%3ACAS%3A528%3ADC%252BD38Xoslyqu7s%253D
http://www.futuremedicine.com/action/showLinks?pmid=11015443&crossref=10.1084%2Fjem.192.7.1027&coi=1%3ACAS%3A528%3ADC%252BD3cXntFSlt7o%253D

Emerging targets in cancer immunotherapy: beyond CTLA-4 & PD-1

Review

urothelial bladder cancer (UBC). Presented at: 50th Annual W65  Jeon H, Vigdorovich V, Garrett-Thomson SC ¢ al. Structure
Meeting of American Society of Clinical Oncology. IL, USA, and cancer immunotherapy of the B7 family member B7x.
30 May—03 June 2014. Cell Rep. 9(3), 1089-1098 (2014).
51  Heery CR, O’sullivan Coyne GH, Madan RA et al. Phase I » 66 Zhao R, Chinai JM, Buhl S e£ 2. HHLA2 is a member of
open-label, multiple ascending dose trial of MSB0010718C, the B7 family and inhibits human CD4 and CD8 T-cell
an anti-PD-L1 monoclonal antibody, in advanced solid function. Proc. Natl Acad. Sci. USA 110(24), 9879-9884
malignancies. Presented at: 50th Annual Meeting of (2013).
American Society of Clinical Oncology. 11, USA, 30 May—03 67 Zhu, Yao S, Iliopoulou BP ez al. B7-H5 costimulates
June 2014. human T cells via CD28H. Nat. Commun. 4, 2043 (2013).
52 Tsang K-Y, Boyerinas B, ]o‘cbems C e al. Antibody . P68  Janakiram M, Chinai JM, Fineberg S ef al. Expression,
dependent cellular cytotoxicity activity of a novel anti-PD-L1 clinical significance, and receptor identification of the
antibody, avelumab (MSB0010718C), on human tumor newest B7 family member HHLAZ2 protein. Clin. Cancer
cells. Presented at: 51st Annual Meeting of American Society of Res. 21(10), 2359-2366 (2015).
Clinical Oncology. 1L, USA, 29 May-2 June 2015. . .
> ) i ) | g Chapoval AI, Ni ], Lau JS ez al. B7-H3: a costimulatory
53 ZangX, Loke P, Kim J, Murphy K, Waicz R, Allison JP. B7x: molecule for T cell activation and IFN-gamma production.
a widely expressed B7 family member that inhibits T cell Nat. Immunol. 2(3), 269-274 (2001).
activation. Proc. Natl Acad. Sci. USA 100(18), 10388-10392 . .
P70  Suh WK, Gajewska BU, Okada H ez al. The B7 family
(2003). .
> ] ) member B7-H3 preferentially down-regulates T helper
54  Sica GL, Choi IH, Zhu G ez /. B7-H4, a molecule of the type 1-mediated immune responses. Nar. Immunol. 4(9),
B7 family, negatively regulates T cell immunity. fmmunity 899-906 (2003).
18(6), 849-861 (2003).
> © ) ( ) ) »71 Arigami T, Narita N, Mizuno R et /. B7-H3 ligand
s Pras.ad DV, Richards S, M_al XM, Dong C. B7S1, a no.vel B7 expression by primary breast cancer and associated with
family member that negatively regulates T cell activation. regional nodal metastasis. Anz. Surg. 252(6), 1044-1051
Immunity 18(6), 863—873 (2003). (2010).

» s Hofmeyer KA, Scandiuzzi L, Ghosh K, Pirofski LA, Zang > Hofmeyer KA, Ray A, Zang X. The contrasting role of
X. Tissue-expressed B7x affects the immune response to and B7-H3. Proc. Natl Acad. Sci. USA 105(30), 10277-10278
outcome of lethal pulmonary infection. /. fmmunol. 189(6), (2008).

3054-3063 (2012). .
> o ) ) P73 Veenstra RG, Flynn R, Kreymborg K ef 2. B7-H3 expression
57 Lee]S, Scandiuzzi L, Rfiy Actal. B7x m the periphery ' in donor T cells and host cells negatively regulates acute
abrogates pancreas-specific damage mediated by self-reactive graft-versus-host disease lethality. Blood 125(21), 33353346
CD8 T cells. J. Immunol. 189(8), 4165—4174 (2012). (2015).

» 55 Wei], Loke P, Zang X, Allison JP. Tissue-specific expression >4 Xylinas E, Robinson BD, Kluth LA e al. Association
of B7x protects from CD4 T cell-mediated autoimmunity. of T-cell co-regulatory protein expression with clinical
J- Exp. Med. 208(8), 1683-1694 (2011). outcomes following radical cystectomy for urothelial

»s59  Jeon H, Ohaegbulam KC, Abadi YM, Zang X. B7x carcinoma of the bladder. Eur. J. Surg. Oncol. 40(1), 121-127
and myeloid-derived suppressor cells in the tumor (2014).
microenvironment: a tale of two cities. Oncoimmunology »75  ZangX, Sullivan PS, Soslow RA ez a/. Tumor associated
2(7), 24744 (2013). endothelial expression of B7-H3 predicts survival in ovarian

» 50 Zang X, Thompson RH, Al-Ahmadie HA ez 2l. B7-H3 carcinomas. Mod. Pathol. 23(8), 1104-1112 (2010).
and B7x are highly expressed in human prostate cancer and - Wang L, Rubinstein R, Lines JL ¢ al. VISTA, a novel
assoaate‘d with disease spread and poor outcome. Proc. Nat! mouse Ig superfamily ligand that negatively regulates T cell
Acad. Sci. USA 104(49), 19458-19463 (2007). responses. /. Exp. Med. 208(3), 577-592 (2011).

»61 Krambeck AE, Thompson RH, Dong H ez al. B7-H4 »77  Lines JL, Pantazi E, Mak J e 2. VISTA is an immune
expression in renal cell carcinoma and tumor vasculature: checkpoint molecule for human T cells. Cancer Res. 74(7),
associations with cancer progression and survival. Proc. Natl 1924-1932 (2014).

Acad. Sci. USA 103(27), 10391-10396 (2006). . X
> ) ) P78  Le Mercier I, Chen W, Lines JL ef al. VISTA Regulates the
62 Jiang], ZhuY, Wu C et al. Tumor expression of B7-H4 development of protective antitumor immunity. Cancer
predicts poor survival of patients suffering from gastric Res. 74(7), 1933—1944 (2014).
. G I [ I ther. 59(11), 1707-1714
28;;; ancer Immunol. Tmmunother. 59(11) »79  Denoeud J, Moser M. Role of CD27/CD70 pathway of
' activation in immunity and tolerance. /. Leukoc. Biol. 89(2),

P63 SunY, Wang Y, Zhao ] et al. B7-H3 and B7-H4 expression 195-203 (2011).
in non-small-cell lung cancer. Lung Cancer 53(2), 143-151 L
(2006) P30  French RR, Taraban VY, Crowther GR et 4/. Eradication of

) ’ ) ) lymphoma by CD8 T cells following anti-CD40 monoclonal

»64  Miyatake T, Tringler B, Liu W ez al. B7-H4 (DD- antibody therapy is critically dependent on CD27
0110) is overexpressed in high risk uterine endometrioid costimulation. Blood 109(11), 48104815 (2007).
adenocarcinomas and inversely correlated with tumor T-cell > Vitale LA. He LZ. Th LT et al. Devel c
infileration. Gynecol Oncol. 106(1), 119-127 (2007). 81 frale LA, He L2, o.mas Jetal e\./e opmentota

human monoclonal antibody for potential therapy of
fsg www.futuremedicine.com 1183

future science group


http://www.futuremedicine.com/action/showLinks?pmid=24140000&crossref=10.1016%2Fj.ejso.2013.08.023&coi=1%3ASTN%3A280%3ADC%252BC2c%252FotFGmtA%253D%253D
http://www.futuremedicine.com/action/showLinks?pmid=18042703&crossref=10.1073%2Fpnas.0709802104&coi=1%3ACAS%3A528%3ADC%252BD1cXisVOhtg%253D%253D
http://www.futuremedicine.com/action/showLinks?pmid=24691994&crossref=10.1158%2F0008-5472.CAN-13-1506&coi=1%3ACAS%3A528%3ADC%252BC2cXlt1eit7k%253D
http://www.futuremedicine.com/action/showLinks?pmid=12920180&crossref=10.1073%2Fpnas.1434299100&coi=1%3ACAS%3A528%3ADC%252BD3sXntFynsrg%253D
http://www.futuremedicine.com/action/showLinks?pmid=21107115&crossref=10.1097%2FSLA.0b013e3181f1939d
http://www.futuremedicine.com/action/showLinks?pmid=17509674&crossref=10.1016%2Fj.ygyno.2007.03.039&coi=1%3ACAS%3A528%3ADC%252BD2sXmsFCjsLs%253D
http://www.futuremedicine.com/action/showLinks?pmid=22972920&crossref=10.4049%2Fjimmunol.1201241&coi=1%3ACAS%3A528%3ADC%252BC38XhsVKrtLzF
http://www.futuremedicine.com/action/showLinks?pmid=20495537&crossref=10.1038%2Fmodpathol.2010.95&coi=1%3ACAS%3A528%3ADC%252BC3cXpsFeksrY%253D
http://www.futuremedicine.com/action/showLinks?pmid=25549724&crossref=10.1158%2F1078-0432.CCR-14-1495&coi=1%3ACAS%3A528%3ADC%252BC2MXoslOkurs%253D
http://www.futuremedicine.com/action/showLinks?pmid=16798883&crossref=10.1073%2Fpnas.0600937103&coi=1%3ACAS%3A528%3ADC%252BD28XntlOntr8%253D
http://www.futuremedicine.com/action/showLinks?pmid=20699361&crossref=10.1189%2Fjlb.0610351&coi=1%3ACAS%3A528%3ADC%252BC3MXkvVWqsrY%253D
http://www.futuremedicine.com/action/showLinks?pmid=12818165&crossref=10.1016%2FS1074-7613%2803%2900152-3&coi=1%3ACAS%3A528%3ADC%252BD3sXltFals70%253D
http://www.futuremedicine.com/action/showLinks?pmid=18650376&crossref=10.1073%2Fpnas.0805458105&coi=1%3ACAS%3A528%3ADC%252BD1cXpsFKktrY%253D
http://www.futuremedicine.com/action/showLinks?pmid=25437562&crossref=10.1016%2Fj.celrep.2014.09.053&coi=1%3ACAS%3A528%3ADC%252BC2cXhvVOnt7%252FM
http://www.futuremedicine.com/action/showLinks?pmid=21727190&crossref=10.1084%2Fjem.20100639&coi=1%3ACAS%3A528%3ADC%252BC3MXhtVSit7rP
http://www.futuremedicine.com/action/showLinks?pmid=21383057&crossref=10.1084%2Fjem.20100619&coi=1%3ACAS%3A528%3ADC%252BC3MXjslCmtLs%253D
http://www.futuremedicine.com/action/showLinks?pmid=11224528&crossref=10.1038%2F85339&coi=1%3ACAS%3A528%3ADC%252BD3MXhvVaksLg%253D
http://www.futuremedicine.com/action/showLinks?pmid=20725832&crossref=10.1007%2Fs00262-010-0900-7&coi=1%3ACAS%3A528%3ADC%252BC3cXhtVyrtrrK
http://www.futuremedicine.com/action/showLinks?pmid=12818166&crossref=10.1016%2FS1074-7613%2803%2900147-X&coi=1%3ACAS%3A528%3ADC%252BD3sXltFals7o%253D
http://www.futuremedicine.com/action/showLinks?pmid=17311995&crossref=10.1182%2Fblood-2006-11-057216&coi=1%3ACAS%3A528%3ADC%252BD2sXmt1Ogur0%253D
http://www.futuremedicine.com/action/showLinks?pmid=25814530&crossref=10.1182%2Fblood-2014-09-603357&coi=1%3ACAS%3A528%3ADC%252BC2MXhtVOru7rF
http://www.futuremedicine.com/action/showLinks?pmid=23716685&crossref=10.1073%2Fpnas.1303524110&coi=1%3ACAS%3A528%3ADC%252BC3sXhtFOrtL%252FP
http://www.futuremedicine.com/action/showLinks?pmid=24073367&crossref=10.4161%2Fonci.24744
http://www.futuremedicine.com/action/showLinks?pmid=24691993&crossref=10.1158%2F0008-5472.CAN-13-1504&coi=1%3ACAS%3A528%3ADC%252BC2cXlt1eit7s%253D
http://www.futuremedicine.com/action/showLinks?pmid=12925852&crossref=10.1038%2Fni967&coi=1%3ACAS%3A528%3ADC%252BD3sXms12gtL8%253D
http://www.futuremedicine.com/action/showLinks?pmid=16782226&crossref=10.1016%2Fj.lungcan.2006.05.012
http://www.futuremedicine.com/action/showLinks?pmid=22855708&crossref=10.4049%2Fjimmunol.1200701&coi=1%3ACAS%3A528%3ADC%252BC38XhtlWqsbjO
http://www.futuremedicine.com/action/showLinks?pmid=22589397&crossref=10.1158%2F1078-0432.CCR-11-3308&coi=1%3ACAS%3A528%3ADC%252BC38XhtVelur7L

Review Assal, Kaner, Pendurti & Zang

86

»s7

»90

»92

»93

» 94

» 95

»96

CD27-expressing lymphoma and leukemia. Clin. Cancer
Res. 18(14), 3812-3821 (2012).

Ansell S, Northfelt D, Flinn I ez a/. A Phase I study of an »os
agonist anti-CD27 human antibody (CDX~1127) in patients
with advanced hematologic malignancies or solid tumors.

J. Immunother. Cancer 1(Suppl. 1), P259-P259 (2013).

Croft M, So T, Duan W, Soroosh P. The significance of » 99
0OX40 and OX40L to T-cell biology and immune disease.
Immunol. Rev. 229(1), 173-191 (2009).

Linch SN, Mcnamara MJ, Redmond WL. OX40 Agonists
and combination immunotherapy: putting the pedal to the ~ P*100
metal. Front Oncol. 5, 34 (2015).

Piconese S, Valzasina B, Colombo MP. OX40 triggering
blocks suppression by regulatory T cells and facilitates tumor

rejection. /. Exp. Med. 205(4), 825-839 (2008). » 101

National Institues of Health.
www.clinicaltrials.gov

Curti BD, Kovacsovics-Bankowski M, Morris N ez /. OX40 °
is a potent immune-stimulating target in late-stage cancer

patients. Cancer Res. 73(24), 7189-7198 (2013). 102

Elgueta R, Benson MJ, De Vries VC, Wasiuk A, Guo Y,

Noelle RJ. Molecular mechanism and function of CD40/

CD40L engagement in the immune system. Immunol. » 103
Rev. 229(1), 152-172 (2009).

A summary of the evidence supporting CD40 as a
costimulatory molecule as well as its emerging potential as 104

a clinical target.

Kornbluth RS, Stempniak M, Stone GW. Design of

CD40 agonists and their use in growing B cells for cancer
immunotherapy. Int. Rev. Immunol. 31(4), 279-288

(2012). 105

Mackey MF, Barth R] Jr, Noelle R]. The role of CD40/

CD154 interactions in the priming, differentiation, and

effector function of helper and cytotoxic T cells. /. Leukoc.

Biol. 63(4), 418—428 (1998). 106

Vonderheide RH, Dutcher JP, Anderson JE ez al. Phase
I study of recombinant human CD40 ligand in cancer
patients. /. Clin. Oncol. 19(13), 3280-3287 (2001).

De Vos S, Forero-Torres A, Ansell SM ez al. A Phase II study
of dacetuzumab (SGN-40) in patients with relapsed diffuse
large B-cell lymphoma (DLBCL) and correlative analyses of
patient-specific factors. J. Hematol. Oncol. 7, 44 (2014).

Bensinger W, Maziarz RT, Jagannath S ez 2. A Phase 1 >
study of lucatumumab, a fully human anti-CD40 antagonist 108
monoclonal antibody administered intravenously to

patients with relapsed or refractory multiple myeloma. Br. /.

Haematol. 159(1), 58—66 (2012).

Vinay DS, Kwon BS. Immunotherapy of cancer with 4-1BB. > 109

Mol. Cancer Ther. 11(5), 1062—-1070 (2012).

Watts TH. TNF/TNEFR family members in costimulation of

T cell responses. Annu. Rev. Immunol. 23, 23—68 (2005). > 110

Yao S, Zhu Y, Chen L. Advances in targeting cell surface
signalling molecules for immune modulation. Naz. Rev. Drug
Discov. 12(2), 130—146 (2013).

Shuford WW, Klussman K, Tritchler DD ez /. 4-1BB
costimulatory signals preferentially induce CD8" T cell

> 111

proliferation and lead to the amplification iz vivo of cytotoxic
T cell responses. /. Exp. Med. 186(1), 47-55 (1997).

Narazaki H, Zhu Y, Luo L, Zhu G, Chen L. CD137 agonist
antibody prevents cancer recurrence: contribution of
CD137 on both hematopoietic and nonhematopoietic cells.
Blood 115(10), 1941-1948 (2010).

Melero I, Shuford WW, Newby SA ez al. Monoclonal
antibodies against the 4—1BB T-cell activation molecule
eradicate established tumors. Naz. Med. 3(6), 682685
(1997).

Palazon A, Teijeira A, Martinez-Forero I ez al. Agonist
anti-CD137 mAb act on tumor endothelial cells to enhance
recruitment of activated T lymphocytes. Cancer Res. 71(3),
801-811 (2011).

Aranda F, Vacchelli E, Eggermont A ez al. Trial Watch:
immunostimulatory monoclonal antibodies in cancer

therapy. Oncoimmunology 3(1), 27297 (2014).

Overview of immunostimulatory monoclonal antibodies in

clinical trials.

Li SY, Liu Y. Immunotherapy of melanoma with the immune
costimulatory monoclonal antibodies targeting CD137. Clin.
Pharmacol. 5(Suppl. 1), 47-53 (2013).

Ascierto PA, Simeone E, Sznol M, Fu YX, Melero I. Clinical
experiences with anti-CD137 and anti-PD1 therapeutic
antibodies. Semin. Oncol. 37(5), 508—516 (2010).

Sznol M, Hodi FS, Margolin K ¢z a/. Phase I study of BMS-
663513, a fully human anti-CD137 agonist monoclonal
antibody, in patients (pts) with advanced cancer (CA).
Presented at: 44th Annual Meeting of American Society of
Clinical Oncology. 1L, USA, 30 May—02 June 2008.

Kohrt HE, Houot R, Goldstein M ez al. CD137 stimulation
of natural killer cells to enhance the antilymphoma activity

of rituximab. Presented at: 461h Annual Meeting of American
Society of Clinical Oncology. IL, USA, 4-8 June 2010.

Kohrt HE, Houot R, Weiskopf K ez al. Targeting CD137 to
enhance the antitumor efficacy of cetuximab by stimulation
of innate and adaptive immunity. Presented at: 49th Annual
Meeting of American Society of Clinical Oncology. IL, USA,
31 May—4 June 2013.

Segal NH, Gopal AK, Bhatia S ez al. A Phase 1 study of PE-
05082566 (anti-4—1BB) in patients with advanced cancer.
Presented at: 50th Annual Meeting of American Society of
Clinical Oncology. IL, USA, 30 May—03 June 2014.

Nocentini G, Giunchi L, Ronchetti S ¢t @/. A new member of
the tumor necrosis factor/nerve growth factor receptor family
inhibits T cell receptor-induced apoptosis. Proc. Natl Acad.
Sci. USA 94(12), 6216-6221 (1997).

Schaer DA, Murphy JT, Wolchok JD. Modulation of GITR
for cancer immunotherapy. Curr. Opin. Immunol. 24(2),
217-224 (2012).

Schaer DA, Hirschhorn-Cymerman D, Wolchok JD.
Targeting tumor-necrosis factor receptor pathways for tumor
immunotherapy. J. Immunother. Cancer 2,7 (2014).

Lu L, Xu X, Zhang B, Zhang R, Ji H, Wang X. Combined
PD-1 blockade and GITR triggering induce a potent

antitumor immunity in murine cancer models and synergizes

with chemotherapeutic drugs. /. Transl. Med. 12, 36 (2014).

1184

Immunotherapy (2015) 7(11)

fsg

future science group


www.clinicaltrials.gov
http://www.futuremedicine.com/action/showLinks?pmid=11432896&coi=1%3ACAS%3A528%3ADC%252BD3MXltlShtbg%253D
http://www.futuremedicine.com/action/showLinks?pmid=18362171&crossref=10.1084%2Fjem.20071341&coi=1%3ACAS%3A528%3ADC%252BD1cXkvVyrsrg%253D
http://www.futuremedicine.com/action/showLinks?pmid=9176498&crossref=10.1038%2Fnm0697-682&coi=1%3ACAS%3A528%3ADyaK2sXjsFOhtr8%253D
http://www.futuremedicine.com/action/showLinks?pmid=22245556&crossref=10.1016%2Fj.coi.2011.12.011&coi=1%3ACAS%3A528%3ADC%252BC38XltVaqtb4%253D
http://www.futuremedicine.com/action/showLinks?pmid=23370250&crossref=10.1038%2Fnrd3877&coi=1%3ACAS%3A528%3ADC%252BC3sXhslaju7c%253D
http://www.futuremedicine.com/action/showLinks?crossref=10.1186%2F2051-1426-1-S1-P259
http://www.futuremedicine.com/action/showLinks?pmid=24919462&crossref=10.1186%2F1756-8722-7-44
http://www.futuremedicine.com/action/showLinks?pmid=21266358&crossref=10.1158%2F0008-5472.CAN-10-1733&coi=1%3ACAS%3A528%3ADC%252BC3MXhsVCisbo%253D
http://www.futuremedicine.com/action/showLinks?pmid=24855562&crossref=10.1186%2F2051-1426-2-7
http://www.futuremedicine.com/action/showLinks?pmid=21074066&crossref=10.1053%2Fj.seminoncol.2010.09.008&coi=1%3ACAS%3A528%3ADC%252BC3cXhsVWrur7P
http://www.futuremedicine.com/action/showLinks?pmid=22804572&crossref=10.3109%2F08830185.2012.703272&coi=1%3ACAS%3A528%3ADC%252BC38XhtVOjsbbL
http://www.futuremedicine.com/action/showLinks?pmid=9206996&crossref=10.1084%2Fjem.186.1.47&coi=1%3ACAS%3A528%3ADyaK2sXksFaisro%253D
http://www.futuremedicine.com/action/showLinks?pmid=19426222&crossref=10.1111%2Fj.1600-065X.2009.00766.x&coi=1%3ACAS%3A528%3ADC%252BD1MXhsFGls7nN
http://www.futuremedicine.com/action/showLinks?pmid=22861192&crossref=10.1111%2Fj.1365-2141.2012.09251.x&coi=1%3ACAS%3A528%3ADC%252BC38XhtlCjtrrM
http://www.futuremedicine.com/action/showLinks?pmid=24177180&crossref=10.1158%2F0008-5472.CAN-12-4174&coi=1%3ACAS%3A528%3ADC%252BC3sXhvFCjsrbL
http://www.futuremedicine.com/action/showLinks?pmid=24701370&crossref=10.4161%2Fonci.27297
http://www.futuremedicine.com/action/showLinks?pmid=22532596&crossref=10.1158%2F1535-7163.MCT-11-0677&coi=1%3ACAS%3A528%3ADC%252BC38Xms1yrtrY%253D
http://www.futuremedicine.com/action/showLinks?pmid=24502656&crossref=10.1186%2F1479-5876-12-36
http://www.futuremedicine.com/action/showLinks?pmid=9544571&coi=1%3ACAS%3A528%3ADyaK1cXisVSns70%253D
http://www.futuremedicine.com/action/showLinks?pmid=20068221&crossref=10.1182%2Fblood-2008-12-192591&coi=1%3ACAS%3A528%3ADC%252BC3cXhtFensbbN
http://www.futuremedicine.com/action/showLinks?pmid=25763356&crossref=10.3389%2Ffonc.2015.00034
http://www.futuremedicine.com/action/showLinks?pmid=9177197&crossref=10.1073%2Fpnas.94.12.6216&coi=1%3ACAS%3A528%3ADyaK2sXjvFClsL8%253D
http://www.futuremedicine.com/action/showLinks?pmid=19426221&crossref=10.1111%2Fj.1600-065X.2009.00782.x&coi=1%3ACAS%3A528%3ADC%252BD1MXhsFGls7nM
http://www.futuremedicine.com/action/showLinks?pmid=15771565&crossref=10.1146%2Fannurev.immunol.23.021704.115839&coi=1%3ACAS%3A528%3ADC%252BD2MXktFOjtb0%253D

Emerging targets in cancer immunotherapy: beyond CTLA-4 & PD-1

Review

P 112 Pruite SK, Boczkowski D, De Rosa N et 4/. Enhancement of »127 Karakatsanis S, Bertsias G, Roussou P, Boumpas D.
anti-tumor immunity through local modulation of CTLA-4 Programmed death 1 and B and T lymphocyte attenuator
and GITR by dendritic cells. Eur. J. Immunol. 41(12), immunoreceptors and their association with malignant
3553-3563 (2011). T-lymphoproliferative disorders: brief review. Hematol.

e Illustrates the basis for intranodal injection of dendritic Oncol. 32(3), 113-119 (2014).
cells to enhance antitumoral immunity in response to » 128 Mhidi H, Thibult ML, Chetaille B et a/. ngh expression of
vaccination. the inhibitory receptor BTLA in T-follicular helper cells and

» 113 Sakuishi K, Jayaraman P, Behar SM, Anderson AC, Kuchroo mn B_Cd‘l small lymp'hocytlc lymphoma/chronic lymphocytic

. . .. .. . leukemia. Am. J. Clin. Pathol. 132(4), 589-596 (2009).
VK. Emerging Tim-3 functions in antimicrobial and tumor
immunity. Trends Immunol. 32(8), 345-349 (2011). »129 Gertner-Dardenne J, Fauriat C, Olive D. BTLA, a key
P 114 Cao E, Zang X, Ramagopal UA ¢z /. T cell immunoglobulin regula'tor of VgammadVdelta2 T-cell proliferation.
. . . Oncoimmunology 2(9), €25853 (2013).
mucin—3 crystal structure reveals a galectin-9-independent
ligand-binding surface. Immunity 26(3), 311-321 (2007). »130 Hobo W, Norde WJ, Schaap N ¢z /. B and T lymphocyte
P 115 Grosso JF, Kelleher CC, Harris TJ ez al. LAG-3 regulates attenua.tor m?dlaws inhibition O_f tumor-reactive CD8 .
. L . T cells in patients after allogeneic stem cell transplantation.

CD8* T cell accumulation and effector function in murine I . 189(1), 39-49 (2012)

self- and tumor-tolerance systems. /. Clin. Invest. 117(11), J- fmmunol. > '

3383-3392 (2007). P 131 Feng XY, Wen XZ, Tan X]J et al. Ectopic expression of B

P 116 Macon-Lemaitre L, Triebel F. The negative regulatory function ;}nd T lymphocyte att?nuator n gast}rlc cancer:ap oFentlal
. independent prognostic factor in patients with gastric cancer.

of the lymphocyte-activation gene—3 co-receptor (CD223) on Mol. Med. Rep. 11(1), 658—664 (2015)

human T cells. Immunology 115(2), 170-178 (2005). on. Mea. Leep. e '

P 117 Huang CT, Workman CJ, Flies D ez a/. Role of LAG-3 in 132 F?é:FZL}X)u b HTng " C.hlfr.l ¥ Wazg £ A?soccgtsl(jn
regulatory T cells. Immunity 21(4), 503-513 (2004). ° upregulation with impatred cytotoxic .

‘ o T-cell function and disease progression of patients with

P15 Lee CS’ C'ragg M, Glennie M, Johnso'n P. Novel antibodies hepatocellular carcinoma. Presented at: 50th Annual Meeting
targeting immune regulatory checkpoints for cancer therapy. of American Society of Clinical Oncology. L, USA,

Br. J. Clin. Pharmacol. 76(2), 233-247 (2013). 30 May—03 June 2014.

P 119 Woo SR, Turnis ME, Goldberg MV e.t al. Immune inhibitory B33 perre L, Rivals JP, Jandus C et /. BTLA mediates inhibition
molecules LAG-3 and PD-1 synergistically regulate T-cell of human tumor-specific CD8* T cells that can be partially
function to promote tumoral immune escape. Cancer reversed by vaccination. /. Clin. Invest. 120(1), 157-167
Res. 72(4), 917-927 (2012) (2010)

120 Brignone C, Grygar C, Marcu M’ Schakel K, Triebel LA B34 Van Baren N, Van Den Eynde BJ. Tryptophan-degrading
soluble form of lymphocyte activation gene-3 (IMP321) enzymes in tumoral immune resistance. Front. Immunol. 6,
induces activation of a large range of human effector 34 (2015).

ic cells. /. 77 1. 179(6), 4202—4211 (2007).

cyfotoxlc cells. /. rflmuno © (' ) » 135 Theate I, Van Baren N, Pilotte L ¢ a/. Extensive profiling of
> 121 Brignone C, Escudier B, Grygar C, Marcu M, Triebel F. A the expression of the indoleamine 2,3-dioxygenase 1 protein

Phase I pharmacokinetic and biological correlative study in normal and tumoral human tissues. Cancer Immunol.

of IMP321, a novel MHC class II agonist, in patients with Res. 3(2), 161=172 (2015).

advanced renal cell carcinoma. Clin. Cancer Res. 15(19), . . L .

6225-6231 (2009) 136 Godin-Ethier J, Hanafi LA, Piccirillo CA, Lapointe R.

] o ) S Indoleamine 2,3-dioxygenase expression in human cancers:

»122 Brignone C, Gutierrez M, Mefti F et al. Firstline clinical and immunologic perspectives. Clin. Cancer

chemoimmunotherapy in metastatic breast carcinoma: Res. 17(22), 6985-6991 (2011).
bination of paclitaxel and IMP321 (LAG-31 h
.com 1nation of paciitaxe at.n . .( g) enhances » 137 Koblish HK, Hansbury MJ, Bowman K]J ez al.
immune responses and antitumor activity. /. Transl. Med. 8, CoTT . ] .
71 (2010) Hydroxyamidine inhibitors of indoleamine-2,3-dioxygenase
- potently suppress systemic tryptophan catabolism and the

> 123 Wang-Gillam A, Plambeck-Suess S, Goedegebuure P growth of IDO-expressing tumors. Mol. Cancer Ther. 9(2),
et al. A Phase I study of IMP321 and gemcitabine as the 489-498 (2010).
front-line therapy in patients with advanced pancreatic

> . .
adenocarcinoma. Jnvest. New Drugs 31(3), 707-713 (2013). 138 Uyttenh?ve C, Pllotfe L, Theate I et. al. Evidence for a
o i tumoral immune resistance mechanism based on tryptophan

» 124 Romano E, Michielin O, Voelter V er 2. MART-1 peptide degradation by indoleamine 2,3-dioxygenase. Nat. Med.
vaccination plus IMP321 (LAG-3Ig fusion protein) in 9(10), 1269-1274 (2003).
patients receiving autologous PBMCs after lymphodepletion: . . .

. 139 Munn DH. Blocking IDO activity to enhance anti-tumor
results of a Phase I trial. /. Transl. Med. 12, 97 (2014). . R o .
immunity. Front. Biosci. (Elite Ed.) 4, 734-745 (2012).
P 125 Watanabe N, Gavrieli M, Sedy JR eral. BTLA is a
— e » 140 Muller AJ, Duhadaway JB, Donover PS, Sutanto-Ward E,
lymphocyte inhibitory receptor with similarities to CTLA-4 Prend GC. Inhibition of indoleamine 2.3-di
and PD-1. Nat. Immunol. 4(7), 670~679 (2003). rendergast bt nhubition of Indofeamine 2,5-dioxygenase,
an immunoregulatory target of the cancer suppression gene

P 126 Pasero C, Olive D. Interfering with coinhibitory molecules: Binl, potentiates cancer chemotherapy. Naz. Med. 11(3),
BTLA/HVEM as new targets to enhance anti-tumor 312-319 (2005).
immunity. Immunol. Lett. 151(1-2), 71-75 (2013).

fsg www.futuremedicine.com 1185

future science group


http://www.futuremedicine.com/action/showLinks?pmid=22028176&crossref=10.1002%2Feji.201141383&coi=1%3ACAS%3A528%3ADC%252BC3MXhtlKhtrjN
http://www.futuremedicine.com/action/showLinks?pmid=24244908&crossref=10.4161%2Fonci.25853
http://www.futuremedicine.com/action/showLinks?pmid=20653948&crossref=10.1186%2F1479-5876-8-71
http://www.futuremedicine.com/action/showLinks?pmid=17932562&crossref=10.1172%2FJCI31184&coi=1%3ACAS%3A528%3ADC%252BD2sXht12isrbP
http://www.futuremedicine.com/action/showLinks?pmid=15711557&crossref=10.1038%2Fnm1196&coi=1%3ACAS%3A528%3ADC%252BD2MXhvVSru7c%253D
http://www.futuremedicine.com/action/showLinks?pmid=20038811&crossref=10.1172%2FJCI40070&coi=1%3ACAS%3A528%3ADC%252BC3cXislWnuw%253D%253D
http://www.futuremedicine.com/action/showLinks?pmid=23439006&crossref=10.1016%2Fj.imlet.2013.01.008&coi=1%3ACAS%3A528%3ADC%252BC3sXjvFCrsb0%253D
http://www.futuremedicine.com/action/showLinks?pmid=22186141&crossref=10.1158%2F0008-5472.CAN-11-1620&coi=1%3ACAS%3A528%3ADC%252BC38XitlGit7k%253D
http://www.futuremedicine.com/action/showLinks?pmid=20124451&crossref=10.1158%2F1535-7163.MCT-09-0628&coi=1%3ACAS%3A528%3ADC%252BC3cXhslersrY%253D
http://www.futuremedicine.com/action/showLinks?pmid=22634623&crossref=10.4049%2Fjimmunol.1102807&coi=1%3ACAS%3A528%3ADC%252BC38XovVyrtrk%253D
http://www.futuremedicine.com/action/showLinks?pmid=22864469&crossref=10.1007%2Fs10637-012-9866-y&coi=1%3ACAS%3A528%3ADC%252BC3sXnt12lsr0%253D
http://www.futuremedicine.com/action/showLinks?pmid=15885122&crossref=10.1111%2Fj.1365-2567.2005.02145.x&coi=1%3ACAS%3A528%3ADC%252BD2MXkslOgt7c%253D
http://www.futuremedicine.com/action/showLinks?pmid=25691885&crossref=10.3389%2Ffimmu.2015.00034
http://www.futuremedicine.com/action/showLinks?pmid=24038528&crossref=10.1002%2Fhon.2098&coi=1%3ACAS%3A528%3ADC%252BC2cXhs1eisLrL
http://www.futuremedicine.com/action/showLinks?pmid=17785860&crossref=10.4049%2Fjimmunol.179.6.4202&coi=1%3ACAS%3A528%3ADC%252BD2sXpvFKltbc%253D
http://www.futuremedicine.com/action/showLinks?pmid=21697013&crossref=10.1016%2Fj.it.2011.05.003&coi=1%3ACAS%3A528%3ADC%252BC3MXpvFGgsrs%253D
http://www.futuremedicine.com/action/showLinks?pmid=14502282&crossref=10.1038%2Fnm934&coi=1%3ACAS%3A528%3ADC%252BD3sXns1Clu7c%253D
http://www.futuremedicine.com/action/showLinks?pmid=25334051&coi=1%3ACAS%3A528%3ADC%252BC2MXhtlyjsbc%253D
http://www.futuremedicine.com/action/showLinks?pmid=24726012&crossref=10.1186%2F1479-5876-12-97
http://www.futuremedicine.com/action/showLinks?pmid=15485628&crossref=10.1016%2Fj.immuni.2004.08.010&coi=1%3ACAS%3A528%3ADC%252BD2cXpvVygtL4%253D
http://www.futuremedicine.com/action/showLinks?pmid=25271151&crossref=10.1158%2F2326-6066.CIR-14-0137&coi=1%3ACAS%3A528%3ADC%252BC2MXis1Knurs%253D
http://www.futuremedicine.com/action/showLinks?pmid=19762537&crossref=10.1309%2FAJCPPHKGYYGGL39C
http://www.futuremedicine.com/action/showLinks?pmid=19755389&crossref=10.1158%2F1078-0432.CCR-09-0068&coi=1%3ACAS%3A528%3ADC%252BD1MXhtF2lurvL
http://www.futuremedicine.com/action/showLinks?pmid=17363302&crossref=10.1016%2Fj.immuni.2007.01.016&coi=1%3ACAS%3A528%3ADC%252BD2sXjvVSns7s%253D
http://www.futuremedicine.com/action/showLinks?pmid=12796776&crossref=10.1038%2Fni944&coi=1%3ACAS%3A528%3ADC%252BD3sXkvVKqu70%253D
http://www.futuremedicine.com/action/showLinks?pmid=23701301&crossref=10.1111%2Fbcp.12164&coi=1%3ACAS%3A528%3ADC%252BC3sXhtFOksLvO

Review Assal, Kaner, Pendurti & Zang

141

142

143

P 144

Khleif S, Munn D, Nyak-Kapoor A ez al. First-in-human
Phase 1 study of the novel indoleamine-2,3-dioxygenase
(IDO) inhibitor NLG-919. Presented at: 50th Annual
Mecting of American Society of Clinical Oncology. IL, USA,
30 May—03 June 2014.

Kennedy E, Rossi GR, Vahanian NN, Link CJ. Phase 1/2
trial of the indoleamine 2,3-dioxygenase pathway (IDO)
inhibitor indoximod plus ipilimumab for the treatment
of unresectable stage 3 or 4 melanoma. Presented at: 50zh
Annual Meeting of American Society of Clinical Oncology.
IL, USA, 30 May-03 June 2014.

Wolchok JD, Kluger HM, Callahan MK ¢t a/. Safety and
clinical activity of nivolumab (anti-PD-1, BMS-936558,
ONO-4538) in combination with ipilimumab in patients
(pts) with advanced melanoma (MEL). Presented at: 495
Annual Meeting of American Society of Clinical Oncology.
IL, USA, 31 May—4 June 2013.

Mkrtichyan M, Najjar YG, Raulfs EC ¢t a/. Anti-PD-1
synergizes with cyclophosphamide to induce potent anti-

145

» 146

147

tumor vaccine effects through novel mechanisms. Eur. /.
Immunol. 41(10), 2977-2986 (2011).

Lorusso PM, Powderly J, Burris HA ez al. Abstract LB—193:
Phase I study of safety, tolerability, pharmacokinetics, and
pharmacodynamics of AMP-224 (B7-DC Fc fusion protein)
in a regimen containing cyclophosphamide (CTX) in
patients with advanced solid tumors. Cancer Res.

73(8 Suppl.), LB-193-LB-193 (2013).

Westin JR, Chu F, Zhang M ez al. Safety and activity

of PD1 blockade by pidilizumab in combination with
rituximab in patients with relapsed follicular lymphoma: a
single group, open-label, Phase 2 trial. Lancet Oncol. 15(1),
69-77 (2014).

Herbst RS, Gurpide A, Surmont V ez al. A Phase I1/111
randomized trial of two doses of MK-3475 versus docetaxel
in previously treated subjects with non-small cell lung cancer.
Presented at: 50th Annual Meeting of American Society of
Clinical Oncology. IL, USA, 30 May—03 June 2014.

1186

Immunotherapy (2015) 7(11)

fsg

future science group


http://www.futuremedicine.com/action/showLinks?pmid=21710477&crossref=10.1002%2Feji.201141639&coi=1%3ACAS%3A528%3ADC%252BC3MXht1SrsrfE
http://www.futuremedicine.com/action/showLinks?pmid=24332512&crossref=10.1016%2FS1470-2045%2813%2970551-5&coi=1%3ACAS%3A528%3ADC%252BC3sXitVWjtL3K

Molecular Pathways

Molecular Pathways: Targeting B7-H3 (CD276)
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Abstract

B7-H3 (CD276) is an important immune checkpoint member
of the B7 and CD28 families. Induced on antigen-presenting
cells, B7-H3 plays an important role in the inhibition of T-cell
function. Importantly, B7-H3 is highly overexpressed on a wide
range of human solid cancers and often correlates with both
negative prognosis and poor clinical outcome in patients. Chal-
lenges remain to identify the receptor(s) of B7-H3 and thus
better elucidate the role of the B7-H3 pathway in immune
responses and tumor evasion. With a preferential expression on
tumor cells, B7-H3 is an attractive target for cancer immuno-
therapy. Based on the clinical success of inhibitory immune
checkpoint blockade (CTLA-4, PD-1, and PD-L1), mAbs against

Background

During an immune response, naive T cells engage their T-cell
receptor (TCR) to interact with a complex of MHC and peptide
expressed by antigen-presenting cells (APC). This first signal is not
sufficient to trigger full T-cell activation. A second signal is
provided by the interaction of costimulatory molecules (most
importantly B7-1/2 and CD28), leading to full T-cell activation.
Following activation, coinhibitory molecules, such as CTL-asso-
ciated protein 4 (CTLA-4), function to restrain T-cell responses,
resulting in T-cell exhaustion and tolerance. Interactions between
members of the B7 ligand family and the CD28 receptor family
provide T-cell costimulation and coinhibition, regulating T-cell
activation and tolerance, exhaustion and effector function, dif-
ferentiation, and memory generation. B7-H3, also known as
CD276, is an immune checkpoint molecule belonging to the
B7-CD28 pathways.

Structure and functional significance of the B7-H3 pathway
B7-H3 is a type I transmembrane protein encoded by chromo-
some 9 in mice and 15 in humans. The extracellular domain is
composed of a single pair of immunoglobulin variable domain
and immunoglobulin constant domain in mice (2IgB7-H3 iso-
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B7-H3 appear to be a promising therapeutic strategy worthy of
development. An unconventional mAb against B7-H3 with
antibody-dependent cell-mediated cytotoxicity is currently
being evaluated in a phase I clinical trial and has shown
encouraging preliminary results. Additional therapeutic
approaches in targeting B7-H3, such as blocking mAbs, bispecific
mAbs, chimeric antigen receptor T cells, small-molecule inhibi-
tors, and combination therapies, should be evaluated, as these
technologies have already shown positive results in various
cancer settings. A better understanding of the B7-H3 pathway
in humans will surely help to further optimize associated cancer
immunotherapies. Clin Cancer Res; 22(14); 3425-31. ©2016 AACR.

form) and two identical pairs in human (4IgB7-H3 isoform) due to
exon duplication (1, 2). The intracellular tail of B7-H3 is short and
has no known signaling motif. B7-H3 was first described in
humans (3) and then in mice (2) but is universally expressed
among species (4). A soluble form, cleaved from the surface by a
matrix metallopeptidase (MMP; ref. 5) or produced through alter-
native splicing of the intron (6), is also detectable in human sera.

B7-H3 is expressed on many tissues and cell types. At the mRNA
level, it is ubiquitously found in such nonlymphoid and lym-
phoid organs as the liver, heart, prostate, spleen, and thymus.
Despite broad mRNA expression, protein expression is limited at
steady state, suggesting the presence of an important posttran-
scriptional control mechanism. B7-H3 is constitutively found on
nonimmune resting fibroblasts, endothelial cells (EC), osteo-
blasts, and amniotic fluid stem cells. Moreover, B7-H3 expression
is induced on immune cells, specifically APCs. In particular,
coculture with regulatory T cells (7), IFNy, lipopolysaccharide
(LPS), or anti-CD40 in vitro stimulation (8) all induce the expres-
sion of B7-H3 on dendritic cells (DC). Monocytes and monocyte-
derived DCs upregulate B7-H3 after LPS stimulation or cytokine-
induced differentiation, respectively (9). In addition, B7-H3 is
also detected on natural killer (NK) cells, B cells, and a minor
population of T cells following PMA/ionomycin stimulation (1).

The B7-H3 pathway has a dual role in contributing to the
regulation of innate immune responses. One study found that
neuroblastoma cells express B7-H3 on their cell surface, which
protect them from NK cell-mediated lysis (10). Another group
argues that B7-H3 costimulates innate immunity by augmenting
proinflammatory cytokines release from LPS-stimulated mono-
cytes/macrophages, in both a Toll-like receptor 4- and 2-depen-
dent manner (11). The role of B7-H3 in controlling the innate
immunity is clearly complex and requires more elucidation.

A larger body of literature suggests that B7-H3 plays an impor-
tant role in T cell-mediated adaptive immunity, although
the nature of its signalling remains controversial (12). A
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costimulatory role of B7-H3 on human T cells was initially
reported in vitro (3). Murine studies showing B7-H3 worsens
experimental autoimmune encephalomyelitis (EAE), arthritis,
bacterial meningitis, and chronic allograft rejection (13-15)
supported this claim. However, subsequent studies have mostly
shown that B7-H3 acts as a T-cell coinhibitor. B7-H3 inhibits
polyclonal or allogeneic CD4 and CD8 T-cell activation, prolif-
eration, and effector cytokine production (IFNy and IL2) in mice
and humans. This negative regulation of T cells is associated with
diminished NFAT, NF-xB, and AP-1 transcriptional factor activity
(16). Researchers from independent studies using either protein
blockade or gene-knockout mice have reported that B7-H3 ame-
liorates graft-versus-host disease, prolongs cardiac allograft sur-
vival, reduces airway hypersensitivity, and delays EAE onset,
especially by downregulating Th1 responses (8, 17, 18). These
examples lend more credence to the coinhibitory nature of B7-H3.

The receptor(s) for B7-H3 has yet to be discovered (19, 20).
Nevertheless, the crystal structure of mouse B7-H3 reveals that its
receptor engagement on T cells involves the particular segment
connecting F and G strands (the FG loop) of the immunoglobulin
variable domain of B7-H3 (19). Moreover, B7-H3 crystallizes as a
glycosylated monomer but also undergoes an unusual dimeriza-
tion in vitro. Together, the nature of the receptor(s), differences in
cellular context, and various disease models certainly account for
the discrepancies in the function of the B7-H3 pathway in regu-
lating both innate and adaptive immunity during homeostasis
and inflammation.

Beyond the immune system, the B7-H3 pathway has a non-
immunologic role in promoting osteoblastic differentiation and
bone mineralization in mice, ensuring normal bone formation
(21). Indeed, B7-H3 knockout mice had reduced bone mineral
density and were more susceptible to bone fractures compared with
wild-type mice. Furthermore, similar to otherimmune checkpoints
of the B7-CD28 pathways, B7-H3 is also expressed in human
cancers and participates in tumorigenesis through modulation of
both immune and non-immune-related pathways.

B7-H3 in the tumor microenvironment and immune evasion
Numerous studies have described B7-H3 overexpression in
human malignancies, including melanoma (22), leukemia
(23), breast cancer (24), prostate cancer (25), ovarian cancer
(26), pancreatic cancer (27), colorectal cancer (28), and other
cancers. As detected by immunochemistry technique, more than
60% and up to 93% of patient tumor tissues display aberrant
expression of B7-H3 in the vast majority of cancer types (Table 1),
while limited expression is seen on normal healthy tissues. Within
positively stained samples, B7-H3 is found on the membrane, in
the cytoplasm, or within the nucleus of cancer cells but also on the
tumor-associated vasculature. In a study of more than 700 colo-
rectal cancer patients, cytoplasmic/membrane and stromal
expression were respectively seen in 86% and 77% of the samples,
whereas nuclear expression of B7-H3 in cancer cells was present in
27% of the samples (29). In most studies, the intensity of the B7-
H3 staining was further quantified and ranged from low to high
expression. Finally, association studies investigated potential
clinical correlation between tumor-associated B7-H3 and disease
severity. Various clinicopathologic parameters were assessed,
including tumor size, metastasis, cancer stage, survival, and recur-
rence rate. In most cases, a high expression of B7-H3 was corre-
lated with bad prognosis and poor clinical outcome. One study
with more than 800 prostate cancer patients revealed that patients
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with strong B7-H3 expression on tumor cells had a significantly
increased risk of disease spread at the time of surgery, clinical
cancer recurrence, and cancer-specific death (25). B7-H3 expres-
sion in lung cancer was associated with a lower number of
tumor-infiltrating lymphocytes and with lymph node metasta-
sis, suggesting a role for B7-H3 in immune evasion and tumor-
igenesis (30). Importantly, B7-H3 protein expression in tumors
is known to be modulated by miR-29 (31), upregulated upon
IFNy stimulation (32), and potentially increased by immuno-
globulin-like transcript 4 signaling (33).

To date, the molecular mechanisms by which B7-H3 partici-
pates in tumor growth and immune evasion still remain elusive
and need further investigation. Interestingly, aberrant glycosyla-
tion of B7-H3 was described in oral cancer. Its glycans, more
diverse and with higher fucosylation, seem to interact better with
DC-SIGN |DC-specific intercellular adhesion molecule-3 (ICAM-
3)-grabbing nonintegrin| and Langerin (34), proteins expressed
on the membrane of DCs, suggesting a possible engagement and
tolerization of DCs. Moreover, the cross-talk between lung cancer
cells and tumor-associated macrophages, partially through IL10,
induces B7-H3 membrane expression and inhibits T-cell antitu-
mor immunity in mice (35). Besides its role in modulating tumor
immunity, B7-H3 also has a nonimmunologic function in regu-
lating tumor aggressiveness. It was shown to modulate migration,
invasion, and adhesion to fibronectin of various cancer cells (36)
through the Jak2/Stat3/MMP-9 signaling pathway (37). In addi-
tion, overexpression of B7-H3 in colorectal and breast cancer cells
augments resistance to apoptosis by activating the Jak2/STAT3/
survivin signaling pathway. This, in turn, weakens tumor cell
sensitivity to the chemotherapeutic drug paclitaxel (38, 39).
Furthermore, B7-H3 was shown to modulate the metastasis-
associated proteins MMP-2, TIMP-1, TIMP-2, STAT3, and IL8 in
melanoma cells (40). In hepatoma cells, B7-H3 targeted the
epithelial-to-mesenchymal transition via the Jak2/STAT3/Slug
signaling pathway (41). Finally, a recent study showed that
decreased expression of B7-H3 reduces the glycolytic capacity
and sensitizes breast cancer cells to AKT/mTOR inhibitors, unveil-
ing a previously unknown link between B7-H3 and metabolism
(42). Together, these mechanisms promote aggression and inva-
sion of the tumor.

Clinical-Translational Advances

The precise role of B7-H3 in regulating the function of tumor-
infiltrating immune cells and its activity in cancer cells has yet to
be fully elucidated. This absence is due in large part to the
conflicting studies that have demonstrated B7-H3 to be either
costimulatory or coinhibitory in several disease models. In addi-
tion, the receptor(s) that interact with B7-H3 have yet to be
identified, magnifying the scrutiny. However, there is no doubt
that aberrant expression of B7-H3 consists of a possible biomarker
and a promising immune checkpoint target for multiple cancer
immunotherapy approaches (Fig. 1), as anticipated almost 10
years ago (43). The scientific community is beginning to explore
its therapeutic role in cancer in a variety of ways.

Blocking mAbs

The B7 ligand and CD28 receptor families have become attrac-
tive targets for cancer immunotherapy, with specific emphasis
placed on the development of mAb blocking B7-CD28 pathways.
Blocking mAbs against the immune checkpoints CTLA-4,
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Table 1. B7-H3 aberrant expression in human cancers and association with clinical-pathologic characteristics

B7-H3-expressing

Cancer type tumor tissues Clinical correlation References
Hepatocellular carcinoma 938 % Poorer survival, increased recurrence (32)
Pancreatic cancer 93.7% Lymph node metastasis, lower differentiation grade 27
Prostate cancer -93% - Disease spread, increased risk of clinical cancer (25)
recurrence, and cancer-specific death
-100% - Larger tumor volume, extraprostatic extension, (62)
higher Gleason score, seminal vesicle involvement,
positive surgical margins, >4-fold increased
risk of cancer progression after surgery
Osteosarcoma 91.8% Shorter survival and recurrence time, lower CD8 TIL (63)
Breast cancer - 90.60% - Lymph node metastasis, advanced disease, IL10 in tumor cells (64)
- 80.55% - Negative relation with VEGF, microvascular (24)
density for CD34, and tumor size
Colorectal cancer - Cytoplasmic/ - Reduced recurrence-free survival in TNM stage | (28)
membrane 86%
Stroma 77%
Nuclear 27%
- Cytoplasm 62% - Reduced metastasis-free, disease-specific, (29)
Membrane 46% and overall survival
Nuclear 30%
Ovarian carcinoma Cytoplasm/membrane 83% High-grade serous histologic subtype, (26)
Tumor endothelium 44% increased recurrence, and reduced survival
Endometrial cancer 75.7% TIL infiltration, shortened overall survival (65)
Oral squamous cell carcinoma 74.75% Larger tumor size, advanced clinical stage, low survival rate (34)
Cervical cancer 72.22% Tumor size, positive correlation with FoxP3, negative correlation with IL2 (66)
Non-small cell lung cancer - 69.5% - Lymph node metastasis, TNM stage 67)
-370% - Lower TILs, lymph node metastasis (30)
Bladder cancer 58.6% No association (68)
Clear cell renal cell carcinoma Cancer cells 19% Large tumor size, advanced TNM stage, high nuclear grade, (69)
Tumor vasculature 18% coagulative tumor necrosis, and capsular invasion
Glioma Not specified Malignancy grade (70)
Melanoma Not specified Stage of melanoma, melanoma-specific survival in stages Ill and IV (22)

NOTE: Not all clinical studies were included in this table due to the space limitation.
Abbreviations: TIL, tumor-infiltrating lymphocyte; TNM, tumor node metastasis classification.

programmed cell death protein 1 (PD-1), and PD-1 ligand 1
(PD-L1) have shown significant clinical success in patients with a
variety of cancers (44-46). This same logic and success can be
extended to B7-H3 as well (Fig. 1A). Blocking mAbs are effective
because they either partially or completely neutralize inhibitory
ligand-to-receptor interactions, thus allowing effector functions.
Despite the fact that the B7-H3 binding partner(s) remains
unknown and that mAbs generated against B7-H3 are specific to
the protein, the ability of these mAbs to neutralize B7-H3 inter-
actions and the signaling pathway remains unknown. Thus,
currently, no blocking mAb against B7-H3 is available. Until this
receptor (or receptors) is found, additional strategies in screening
antibodies for neutralization capacity need to be developed.

Targeting B7-H3 through antibody-dependent cell-mediated
cytotoxicity and antibody-drug conjugate therapies

The difficulties that have been encountered in creating blocking
mAbs against B7-H3 have led to the optimization of antibodies
against B7-H3 for therapy through alternative means (Fig. 1B).
Enoblituzumab (MGA271), a mAb reactive to cancer-associated
B7-H3 showed enhanced antitumor function through potent
antibody-dependent cell-mediated cytotoxicity (ADCC) against
a broad range of tumor cell types. In mice, weekly doses of
MGA271 in both renal and bladder carcinoma xenografts
resulted in sustained tumor growth inhibition, effects that were

www.aacrjournals.org

Fc mediated (47). Currently, an ongoing phase I study of
enoblituzumab is being conducted in patients with refractory
B7-H3-expressing tumors or B7-H3-expressing vasculature
(trial NCT01391143). Preliminary results of the dose-escala-
tion study indicate that as a monotherapy, the Fc-enhanced
mAb enoblituzumab shows antitumor activity in several tumor
types and modulates T cells by increasing the T-cell repertoire
clonality in the peripheral blood of patients following treat-
ment (48). Although enoblituzumab is not a blocking mAb and
its success largely depends on ADCC, the results are encour-
aging and open the door for more clinical trials targeting this
protein by way of mAbs.

Alternatively, mAbs can be stably conjugated to a biologically
active cytotoxic drug or compound that induces cell death. Once
the mAb binds the cell-surface antigen, the complex is internal-
ized, releasing the cytotoxic substance and killing cancer cells.
8H9 is a mADb specific to B7-H3 that showed clinical success as an
antibody-drug conjugate (ADC) after it was radiolabeled to
iodine-131 ('*'I) and administrated to patients with metastatic
central nervous system (CNS) neuroblastoma (49). 8H9 also
distinguishes itself from other B7-H3-specific antibodies in that
it binds to the FG loop of B7-H3, a region critical to its immu-
nologic function (50). Recently, 8H9 was humanized and affinity
matured and maintained its ability to kill B7-H3-positive neu-
roblastoma cells in vitro. Two-fold and 5-fold enhancements in
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Figure 1.

Human cancer immunotherapy strategies targeting B7-H3 A, blockade of B7-H3 with blocking mAbs neutralizes inhibitory signaling in its unidentified receptor(s)
in T cells, NK cells, and other immune cells enabling effector function. B, B7-H3-specific ADCC initiated by Fc receptor engagement of NK cells and other
immune cells induces death of tumor cells. ADCs bind to B7-H3 expressed by tumor cells and are internalized and generate cytotoxicity to tumor cells. C, CD3/B7-H3-
bispecific antibodies bind to tumor-expressed B7-H3 and crosslink the CD3 portion of the TCR complex, activating T cells in the tumor microenvironment

for tumor cell death. D, small-molecule inhibitors may bind to specific regions of B7-H3, such as the FG loop of the IgV domain, inhibiting the ligand-receptor
interaction between tumor cells and immune cells, thus blocking receptor signaling and restoring effector function of immune cells. E, engineered CAR

T cells recognize membrane B7-H3 and directly kill tumor cells. F, blocking mAbs against B7-H3 in combination with radiation, chemotherapy, targeted therapy,
or other immune checkpoint inhibitors synergize to generate more effective antitumor immune responses.

killing were observed in the affinity-matured and humanized 8H9  antibodies are artificially generated antibodies composed of frag-
compared with the nonmatured and chimeric generations, respec-  ments of two distinct mAbs, thus combining two specificities. One
tively. Furthermore, the mAb was labeled with '*'T and injected ~ arm can bind to the CD3 component of the TCR complex on
into athymic nude mice xenografted with human neuroblastoma T cells, while the other arm recognizes a tumor-specific antigen,
and showed successful biodistribution to the tumor (50). Cur-  for instance B7-H3, overexpressed on cancer cells (Fig. 1C). That
rently, clinical trials with radiolabeled 8H9 are ongoing in  way, T cells are recruited to the tumor site and activated to kill
patients with peritoneal cancers, gliomas, and advanced CNS  cancer cells (51). Given the upregulated expression of B7-H3 on
cancers (NCT01099644, NCT01502917, and NCT00089245). multiple cancers, it seems like a promising option that should be
pursued. Side effects of bispecific antibody treatment include
Bispecific antibodies an excessive inflammatory reaction due to cytokines produced
Bispecific antibodies are another suitable option beginning to by overactivated T cells but can be limited by corticosteroid
pick up steam in the area of tumor immunotherapy. Bispecific = administration.
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Targeting B7-H3 with small-molecule inhibitors

With no current information known about the receptor(s) of
B7-H3, the only viable target for disruption of this pathway is
tumor-expressed B7-H3. In addition to conventional therapeutic
mAbs, the roles of small-molecule inhibitors have also begun to
gain interest in the immune-oncology field (52). Small-molecule
inhibitors are low-molecular-weight organic compounds (dinu-
cleotides, peptides, monosaccharides, etc.) that bind specific
biological targets. They are readily used because of the advantages
they offer in cheaper manufacturing costs, ease of delivery due to
oral administration, greater tissue distribution due to size, and
shorter half-life when compared with antibodies. Knowing that
the receptor(s) of B7-H3 on activated T cells engages the FG loop
of the IgV domain of B7-H3 (19), a small-molecule inhibitor
could be designed to disturb this specific ligation area (Fig. 1D).
Although often unpredictable, off-target effects can arise and
should be assessed as thoroughly as possible to limit detrimental
consequences.

Targeting B7-H3 with chimeric antigen receptor T cells

Another interesting way to target B7-H3 for immunotherapy is
with chimeric antigen receptor (CAR) T-cell technology (Fig. 1E).
This therapy recently had outstanding results in treating human
refractive acute lymphoblastic leukemia (53, 54). Autologous T
cells are engineered with a CAR targeting a tumor antigen and
adoptively transferred to patients to kill cancer cells. So far, this
technology has been successfully applied to hematologic cancers
only. Although this area of research is challenging, efforts are
being made to translate CAR T-cell therapy to the treatment of
solid tumors. Importantly, the target must be highly overex-
pressed by the tumor and low or absent in normal peripheral
tissues, as B7-H3, to avoid off-tumor effects. Engineered T cells
would have to reach the tumor site and penetrate the stroma to
specifically kill the targeted tumor cells. Moreover, CAR T cells
would be exposed to the immunosuppressive tumor microenvi-
ronment, which could alter their function. Some optimizations of
CAR T cells are currently being made and will hopefully help,
either alone or in a combination therapy, to treat solid cancers
(55). One dinical trial has evaluated the safety and antitumor
activity of CAR T cells in patients with chemotherapy-refractory
metastatic pancreatic cancer, with preliminary evidence of good
tolerance and antitumor efficacy (56). Of note, a cytokine release
syndrome has been described in some patients and must be
addressed to fully ensure the safety of this technique.

Synergistic options with anti-B7-H3 therapy: Chemotherapy or
targeted therapy, immune checkpoint inhibitors, and radiation

The clinical successes of mAbs blocking immune check-
points, such as CTLA-4, PD-1, and PD-L1, have led to the
rationale of combining these modalities with conventional
therapeutics or additional checkpoint inhibitors, with the goal
of synergizing their actions and improving patient survival.
The most traditional therapeutic regimen for treating cancers
has been with chemotherapy. Recent studies have shown that
the combination of a variety of chemotherapeutics with check-
point inhibitors displays great synergistic effects that enhanced
the prospects of its full utilization in standard clinical practice.
The combination of an anti-CTLA-4 mAb (ipilimumab) and
the chemotherapeutic drug dacarbazine, when compared with
dacarbazine plus placebo, led to improved overall survival in
patients with metastatic melanoma (57). On the basis of a few
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preclinical animal studies, the combination of B7-H3 blockade
and chemotherapy looks promising (Fig. 1F). Indeed, the
silencing of B7-H3 through shRNA in an histiocytic lympho-
ma-derived human cell line, U937, in combination with the
antineoplastic drug Ara-C, led to 80% tumor reduction com-
pared with the 40% inhibition observed in wild-type U937
cells combined with Ara-C in a mouse xenograft model (58).
Similarly, shRNA silencing of B7-H3 in a murine model of
breast cancer, combined with the chemotherapeutic paclitaxel,
led to an approximately 80% reduction in tumor growth
compared with the untreated wild-type cells (38). In both
studies, silencing B7-H3 significantly enhanced tumor cell
chemosensitivity and drug-induced apoptosis. Moreover,
exploiting the differences between normal cells and cancer
cells through targeted therapy as opposed to conventional
chemotherapy may also deliver exciting results as a combina-
tion strategy. Taken together, these studies provide a rationale
for the potential synergistic effects between B7-H3 blockade
and chemotherapy or targeted therapy for patients with a
variety of cancers.

The combination of multiple immune checkpoint inhibitors
as a means for treating cancers has also been emerging quite
rapidly. A recent study has shown that the combination of
anti-PD-1 mAb (nivolumab) and ipilimumab in patients with
previously untreated melanoma resulted in significantly longer
progression-free survival than ipilimumab alone (59). Further-
more, the combination of PD-1 and CTLA-4 blockade was able
to demonstrate efficacy in patients with PD-L1-negative
tumors compared with either agent alone. The expression
pattern of B7-H3 contrasts greatly with that of the other
checkpoint inhibitors in that the majority of B7-H3 can be
found on tumor and tumor-associated tissue, while the others
are expressed on immune cells, normal tissue, and cancerous
cells. This difference in expression can be highly advantageous
for generating not only local responses through the tumor-
specific targeting of B7-H3, but also systemic activation of
immune cells through additional checkpoint blockade, alto-
gether potentially further enhancing antitumor immunity
(Fig. 1F). Despite the fact that no studies are available yet
in preclinical models, phase I clinical trials are under way to
explore the safety of enoblituzumab in combination with
either ipilimumab or anti-PD-1 (pembrolizumab) in patients
with refractory cancer (NCT02381314 and NCT02475213).

Radiation is an additional avenue that can be looked at in
combination with B7-H3 targeting in a future clinical setting
(Fig. 1F). An anecdotal clinical report suggests that ipilimumab
plus radiation cooperates to limit melanoma growth (60).
Further studies confirmed these results in a small subset of
melanoma patients treated with ipilimumab and radiation
(61). Of note, resistance was commonly seen and explained
by PD-L1 upregulation on the melanoma cells, causing T-cell
exhaustion, and highlighting the need for a triple combination
therapy. Another area for exploration is the potential synergistic
effects of B7-H3 blockade and radiotherapy and its underlying
mechanisms for future development of novel cancer immu-
notherapies (Fig. 1F).

Concluding Remarks

B7-H3 has both immunologic and nonimmunologic func-
tions. Largely overexpressed in human tumor tissues, B7-H3
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positively correlates with cancer severity and poor outcome.
Compared with other immune checkpoints, the B7-H3 path-
way not only regulates innate and adaptive immunity but also
promotes cancer cell aggressiveness through various nonim-
munologic functions. Therefore, B7-H3 seems to be a unique
and interesting target for future cancer immunotherapies. One
of the most promising therapeutic strategies may be the use of
blocking mAbs against the B7-H3 pathway. Rather than admin-
istered alone, blocking mAbs are more likely to achieve syner-
gistic antitumor effects if they are combined with a chemo-
therapeutic regimen or other checkpoint inhibitors. In parallel,
finding its receptor(s) and better elucidating the involvement of
the B7-H3 pathway in immune responses and cancer develop-
ment is crucial, as this knowledge would help with the design of
more effective therapeutic agents, with the ultimate goal of
complete and durable treatment of human cancers.
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IL6/JAK/STAT3 Pathway Lead to Poor Prognosis

in Glioma Patients
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Abstract

Purpose: The objective of this study was to evaluate clinical
significance and immunosuppressive mechanisms of B7-H4
(B7x/B7S1), a B7 family member, in glioma.

Experimental Design: B7-H4 levels in glioma tissue/cere-
bral spinal fluid (CSF) were compared between different
grades of glioma patients. Survival data were analyzed with
Kaplan-Meier to determine the prognostic value of B7-H4.
Cytokines from CD133" cells to stimulate the expression of
B7-H4 on human macrophages (M¢@s) were investigated by
FACS, neutralizing antibodies, and Transwell chemotaxis
assay. shRNA, reporter vector, and chromatin immunopre-
cipitation were used to determine the binding of STAT3 to
the B7-H4 promoter. The function of B7-H4" Mgs in vitro
was evaluated through phagocytosis, T-cell proliferation/
apoptosis, and cytokine production as well as in the xeno-
grafted model for in vivo analysis.
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Results: We found that B7-H4 expression in tumors was
associated with prognosis of human glioblastoma and correlated
directly with malignant grades. Mechanistically, glioma initiating
CD133" cells and M@s/microglia cointeraction activated expres-
sion of B7-H4 via IL6 and IL10 in both tumor cells and micro-
environment supporting cells. IL6-activated STAT3 bound to the
promoter of B7-H4 gene and enhanced B7-H4 expression. Fur-
thermore, CD133 " cells mediated immunosuppression through
B7-H4 expression on M@s/microglia by silencing of B7-H4 expres-
sion on these cells, which led to increased microenvironment T-
cell function and tumor regression in the xenograft glioma mouse
model.

Conclusions: We have identified B7-H4 activation on Me@s/
microglia in the microenvironment of gliomas as an important
immunosuppressive event blocking effective T-cell immune
responses. Clin Cancer Res; 22(11); 2778-90. ©2016 AACR.

Introduction

Glioblastoma (GBM; WHO Grade IV) is the most aggressive
and frequent de novo intracranial neoplasm in adults, with less
than half of patients surviving longer than a year after initial
diagnosis. As views changed, more emphasis was placed on the
tumor-induced immunosuppression as an important factor of
the formation and development of the tumor. Immunosuppres-
sive factors secreted by both tumor cells and microenvironment
T-cell infiltrates are proposed to obstruct antitumor immunity
(1, 2). Our hypothesis is that the tumor microenvironment
cellular interactions between glioma-infiltrating macrophages/
microglia (GIM) and glioma cells play a central role in synergis-
tically promoting glioma malignancy and immunosuppression.
It has been suggested that tumor-infiltrating macrophages/
microglia (TIM) may contribute to the suppression of T-cell-
mediated immunity (2, 3). Although some secreted factors (1,
4, 5) and coinhibitory immune molecules (4, 5) have been
reported to contribute to the immune regulation in GBM, how-
ever, the precise molecular mechanisms underlying these path-
ways and cellular interaction within the GBM microenvironment
are poorly understood.

B7-H4 (also called B7x or B7S1) is a member of the T-cell
costimulatory and coinhibitory B7 family (6-8). Functionally,
B7-H4 transmits negative signals to T cells to effectively inhibit
activation, proliferation, and clonal expansion of CD4" and
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Translational Relevance

Glioblastoma (GBM) is the most malignant and lethal
primary brain tumor. To understand the mechanisms under-
lying GBM progression is critical for clinical practice. This
study revealed the complex immune interactions in the GBM
tumor microenvironment involving immune checkpoint B7-
H4 and IL6 regulatory mechanisms during tumor progression.
Specifically, the results identified that B7-H4" glioma-infil-
trated macrophages (M@s)/microglia showed immunosup-
pressive activity, which could be autoregulated by IL6 pro-
duction. IL6-activated STAT3 bound to the promoter of B7-H4
gene and enhanced B7-H4 expression on M@s. Our studies
demonstrated a direct relationship between the grade of gli-
omas and the levels of B7-H4 expression, suggesting it as a
potential immune-associated marker for progression of glio-
mas. The findings were further demonstrated using the in vivo
xenografts model. Overall our study contributes to the under-
standing of GBM progression, and suggests that targeting the
B7-H4 pathway holds therapeutic promise for advanced gli-
oma patients.

CD8™" T cells (6-8). Elevated expression of B7-H4 is detected in
human cancer tissues of multiple cancers (9, 10) and is often
associated with poor prognosis. We have recently determined the
crystal structure of human B7x IgV functional domain and further
developed a new cancer immunotherapy with mAbs targeting the
B7x1gV (11). Previously, we reported that B7-H4 can be expressed
by malignant gliomas (12), but its clinical significance and
immunologic role remain elusive. In addition, soluble B7-H4
(sB7-H4) is detected in blood from patients with ovarian, renal
cell cancer, hepatocellular carcinoma, osteosarcoma, bladder
urothelial carcinoma, and gastric cancer (13-18). However, the
relationship between sB7-H4 and malignant grades is still unclear.
We have suspected that B7-H4 is related to a subset of tumor-
initiating cells in gliomas (12), but details underpinning these
observations remain unknown. The evolving understanding of
glioma-initiating cells and their importance in tumor pathophys-
iology (19-25) encourages us to consider that the interplay
between glioma-initiating cells and other cell types (e.g., TIMs)
may be important for tumor initiation and progression in GBM.

We demonstrated M@s-modulating cytokine production via
the JAK-STAT3 pathway. B7-H4 " GIMs showed immunosuppres-
sive activity and autoregulation by IL6 production. Also, it was
observed that adoptive immune therapy of tumor-associated
antigen (TAA)-specific T cells in conjunction with TIMs depleted
of B7-H4 expression was able to induce tumor regression and
prolonged survival of mice in xenograft human gliomas. These
results revealed that circumventing the tumor-induced immuno-
suppression of B7-H4 can induce glioma regression. Overall, our
finding indicated B7-H4 as a potential immunity-associated
marker of GBM, suggesting that new cancer immunotherapy
targeting the B7-H4 pathway holds promise for glioma patients.

Materials and Methods

Preparation of CD133" glioma cells
To isolate human CD133" glioma cells, fresh primary GBM
surgical specimens were dissociated mechanically and digested

www.aacrjournals.org
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with a type IV collagenase (Sigma) for 1 hour at 37°C. A single-cell
suspension was then collected on a 30%/70% Percoll gradient
and further purified by magnetic separation using anti-CD133
microbeads per the manufacturer's instructions (Miltenyi Biotec),
CD133" cells were also obtained at the same time and cultured at
conditions appropriate for growth (continued in Supplementary
Methods).

mADb sandwich ELISA detection for sB7-H4, IL6, and IL10

Purified, unlabeled B7-H4-specific mAb (Clone MIH43, 2
pg/mL; AbDserotec) was used for coating and capture using a
standard sandwich ELISA method. Thoroughly homogenized
tumor tissues were analyzed by IL6 and IL10 ELISA Kkits
(eBioscience). Purified samples were then spotted in duplicate
to appropriately coated plates before horseradish peroxidase-
conjugated detection antibodies were added. Tetramethylbenzi-
dine was used as a substrate for color development. The optical
density was analyzed at 450 nm with a microplate reader (Spectra
Max 190; Molecular Devices) and concentrations were quantified
using SoftMax Pro software (Molecular Devices).

FlowCytomix detection

Cytokine concentrations in serum, cerebral spinal fluid (CSF)
and supernatant of CD133% and CD133~ cells were measured
using FlowCytomix multiple kits according to the manufac-
turer's directions (eBioscience). Serum was obtained from fresh
blood after centrifugation at 3,000 rpm. The supernatant was
collected after culture for 72 hours and stored at —20°C. For
FlowCytomix detection, the supernatant was added in duplicate
to coated 96-well plates. After fluorescent polystyrol beads were
coupled with antibodies specific to the cytokines, biotins, and
streptavidin-PE were successively added. After being activated
(690 nm), samples were analyzed by flow cytometry and quan-
tified with FlowCytomix Pro 2.4 software. Detected cytokines
included: MIP-1a,, MCP-1, MIP-1f, IL8, RANTES, MIG, IL6,
IL10, GM-CSF, and IL4.

Flow cytometry

To detect surface B7-H4, CD11b, or CD133 expression, cells
were incubated on ice for 30 minutes with appropriate antibodies
or isotype controls (PE-B7-H4, PE-mouse IgG1l, APC-CD11b,
APC-CD133, APC-mouse IgGl, all from eBioscience, 1:5),
washed twice with FACS buffer (PBS containing 0.1% NaN3 and
5% FBS), and resuspended in 0.5 mL 1% formalin/PBS. To
analyze intracellular B7-H4, cells were pre-treated with Fix and
Perm cell permeabilization reagents (Caltag Laboratories) accord-
ing to the manufacturer's instructions. Assays of immune func-
tion, cell proliferation, cell cycle, apoptosis, cytokines, and cyto-
toxicity were done under standard methods as previously
described. All analyses were performed on a FACS calibur system
(Becton Dickinson Immunocytometry Systems).

qRT-PCR

Total RNA from cells was isolated using an RNA purification
kit (Qiagen) and treated with RNase-free DNase I to remove
genomic DNA (Roche). cDNA libraries were generated using
Superscript RNase H-Reverse Transcriptase (Invitrogen) and
random hexamers (Sigma-Aldrich). qRT-PCR was performed
in an ABI Prism7500 sequence detection system (Applied
Biosystems) with SYBR Green Master Mix (Eurogentec) and
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primers (Sangon Biotech Co. Ltd.) at optimized concentrations.
Primer sequences for B7-H4 were 5-TCTGGGCATCCCAAGTT-
GAC-3' (forward primer) and 5'-TCCGCCITITGATCTCC-
GATT-3' (reverse primer), housekeeping GAPDH primers have
been described previously. Standard curves were obtained for
each gene and the amplification was 90% to 100% efficient. All
values were normalized to GAPDH and relative RNA expression
was determined and compared to control groups.

Regulation of B7-H4 expression

To regulate B7-H4 expression, M@s or microglia were cul-
tured for 72 hours with CD133" cells or CD133~ cells at the
ratio of 10:1, CD133" supernatant or CD133~ supernatant or
different concentrations of recombinant IL10, IL6, IL4, and
GM-CSF (Peprotech). Neutralizing monoclonal antibodies
against human IL6 (anti-IL6, clone 6708, 500 ng/mL) and
IL10 (anti-IL10, clone 23738, 50 ng/mL; Peprotech) were used
as indicated. For B7-H4 blocking, fresh macrophages were
transfected with lentiviral two pairs of short-hairpin (sh)-B7-
H4 and sh-mock as directed (Shanghai gene chemical tech-
nology limited company, China).RT-PCR and flow cytometry
were performed to quantify B7-H4 mRNA and surface protein
expression.

In vitro TAA-specific T-cell immunosuppression

Denderitic cells (DC) extracted from peripheral blood mono-
nuclear cells (PBMC) or mouse bone marrow by CD11c
microbeads (Miltenyi Biotec) were incubated with irradiated
apoptotic U87MG or GL261 cells at a ratio of 1:5 for 24 hours.
These tumor-loaded DCs (2 x 10* cells/well) were then used to
activate CD3™" T cells from blood or CD8" T cells from spleen
(2 x 10° cells/well) in the presence of 10 U/mlIL2 and 10
ng/mlIL7 for 1 week. To evaluate proliferation, cell-cycle stage,
apoptosis, or cytokine secretion, TAA-specific T cells were
cocultured with different macrophages at a 1:1 ratio, stained
with CFSE, PI, annexin V/PI, or IL2/IFNY, and sorted by FACS.
To measure cytotoxicity, CD8" T cells isolated from blood was
stimulated by macrophages at various ratios and cocultured
with CFSE-labeled U87MG cells. FACS was performed with
annexin V/PI staining and cytotoxicity was quantified as the
percentage of dead or apoptotic cells. For LDH release assay,
Mes/microglias and activated CD8™ T cells (M@/microglia:T =
40:1, 20:1, 10:1, 1:1, 1:10, 1:20) were added with or without 1
x 10° GL261 cells per well. After a 12 hours coculture, the
supernatant from each well was collected and analyzed with
the CytoTox 96 Non-Radioactive Cytotoxicity Assay Kit (Pro-
mega Corporation) and recorded at an absorbance of 490 nm.

Statistical analysis

The two-tailed Student ¢ test was performed to assess the
significance between experimental groups. The Pearson corre-
lation or linear regression analysis was used for correlations
between parameters. Cumulative survival time was calculated
by the Kaplan-Meier method and comparison between the
groups was tested by the log-rank test. GraphPad software
(GraphPad Software, Inc.; version 5.02) was used for all sta-
tistical analyses. Statistically significant P values are indicated in
the figures with asterisks: ***, P<0.001; **, P<0.01; *, P< 0.05.
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Results

Elevated B7-H4 expression associated with human glioma
progression

We examined the relationship between glioma B7-H4 expres-
sion and disease progression in the patients of different stages.
B7-H4 mRNA levels in glioma tissues with WHO grade 1 to 4 and
normal control brain tissue from epilepsy surgery (non-tumor
controls) were compared. B7-H4 mRNA expression increased
with higher grade tumor stage (Fig. 1A). Furthermore, to verify
these findings, the expression of B7-H4 was examined by IHC
in 138 glioma and six non-tumor control tissues (tissue micro-
array, TMA; Supplementary Table S1). We observed immuno-
reactivity of B7-H4 protein in both the cytoplasm and membrane
(Fig. 1B), and a very low level of B7-H4 expression was
observed in control compared with glioma tissues. Western
blot (WB) analysis showed high expression of B7-H4 protein in
high-grade gliomas (HGG), minimal expression in low-grade
gliomas (LGG), and negligible detection in non-tumor controls
(Fig. 1C). Significant differences for B7-H4 staining pattern were
observed between controls and LGG (P < 0.001) and between
LGG (n=33)and HGG (n=105; P<0.001, Fig. 1D). We searched
the Cancer Genome Atlas (TCGA) data GBM gene-expression
profile for expression of B7-H4. Compared with normal brain
tissue (n = 10), B7-H4 overexpressed in GBM tissue (n = 483).
We futher analyzed the gene expression correlated with GBM
phenotype, and found that B7-H4 gene upregulation mainly
exists in proneural type (Supplementary Fig. S1).

Flow cytometry was used to assess glioma tissues, B7-
H4"CD11b" M@s/microglia in LGG and HGG were 24.5% and
69.9% (Fig. 1E, P<0.01), respectively. We also assessed B7-H4 in
peripheral blood cells (n = 8/healthy group, 13/LGG group, 10/
HGG group) and glioma specimens (n = 8/LGG group, 8/ HGG
group) was characterized. In blood, B7-H4*CD11b* monocytes
in LGG and HGG were 8.5% and 14.4%, (Fig. 1E, P > 0.05),
respectively.

Prior studies demonstrated a correlative relationship between
sB7-H4 and severity of ovarian cancer and renal cancer (13, 14);
however, the role of sB7-H4 in human glioma is unclear. We
used ELISA to detect sB7-H4 in CSF from 52 patients (clinical
characteristics of patients on Supplementary Table S1). We
found that increasing concentrations of sB7-H4 in CSF was
associated with higher malignancy stages (Fig. 1F). This analysis
demonstrated sB7-H4 is released into the CSF of glioma patients
and associated with advanced stages in the disease.

Retrospective analysis of B7-H4 expression in GBM to correlate
with survival

A large cohort of GBM patients tumors (n = 70, Supplementary
Table S2) was retrospectively analyzed for B7-H4 expression by
IHC to determine the prognostic value. We identified an inverse
correlation of tumor cell B7-H4 expression levels (negative vs.
moderate vs. strong) and survival in terms of progression-free
survival (PFS) and overall survival (OS; Fig. 1G. PFS: P < 0.001,
OS: P < 0.001). This finding suggested a role for B7-H4 as a
potential predictor of poor disease outcome.

B7-H4 distribution in both GIMs and tumor cells in glioma
tissues

A murine glioma model in C57BL/6 mice was developed
to further examine B7-H4 in tumors and GIMs (CD11b"/
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B7-H4 expression on human gliomas. A, RT-qPCR detection of relative B7-H4 expression in WHO grade 1to 4 glioma tissues. Differences in mRNA expression
in gliomas compared with non-tumor controls (gray line) are shown (n = 2/1, 21/1, 17/111, 16/1V, LGG (I+Il) compared with HGG (lll+IV), T test, *, P < 0.05).
B, TMA [HC detection of B7-H4 in clinical GBMs, astrocytoma and control (scale bar, 200 um). C, WB showing B7-H4 expression in HGG, LGG, and
non-tumor controls. Representative results of at least two independent experiments. D, statistics of TMA immunohistochemical detection of B7-H4 in
clinical GBMs (n = 6/control, 11/1, 22/11, 35/, 70/IV, control vs. LGG (I+I1): P < 0.001, LGG (I+11) vs. HGG (llI4+1V): P< 0.001, t test). E, top, FACS analysis of B7-
H4 expression on fresh Mes/microglia (CD11b™) isolated from peripheral blood or glioma tissue (n = 8/healthy blood for control group, 13/LGG blood
group, 10/HGG blood group, 3/non-tumor controls, 8/LGG tissue group, 8/HGG tissue group. The T test, NS, no significance. **, P < 0.01; ***, P < 0.001).
Bottom, data, dot plots of four individuals. F, quantification of ELISA-detected human sB7-H4 concentration in CSF from LGG, HGG and other brain
disease (CSF: n = 1/blank, 3/1, 13/11, 17/IlI, 15/1V, 3/others tumors (2 metastatic tumor and 1 meningioma), 1/control (mild brain trauma). LGG (I+II) vs.
HGG (IlI+IV): T test, ***, P < 0.001). Error bars, SEM. G, IHC staining intensity of B7-H4 in tumor niche was evaluated in 70 GBM and used to divide the
patients into two groups: negative to moderate expression and strong expression. PFS (left) and OS (right) were then compared between two groups.
PFS and OS after the operation were calculated using the Kaplan-Meier method and analyzed with the log-rank test, P < 0.001).
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Figure 2.

B7-H4 distribution and localization in glioma, GIMs, and CD133" cells. A, representative H&E of C57BL/6 mice (20 days after intracerebral injection of 1 x 10°
GL261 cells per brain). Inset, glioma shown with macroscopic pictures (left). Normal mouse brain images serve as control (right); scale bar, 200 um. B, WB
showing B7-H4 expression in tumor tissues compared with control. C, top, IF staining for B7-H4 and Iba-1 (marker of Mes/microglia cells) of sections
from the intratumoral region. Inset, B7-H4" /Ibal® GIMs shown at high magnification. Bottom, B7-H4" GIMs prevalent at the glioma boundary. (88.3% for
boundary vs. 38.8% for intratumoral, T test, ***, P < 0.001; scale bar, 20 um). D, IF of GIMs from the mouse model (top) and normal microglia from
non-tumor control (bottom); scale bars, 10 um. E, quantification of B7-H4 between normal Mes/microglia (n = 10) and GIMs (n = 10) by FACS (T test,
** P<0.001).1S0 (isotype, n =10) as control. F, quantification of B7-H4 on in vitro cultured GL261 cells (n =10) and in vivo model GL261 cells (CD11b™, n =10;
T test, *, P < 0.05). G, representative MRI (top) and MRS (bottom) images of a GBM patient were analyzed. The white and blue boxes indicate the
brain regions selected for MRS review. Analysis of B7-H4 expression patterns were correlated with the distribution patterns of GIMs (Ibal™), which
localized mostly to peritumoral, or stromal region (red arrow navigated by enhanced-MRI images). Adjacent sections of paraffin-embedded brain tissue
from this patient were also stained with B7-H4, Ibal, and CD8. The middle and bottom panels show the stromal and tumor nest at higher magnification
(top scale bar, 200 um, bottom scale bar, 50 um). H, IF of sectioned human GBM tissues revealed localized B7-H4 expression on GIMs (left) and cD133 "
tumor cells (right, scale bar, 20 um).

CD45*"Mgs). Higher levels of B7-H4 expression were found intratumoral; ***, P < 0.001). We isolated GIM by CD11b
in GL261-derived intracranial tumors (Fig. 2A-B). B7-H4"  magnetic microbeads from the mouse glioma tumor tissues.
GIMs (Ibalt Mes) were identified primarily at the glioma GIM were further identified in their role in GBM surveillance
tumor boundary (Fig. 2C, 88.3% for boundary vs. 38.8% for (26, 27) and found that the isolated cell population of

2782 Clin Cancer Res; 22(11) June 1, 2016 Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on June 1, 2016. © 2016 American Association for Cancer Research.


http://clincancerres.aacrjournals.org/

Published OnlineFirst March 21, 2016; DOI: 10.1158/1078-0432.CCR-15-0858

GIMs expressed higher levels of surface B7-H4:74% =+ 1% for
GIMs versus 15% =+ 7% for Me@s/microglia from controls
(Fig. 2D and E, P < 0.001). We compared levels of B7-H4
expression in GL261 cells cultured in vitro with GL261 cells
implanted into mice and revealed a lower capacity for induc-
tion of B7-H4 expression in in vitro cultured GL261 cells, 2% +
1.6% versus 6% = 2%, P < 0.05 (Fig. 2F). To confirm this,
GL261 cells from model mouse were isolated and analyzed
by WB from in vitro cultured GL261 cells as controls. Isolated
GIMs from xenografts expressed higher levels of B7-H4 from
non-tumor controls (Supplementary Fig. S2).

Clinical tumors were assessed to determine whether the
murine tumor observation also show a similar response. MRI
and magnetic resonance spectroscopy (MRS) were used to
characterize patient intracranial gliomas. For these studies,
peritumoral (stromal) and tumor-nest regions were identified
(Fig. 2G). Enhanced MRI images-guided brain tissue biopsies
taken from these locations were sectioned to include both
regions of interest and then employed IHC with anti-B7-H4,
cell-specific, anti-Ibal, and anti-CD8 Abs for GIMs (M@s/micro-
glia), and CTLs, respectively. The IHC analysis revealed higher
amounts of B7-H4 on GIMs in the peritumoral regions (Fig.
2G). Immunofluorescence (IF) for GBM tissues proved that not
only GIMs but also CD133" tumor cells expressed B7-H4 as
previously shown (Fig. 2H; ref. 12).

Together our results confirmed the presence of both cellular
and soluble forms of B7-H4 and established GIMs and glioma
cells (including CD133™ cells) as candidates for the sources of
this protein. Considering their important role, we further
explored the cross-talk between GBM CD133" cells and GIMs
in the glioma microenvironment.

CD133™" cells produce IL6 and IL10 to activate B7-H4
expression on Mes

We next examined whether GBM CD133 " cells could regulate
B7-H4 expression in M@s. Fresh normal M@s were incubated in
specific culture conditions: control medium only, medium and
CD133" GBM cells, medium and CD133~ GBM cells, and super-
natant of CD133" or CD133 " cells. After 72 hours of incubation,
B7-H4 expression on M@s was assessed by flow cytometry. M@s
cocultured with CD133 " cells expressed higher B7-H4 than those
cultured devoid of CD133™ cells (56.1% for CD133" cell cocul-
ture vs. 28.8% for CD133™ cell coculture, P < 0.05, Fig. 3A). M@s
exposed to CD133" cell supernatant also had higher B7-H4
expression than those exposed to CD133 cell supernatant
(49.3% for CD133" supernatant vs. 16.6% for CD133" super-
natant, P < 0.01, Fig. 3A). These findings were supported by RT-
qPCR studies of B7-H4 expression of Mgs in CD133% and
CD133" supernatant (Fig. 3B) in which marked significant ele-
vation of B7-H4 expression was most notable in M@s cultured in
CD133™ supernatant.

We hypothesized that factors secreted by CD133 " cells had a
major role in upregulating B7-H4 expression. To test this, Flow-
Cytomix was used to establish cytokine profiles for CD133" and
CD133" supernatant. Two significant chemokines, MIP-1a. and
MCP-1, were found to be at substantially higher concentrations
in CD133" supernatant relative to CD133~ supernatant (Fig. 3C,
P < 0.001). Interestingly, levels of IL6 and IL10 were also
elevated in CD133" media relative to CD133~ supernatant
(P < 0.001, Fig. 3C). To determine their roles, IL6 and IL10 were
added to control cultures of M@s. We observed a dose-dependent
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upregulation of B7-H4 expression in M@s stimulated by these
cytokines (Fig. 3D) and verified these findings by suppressing IL6
and IL10 activity with specific Ab, respectively (Fig. 3E).

Because these results suggested a primary role of interleukins
IL6 and IL10 in regulating B7-H4 expression that occurs in the
microenvironment, we further investigated systemic levels of
these cytokines. FlowCytomix was performed with serum and
CSF from a series of glioma patients (clinical characteristics in
Supplementary Table S1). Only trace amounts of these cyto-
kines were detected in serum and CSF. A relationship between
the serologic interleukin levels and tumor grade was not readily
delineated; ELISA analysis from tissue homogenates identified
elevation of these two cytokines and showed a higher level of
IL6 in HGG patients (P < 0.01) compared with control patients
(Supplementary Fig. S3). This finding supports a role for these
two cytokines in GBM and induction of immunosuppression,
perhaps more confined to the tumor microenvironment than
system-wide. Finally, we used a cell migration assays to exam-
ine whether CD133" GBM cells could initiate recruitment of
Mes/monocytes into the tumor environment. We found
enhanced migration of M@s/monocytes with CD133™" super-
natant as a chemoattractant (Fig. 3F, medium-only, CD133"
and CD133" supernatant: 1 + 0.00, 5.17 £+ 0.78, and 3.12 +
0.22, respectively).

These findings support a novel mechanism by which CD133%
cells are able to induce M@s migration into the tumor microen-
vironment and induce them to express B7-H4 by cytokines IL6
and IL10.

IL6 induces B7-H4 expression via the JAK-STAT3 pathway

Considering that enhanced IL6 was found in glioma tissue
homogenates (Supplementary Fig. S3), we then explored the
molecular pathways through which B7-H4 expression was
regulated. IL6 signaling has been extensively investigated
through the JAK-STAT pathway (28), so we hypothesized that
the expression of B7-H4 was regulated through this pathway.
To confirm this, mouse BV2 microglia cells were stimulated
with IL6 and analyzed the phosphorylation of STAT3 by WB. As
shown in Fig. 4A, IL6 treatment upregulated phosphorylation
of Stat3 and B7-H4 levels in BV2 cells in a dose- and gradient-
dependent manner, and 25 ng/mL and 24 hours were suitable
dosage and time point. Similar findings were reproduced in the
mouse RAW Megs cell line (Fig. 4B) and Megs sorted from
healthy human peripheral blood (Fig. 4C).

To further determine whether the expression of B7-H4 was
regulated by the STAT3 pathway, four pairs of STAT3 shRNAs
were individually transduced into BV2 cells to knockdown
endogenous STAT3. STAT3 mRNA in BV2 cells transduced with
lentiviral stocks expressing shRNA1, shRNA2, shRNA3, or
shRNA4 were reduced by 54.2, 65.0, 85.3, and 78.6%, respec-
tively (Fig. 4D, left). Because STAT3 protein was remarkably
decreased in the BV2 cells that were transduced with shRNA3,
we chose to use sShRNA3 for the subsequent experiments. We
found that silencing STAT3 with shRNA3 reduced B7-H4
expression with or without the stimulation of IL6 (Fig. 4E).
WB analysis of BV2 microglia stimulated with CD133" super-
natant was also performed, which showed similar tendency as
IL6 did (Supplementary Fig. S4).

We next determined whether STAT3 could be a transcrip-
tional regulator of the B7-H4 gene. We transfected BV2 micro-
glia cells with a reporter vector encoding Luciferase under
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Figure 3.

CD133" cell-induced normal human Mes expression of B7-H4 is mediated by IL6 and IL10. A, freshly isolated healthy human Mes were incubated with
control medium, CD133™ cells, CD133 ™ cells isolated from human GBM tissue or supernatant from them for 72 hours and then analyzed them for B7-H4
expression by FACS (T test, *, P < 0.05; **, P < 0.01.). B, RT-gPCR for relative B7-H4 gene expression on Mes cultured in supernatant from either
CD133" or CD133™ cells compared with control (yellow line; Ttest, *, P< 0.05; ***, P < 0.001). C, quantity of various cytokines in the supernatant of CD133™" cells
or CD133" cells examined by FlowCytomix (T test, ***, P < 0.001). D, B7-H4 expression on Mes was detected by FACS analysis after they were treated
with 0, 1.0, 5.0, or 10.0 ng/mL recombinant IL10 or IL6 for 72 hours (T test, **, P < 0.01; ***, P < 0.001). E, fresh normal M@s were cultured with supernatant
from CD133™ cells for 72 hours in the presence or absence of neutralizing antibodies against IL6 (500 ng/mL) and/or IL10 (50 ng/mL) followed by
FACS analysis. F, left, cell invasion capabilities of normal human peripheral Mos following culture in either supernatant from CD133™ or CD133™ cells, or
control medium were analyzed using 6.5 mm Transwell with 8.0-um pore polycarbonate membrane insert 24 hours later; scale bar, 100 um. Right, quantitative
results for chemotaxis index are showed. Data (+SEM), three independent experiments with similar results. Paired t test, P < 0.01, ***, P < 0.001.

control of the B7-H4 promoter (PGL3-B7H4.WT). Phosphor-
ylation of STAT3 upregulated B7-H4 promoter activity, which
was abrogated by knockdown of STAT3 with shRNA (Fig. 4F).
These studies suggested that STAT3 regulated B7-H4 transcrip-
tion via enhancing the B7-H4 promoter. We then carried out
chromatin immunoprecipitation (ChIP) assays to assess wheth-
er STAT3 directly binds to the B7-H4 promoter. As shown
in Fig. 4G, STAT3 protein bound to the B7-H4 promoter was
significantly increased in BV2 microglia cells treated with IL6.
The epistatic relationship between the expression of B7-H4 and
IL6-STAT3 pathway (Supplementary Fig. S5) may provide a
new line of evidence for the development of STAT3 inhibitor as
anticancer chemotherapy drugs.

Clin Cancer Res; 22(11) June 1, 2016

CD133" cells mediate immunosuppression through B7-H4 "
Meps in vitro and in vivo

To explore the role of B7-H4 in CD133" cell-mediated
immunosuppression, CD133" cells were sorted from human
GBM cell suspensions, and the supernatant of CD133" cell
culture was then used to treat normal M¢s to induce expression
of B7-H4. We found that CD133 ™ cell supernatant-treated Mgs
showed markedly reduced uptake of red fluorescent tag-
labeled polystyrene latex beads compared with CD133™ cell
supernatant-treated Mos (Fig. 5A), suggesting that the super-
natant of CD133" cells inhibits the phagocytotic activity of
Mes. We then examined the function of B7-H4 in M¢s induced
by the supernatant of CD133™" cells. B7-H4 expression in M@s
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Figure 4.

STAT3-dependent B7-H4 expression in microglia/Mes cells. A, WB analysis of B7-H4 and Stat3 phosphorylation in the mouse BV2 microglia cell line
with different time intervals and dose gradient of IL6. B, similar findings were reproduced in the mouse RAW Mgs cell line by WB. C, WB analysis of B7-H4 and
Stat3 phosphorylation in healthy human peripheral macrophages after incubation for 24 hours with different doses of IL6. D,Stat3 mRNA expression in
the BV2 microglia cells infected with control, shRNA1, shRNA2, shRNA3, and shRNA4. All shRNAs remarkably downregulated Stat3 mRNA (left) and
protein levels (right). ShRNA3 was the strongest one, and the other shRNAs had less effect. E, the protein expressions of phosphorylated Stat3 and B7-H4
in BV2 microglia cells infected with shRNA3 or control after being stimulated with IL6 (25 ng/mL). ShRNA3 significantly inhibited phosphorylated

Stat3 and B7-H4 protein expression after being stimulated with IL6. F, BV2 microglia cells were transfected with the above shRNA3 plasmids or control
shRNA for 24 hours, and the luciferase activity was measured (T test, *, P < 0.05; ***, P < 0.001). G, two Ab (anti-lgG and -STAT3) were used in the
ChIP assays using the BV2 microglia cell line treated with or without IL6 (T test, **, P < 0.01; ***, P < 0.001).

was silenced by shRNA (Fig. 5B) and M@s were cocultured with
T cells activated by U87MG-loaded CD11c* DCs. We found
that the B7-H4 silencing in M@s increased T-cell proliferation
(Fig. 5C) and decreased T-cell apoptosis (Fig. 5D). Correspond-
ingly, the B7-H4 silencing also reduced T cells that did not
produce IL2 or IFNy (Fig. 5E). Furthermore, B7-H4" Mgs
cultured in CD133" supernatant inhibited CTL-cytotoxic activ-
ity against U87MG glioma cells. However, the inhibitory effects
were mitigated after B7-H4 expression was blocked (Fig. 5F).

To investigate the function of B7-H4 in M@s in vivo, we used
the GL261-induced glioma mouse model. GL261 tumor cells
derived from mouse glioma contained CD133" cells and were
able to inhibit both CD8* and CD4* T-cell function in vitro
(Supplementary Fig. S6). Interestingly, the suppressive capacities
were partially reversed by exposing Mes to anti-B7-H4 Ab

www.aacrjournals.org

(Supplementary Fig. S6). These results suggested that CD133*
cells can induce B7-H4 expression on Mgs, which leads to T-cell
inhibition.

Suppression of B7-H4 leads to T-cell activation and tumor
regression in the xenograft glioma model

NOD/SCID xenograft gliomas derived from U87MG cells were
further investigated. TAA-specific CD8" T cells (CTL) were
injected i.v. together with: (i) normal Megs (M), (ii) CD133%
glioma-initiating cells conditioned Mgs (GCM), (iii) conditioned
Mes transduced with sh1-mock, or (iv) conditioned M¢s trans-
duced with sh1-B7-H4 to silence B7-H4 expression. We observed
tumor growth inhibition in mice injected together with CTL+M
and CTL+ GCM+ sh1-B7-H4 Mgs, whereas the other two groups
showed rapid progression of nearly 200 mm?> per day (Fig. 5G
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Figure 5.

CD133" cells mediate immunosuppression through B7-H4™" Mes in vitro and in vivo. A, left, normal Mes were expanded in either standard medium, supernatant
from CD133™ cells, or supernatant from CD133™ cells with latex beads (red) before DAPI (blue) staining and phagocytosis assay. Using light and
fluorescence microscopy (right, scale bar, 50 um), the percentage of cell-mediated uptake (phagocytically active cells/total cells) was determined
(paired t test, *, P < 0.05; ***, P < 0.001). B, qRT-PCR and WB showed blocking effects of two pairs of sh-B7-H4 and sh-mock lentivirus in CD133"
conditioned Mos (T test, *, P < 0.05; ***, P < 0.001). (Continued on the following page.)
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and H). These results suggested that CD133" cells played a
primary role in driving B7-H4" Mgs to reduce TAA-specific T-cell
immunity in vivo.

To determine whether B7-H4 could serve as a predictor of
prognosis, we infused CTLs with CD133" glioma-initiating cells
conditioned sh1-mock or sh-B7-H4 M¢s via a caudal vein injec-
tion of mice with U87MG-derived intracranial tumor. Mice with
sh1-B7-H4-treated M@s survived significantly longer than the
sh1-mock group (Fig. 5I). In contrast, mice infused with PBS and
sh1-mock-treated M@s had U87MG cell invasion, which was also
characterized by early lesions detected by MRI (Fig. 5]). Support-
ing the role of M@s in regulating T-cell function, human CD11b™"
Mgs/microglia and human CD8" T cells appeared to comigrate
into intracranial human tumors (Fig. 5K).

GIMs induce B7-H4 expression in CD133" cells and
autoregulation through IL6

GIMs were isolated from murine GL261 tumors to investigate
their effects on CD133™ cells. Using a Transwell chemotaxis assay
in a coculture system, migration abilities between GIMs and
normal Me@s/microglia (NM) were compared. GIMs exhibited
higher time-dependent migration abilities (Fig. 6A).

Next, GL261-derived enriched CD133™ cells were separated
from CD133" cells, and both cell populations were cultured in
GIM-conditioned media. GIMs upregulated B7-H4 expression
in CD1337 cells and CD133 ™ cells according to flow cytometry,
IF, and WB analysis (Fig. 6B-D). Considering IL6 and IL10 were
involved in B7-H4 induction, we measured the level of these
cytokines in the sera of: (i) normal mice, (ii) CD133 cells
initiated tumor mice, (iii) CD133" cells initiated the tumor
group, and supernatants groups from NM and GIM cultures.
There was no observable difference in serum IL6 levels across
the three groups. However, we observed that GIM-secreted IL6
exceeded NM-secreted IL6 by >15-folds (Fig. 6E). No difference
was observed for IL10 concentrations in these groups (data not
shown). These results support a role for IL6-promoting B7-H4
expression in the tumor microenvironement. Finally, we also
find that IL6 can upregulate B7-H4 expression in mice NMs in
vitro as human Megs did (data not shown). The results showed
that M@s/microglia in the tumor environment had markedly
enhanced B7-H4 expression in the presence of CD133" glioma-
initiating cells.

Discussion

Immunosuppressive processes occurring both systemically
and locally in the tumor microenvironment have limited the
normal function of the immune system in primary brain

B7x Immunosuppression in Human Gliomas

malignancies. Our studies characterizing the immunologic
roles of GIMs, tumor-derived cytokines, and tissue-derived
glioma-initiating cells have revealed evidence for an immuno-
suppressive role of B7-H4 in human malignant glioma.

We found that increasing B7-H4 expression associated with
progression of human glioma. Notably, the distribution of B7-
H4-expressing cells was much higher at the peritumoral edges
(i.e., stroma) when compared with the tumor nest. What was
important, our studies demonstrated that PFS and OS are nega-
tively correlated with expression of B7-H4 in human gliomas.
Expression of B7-H4 was detected on the surface of CD11b*/Iba™
monocytes, microglia, and macrophages. CD8" T cells have been
shown to orchestrate autoimmunity in immune privileged loca-
tions (29) and antitumor immunity in malignancy (30, 31).
Interestingly, we found that CD8™ T cells were also mainly present
at the peritumoral edges. Colocalization of B7-H4, Ms/micro-
glia, and CD8™ T cells at peritumoral edges suggests a functional
connection in the tumor microenvironment on the periphery, but
not internally. We found significantly higher levels of IL6 in the
HGG group compared with LGG or LGG group compared with
the normal, but not in serum, suggesting that the immunosup-
pressive effects of the cytokines are limited to the tumor
environment.

B7-H4 in the tumor microenvironment, surrounding stroma
and invasive edge, may contribute to the escape from immune
surveillance during tumor cell invasion into adjacent brain
tissue. We believe that recruitment of monocytes/Mgs to the
tumor at the glioma site occurs in the malignant state (32, 33).
The development of these TIMs is stimulated by "polarization"
induced by the glioma and other tumor cells, resulting in TIMs
with a tumor-promoting phenotype (M2). A chemokine-medi-
ated process that spawns tumor development in the microen-
vironment is demonstrated (27, 34, 35). It is also demonstrated
that microglia derived from non-glioma human subjects could
curb glioma cell growth by the secretion of chemokine like 1L8
and MCP-1, but microglia and monocytes cultured from glio-
ma patients were inefficient at reducing the sphere-forming
capacity of tumor cells (36). Our studies showed that glioma-
initiating cells mediated expression of B7-H4 on M@s. More-
over, the detection of M@-recruiting chemokines, MIP-1o and
MCP-1, which are secreted by CD133" glioma-initiating cells,
presents evidence to support a process whereby Mos are sig-
naled to invade the tumor microenvironment.

Our experimental findings demonstrated that normal mono-
cytes/Mos were induced to express B7-H4 via IL6 and IL10 by
human CD133 " cells (Fig. 3) or U251 glioma-initiating cells (our
published data; ref. 37). In turn, a suppressive potential conferred
by Mgs-expressing B7-H4 contributed to immunopathology

(Continued.) C to F, tumor-specific CTLs, activated by U87MG-loaded CD11c* DCs, were cocultured separately with pre-treatment (described above) Mo
groups, and Me groups in supernatant from CD133™ cells transfected with two pairs of sh-B7-H4 or sh-mock lentivirus. Immunoreactivity, specifically
CTL proliferation (C, CFSE), apoptosis (D, Annexin V/PI staining), and finally IL2 and IFNy expression (E) were measured by FACS (T test, *, P < 0.05;
** P < 0.0 ***, P < 0.001). F, tumor-specific CTLs (CD3") conditioned with different ratios of pretreated Mos (described above) were sorted and
cocultured with CFSE-labeled US7MG cells (10:1). US7MG cells were stained with Annexin V/PI to show the percentage of apoptosis or death (72 hours; T test,
**, P < 0.05; ***, P < 0.01). G, human U87MG tumors in SCID/NOD mice were measured after injection of 6 x 108 TAA-specific CTLs and different Mo
preparations (day 12) and excised 15 days after injection (n = 5/group; T test, **, P < 0.05; ***, P < 0.01). H, tumor size was measured 15 days after injection
(n = 5/group). |, intracranial tumor mouse survival was determined following growth/treatment of lesions arising in the right striatum. Treatment
entailed intracaudal vein injection (day 7) of 6 x 108 TAA-specific CTLs and 3 x 10° CD133" cells conditioned Mos transfected with (i) sh1-mock
(CTL4+GCM+sh-mock), (i) sh1-B7-H4 (CTL4+GCM-+sh-B7-H4), or (iii) PBS (n = 5/group). All lesions were characterized by MRI at 7 and 21 days (Kaplan-Meier
survival analysis, *, P < 0.05; J) and stained by IF. IF-stained sections show human CD11b™ Mgs/microglia and human CD8" T cells colocalizing in three

independent experiments (K); scale bars, (left) 20 um, (right) 5 um.
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Figure 6.

GIMs stimulate CD133™ cell B7-H4 expression and autoregulation through IL6. A, left, serial time points of Transwell chemotaxis assay were used

to demonstrate the recruitment of GL261 tumor cells in the supernatant of GIMs and normal Mes/microglia (NMs); scale bar, 10um. Right,
quantification of immigrated GL261 cells. Data, means + SE of three independent experiments (n = 3, t test, ***, P < 0.001). B, left, FC showing B7-H4
expression on CD133™ cells and CD133™ cells cultured in vitro with supernatant from GIMs. Right, quantification of B7-H4 level on CD133™ cells and
enriched CD133" cells upon supernatant stimulation (GIMs from 6 enriched CD133" cells initiated glioma models/group, T test, *, P < 0.05; **, P < 0.01;
=+ P < 0.001). I1SO (isotype) as control. C, IF staining for stimulated enriched CD133™ cells. Representative images of three independent staining
experiments are shown; scale bar, 20 um. D, WB analysis of B7-H4 protein in enriched CD133" cells and CD133~ cells upon GIMs supernatant. E,
quantification of ELISA-detected IL6 levels in the serum of normal mice, and mice with CD133~ cells or enriched CD133" cells initiated glioma and
supernatant from normal Mes/microglia as well as GIMs (n = 10, t test; ***, P < 0.001).

based on several lines of evidence. First, forcing B7-H4 expression
on glioma-initiating cells impaired phagocytosis in normal Mgs,
inhibited T-cell proliferation and cytokine production, and led to
reduced cytotoxicity of T cells. Second, blocking B7-H4 expression
significantly impaired the Mgs' suppressive capacity. Third,
despite the presence of potent TAA-specific effector T cells in vivo,
CD133" cell-conditioned M@s promoted intracranial and sub-
cutaneous tumor growth in SCID/NOD mice bearing human
gliomas. Colocalization of human CTL and M@s/microglia in vivo
in our mouse model presents new evidence for the role of B7-H4 ™+
GIMs in immunomodulatory function.

Antitumor effects appear to be obstructed by a dichotomous
mechanism that eliminates M1 macrophage-mediated innate
immune responses and impairs T-cell activation. We observed
that CD133 " cells stimulated by GIMs, which secreted high levels
of IL6, expressed B7-H4 but did not secrete notable amounts of
IL6 or IL10 into sera. Functionally, IL6 resulted in B7-H4 expres-
sion in Mgs. Other studies also demonstrated that IFNy could
upregulate B7-H4 expression on mouse embryo fibroblasts, but
detailed pathway was unknown (38). It seems plausible that
glioma-initiating cells native to the tumor microenvironment
trigger immunosuppression in part by "recruiting and talking"
to Mos. Following an initial exchange with the GSGs, the Mgs
became polarized to the M2 type and integrated into an external
role in the developmental stage of this immunomodulatory
process and conducted persistent "B7-H4 education" through

Clin Cancer Res; 22(11) June 1, 2016

autoregulation. This intimate process is further promoted by
Glioma initiating cells and fosters the immunosuppressive con-
ditions mounted in the tumor stroma. The immunosuppressive
association between glioma-initiating cells and GIMs may thus be
defined in the context of time (early vs. late) and space (niche-
inhabiting vs. recruitment and marginalization) to explain the
proposed role of B7-H4 as a potential immunity-associated
marker for malignancy progression and prognosis (Supplemen-
tary Fig. S7).

In this study, we showed that CSF sB7-H4 concentration tended
to correlate with malignancy grades of glioma. The blood-brain
barrier (BBB) normally allows the permeability of small mole-
cules (400-500 Da) and some small lipid-soluble proteins (39),
B7-H4 (50-80 kDa) may be too large to pass across this natural
barrier. Considering CSF comes in direct contact with the extra-
cellular compartment of the central nervous system and the
existence of BBB, CSF sB7-H4 may be a better potential immu-
nity-associated marker for supratentorial tumors like gliomas
when compared with serum sB7-H4. Enrolling more research
subjects with intracranial immunologic diseases to reflect the
enhanced utility of sB7-H4 in CSF over sB7-H4 from serum may
be needed.

In summary, our studies demonstrated a direct relationship
between WHO grading of gliomas and the levels of B7-H4,
suggesting its utility as a potential immunity-associated marker
for progression of the disease. We established crucial roles of
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B7-H4 in the cellular interplay of glioma-mediated immunosup-
pression between CD133% glioma-initiating cells and TIMs/
GIMs, and uncovered that such a "cross-talking" contributed to
glioma pathology. This study revealed a previously unrecognized
immune evasion route and provided an anti-B7-H4 therapeutic
target in patients with malignant gliomas.
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Supplemental Experimental Procedures

Specimens and TMA, patients and clinical follow-up. Fresh tumor specimens,
cerebrospinal fluid and peripheral blood were obtained from patients undergoing
craniotomy at the Department of Neurosurgery, Huashan Hospital (Shanghai, China).
Normal PBMCs were obtained from healthy blood donors attending the Shanghai Blood
Center, all of whom were negative for antibodies against hepatitis B virus, hepatitis C
virus, HIV, and syphilis. The Huashan Hospital IRB approved the protocol for this study
(KY2011-190).

For TMA, 138 samples were acquired from the patients who underwent radical resection
between 2002 and 2009. These included tissue sections from 70 patients with WHO
Grade IV astrocytoma (GBM), 35 patients with Grade III (anaplastic) astrocytoma,22
patients with Grade II (diffuse) astrocytoma, 11 patients with Grade I (pilocytic)
astrocytoma (Supplementary Table 1). These also included 6 sections of brain tissue from
trauma surgery and etc. for control. Histopathological diagnosis was performed by
experienced neuropathologists according to World Health Organization (WHO)
guidelines (1). Of them, all the GBM patients received radiotherapy (fractionated focal
irradiation 2 Gy/day, 5 days/wk for 6 wks, 60 Gy totally) and temozolomide therapy (75
mg/m?2 day, 7 days/wk throughout radiotherapy, followed by 150-200 mg/m2 for 5 days
during each cycle, 28 days per cycle for 6 cycles) postoperatively. Informed consent was
obtained from all patients. OS and PFS were determined on September 30, 2012. OS was
taken as the date from primary surgical treatment to death or the last follow-up date. PFS
was defined as the time interval from diagnosis to the first tumor progression or
recurrence defined by MRI scans.

THC analysis of TMA. Paraffin embedded sections of brain tissue were prepared for IHC
as previously described and subsequently stained with primary mouse monoclonal
antibody(Ab) to B7-H4 (AbD Serotec, 1:50), rabbit polyclonal Ab to Ibal (Wako; 1:250)
o rabbit polyclonal Ab to CD8 (Epitomics, 1:500) overnight at 4°C. For TMA, samples
were fixed in 10% formalin solution (Sigma-Aldrich) for 24 hr at 4°C within 24 hr after
surgery and then paraffin-embedded. A representative area of each GBM was marked on
an H&E section of each patient’s paraffin block avoiding necrosis and extensively

vascularized area. A corresponding tissue core of 2 mm diameter was extracted from the



original donor block using an arraying machine (MTA-1, Beecher Instruments). The
cores were fit into a vertical hole that was bored in a recipient paraffin block. Recipient
blocks were incubated at 58°C for 5 min, pressed on a hot plate for 3 min, and cooled in
ice water to enable tissue cores to integrate into the recipient block. Sections of 4 pm
thickness were cut from each array block. Immunohistochemical analysis of 4-um TMA
sections was carried out as previously described (2). In brief, the TMA slides were
dewaxed, rehydrated, antigen retrieval, blocked and then incubated with B7-H4 antibody
(1:100 dilution; Cell Signaling Technology, Beverly, MA) at 4°C overnight. The sections
were then incubated with biotin-labeled secondary Ab and streptavidin-peroxidase for 30
min each (DAKO Diagnostics). The samples were developed with 3, 3-diaminobenzidine
substrate (Vector Laboratories, Burlington, Ontario, Canada) and counterstained with
hematoxylin. Then, the slides were dehydrated following a standard procedure, and
sealed with coverslips. For evaluation, as mentioned previously (2), the B7-H4 staining in
TMAs was examined by two independent blinded observers simultaneously, and a
consensus score was reached for each core. The positive reaction of B7-H4 was scored
into four grades according to the intensity of the staining: 0, 1, 2, and 3. The percentages
of B7-H4—positive cells were also scored into four categories: 0 (0%), 1 (1% to 33%), 2
(34% to 66%), and 3 (67% to 100%). In the cases with a discrepancy between duplicated
cores, the higher score from the two tissue cores was taken as the final score. The sum of
the intensity and percentage scores is used as the final staining score. The staining pattern
of the biopsies was defined as follows: 0, negative; 1 to 2, weak; 3 to 4, moderate; 5 to 6,
strong.

WB analysis. Brain tissues were thoroughly homogenized into protein lysate as
previously described®. After separation by SDS-PAGE, proteins were electrotransferred
onto nitrocellulose membranes and incubated successively with blocking solution, rabbit
monoclonal Ab to B7-H4 (1:5000; Epitomics, California), and HRP-linked secondary
Abs. Images were documented with Image-Pro Plus software (version 5.1; Media
Cybernetics, Silver Spring, MD, USA).

Immunofluorescence analysis. Paraffin-embedded or frozen brain tissue was stained
with either rabbit polyclonal Ab to CD133 (Abcam; 1:250), rabbit polyclonal Ab to Ibal
(Wako; 1:250), mouse Ab to B7-H4 (AbD Serotec, 1:50), rabbit Ab to B7-H4



(CUSABIO; 1:50), mouse Ab to CD11b (Abbiotec; 1:200) or rabbit polyclonal Ab to
CDS8 (Epitomics; 1:500). Primary Abs were then subjected to the following
fluorochromes for 30min: Alexa Fluor (AF) 594-conjugated donkey anti-rabbit IgG, AF
594-conjugated donkey anti-goat IgG, AF 594-conjugated donkey anti-mouse IgG, AF
488-conjugated donkey anti-mouse IgGl and AF 488-conjugated donkey anti-rabbit
IgG1 (Invitogen; 1:500).

Cell lines and preparation of CD133+ glioma cells. CD133- cells were cultured in
DMEM medium with 10% FBS and the CD133+ cells were cultured in vitro with a
neurosphere medium consisting of DMEM/F12, B27 (Gibco), EGF (20 ngmL™;
Chemicon, San Diego, CA, USA) and FGF-2 (20 ngmL™; Chemicon). U87MG and
GL261 cells ,RAW cells, BV2 cells (obtained from the Institute of Biochemistry and

Cell Biology at the Chinese Academy of Sciences) were maintained in DMEM

supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin at 37[1 with 5%
CO,. From GL261 cell line, CD133+ cells were enriched from purified and dense
colonies and cultured them according to human glioma cell culture conditions described
above.

Isolation of M¢@s /microglia from peripheral blood and tissues. PBMCs were obtained
by centrifugation on a Ficoll-Hypaque density gradient (Sigma-Aldrich). For inducing
Mos, monocytes from healthy donors were purified using CD11b microbeads per
manufacturer’s directions (Miltenyi Biotec) and cultured for 5 days in the RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS) with 50 UmL™" granulocyte-
macrophage colony-stimulating factor (GM-CSF; eBiosciences) at 37°C in a humidified
atmosphere of 95% air and 5% CO,. For microglia, fresh human or mouse brain tumor
tissues (3g tissue/tube) were successively minced with sterile scalpels, crumbed in a glass
homogenizer (glass Potter, Braun, Melsungen, Germany) and filtered through a pre-
moistened 40 um cell strainer (BD Biosciences 352350) and collected into a 50mL
centrifugal tube. After mechanical dissociation, the cell suspension was purified using a
Percoll gradient (consisting of Percoll 70, 30%, and HBSS) and centrifuged for 30 min at
500g. The interface was collected, rinsed, and purified by CD11b microbeads.

Stat3 targeting short hairpin RNA, The short hairpin RNA (shRNA) sequences were
designed using Invitrogen online BLOCK-iT RNAI Designer



(http://www.invitrogen.com/rnai). The targeting sequences of ShRNAs on STAT3 used in
the experiments were 5’-GCAACAGATTGCCTGCATTGG-3" (shRNA1), 5°-
GCCTCTCTGCAGAATTCAAAC- 3 (shRNA2), 5’-
GGTACATCATGGGCTTTATCA -3’ (shRNA3), and 5’-
GCACCTTCCTGCTAAGATTCA -3’ (shRNA4). The Stat3 targeting shRNA sequences
or mock sequences were inserted into the PLKO vector. Lentiviral stocks were generated
by transfecting the PLKO constructs expressing shRNA targeting STAT3 into mouse
BV2 microglia cells, followed by harvesting after 48 h. Efficiency of lentiviral-mediated
shRNA knockdown of STATS3 in cells was determined by Western blot analysis and real-
time PCR.

Transient transfections and luciferase assays. The human B7-H4 promoter was cloned
into pGL3 plasmid (Promega), named pGL3-B7-H4-promoter. BV2 cells were
transfected using lipofectamine 2000 reagent with 100 ng of pGL3-B7-H4-promoter
according to the manufacturer’s instructions. IL-6 was used to stimulate the transfected
cells after 24hr. Reporter assays were performed 48h post-transfection using the Dual-
luciferase assay system (Promega), normalized for transfection efficiency by co-
transfected Renilla luciferase. Cells were transfected in duplicated wells and these
experiments were repeated three times.

ChIP assays. A chromatin immunoprecipitation (ChIP) assay was utilized to assess the
sequences in the B7-H4 promoter which bind to p-Stat3. In brief, BV2 cells were fixed
with formaldehyde. DNA was sheared to fragments of 200—-1000 bp using sonication.
The chromatin were incubated and precipitated with Ab against the p-Stat3 or IgG. The
PCR was designed according to the data from UCSC (http://genome.ucsc.edu/). The

primer sequences used are available upon request.

Phagocytosis Assay. After incubating for 72 hr with the experimental supernatant as
described above, Ms were transferred to a 12-well plate at a concentration of 1.0 x 10°
cellswell' and cultured for 1 hr at 37°C in 95% air and 5% CO,. Following cell
adherence, fluorescent latex beads (Sigma, L3030, 2 mm) were added to wells and after 3
hr, the cells were washed to remove nonphagocytosed beads. Cells were then fixed in 4%
paraformaldehyde and counter-stained with DAPI.

Cell Migration Assay. Cell migration assays were conducted using a 6.5mm Transwell®



with 8.0um Pore Polycarbonate Membrane inserts as instructed (Product #3422). The
well inserts were seeded with CD11b+ human macrophages or mouse microglia at a
density of 2.0x10* and the lower chamber was loaded with control medium, CD133+
supernatant, CD133- supernatant or GL261 cells. The order of the two mouse cell lines
was reversed in another plate. After overnight culture, all the cells on the upper surface of
the membrane were removed and the migratory ones on the lower surface were fixed with
100% methanol and stained with 1% crystal violet (Sigma-Aldrich) before counting
under a Nikon microscope. Measurements were presented as chemotaxis index following
normalization to the total cell number.

CS57BL/6 xenografttumor mouse model. C57BL/6 mice (males-only; age 6-8wks) were
purchased from Chinese Academy of Sciences, Shanghai Institutes for Biological
Sciences, Experimental Animal Center. All mouse experiments were performed in
compliance with Institutional Animal Care and Use Committee (IACUC) protocols.
Before tumor implantation mice were anesthetized by intraperitoneal injection of 4%
chloral hydrate solution (delivered at 10ml/kg). GL261 cells (CD133- group and enriched
CD133+ cells group; 1x10” cells/ml) were harvested and resuspended in PBS on ice and
were injected intracranially and stereotactically at 1x10° cells per mouse brain. The
injection coordinates were 2.2mm lateral and 0.5mm posterior of the bregma and 3mm
deep to the cortical surface of the brain. The inoculated mice were kept in the animal
facility and sacrificed if the tumor burden posed an imminent threat, as outlined in the
animal care guidelines. Moribund mice were anesthetized with a 4% chloral hydrate and
perfused. Tumor formation was confirmed by H&E stain.

Human GBM cell line, U§7MG, xenograft tumor model and tumor regression assay.
For the subcutaneous glioma model, 1x10” US7MG cells in 100l PBS were injected into
the right flank of SD mice (5-7wk old, one tumor per mouse). After 12d, 6x10° TAA-
specific T cells together with 3x10° cells of (1) normal Mgs, (2) Mgs conditioned by
CD133+ cells, (3) Mos conditioned with CD133+ cells and transfected with sh-mock or
(4) Mos conditioned CD133+ cells and transfected with sh-B7-H4. These cells were
injected in 100ul PBS into the caudal vein. Tumor growth was monitored twice weekly
using a vernier caliper and tumor volume was calculated according to three perpendicular

measurements. Tumor excision in sacrificed mice occurred after 15d. For the intracranial



tumor model, 1x10° U87MG cells in 50ul PBS were implanted into the left striatum of
SD mice (5-7wk old, one tumor per mouse). After 7d, PBS or 6x10° TAA-specific T
cells mixed with 3x10° CD133+ cells conditioned by Mgs transfected with sh-mock or
sh-B7-H4 were injected into the caudal vein. MRI scans of brains were performed on
Day 7 and Day 21 post-inoculation. Mouse survival times were recorded and used for the

Kaplan-Meier analysis.
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Supplementary Figure 1. Expression of B7-H4 in GBM from TCGA database.

(A) Heat maps of B7-H4 in GBM samples from the TCGA database (n=483) and in normal brain
tissue (n=10). (B) Heat maps of B7-H4 in 4 phenotypes of GBM samples.
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Supplementary Figure 2. WB analysis of GIMs, normal microglia, Model GL261
and Vitro GL261

WB analysis of B7-H4 in GIMs (20d after intracerebral injection of 1x10° GL261 cells
per brain), normal microglia, Model GL261 (20d after intracerebral injection of 1x10°
GL261 cells per brain). GIMs or normal microglia cells were isolated by percoll density
separation and CD11b microbeads respectively from model and control.
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Supplementary Figure 3. IL-6 and IL-10 expression pattern in serum, CSF, and the

glioma microenvironment.

(A and B) MFI (mean fluorescence index) of IL-6 and IL-10 detected by Flowcytomix
(Blood: n=1/blank, 20/LGG, 23/HGG, 9/others. CSF: 8/LGG, 10/HGG, 3/others
(intracranial diseases other than glioma) ). (C and D) ELISA analysis of IL-6 or IL-10

concentration in tissue homogenates (n=3/normal, 13/LGG, 12/HGG). Error bars

represent SEM. T test, *, P <0.05; ** P <0.01.
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Supplementary Figure 4. WB analysis of BV2 microglia stimulated with CD133+
supernatant

The protein expressions of phosphorylated Stat3 (P-Stat3) and B7-H4 in BV2 microglia
cells infected with shRNA3 or control after being stimulated with CD133+supernatant.
ShRNA3 significantly inhibited P-Stat3 and B7-H4 protein expression after being
stimulated with CD133+supernatant for 24hr.
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Supplementary Figure 5. IL-6/Stat3/B7-H4 signal transduction pathway.

STATS3 is phosphorylated at either a tyrosine or a serine in response to the activation of the cell
surface IL-6 receptors by IL-6. STAT3 then dimerizes and localizes to the nucleus, where it binds to
the promoter region of the B7H4 target gene. As a result, the transcription of B7-H4 gene begins and

the expression of B7H4 protein is up-regulated.
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Supplementary Figure 6. GIMs enriched from CD133+ cells induced inhibition of T
cell function via B7-H4 in vitro.

(A, left) CD8+ T cells from mouse spleens and mature DCs were grouped with CFSE-
labeled GL261 cells (CD8+T: GL261, 1:1) and added to expansions of GIMs or normal
Mes/microglia (Mes/microglia: CD8+T, 40:1; 20:1; 10:1; 1:1; 1:10; 1:20). (Right)
FACS-generated dot plots in CFSE+ gate of GL261-cells labeled with propidium iodide
reflected Mes/microglia-mediated inhibition ability, as cytotoxicity at 12 hrs.
Comparisons of P1% between GL261-cells cocultured with normal Megs/microglia cells

or GIMs were made for three separate experiments, using free-Mes/microglia as a control
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(mean+SEM, n=6; T test, *, P<0.05; **, P<0.01). (B) Cocultures of CD8+ T cells and
mature DC were grouped with GIMs or normal Mgs/microglia (M¢s/microglia: CD8+ T,
40:1; 20:1; 10:1; 1:1; 1:10; 1:20) and expanded with or without GL261 cells present.
Supernatants collected at 12hrs were analyzed by CytoTox 96® Non-Radioactive Assay
kits (A=490nm) and LDH release assays, demonstrating GIM-mediated inhibition of
cytoxicity in CD8+T-cells in three separate experiments (mean+SEM, n=6; T test, **,
P<0.05; ** P<0.01). (C,Top) CFSE-labeled CD8+ T and CD4+ T-cells were sorted,
seeded into CD3-coated plates (10ng/ml), and incubated in RPMI 1640 complete medium
supplemented with anti-CD28 (10ng/ml). Next, normal Mgs/microglia or GIMs
incubated with and without anti-B7-H4 (10ng/ml) were added (1:1), using anti-CD3 and
anti-CD28 in wells as positive controls. At 72 hr, cocultured cells were collected and
analyzed by FACS to generate a representative histogram of CD8+ T cell proliferation
across the different groups (left, bottom). CD4+ T cell proliferation was also quantified
(right, bottom). Numbers reflect results collected from three independent experiments
(mean+SEM, CD8+, n=6: T test, **, P<0.01; *** P<0.001; CD4+, n=6: T test, *, P<0.05;
*xk P<0.001).
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Supplementary Figure 7. Outline for the increase of B7-H4 expression by
immunosuppressive cross talk between CD133+ cells and GIMs. CD133+ cells in the
tumor niche produce more chemokines such as MIP-1a.. MCP-1 to recruit monocytes from the blood

into the tumor microenvironment. CD133+ cells further induce monocytes-derived GIMs express B7-
H4 via IL-6 and IL-10. GIMs stimulated CD133+ cell expression of B7-H4 and auto-regulation
through IL-6. B7-H4+ Mes/microglia convey suppressive signal to T cells, thus accelerating their
apoptosis, reducing inflammatory cytokine production and attenuating cytotoxicity towards tumor

cells. The level of sB7-H4 in CSF correlated with glioma malignancy grade.
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Supplementary Table 1. Clinical characteristics of the patients for

serum, CSF and tissue

Variable Group for Group for CSF Group for Group for TMA
serum tissue

Number of patients 69 52 57 144

Age (yr)

Median 45 44 44 45

Range 18-77 18-70 18-77 1-78

Gender

Male 44 32 34 80

Female 25 20 23 64

Type of disease

Glioma 63 48 57 138

Lymphoma 2 0 0 0

Metastatic tumor 1 2 0 0

Meningioma 1 1 0 0

Hemingiopericyoma 1 0 0 0

Abscess 1 1 0 3*

Trauma 0 0 0 3*

WHO Classification

of Glioma

I 3 3 p 11

I 29 13 21 22

" 15 17 17 35

v 16 15 17 70

*surrounding edema tissue as control.
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Supplementary Table 2. Clinical characteristics of the new diagnosed

GBM patients for survival analysis

Variable GBM group
Number of patients 70
Age (yr)

Median 54
Range 29-78
Gender

Male 39
Female 31
Position of tumor

Frontal 22
Parietal 6
Temporal 14
Occipital 3
basal ganglia 3
corpus callosum 1
Thalamus 1
Multiple lobes 20
Extent of resection

Total 57
Subtotal 13
Radiotherapy

Yes 70
No 0
Chemotherapy (temozolomide)

Yes 70
No 0
Median Survival (month) 18
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ABSTRACT KEYWORDS
Co-stimulatory and co-inhibitory molecules direct the “second signal,” Co-inhibition; co-
which largely determines the outcome of the “first signal” generated stimulation;

by the interaction of T cell receptor (TCR) with cognate MHC-peptide immunotherapy; Treg
complex. The co-stimulatory and co-inhibitory signals are key mechan-

istic contributors to the regulation of adaptive immunity, especially the

T cell-mediated immune response. Regulatory T cells (Tregs) are a

special population of T cells, which unlike other T cells function as

“attenuators” to suppress T cell immunity. Dysregulation of either the

“second signal” or Tregs leads to an unbalanced immune system,

which can result in a range of immune-related disorders, including

autoimmune diseases, chronic infections, and tumors. In contrast, pre-

cise manipulation of these two systems offers tremendous clinical

opportunities to treat these same diseases. Co-stimulatory and

co-inhibitory molecules modulate immunity at molecular level,

whereas Tregs delicately control the immune response at cellular

level. Accumulating evidence has demonstrated that these two regu-

latory strategies converge and synergize with each other. This review

discusses recent progress on the roles of co-stimulatory and co-inhibi-

tory signals in the context of Tregs.

Introduction
Co-stimulation and co-inhibition

Co-stimulatory and co-inhibitory molecules are pivotal cell-surface proteins, largely com-
posed of members of the immunoglobulin superfamily (IgSF) and tumor necrosis factor/
receptor superfamily (TNFSF/TNFRSF) (Chen & Flies, 2013). These molecules are vital for
T cell activation and subsequent immune responses, as they provide the secondary signal
that determines the course, duration, and extent of the response following the initial signal
provided by engagement of the T cell receptor (TCR) and the major histocompatibility
complex (MHC)-peptide complex. The co-stimulatory receptors transduce positive sig-
nals to facilitate or amplify the adaptive immune response, whereas the co-inhibitory
receptors produce negative signals to attenuate the T cell response (Zang & Allison, 2007).

The CD28:B7 family members are among the most extensively studied co-stimulatory
and co-inhibitory molecules. The CD28:B7 family belongs to the IgSF, the members of
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which all share similar overall structural features, with each Ig domain formed by two
mixed beta-sheets (Chattopadhyay et al., 2009). The CD28:B7 family contains the first
identified co-stimulatory receptor CD28, co-inhibitory receptor CTLA-4, and their joint
ligands B7-1 and B7-2 (Zang & Allison, 2007). Activation of the CD28 receptor by its
ligands, or agonistic antibodies, was shown to prevent T cell energy induction and
promote T cell proliferation and cytokine IL-2 production, thus establishing CD28 as a
central co-stimulatory receptor (Gimmi et al., 1991; Harding et al., 1992; Koulova et al,,
1991; Linsley et al., 1991). In contrast to CD28, which is constitutively expressed on T cell
surface and enhance T cell activity, CTLA-4 is induced following T cell activation and
serves as a co-inhibitory receptor to suppress T cell response (Rudd et al.,, 2009). The
CD28/CTLA-4 and B7-1/B7-2 pathways were the first characterized co-stimulatory and
co-inhibitory pathways, and have been under intense study since their discovery. PD-1
and PD-L1/PD-L2 pathways were later reported to be another co-inhibitory pathways to
inhibit the T cell-mediated immunity (Freeman et al., 2000).

Working in concert with the CD28:B7 family of the IgSF, additional co-stimulatory and
co-inhibitory molecules are represented by members of the TNFSF/TNFRSF. Most of the
TNF ligands form a homotrimeric assembly, with each monomer adopting the typical
“jelly-roll” fold involving two parallel B-sheets. TNF receptors possess ectodomains char-
acterized by varying numbers of tandemly linked cysteine-rich domains (CRDs)
(Chattopadhyay et al,, 2009). In most circumstances, one TNF ligand is able to bind
three TNF receptors through the grooves between each protomer (Chattopadhyay et al.,
2009). The engagement of TNF receptors with TNF ligands leads to the trimerization, in
some cases dimerization, of TNF receptors and activates the intracellular signal transduc-
tion pathways involving the assembly of intracellular scaffolding and signaling complexes.

The importance of co-stimulatory and co-inhibitory molecules in regulating the
immune system has been demonstrated by the successful development and clinical
application of drugs targeting these molecules. Ipilimumab (Yervoy, Bristol-Myers
Squibb, USA) is an FDA-approved function-blocking monoclonal antibody (mAb) that
specifically targets CTLA-4 to inhibit the associated co-inhibitory signal, resulting in a
systemic enhancement of T cell activity. Ipilimumab represents the first clinical treatment
to significantly prolong survival in late-stage melanoma cancer patients and marks a
milestone for cancer immunotherapy (Chodon et al., 2015; Zang and Allison, 2007).
Selective inhibition of the PD-1/PD-L1 inhibitory pathway by mAbs has also resulted in
two FDA-approved drugs pembrolizumab (Keytruda, Merck & Co., USA) and nivolumab
(Opdivo, Bristol-Myers Squibb, USA) to treat cancers (Chinai et al., 2015).

Despite the enormous success on targeting these proteins to treat immune-related
diseases, it has been gradually realized that the outcomes of these co-stimulatory and
co-inhibitory molecules are not as straightforward as what they were originally discovered.
Given the immense diversity of the cellular expression, structures, and their interaction
networks, these molecules may have totally different outcomes on the adaptive immunity.
For example, expression of the co-stimulatory receptor CD28 on conventional effector T
cells (Teffs) upregulates immune response. However, expression of CD28 on a special
suppressive T cell population, termed regulatory T cells (Tregs), promotes immune
inhibition and grants some levels of immune tolerance. As more of the co-stimulatory
and co-inhibitory molecules are emerging, more thorough understanding of how these
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molecules affect the immunity, especially in the context of Tregs, is required for the
precise manipulation of the immune system through co-stimulation and co-inhibition.

Tregs

Tregs are a T cell subpopulation produced by the normal immune system, which provide
suppressive signals to prevent overly aggressive immune responses. Tregs naturally arise
within the thymus as a functionally mature T cell lineage and can also be induced in the
periphery from naive T cells (Sakaguchi et al., 2008). Both thymus-derived natural Tregs
(tTregs) and peripherally induced Tregs (pTregs) participate in controlling the magni-
tude of the immunity. Depletion of Tregs can lead to the development of a range of
autoimmune conditions, including colitis, which possibly result from lack of control of
bacteria-driven inflammatory responses in the mucosal system (Singh et al., 2001).
Conversely, elimination or reduction of Tregs can overcome the immunosuppressive
mechanisms utilized by tumors or chronically infectious microbes to evade the host
immune system, and provides a strategy for the eradication of tumors or microbes
(Belkaid & Rouse, 2005; Wollenberg et al., 2011). Neonatal thymectomy experiments in
mice cause autoimmune disease, demonstrating thymus-derived tTregs are key to
immune tolerance, and also demonstrate that peripheral pTregs are not sufficient to
suppress auto-reactive immunity (Asano et al., 1996; Bonomo et al., 1995; Sakaguchi
et al., 1995). However, peripheral pTregs do make important contributions to control-
ling autoimmune responses (Haribhai et al., 2011; Josefowicz et al., 2012; Samstein et al.,
2012), as pTreg deficiency is sufficient to evoke T cell-mediated autoimmune conditions
(Yadav et al., 2013). In contrast, enrichment of pTregs in mice ameliorates allergy, builds
immunological tolerance to transplanted organs, and enhances feto-maternal tolerance
(Sakaguchi, 2005).

Tregs are characterized by the expression of cell-surface receptor CD25 and transcrip-
tion factor Foxp3. CD25 is the a chain of the heterotrimeric IL-2 receptor complex, which
captures IL-2 with high affinity. CD25 is critical for Treg function, as mice deficient in
CD25 develop lymphoproliferative autoimmune disease and are hyperreactive to com-
mensal microbiota, with a phenotype resembling that of pTreg knockout mice (Sakaguchi
et al., 2008). The transcription factor Foxp3 programs the development and function of
Tregs. In humans, mutations in the FOXP3 gene results in IPEX (immune dysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome) (Bennett et al., 2001). Similarly,
Foxp3-null mice or the mouse strain Scurfy, which is defective in Foxp3 gene, develop
deleterious hyperreactive immunological phenotypes resembling IPEX (Fontenot et al.,
2003). Overexpression of Foxp3 in transgenic mice increases the number of Tregs and
delays the catastrophic disease in CTLA-4 7/~ mice (Khattri et al., 2003). Ectopic expres-
sion of Foxp3 in naive T cells upregulates the expression of CD25, the co-stimulatory
molecule GITR (glucocorticoid-induced tumor necrosis factor receptor related protein)
and co-inhibitory molecule CTLA-4, and programs the expression of other Treg func-
tional molecules (Fontenot et al., 2003).

Several mechanisms have been proposed for Treg-mediated suppression. For example,
Tregs may secrete immunosuppressive cytokines and absorb cytokines necessary for other
T cells to proliferate and function. TGF-P secreted by Tregs can mediate suppression and
program the Teffs to be more susceptible to suppression (von Boehmer, 2005).
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Figure 1. The co-stimulatory (red) and co-inhibitory (blue) molecules are classified as two groups based
on their impact on Tregs. The left side shows the group of molecules that can enhance the suppression
function of Tregs after stimulation. The right side shows the group of molecules that can impair the
suppression function of Tregs after stimulation. Members of IgSF are represented as cognate numbers
of Ig domains (ovals). “V” and “C”" stand for IgV and IgC domains, respectively. Members of TNFRSF are
represented as cognate numbers of CRDs (rectangles). HVEM is colored as orange as it can be either co-
stimulatory or co-inhibitory, depending on different engaging ligands.

Competitive consumption of cytokines by Tregs, including IL-2, deprives Teffs of survival
cytokines and induces apoptosis of these Teffs (Pandiyan et al., 2007). Tregs can also
modify the function of, or even kill, antigen-presenting cells (APCs) in a direct cell
contact-dependent manner (Sakaguchi et al., 2008). The co-stimulatory and co-inhibitory
molecules expressed by both Tregs and APCs play essential roles in the development and
suppressive functions of Tregs at multiple steps (Bour-Jordan & Bluestone, 2009). In this
review, we discuss the roles of several co-stimulatory and co-inhibitory molecules in
different aspects of Treg function (Figure 1) and explore the potential of cancer immu-
notherapies targeting co-stimulatory, co-inhibitory signal, and Tregs.

CD28

CD28, the prototypical co-stimulatory receptor, is constitutively expressed on almost all
human CD4" T cells and on about half of human CD8" T cells, whereas it is expressed on
almost all matured CD4" and CD8" T cells in mouse (Acuto & Michel, 2003). CD28 exists
as a disulfide-linked homodimer on the cell surface, with each monomer composed of one
single immunoglobulin variable (IgV) domain. The CD28 ligands, B7-1 and B7-2, are each
composed of a membrane distal IgV domain and a membrane proximal immunoglobulin
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constant (IgC) domain (Chattopadhyay et al., 2009). The interactions of CD28 with B7-1
and B7-2, involving their respective IgV domains, are involved in a wide range of T cell
functions, including T cell proliferation, cytokine production, survival, and T cell-depen-
dent antibody responses (Lenschow et al., 1996; Salomon & Bluestone, 2001). It seemed
with clear evidence that CD28 and B7-1/B7-2 pathway is the most prominent driving force
of positive immune response. However, surprisingly, CD28 or B7-1/B7-2 knockout mice,
whereas in non-autoimmune backgrounds and many antigen-induced autoimmune back-
grounds, exhibited significant immune-deficient phenotypes, and exacerbated the auto-
immune conditions when bred into the non-obese diabetic (NOD) background (Bour-
Jordan and Bluestone, 2009; Lenschow et al., 1996; Salomon et al., 2000). In combination
with the vast Treg literature, these results for the first time suggested a role for CD28 in T
cell suppressor function. It is now well established that though CD28 transduces co-
stimulatory signal to Tefs, it is also required for the homeostasis and function of the
suppressing Tregs.

In NOD mice with either CD28 or B7-1/B7-2 knockout, the incidence and progression
of spontaneous autoimmune diabetes were enhanced. Moreover, these mice developed
other autoimmune disorders such as autoimmune exocrine pancreatitis, and displayed
higher degree of lymphocyte penetration and more severe diabetes compared with the
controls (Lenschow et al,, 1996; Meagher et al,, 2008; Salomon et al., 2000). Further
assessment of B7 knockout NOD mice revealed that the immunoregulatory CD4"CD25"
Tregs were absent. Injection of the wildtype CD4"CD25" Tregs into CD28 knockout NOD
mice restored the control of diabetic disease (Salomon et al., 2000; Tang et al., 2004).
Additionally, blockade of CD28:B7 pathway dramatically decreases the Tregs population
in all other normal and autoimmune strains (Bour-Jordan and Bluestone, 2009; Gogishvili
et al., 2013; Sansom and Walker, 2006). Disruption of CD28 signaling using CTLA-4-Ig or
antagonistic mAbs against B7 ligands induced a rapid decrease in the number of
CD4"CD25" Tregs within 9 days of treatment (Salomon et al., 2000). The dramatic
decrease on Tregs after treatment is similar to that observed in thymectomized mice.
However, thymectomized mice did not affect the Tregs within 10 days, suggesting that
impairment of the CD28:B7 pathway has a direct impact on pTregs, and the CD28:B7
pathway is required for the maintenance of pTregs (Tang et al., 2003). Furthermore,
transplanted Tregs exhibited similar decreases when B7-specific blocking reagents were
utilized (Bour-Jordan and Bluestone, 2009). These results suggest that the CD28:B7 path-
way is critical for the homeostasis of both thymus-derived tTregs and peripheral pTregs,
and may leverage the threshold of the autoimmune diseases by modulating the home-
ostasis of Tregs.

CD28 acts in concert with the signal provided by TCR engagement to promote T cell
activation and proliferation, largely by accelerating T cell division, as well as boosting
cytokine production (Gett and Hodgkin, 2000; Sansom and Walker, 2006; Thompson
et al., 1989). While CD28-associated signaling promotes proliferation of both Teffs and
Tregs in vitro, in vivo studies suggest CD28 has a more profound effect on Treg prolifera-
tion (Hori et al., 2002). Several other experiments produced consistent results, which all
demonstrated the rapid proliferation of Tregs in vivo (Fisson et al., 2003; Tang et al., 2003;
Walker et al., 2003). Abrogation of CD28:B7 engagement by antagonistic anti-B7 mAbs or
in B7 ligand knockout mice recipients completely prevented Treg expansion in vivo in a
transfer model (Tang et al., 2003). Conversely, a “superagonistic” anti-CD28 mAb
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preferentially expanded Tregs over other T cell subsets in vivo, resulting in a 20-fold Tregs
expansion within 3 days after a single mAb treatment (Lin & Hiinig, 2003).
Administration of very low dosages of CD28 superagonist to rats dramatically enhanced
the proliferation of suppressive Tregs; but, not the other T cells, and afforded protection
from experimental autoimmune encephalomyelitis (EAE) (Beyersdorf et al, 2005).
However, intravenous administration of agonistic anti-CD28 mAbs (working name
TGN1412) even at sub-clinical dose induced rapid cytokine storms and lead to cata-
strophic systemic organ failures in patients of a phase 1 clinical trial (Suntharalingam
et al., 2006).

CD28 enhances the survival of T cells by activating phosphatidylinositol 3-kinase
(PI3K) and subsequent AKT kinase (Sansom & Walker, 2006). CD28 activation also
renders T cells more resistant to apoptosis by upregulation of the prosurvival protein
Bcl-x1, (Okkenhaug et al., 2001; Wu et al., 2005). As CD28 induces IL-2 secretion, CD28
may indirectly promote Treg survival by upregulating IL-2 production (Bour-Jordan and
Bluestone, 2009). The role of CD28 in Treg functions has been rarely reported, largely
because CD28 is required for the homeostasis of Tregs. Several recent studies using
Tregs-specific Cd28 conditional knockout mice revealed a cell-intrinsic function for
CD28 in Tregs. Although the Cd28 conditional knockout mice presented normal num-
bers of Foxp3™ cells, the animals still developed severe autoimmune conditions, indicat-
ing CD28 is indispensable for the immunoregulatory function of Tregs (Zhang et al.,
2013, 2015).

CTLA-4

CTLA-4, the co-inhibitory counterpart of CD28, also engages the B7-1 and B7-2 ligands,
albeit with 10- and 100-fold higher affinities toward B7-1 and B7-2, respectively (Collins
et al., 2002). Like CD28, CTLA-4 is composed of a single extracellular IgV domain
followed by a stalk region, a transmembrane domain, and a cytoplasmic tail. Two
CTLA-4 extracellular stalk regions share a disulfide bond, which brings together two
CTLA-4 to form a covalently linked homodimer (Chattopadhyay et al., 2009). In contrast
to CD28, CTLA-4 expression is induced subsequent to T cell activation (Teft et al., 2006).
Tregs are notable exceptions as they constitutively express CTLA-4 (Takahashi et al,
2000). The transcription factor Foxp3 has been demonstrated to upregulate CTLA-4
expression on Tregs (Sansom and Walker, 2006). Evidence for the convergence of
CTLA-4 and Treg-mediated tolerance comes from the CTLA-4 knockout mice and
Foxp3 knockout mice. Deficiency of CTLA-4 or Foxp3 elicits similar catastrophic auto-
immune phenotypes, suggesting potential links between the CTLA-4 pathway and Treg
function (Walker, 2013).

Initial reports suggested that mAb-mediated blockade of CTLA-4 resulted in loss of the
suppressive functions of Tregs (Read, et al., 2000; Takahashi et al., 2000). Another
possibility was that the observations were the consequence of augmented conventional
T cell activity (Tconvs) due to loss of inhibitory CTLA-4 signaling (Thornton et al., 2004).
In several in vitro Treg suppression assays, absence of the CTLA-4 signal also abrogated
Treg function (Tai et al., 2012; Wing et al., 2008). The most compelling evidence in
support of a role for CTLA-4 in Treg function comes from in vivo experiments, in which
the CTLA-4 signal was specifically manipulated in Tregs. In a T cell-mediated colitis
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model, administration of wildtype CD4"CD25" Tregs was able to suppress the colitis,
whereas administrations of either B7-1/B7-2/CTLA-4 knockout CD4*CD25" Tregs or
wildtype CD4"CD25" Tregs in combination with antagonistic anti-CTLA-4 mAbs did
not protect the mice from colitis (Read et al., 2006). Specific deletion of the CTLA-4 gene
in Tregs impaired Treg-mediated suppression and resulted in hyper-elevated T cell-
mediated immunity, including lymphadenopathy, splenomegaly, and lymphocyte tissue
infiltration (Wing et al., 2008). Many additional in vivo experiments demonstrated that
Tregs with impaired CTLA-4 function failed to control the autoimmune responses in
various autoimmune-prone experimental settings (Friedline et al., 2009; Ise et al., 2010;
Jain et al., 2010; Schmidt et al., 2009; Walker, 2013).

CTLA-4 may exert its function on Tregs by modifying APC behavior. In vitro imaging
studies identified Tregs aggregated around APCs (Onishi et al., 2008; Tang & Krummel,
2006). The persistent Treg-APC contacts in lymph nodes in situ are important for
suppressing the T cell immunity, as demonstrated by the significant attenuation of the
ability of these APCs to activate Teffs. There were no stable direct contacts between Tregs
and CD4"CD25™ T helper cells (Ty cells), suggesting APCs are central for Treg function
(Tang et al., 2006). In a CTLA-4-dependent manner, Tregs could induce expression of the
immunosuppressive enzyme indoleamine 2,3-dioxygenase (IDO), and direct downregula-
tion of B7 ligands on APCs, which are shared by co-stimulatory receptor CD28, probably
by uptake of the ligands through trogocytosis (Bour-Jordan & Bluestone, 2009; Cederbom
et al., 2000; Fallarino et al., 2003; Sprent, 2005).

It is now well established that CTLA-4 plays a significant role in Treg-mediated
suppression of immunity. However, it is important to note reports that CTLA-4-deficient
Tregs still possess suppressive function both in vivo and in vitro in different experimental
settings (Stumpf et al., 2013; Verhagen et al., 2009; Walker, 2013). Although CTLA-4 is
required for the function of Tregs, alternative compensatory mechanisms may exist in
some circumstances (Wing et al,, 2011). For example, depletion of CTLA-4 may upregu-
late other suppressive signaling molecules on Tregs, thus compensating/substituting for
CTLA-4 in Treg function (Paterson et al., 2015).

In contrast to the critical role of CD28 in Tregs development and survival, CTLA-4
does not appear to be crucial for the generation and survival of Tregs, as Treg-specific
deficiency of CTLA-4 did not show any deficit in Tregs development, expansion, and
survival in a CTLA-4 Treg-intrinsic manner in non-inflammatory conditions (Bour-
Jordan & Bluestone, 2009). However, there are also reports showing CTLA-4-deficient
mice or administration of antagonistic anti-CTLA-4 mAb result in an amplified popula-
tion of CD4"CD25" Tregs, suggesting CTLA-4 may serve as a negative feedback loop to
limit the population size of Tregs, most likely in a Treg-extrinsic manner (Bour-Jordan &
Bluestone, 2009; Paterson et al., 2015; Schmidt et al., 2009; Tang et al., 2008).

PD-1/PD-L1 axis

The co-inhibitory receptor PD-1 belongs to the IgSF, and possesses a single IgV ectodo-
main and an intracellular domain containing two signaling motifs (Ishida et al., 1992).
PD-1 has two ligands, PD-L1 and PD-L2, which both have a sequential IgV and IgC
domains, and a cytoplasmic tail (Riella et al., 2012). It was recently reported that PD-L1
also interacts with B7-1, resulting in an inhibitory signal (Butte et al., 2007). Chemical
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crosslinking experiments revealed that the interface of PD-L1/B7-1 overlaps with the
interfaces of CTLA-4/B7-1 and PD-1/PD-L1, indicating they can possibly compete with
each other (Butte et al, 2007). PD-L2 also interacts with RGMb (repulsive guidance
molecule b) to attenuate respiratory immunity (Xiao et al., 2014). PD-1 expression is
induced after activation of T cells, B cells, natural killer (NK) cells, and other APCs,
including monocytes and myeloid dendritic cells (DCs) (Keir et al., 2008). PD-L1 has a
broad expression profile, which includes most hematopoietic cells and a wide range of
non-hematopoietic cell constitutively expressing PD-L1 (Cederbom et al., 2000). PD-L2
has a more restricted expression profile, with only a group of APCs inducing to express
PD-L2 (Cederbom et al., 2000). Both PD-1 and PD-L1 are highly expressed on Foxp3"
Tregs (Francisco et al., 2010).

The PD-1/PD-L1 axis has been found to play a role in the generation of peripheral
pTregs. PD-L1, but not PD-L2, was required for the TGF-p-dependent conversion of naive
T cells to Tregs, as PD-L17/~ DCs but not PD-L27/~ DCs failed to convert naive T cell in
an in vitro experimental setting (Wang et al., 2008). In addition, PD-L17/~ APCs and PD-
L17/"PD-L27/” APCs retained similar minimal ability to convert naive CD4 T cells to
pTregs. Conversely, PD-L1-coated beads were able to induce pTregs in vitro, indicating
PD-L1 is important for pTregs induction (Francisco et al., 2009). PD-L1 positive T cells or
irradiated K562 myeloid tumor cells were able to convert Tyl cells into Tregs in vivo,
whereas inhibition of PD-1 expression on Tyl or inhibition of PD-1 signaling by SHP1/2
inhibitor prevented conversion during PD-L1 challenge (Amarnath et al., 2011).
Moreover, murine vascular endothelium could induce peripheral CD4*CD25" Tregs in
a PD-L1-dependent fashion (Krupnick et al, 2005). In the EAE mouse model, the
increased frequency of Tregs can be abrogated by PD-1 deficiency (Wang et al., 2010).
These results indicate that the PD-1/PD-L1 axis contributes to peripheral tolerance by
inducing peripheral pTregs.

Interestingly, in an autoimmune-like graft-versus-host disease (GVHD) model, it was
shown that the donor Tregs in the recipients were predominantly expanded from tTregs,
with few originating from pTregs (Yi et al., 2011). In addition, B7-1 rather than PD-1
expressed by donor Tregs was demonstrated to augment the proliferation and survival of
tTregs through ligation with PD-L1 expressed on host APCs (Yi et al,, 2011). However, in
HCV chronically infected patients, upregulation of PD-1 on Tregs was found to be associated
with the relatively lower expansion of Tregs in vivo. Blockade of PD-1/PD-L1 or PD-L1/B7-1
by antagonistic antibodies improved the in vitro proliferation and function of Tregs derived
from the livers of patients, indicating that PD-1/PD-L1-related processes temper Tregs’
function in chronic HCV infection patients (Franceschini et al., 2009). In contrast, in a
lymphocytic choriomeningitis virus (LCMV) chronic mouse model, upregulation of PD-1 on
Tregs facilitated the expansion and increased the suppressive capacity of Tregs (Park et al.,
2015). Direct contact of PD-1 on Tregs and PD-L1 on CD8" T cells was partially responsible
for the observed T cell suppression (Park et al, 2015). Many questions remain to be
addressed, including reconciliation of the debate on the role of PD-1/PD-L1 in the function
of Tregs. Additional studies in different settings need to be conducted, ideally exploiting
mouse models with specific conditional knockout of PD-1/PD-L1/B7-1 in Tregs.
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GITR

The co-stimulatory receptor GITR is a member of TNFRSF, which engages with the TNFSF
ligand GITRL. Both human and mouse GITR has three tandem CRDs followed by a stalk
region, a trans-membrane domain, and a cytoplasmic domain. Human GITRL exhibits an
atypical expanded homotrimeic assembly, whereas mouse GITRL possesses an even more
unusual dimeric structure (Chattopadhyay et al., 2007, 2008). Notably, unlike most members
of the TNF/TNEFR families, the human and murine GITR and GITRL do not cross react due
to these distinct structural properties. In humans, GITRL protein expression can be detected
in non-lymphoid tissues, including vascular endothelial cells, but cannot be detected on
different PBMC subsets (Tuyaerts et al., 2007). In contrast, mouse GITRL protein is con-
stitutively expressed on APCs, including DCs, freshly isolated macrophages, and subsets of B
cells (Shevach & Stephens, 2006). The GITR receptor is constitutively expressed at high levels
on Tregs and at low levels on other CD4" and CD8" T cells. Upon TCR ligation, GITR is
upregulated on CD4" and CD8" T cells, with peak expression occurring 24-72 hours after
TCR activation (McHugh et al., 2002; Shevach & Stephens, 2006).

Administration of anti-GITR antibodies (polyclonal or agonistic monoclonal) in mice
abrogated the immunological tolerance conferred by Tregs, demonstrating a functional
role for GITR in regulating Treg-mediated tolerance (McHugh et al., 2002; Shimizu et al.,
2002). In another study using mice with advanced tumors, a single treatment with agonist
anti-GITR mAbs evoked effective tumor immunity, resulting in tumor eradication.
Stimulation of GITR reduced the Foxp3" Tregs in tumors, hampered Treg-mediated
suppression, and enhanced CD4" and CD8" effector T cells infiltration in tumors (Ko
et al., 2005). Using combinations of wildtype and GITR-deficient mice, one study demon-
strated that the increased resistance of Teffs to Tregs after GITR stimulation in vitro and
in vivo was primarily due to GITR on Teffs rather than Tregs (Ephrem et al, 2013;
Stephens et al., 2004). Indeed, stimulation of GITR by different kinds of agonist reagents
augmented Teffs proliferation, cytokine production, and survival (Igarashi et al., 2008;
Kanamaru et al., 2004). In addition, GITR-deficient Tregs were not compromised in their
ability to inhibit T cell expansion in vitro (Ephrem et al., 2013; Stephens et al., 2004).
Thus, GITR may primarily control the Treg-mediated suppression in a Treg-extrinsic and
not a Treg-intrinsic manner.

Though GITR may not be essential for Treg function, GITR can promote the expansion
of Tregs. GITR/™ mice harbored normal numbers of Tregs in the thymus compared with
wildtype mice, but about 33% fewer CD25'CD4" Tregs in the spleen and peripheral
lymph nodes, indicating GITR may contribute to the homeostasis of peripheral Tregs
(Ronchetti et al., 2004; Stephens et al., 2004). GITRL-Fc treatment resulted in a dramatic
expansion of Tregs and a mild expansion of Tconvs in naive mice, though the increase of
Tregs frequency was transient and the percentage of Tregs returned to normal after the
treatment (Ephrem et al,, 2013). In a B cell-specific GITRL transgenic mouse model, in
which GITRL expression was driven by the CD19 promoter, both the numbers of CD4"
Tregs and Teffs were increased due to increased proliferation (van Olffen et al., 2009). B
cells could restore the numbers of Tregs in EAE mouse model through the expression of
GITRL and maintain tolerance (Ray et al., 2012). Thus, GITR may play a role in self-
tolerance by adjusting the relative populations of Tregs and Tefls.



822 (& W.LIUETAL

0X40

0X40 is another co-stimulatory receptor belonging to the TNFRSF. The ectodomain of
OX40 contains four tandem CRDs, which engage the TNF ligand OX40L. Similar to
human GITRL, OX40L possesses an atypical expanded homotrimeric organization, which
is able to interact with three OX40 through the grooves between each protomer (Compaan
& Hymowitz, 2006). OX40L is predominantly expressed on APCs, including DCs, acti-
vated B cells, microglia, and vascular endothelial cells (Takeda et al., 2004; Watts, 2005).
0X40 expression is induced in activated T cells, whereas it is constitutively expressed on
Tregs (Piconese et al., 2010).

There is considerable evidence supporting the role of OX40 in impairing the suppres-
sive function of Tregs. OX40L transgenic mice, which express OX40L on T cells, sponta-
neously developed IBD-like colitis, whereas blockade of OX40/OX40L interaction or
transfer of CD4"CD25" Tregs prevented the disease (Malmstrom et al., 2001; Murata
et al., 2002; Read et al., 2000). Further studies demonstrated Teffs were more resistant to
Tregs when exposed to OX40L cells or agonistic anti-OX40 mAbs (Takeda et al., 2004). In
GVHD models, triggering of OX40 inhibited the suppressor function of Tregs, possibly by
reducing Foxp3 gene expression (Valzasina et al., 2005; Vu et al., 2007). In the context of
cancer immunotherapy, the use of agonist anti-OX40 mAbs alone or combined use of
cyclophosphamide (CTX) and agonist anti-OX40 mAbs reduced the suppressive immu-
nity imposed by Tregs in the tumor and elicited tumor clearance (Hirschhorn-Cymerman
et al., 2009; Piconese et al., 2008). In addition, OX40 signaling was shown to inhibit the
TGF-P and antigen-mediated conversion of naive CD4 T cell to Tregs (So & Croft, 2007).

In contrast, other studies identified OX40 as a critical factor in stimulating Treg
proliferation. For example, in a colitis mouse model, OX40 was found preferentially
expressed on intestinal T cells and promote the accumulation of Foxp3™ Tregs in the
colon and suppressed the colitis (Griseri et al., 2010). OX40 signaling also promoted the
fitness of Tregs by optimizing the Tregs responsiveness to IL-2, resulting in the inhibition
of lymphopenia-driven colitis (Piconese et al., 2010). Though the tumors were eradicated
after combination therapy, expanded Tregs were observed in the periphery (Hirschhorn-
Cymerman et al., 2009). Interestingly, it has been reported that in the presence of Th1/2
cytokines, OX40 stimulation could block TGF-B-mediated conversion of activated T cells
to Tregs, whereas in the absence of IFN-y and IL-4, OX40 signaling enhanced the
accumulation of Tregs, suggesting the cytokine milieu may be a key consideration for
reconciling these disparate results (Ruby et al., 2009).

Other co-stimulatory and co-inhibitory molecules

Accumulating evidence supports the view that most co-stimulatory and co-inhibitory
molecules, including members from both IgSF and TNFSF/TNFRSF, impact on Treg
function, either primarily or secondarily to their effects on Tconvs (Figure 1). The co-
inhibitory molecule LAG-3 (lymphocyte activation gene-3), which is constitutively
expressed on Tregs, plays a crucial role in suppressing Teffs, possibly by engaging the
MHC-II expressed DCs and inhibiting DCs activation (Huang et al., 2004; Liang et al,,
2008). LAG-3 defines a population of active CD4"CD25"Foxp3™ Tregs, which is
expanded at tumor sites in cancer patients (Camisaschi et al., 2010). Though the
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receptor for co-inhibitory ligand B7x has not been published, knockout of B7x reduced
the number of tumor-resident infiltrating Tregs (Abadi et al., 2013). Conversely,
administration of B7x-Ig proteins promoted the function and expansion of Tregs in
the central nervous system (CNS) in an EAE mouse model (Podojil et al., 2013). Co-
inhibitory molecule Tim-3 (T cell immunoglobulin mucin domain-3) was found
expressed in a subset of Foxp3™ Tregs and the expression of Tim-3 was associated
with higher Treg suppressor functions (Gupta et al., 2012; Sakuishi et al., 2013).
Similarly, expression of co-inhibitory molecule TIGIT (T cell Ig and ITIM domain)
on Tregs enhanced the suppressive phenotype of Tregs in tumor tissues (Kurtulus
et al,, 2015). The co-stimulatory receptor ICOS (inducible co-stimulatory molecule)
promotes the expansion of Tregs through interaction with ICOS ligand, which further
inhibits tumor immunity (Conrad et al., 2012; Faget et al., 2012; Martin-Orozco et al.,
2010).

In addition to members of IgSF mentioned in the last paragraph, members of the
TNFSEF/TNFRSF also modulate Treg homeostasis and function. The co-stimulatory
receptor CD27 interacts with its ligand CD70 to promote the expansion of Tregs
through reducing the apoptosis of Tregs and inducing IL-2 production from Teffs,
which further reduce the adaptive T cell response against tumors (Claus et al., 2012).
The co-stimulatory receptor CD30 is critical for Treg-mediated suppression, as CD30-
deficient Tregs exhibited significantly compromised effect in preventing GVHD (Dai
et al., 2004; Zeiser et al., 2007). The co-stimulatory receptor CD40 is important for the
expansion of Tregs, as stimulation of CD40 by soluble CD40L (CD40 ligand) signifi-
cantly increased the expansion of Tregs in vitro and abrogation of CD40/CD40L inter-
action by blocking antibody or CD40 knockout impaired Treg expansion (Huang et al.,
2012; Pan et al.,, 2010). Receptor 4-1BB is quickly upregulated in activated CD4"CD25"
Tregs and stimulation of 4-1BB by 4-1BBL (4-1BB ligand) can dramatically expand the
Tregs in vitro (Schoenbrunn et al., 2012; Elpek et al., 2007). Treatment of mice with
agonistic mAbs against co-stimulatory receptor DR3 (death receptor 3) leads to dramatic
expansion of Tregs but not Teffs, suggesting a role of DR3 in stimulating Treg prolif-
eration (Schreiber & Podack, 2013). HVEM (herpesvirus entry mediator) expressed on
Tregs can interact with gD (glycoprotein D) of HSV-1 (herpes simplex virus-1) to
promote Treg proliferation and activation. Additionally, HVEM is also able to interact
with IgSF member BTLA to enhance the suppression of Teffs conferred by Tregs (Pasero
et al., 2009; Sharma et al., 2014; Tao et al., 2008).

Concluding remarks

With the emerging promise of co-inhibitory molecule (immune checkpoint) inhibitors in
cancer immunotherapy, this area has become a hotbed of activity, with enormous efforts
focused on the discovery of new receptors and ligands, and the development of new
strategies for targeting these molecules (Assal et al., 2015; Ohaegbulam et al., 2015). There
is convincing evidence that some of these checkpoint inhibitors also have therapeutically
relevant effects on Tregs. Anti-CTLA-4 mAbs with the IgG2a isotype showed enhanced
ability compared with IgG2b and IgG1 versions in antitumor activity by mediating a rapid
depletion of Tregs and concomitant activation of Teffs at tumor sites (Selby et al., 2013).
Two other studies also indicated Fc-y-dependent elimination of Tregs improved the
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efficacy of anti-CTLA-4 mAbs-mediated antitumor immunity in mice (Bulliard et al,
2013; Simpson et al., 2013). Consistent with these reports, in cancer patients treated with
Ipilimumab, the clinical benefits were correlated with the ratio of Teffs to Tregs (Hodi
et al., 2008; Liakou et al., 2008).

Reducing the suppressive environment conferred by Tregs is an important strategy in
cancer immunotherapy (Kim et al., 2014). GITR and OX40 are attractive targets for
compromising Tregs, as they are both co-stimulatory receptors to augment the activity
of Teffs, whereas at the same time they are expressed constitutively on Tregs to inhibit the
suppressive function of Tregs in tumor environment. One group showed that by activa-
tion of GITR with agonist mAbs, Tregs became less effective at suppressing Teffs, which
led to effective antitumor immunity (Ko et al., 2005; Shimizu et al., 2002). Agonist anti-
OX40 mAbs has also been demonstrated to effectively impair suppressive function of
Tregs (Hirschhorn-Cymerman et al., 2009; Piconese et al., 2008), and targeting GITR and
0OX40 in clinical trials.

Combination immunotherapies aim to target multiple co-stimulatory or co-inhibitory
molecules to augment the antitumor activity of Teffs while reducing the immune sup-
pressive features of the tumor microenvironment. With the realization of the distinct
effects of some co-stimulatory and co-inhibitory molecules on Teffs and Tregs, more
comprehensive mechanistic considerations must be taken into account when designing
novel immunotherapeutic strategies to treat malignancies. Nevertheless, blocking co-
inhibitory molecules CTLA-4, PD-1/PD-L1 axis, B7x, and other checkpoint molecules
abrogates the co-inhibitory signals to Teffs, at the same time also suppresses the function
of Tregs. Combination immunotherapy using the checkpoint inhibitors in combination
with reagents selectively targeting Tregs can possibly improve treatment benefits. Indeed,
selective depletion of Tregs by anti-CTLA-4 mAbs did augment the antitumor immunity
(Bulliard et al., 2013; Selby et al., 2013; Simpson et al.,, 2013). In summary, understanding
of the impact of co-stimulatory and co-inhibitory molecules on Tregs will assist the
development of new strategies targeting Tregs to complement the combination cancer
immunotherapies.
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Immune checkpoint blockade in human
cancer therapy: lung cancer and
hematologic malignancies

Tumor immune evasion is one of the hallmarks of cancer, and expression of the B7
family of immune checkpoints (PD-L1, PD-L2, B7-H3, B7x and HHLA?2) is one mechanism
of immune evasion by tumors to suppress T-cell function. Antibodies blocking these
interactions of B7-1/B7-2/CTLA-4 and PD-L1/PD-L2/ PD-1 have had remarkable
clinical success in several cancers and are less toxic than traditional chemotherapy.
Even though only a small proportion of patients respond to checkpoint blockade,
the duration of such responders due to immunological memory is remarkable and
is longer than would be expected with any other agent in refractory disease. In this
article, we review the therapeutic trials of blocking these pathways in human lung

cancer and hematological malignancies.
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Immune checkpoints

Tumor immune evasion is considered one of
the hallmarks of malignancy and represents
an important step in the evolution of the
tumor [1]. The immune system prevents and
controls malignancies through immunosur-
veillance which has been broken down into
a three-step process called immunoediting —
elimination, equilibrium and escape [2]. Dif-
ferent cancers have different mechanisms to
avoid immunosurveillance but one common
mechanism is through expression of immune
checkpoints. Cancer evolves through genetic
and epigenetic instability which leads to fail-
ure of conventional chemotherapy and tar-
geted therapy to driver mutations in most
patients with metastases. Stimulation of
T cells and utilizing T cells to treat cancer is
attractive and has advantages: specificity of T
cells to a particular antigen; T-cell memory
which enables persistent clearance unlike
drugs or chemotherapy; and adaptability —

the T cell through somatic mutations can
generate as many as 10" TCRs (T-cell recep-
tors) and hence can accommodate tumor
heterogeneity and tumor evolution [3,4]. Neo-
antigenic epitopes arise due to somatic muta-
tions in the cancer cells and these antigenic
epitopes are normally not expressed in the
human genome and play an important role in
T-cell immune response. It has been shown
that the nonsynonymous mutational bur-
den in non-small-cell lung cancer (NSCLC)
correlates with a higher neoantigen burden
which in turn is associated with a better
response to immune checkpoint blockade [s].
This shows that the genomic landscape of
the tumors is important in T-cell response
to tumors. In addition to the MHC-peptide/
TCR signaling, T-cell-mediated adaptive
immune response is regulated by positive
costimulation and negative coinhibition
from the interaction between the B7 fam-
ily and their receptor CD28 family. Tumors
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hijack these mechanisms by delivering coinhibitory
signals to T cells through expressing coinhibitory
ligands on tumor cells such as PD-L1, PD-L2, B7-H3,
B7x (B7-H4/B7S1) and HHLA2. The B7-1/B7-2/
CTLA-4 and the PD-L1/PD-L2/PD-1 coinhibitory
pathways are the furthest along in clinical develop-
ment, and therapeutic blockade of these pathways has
yielded dramatic clinical benefit in melanoma [6-8] and
other tumors. Herein, we discuss the clinical trials of
immune checkpoint inhibitors in lung cancer and in
hematological malignancies.

Immune checkpoint blockade in lung cancer
Blocking antibodies against CTLA-4

Ipilimumab (MDX-010, Bristol-Myers Squibb, Princ-
eton, NJ, USA) is a fully human monoclonal anti-
body of the IgGl isotype which binds to CTLA-4.
It was first approved based on a Phase III trial, which
showed improved overall survival (OS) for the treat-
ment of unresectable or metastatic melanoma in both
treatment-naive and previously treated patients [6].
Preclinical models show that taxanes and platinum
chemotherapy released tumor antigens and sensitized
tumor cells to lymphocyte-mediated killing and hence
ipilimumab was tested with this combination in lung
cancer [9].

Ipilimumab was tested in a randomized Phase II
study in treatment-naive NSCLC patient in combi-
nation with carboplatin and paclitaxel in 1:1:1 fash-
ion [10]. Two different modes of administration of ipili-
mumab were used in the study. In Arm A (concurrent
arm) patient received four doses of ipilimumab (10
mg/kg) plus paclitaxel and carboplatin (175 mg/m?)
followed by two doses of placebo plus paclitaxel and
carboplatin. Arm B (phased arm) patients received two
doses of placebo plus paclitaxel and carboplatin fol-
lowed by four doses of ipilimumab plus paclitaxel and
carboplatin. In the control arm, patient received up to
six doses of placebo plus paclitaxel and carboplatin.
The eligible patient continued ipilimumab or placebo
every 12 weeks as maintenance therapy. This study uti-
lized immune-related progression-free survival (irPFS)
as the primary end point [11]. The study met its pri-
mary endpoint of irPFS with phased arm (HR: 0.72;
p = 0.05), but not with concurrent arm (HR: 0.81; p =
0.13). The phased ipilimumab, concurrent ipilimumab
and control arms were associated with a median irPFS
of 5.7, 5.5 and 4.6 months, and a median OS of 12.2,
9.7 and 8.3 months, respectively (Table 1) [6]. The rate
of grade 3/4 immune-related adverse events was high
in the concurrent arm at 20 vs 15% in the phased arm.
A nonpreplanned subgroup analysis based on histology
showed improved HR of 0.55 for squamous vs 0.82 for
nonsquamous (NSCLC) histology. The reason why the

phased treatment was superior to concurrent approach
was not entirely clear. One hypothesis is that the che-
motherapy phased prior to immunotherapy may facili-
tate immunogenic ‘cell death’ and lead to improved
T-cell priming and better immune responses.

Based on the above study, two Phase III trials are
being conducted: NCT01285609, in which patients
with squamous NSCLC will be randomized in a 1:1
fashion to carboplatin/paclitaxel/ipilimumab versus
carboplatin/paclitaxel alone. The ipilimumab will
be given in a phased fashion which will be after two
doses of carboplatin and paclitaxel; NCT01450761
being conducted in small-cell lung cancer patients in
which patients will be randomized in 1:1 fashion to
carboplatin/etoposide/ipilimumab versus carboplatin/
etoposide/placebo. Ipilimumab will be infused once
every 3 weeks for four doses, then every 12 weeks, until
progression of disease or unacceptable toxicity or until
the maximum treatment period of 3 years is reached.

Tremelimumab (CP-675,20, AstraZeneca, Lon-
don, UK) is a human IgG2 monoclonal antibody
against CTLA-4 [12]. In a randomized Phase II study
of tremelimumab 15 mg/kg every 90 days versus best
supportive care in advanced NSCLC patients who had
progressed on or after platinum-based chemotherapy,
tremelimumab did not improve PES, but there was
a 4.8% relapsed refractory (RR) in the experimental
arm [13]. Currently, this drug is being investigated in
combination with other anti-PD-1 and anti-PD-L1
antibodies.

Blocking antibodies against PD-1 or PD-L1

To better understand which group of tumors may
respond to PD-1/PD-L1 blockade, a simplified model
has been proposed to classify tumor microenviron-
ment into four subtypes based on their PD-L1 expres-
sion and tumor-infiltrating lymphocyte (TIL) status:
type I tumors with PD-L1+TIL+, suggesting adap-
tive immune resistance and could respond to single
agent of PD-1/PD-L1 inhibitors; type II tumors with
PD-LI-TIL-, implicating immunological ignorance.
This type of tumor may require combination treat-
ment to bring T cells to tumor, such as combining
CTLA-4 and PD-1 blockade; type III tumors with
PD-LI+TIL-, indicating intrinsic induction of PD-L1
by an oncogenic pathway and the strategy would be to
induce T-cell priming and response; type IV tumors
with PD-L1-TIL+, suggesting immune tolerance with
non-PD-1/PD-L1 suppressors which may need target-
ing alternative immune checkpoints or signaling path-
ways [14]. In advanced melanoma, 38%, 41%, 1% and
20% of patients can be categorized to type I, I, III
and IV, respectively. In a recent study of tumor lym-
phocyte infiltration in resected NSCLC, similar to
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Table 1. Clinical trials of immune checkpoint inhibitors in non-small-cell lung cancer.

Trial number

NCT00527735

NCT00312975

NCT01642004

NCT01673867

NCT01295827

NCT01903993

NCT01633970

NCT01693562

Regimen evaluated

Ipi + carboplatin +
paclitaxel (Phase II)

Tremelimumab vs
BSC Phase Il

Nivolumab vs
docetaxel Phase Il

Nivolumab vs
docetaxel or
pemetrexed (Phase

)

Pembrolizumab
(Phase 1)

Atezolizumab vs
docetaxel (Phase Il)

Atezolizumab vs
platinum-based
doublet (Phase Ib)

Durvalumab
(Phase I/11)

Disease/population

Treatment-naive
NSCLC

Refractory patients
with NSCLC greater
than four line of
prior treatment

PD after platinum-
based treatment
with squamous
histology

PD after platinum-
based treatment
with nonsquamous
histology

Multiple NSCLC
cohorts of
treatment-naive as
well as previously
treated patients

PD after platinum-
based treatment in
NSCLC

Treatment-naive
NSCLC

PD after platinum-
based treatment in
NSCLC

Number of Results

patients
204

87

272

582

495

287

37

198

PFS primary end point met in phased ipi arm.
Phased Ipi: 5.7 mo (p = 0.05)

Concurrent Ipi: 5.5 mo vs Control arm: 4.7 mo
irBORR 32% in phased ipi arm

Grade 3/4 SAE: 15% in phased Ipi arm

ORR: 4.8%

OS: Nivolumab: 9.2 mo (p < 0.001) vs Docetaxel: 6 mo
42% alive at 1 year in nivolumab arm vs 24% in
docetaxel arm

ORR: 20% in nivolumab (p = 0.008)

SAE: pneumonitis 5% in nivolumab arm

OS: Nivolumab:12.2 mos (p = 0.002) vs
Docetaxel: 9.4 mo

>50% alive at year 1 in nivolumab arm
ORR: 19% in nivolumab (p = 0.02)
Pneumonitis: 3% Grade 3 or higher

SAE: Nivolumab: 10% vs Docetaxel: 54%

0S: 12 mo

ORR: 19.4%

SD: 21.8%

ORR in >50% PD-L1+:45.2%
Grade 3 or higher SAE: 9.5%
Hypothyroidism: 6.9%
Pneumonitis: 1.8%

0OS: Atezolizumab: 12.6 mo (p = 0.04) vs
Docetaxel: 9.7 mo
ORR: Atezolizumab: 38% vs Docetaxel: 13%

ORR: 67%

ORR: 14%, Grade 3 or higher SAE: 6%

AEs: Adverse events; BSC: Best supportive care; Ipi: Ipilimumab; irBORR: Immune-related best overall response rate; mo: Months; NSCLC: Non-small-cell lung cancer;
ORR: Overall response rate; OS: Overall survival; PD: Progressive disease; PFS: Progression-free survival; SAE: Serious adverse events; SD: Stable disease.

breast cancer, an intense tumor lymphocytic infiltra-
tion (>50%) was seen in 11% of patients and was asso-
ciated with an improved OS (OS: HR: 0.45; 95% CI:
0.23-0.85; p = 0.01) [15]. Hence strategies utilizing the
immune profile of the tumor microenvironment can be
used to tailor PD-1/PD-L1-based immunotherapy and

to design future trials in lung cancer.

Nivolumab (a human IgG4 anti-PD-1 mAb,
BMS-936558, MDX-1106, Bristol-Myers Squibb)
has been approved by US FDA to treat advanced
metastatic NSCLC patients who have progressed on
or after platinum therapy based on two trials [1617].

In Checkmate 017 trial, patients with squamous cell
lung cancer were randomized 1:1 to nivolumab, at
a dose of 3 mg/kg every 2 weeks, or docetaxel, at a
dose of 75 mg/m? every 3 weeks [16]. The median OS
was 9.2 months with nivolumab versus 6.0 months
with docetaxel. The overall response rate (ORR)

was 20% with nivolumab versus 9% with docetaxel

(p = 0.008). Treatment-related adverse events (AEs)
were seen in 7% of patients getting nivolumab ver-
sus 55% of patients getting docetaxel. PD-LI expres-
sion was not found to be predictive or prognostic of
response or benefit.
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Checkmate 057 trial was a global randomized
Phase III trial comparing patients with advance stage
nonsquamous NSCLC [17], who have progressed on and
after platinum-based therapy/tyrosine kinase inhibi-
tors to nivolumab 3 mg/kg every 2 weeks or docetaxel
at a dose of 75 mg/m? every 3 weeks. Patients random-
ized to nivolumab had a median OS of 12.2 months
(ORR = 19%) versus 9.4 months in the docetaxel arm
(ORR = 12%) with 27% reduction in risk of death.
10% of people in the nivolumab arm had grade 3/4
events versus 54% in docetaxel group. In this study,
tumor PD-L1 positivity was predictive of benefit to
nivolumab. The approval of these drugs represents a
major advance, as most lung cancer patients are older
and the favorable safety profile of the checkpoint
inhibitors makes this very attractive.

Pembrolizumab (anti-PD-1 monoclonal antibody,
MK 3475, Merck, Kenilworth, NJ, USA) is a human-
ized IgG4 anti-PD-1 monoclonal antibody. It was
recently granted accelerated approval by FDA based on
a large Phase I study KEYNOTE-001, in which 495
patients were treated at doses of 2 or 10 mg/kg every
3 weeks or 10 mg/kg every 2 weeks [18]. The primary
endpoint of the study was safety and efficacy of pem-
brolizumab. Both treatment-naive and patients who
have progressed on or after platinum therapy were
eligible. The ORR was 19.4% and the median dura-
tion of response was 12.5 months. The response rate
and duration of response were higher in treatment-
naive patients (ORR: 24.8%; 23.3 months) compared
with previously treated patients (ORR: 18.0%; 10.4
months). The ORR did not differ by dose, schedule
or histology. Current or former smokers had higher
response rates (22.5 vs 10.3%) than nonsmokers.
Membranous PD-L1 expression in at least 50% of cells
was selected as a biomarker cutoff based on the ease of
use and receiver operating curve analysis. Tumors with
tumor PD-LI positivity of >50, 1-49 and <1% had
ORR of 33, 17 and 3% respectively. 10% of patients
had grade 3 or higher side effects; hypothyroidism
was the most common immune-related side effect
seen in 34 patients (6.9%) followed by pneumonitis
in 18 patients (3.6%). Based on these results pem-
brolizumab is indicated for metastatic NSCLC whose
tumors express PD-L1 after progression on platinum-
based chemotherapy. Further, Phase II/III confirma-
tory trials building on these results are ongoing with
pembrolizumab in NSCLC.

Atezolizumab MPDL3280A (Genentech/Roche,
CA, USA) is an engineered human IgGl mono-
clonal antibody (mAb) that targets PD-L1 [9)].
This antibody lacks an Fc component, thus avoid-
ing antibody-dependent cytotoxic cellular killing of
bystander immune cells. Atezolizumab was studied

in multicenter open-label randomized Phase II study
(POPLAR; NCT01903993) in which it was compared
with docetaxel 75 mg /m? in advanced or metastatic
NSCLC patients who have progressed on platinum-
based therapy [20]. These patients were stratified by
histology, PD-L1 status (high, any and no expres-
sors) and prior treatment. The primary outcome was
on efficacy, safety and predictive biomarkers. A total
of 287 patients were randomized and the ORR was
38% in atezolizumab arm compared with 13% with
docetaxel arm. OS was significantly improved in the
atezolizumab arm 12.6-9.7 months in the docetaxel
(HR: 0.73; p = 0.04). Patients who have the high-
est expression of PD-L-1 in their tumor derived the
most benefit with 41% improvement compared with
nonexpressors. Despite longer duration of treatment
with atezolizumab (3.7 vs 2.1 months), more patients
in docetaxel arm had withdrawals due to treatment-
related adverse effect (22 vs 8%) [21]. Atezolizumab
has also been studied in the first-line setting in com-
bination with platinum therapy. This Phase Ib study
evaluated atezolizumab with a wide variety of plati-
num doublets [22]. The combination was well-tolerated
and the most common atezolizumab-related grade 3-4
serious AEs were anemia, neutropenia and thrombo-
cytopenia. No pneumonitis was seen. There was one
atezolizumab-related death due to candidemia after
prolonged neutropenia. The ORR across all arms was
67%. These responses were seen in each arm indepen-
dent of PD-L1 expression.

Durvalumab (MEDI4736, Medimmune, MD, USA)
is a fully humanized IgGl mAb that blocks PD-L1
binding to PD-1 and CD80, leading to enhanced
tumor killing by reducing T-cell inhibition [23]. The
antibody has a high affinity and specificity to only for
PD-L1 and does not bind to PD-L2. In a Phase I dose
escalation/expansion study in NSCLC patients, 16%
had responded to durvalumab administered 10 mg/kg
every 2 weeks. ORR was higher in squamous histology
at 21% compared with 10% in nonsquamous NSCLC.
The drug was well-tolerated and grade 3—4 AEs were
seen in 6% of study population [24]. Currently, both
the PD-L1 inhibitors have progressed to Phase III trials
in NSCLC (Table 2).

PD-L1 positivity as a biomarker in NSCLC

As noticed from above studies, the response rates of
anti-PD-1/PD-L1 antibodies in NSCLC as a single
agent are around 20% in unselected patient popula-
tion. Thus a significant proportion of patients do not
derive clinical benefits. It is paramount to identify pre-
dictive biomarkers to select appropriate patient popula-
tion who may or may not benefit from immunotherapy
and also to guide future trial designs.
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Table 2. Ongoing clinical trials with immune checkpoint inhibitors in non-small-cell lung cancer.

Clinical trial Phase Experimental regimen Population Primary end

identifier points

CTLA-4 antibodies

NCT01285609 |lI Ipilimumab + paclitaxel + carboplatin Second-line metastatic squamous NSCLC ~ OS

NCT01450761 [ Ipilimumab + etoposide/platinum First-line metastatic SCLC (O

NCT01998126 1B Ipilimumab + erlotinib/crizotinib First-line EGFR or ALK (anaplastic DLT

lymphoma kinase)-mutated NSCLC

NCT02477826 Il Nivolumab vs nivolumab + ipilimumab, vs  First-line metastatic NSCLC (O

nivolumab + platinum doublet vs platinum PFS

doublet chemotherapy
PD-1 antibodies

NCT02259621 | Neoadjuvant nivolumab Neoadjuvant DLT
Stage 1-3 (N1 disease)
NCT02393625 | Nivolumab + ceritinib ALK-positive metastatic lung cancer DLTw
ORR
NCT02343952 |l Pembrolizumab Unresectable I1IA/111B NSCLC after Event
receiving concurrent chemoradiation (death) rate
NCT02564380 I Pembrolizumab maintenance vs placebo  First-line metastatic setting following PFS

platinum-based doublet metastatic
squamous NSCLC

NCT02142738 Il Pembrolizumab vs carboplatin + paclitaxel First-line metastatic setting in strong PDL1 PFS

(Keynote- 024) expressing NSCLC

NCT02578680 lI Pembrolizumab + platinum + pemetrexed First-line metastatic setting PFS

(KEYNOTE-189) vs placebo+ platinum + pemetrexed Nonsquamous NSCLC

NCT02220894 Il Pembrolizumab vs platinum-based First-line metastatic setting in strong PDL1 OS

(Keynote 042) chemotherapy expressing NSCLC

NCT02316002 I Pembrolizumab Resected oligometastatic NSCLC PFS

NCT02504372 Il Pembrolizumab vs placebo Resected stage 1b-1IIA NSCLC after DFS

(Keynote -091) standard adjuvant therapy

(PEARLS)

PD-L1 antibodies

NCT02409342 Il Atezolizumab + pemetrexed + cisplatin or  First-line metastatic nonsquamous NSCLC  PFS

(IMpower110) carboplatin

NCT02366143 Il Atezolizumab + carboplatin + paclitaxel + First-line metastatic nonsquamous NSCLC  PFS

(IMpower150) bevacizumab

NCT02367794 Il Atezolizumab + carboplatin + paclitaxel or First-line metastatic squamous NSCLC PFS
nab-paclitaxel

NCT02367781 Il Atezolizumab + carboplatin + nab- First-line metastatic nonsquamous NSCLC  PFS
paclitaxel

NCT02125461 [} Durvalumab vs placebo NSCLC post platinum-based concurrent (O}

(PACIFIC) chemoradiation therapy

NCT02453282 1l Durvalumab + tremelimumab vs First-line metastatic NSCLC PFS

(MYSTIC) durvalumab vs platinum-based therapy

NCT02542293 Il Durvalumab + tremelimumab vs platinum- First-line metastatic NSCLC (O
based therapy

NCT02273375 Il Durvalumab vs placebo Resected stage 1b-1IIA NSCLC after DFS

standard adjuvant therapy
NCT02352948 1l Durvalumab vs durvalumab + Third-line metastatic NSCLC (o}

tremelimumab

DFS: Disease-free survival; DLT: Dose-limiting toxicity; NSCLC: Non-small-cell lung cancer; ORR: Overall response rate; OS: Overall survival; PFS: Progression-free
survival; SCLC: Small-cell-lung cancer.
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Expression of PD-L1 in tumor cells has been used
and recommended as a biomarker. Indeed, the FDA
approval of pembrolizumab comes with a companion
diagnostic test, the PD-L1 IHC 22C3 pharmDx assay
to select PD-L1 positive lung cancer patients, based on
the superior efficacy observed in this subset of patients.
On the other hand, nivolumab has been approved
without the use of companion diagnostic test and the
CHECKMATE-017 study showed no association
between PD-L1 expression despite showing high corre-
lation between PDL-1 expression and tumor response
in the KEYNOTE-001 study. How to explain these
discrepant results? More accurate assessment of the
immune environment is important and hence TILs,
immune signature showing the degree of activation
of the immune system, presence of other immune
checkpoint ligands needs to be assessed in conjunction
with PD-L1; factors intrinsic to PD-L1 measurement
— the use of different antibodies to test the expres-
sion of PD-LI, the use of different types of pathology
specimen and sites for staining and what constitutes
positivity need to be standardized.

Immune checkpoint blockade in
hematological malignancies

Hodgkin lymphoma

Hodgkin lymphoma (HL) is a B-cell lymphoma, and
relapsed HL has poor survival. In HL, the PD-1/
PD-L1 pathway is amplified through three mecha-
nisms. First, 9p24.1 amplification is a recurrent genetic
abnormality and this region encodes for the PD-LI
and PD-L2, which are hence amplified. Second, 9p
amplification also encodes the JAK/STAT pathway
which results in overexpression of PD-L1. Third, HL
has a high expression of EBV-related proteins which
in turn increases PD-1 expression [25]. Nivolumab was
studied in relapsed refractory HL at a dose of 3 mg/kg
every 2 weeks. 23 patients were enrolled and 78% had
previous autologous stem cell transplant (autologous
HSCT; hematopoietic stem cell transplant) and bren-
tuximab vedotin (anti-CD30 mAb) and hence these
patients are considered highly refractory [26]. The ORR
was 87%, 17% with a complete response (CR), 70%
with a partial response and 13% had stable disease and
the PFS at 6 months was 86% (Table 3). Tumor tis-
sue showed copy number gains and increased protein
expression of PD-L1 and PD-L2. Pembrolizumab was
studied in the KEYNOTE-013 trial in relapsed refrac-
tory HL and similar to the previous trial most failed
autologous HSCT and all failed brentuximab [27].
The ORR was 65% with 16% achieving CR and the
median duration of response was not yet reached. A
significant increase in the absolute number of circulat-
ing total lymphocytes, T cells (CD4 and CD8 subsets)

and natural killer (NK) cells was seen post treatment.
RNA profiling of pre- and post-treatment blood sam-
ples showed that the ten-gene IFN-y-induced signa-
ture, the 18-gene expanded immune signature and the
13-gene TCR signature were all significantly upregu-
lated. These show that enhanced T-cell specific and
possibly NK-cell immunity is increased post anti-PD-1
treatment. These studies showed that PD-1 blockade
resulted in impressive response rates in HL and signifi-
cant toxicities were far less when compared with che-
motherapy, and immune-related AEs were observed in
<20% of those treated. Hence further studies are ongo-
ing in HL as a single agent and in combination with

chemotherapy and CTLA-4 inhibitors.

Non-Hodgkin lymphoma

Non-Hodgkin lymphoma (NHL) encompasses a wide
variety of lymphomas and based on the cell of ori-
gin can be classified as B cell and T cell or based on
prognosis as indolent and aggressive. PD-L1 protein
is expressed in the tumor cells of various NHL types
namely — primary mediastinal large B-cell lymphoma,
T-cell/histiocyte-rich B-cell lymphoma, EBV-positive
and -negative post-transplant lymphoproliferative dis-
order, EBV-associated diffuse large B-cell lymphoma,
plasmablastic lymphoma, extranodal NK/T-cell lym-
phoma, nasopharyngeal carcinoma and HHV8-asso-
ciated primary effusion lymphoma [28,29].

The CTLA-4 inhibitor ipilimumab was tested in
relapsed refractory NHL and the ORR was disap-
pointing at 11% (2/18) but the responses in the two
patients lasted for >31 and 19 months, which is gener-
ally longer than would be expected in relapsed refrac-
tory disease [30]. T-cell proliferation to recall antigens
was also increased as would be expected. Pidilizumab,
a PD-1 blocking antibody was tried in relapsed
refractory lymphoma and was given as a single dose
with an ORR of 33% and no dose-limiting toxicity
was identified, thus providing evidence that PD-1
blockade is safe in hematological malignancies [31].
A sustained increase in CD4* lymphocytes was seen
in the peripheral blood in those treated. Pidilizumab
was then combined with rituximab (anti-CD20 Ab)
in a Phase II trial for rituximab-sensitive relapsed
follicular lymphoma [32]. Pidilizumab also increases
NK-cell activity and hence this combination was
designed to increase the NK-cell-mediated ADCC
activity of rituximab. There were no autoimmune
or immune-related AEs of grade 3/4 and the ORR
was 66% which suggested activity of this combina-
tion, but the population of rituximab sensitive relapse
makes it difficult to interpret the true value of this
combination [2533]. Nivolumab was also tested in 29
patients with relapsed refractory NHL at 3 mg/kg
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Table 3. Clinical trials of immune checkpoint inhibitors in hematological malignancies.

Ongoing clinical trials with interim results

MC1485 Pembrolizumab

Dexamethasone

SAE: Serious adverse events; SD: Stable disease.

Trial number Agent Disease/ Number of Results and notes
population patients
NCT01592370 Nivolumab 3 mg/kg RR Hodgkin 23 ORR: 87%, CR: 17%, PR: 70%, SD: 13%
every 2 weeks lymphoma Copy number gains in PD-L1 and PD-L2 was present
NCT01953692 Pembrolizumab 10 RR Hodgkin 15 ORR: 53%, CR: 20%, PR: 33%
(KEYNOTE 013) mg/kg every 2 weeks lymphoma SAE - respiratory events (20%), thyroid events (20%)
NCT00089076 Ipilimumab 3 mg/kg RR NHL 18 Two patients with clinical responses lasting 31 and
19 months
T-cell proliferation to recall antigens was
significantly increased
- Pidilizumab (CT-011) Advanced 17 Cumulative survival at 21 days — 76%, 1 CR (FL).
hematological Sustained elevation in peripheral blood CD4+*
malignancies lymphocytes was present
NCT00904722 Pidilizumab Rituximab sensitive 29 ORR: 66%, CR: 52%, Median PFS: 18.8 months
Rituximab relapsed Follicular Expression of activating receptor NKG2D on NK
lymphoma cells was significantly increased
NCT01592370 Nivolumab 1 or RR hematological 27 ORR by subtypes — DLBCL: 36%, FL: 40%,
3 mg/kg every 2 malignancies T-NHL: 17%, PTCL: 40%
weeks for 2 years SAE — pneumonitis: 7%
NCT00532259 Pidilizumab Post Auto HSCT 66 PFS at 16 week follow-up: 0.72 (met study end point)

Relapsed refractory 16
CLL, Richter’s

NCT02289222 Pembrolizumab RR MM 22/16 ORR: 50%
Pomalidomide weeks
Dexamethasone

NCT01953692 Pembrolizumab RR PMBCL 9/20 ORR: 49%

weeks

NCT02077959 Pidilizumab + RR MM 12 ORR: 66.6%
lenalidomide

NCT01067287 Pidilizumab + Post autologous 22 Three CR’s after immunotherapy
dendritic cell vaccine HSCT

NCT02036502 Pembrolizumab RR MM 17/41 ORR: 76%
Lenalidomide weeks

CLL: Chronic lymphocytic leukemia; CR: Complete response; DLBCL: Diffuse large B cell lymphoma; FL: Follicular lymphoma; HSCT: Hematopoietic stem cell
transplant; MM: Multiple myeloma; NHL: Non-Hodgkin Lymphoma; T-NHL: T-cell non-Hodgkin lymphoma; NK: Natural killer; ORR: Overall response rate;
PFS: Progression-free survival; PMBCL: Primary mediastinal B cell ymphoma; PR: Partial response; PTCL: Peripheral T-cell ymphoma; RR: Relapsed refractory;

ORR -51%.
Treatment was associated with an increase in
circulating lymphocytes

4/5 Richter’s patients responded
2/2 CLL had stable disease

every 2 weeks. The ORR was 36%, but varied accord-
ing to the subtype — diffuse large B-cell lymphoma,
follicular lymphoma and peripheral T-cell lymphoma
having an ORR of 36, 40 and 40%, respectively [34].
Hence these studies show that checkpoint inhibition
is feasible in a select subgroup of NHL and this could
vary by histology or the molecular pathways involved
in B-cell transformation may influence the response.

Autologous HSCT

Autologous HSCT (ASCT) is performed in NHL as a
method of consolidation in NHL or for relapsed refrac-
tory disease and the time period of immune recon-
stitution could be a good window to augment T-cell
response. Pidilizumab was tested in post autologous
HSCT in aggressive non-Hodgkin lymphoma in those
who had chemo-sensitive disease [35]. Pidilizumab was

fsg

future science group

www.futuremedicine.com

815



Review

Janakiram, Pareek, Cheng, Narasimhulu & Zang

given at 1.5 mg/kg every 42 days, 30-90 days from
ASCT during the time of immune reconstitution.
The PFS at 16 months was 0.7 (0.51-0.82) while the
threshold value was 69% to warrant further study.
This study met its primary end point and further ran-
domized studies (NCT02362997) are being done to
see whether PD-1 inhibitors can improve disease-free
survival after autologous HSCT.

Allogeneic HSCT

Allogeneic HSCT is used as a treatment option for
treating relapsed refractory lymphomas. Two concerns
remain: is allogeneic HSCT safe after PD-1 inhibitor
treatment? Second, exacerbation of acute or chronic
graft versus host disease (GVHD) after allogeneic
HSCT. Mouse models show that PD-1/PD-L1 interac-
tions dampen acute GVHD while it increases chronic
GVHD [36]. Retrospective analyses of allogeneic HSCT
after PD-1 inhibitors show that the disease-free sur-
vival was higher than would be expected and similarly
a higher than expected GVHD and veno-occlusive dis-
ease was also seen [37]. Ipilimumab was tested postal-
logeneic HSCT at dose cohorts between 0.1 and 3 mg/
kg [38]. Twenty-nine patients with hematological malig-
nancies which relapsed after allogeneic HSCT were
included in three dose cohorts. Dose-limiting toxicity
was not encountered and, more importantly, there was
no GVHD or graft rejection and immune-related AEs
were acceptable. Notably, three patients with Hodg-
kin disease and one patient with refractory mantle cell
lymphoma had a response. This is an important trial to
show that checkpoint blockade was feasible in patients
with hematological malignancies after allogeneic HSCT
without causing GVHD or graft rejection.

Multiple myeloma & leukemia

Nivolumab was also tested in a dose escalation trial in
persons with relapsed refractory hematological malig-
nancies and was administered every 2 weeks for 2
years. Interestingly, the stable disease rate in multiple
myeloma was 63% with a median duration of follow-up
of 62 weeks [39]. Hence there are multiple ongoing trials
with PD-1 inhibitor as single agent (NCT01953692)
or in combination with immunomodulators (Imids)
(NCT02036502, NCT02289222) and dendritic cell
vaccines (NCT01067287) in myeloma.

In myeloid malignancies, aberrant expression of
PD-L1 was noted in myelodysplastic syndrom (MDS),
chronic myelomonocytic leukaemia (CMML) and
acute myeloid leukaemia (AML) in 34, 14 and 15% of
patient samples tested. Moreover, PD-1 and PD-L1 is
highly expressed in MDS blasts after treatment with
hypomethylating agents [40], and hence this is being cur-
rently tested in a Phase I trial of an anti-PD-1 antibody

(MEDI 4736) in combination with azacitidine in this
disease. The KEYNOTE-013 trial is exploring pem-
brolizumab in a multicohort trial (NCT01953692)
and patients will be included in different cohorts based
on lymphoma subtype and PD-L1 positivity. In CML,
PD-LI is expressed on the leukemic cells and PD-1 is
expressed on tumor-specific cytotoxic T cells [41], and
hence PD-1 inhibitors are being tested in combination

with dasatinib (NCT02011945).

Adverse effects & response criteria
The toxicity of these agents is less and manageable
when compared with chemotherapy or even some tar-
geted therapy. Adverse events are more immune related
and the common AEs are colitis, pneumonitis, thy-
roiditis, hypophysitis and dermatitis which could be
managed with supportive care and steroids. These AEs
are less with the PD-1 and PD-L1 inhibitors than the
CTLA-4 inhibitors as PD-L1/PD-1 is more involved in
the effector phase of the immune function. Compre-
hensive reviews of immune-related AEs associated with
the checkpoint inhibitors have been published [42-44).
Patients who are treated with checkpoint inhibi-
tors can initially have a disease flare before they have
a disease response with a median CR of approximately
30 months in the initial trials [45]. In order to account
for the time duration and the pattern of responses, an
immune-related RECIST criterion has been developed
which requires confirmation of progressive disease by a
repeat scan after a certain time interval [11]. As we con-
tinue to learn more about the pattern of responses these
response criteria will continue to be refined.

Conclusion & future perspective

The CTLA-4 and PD-1/PD-L1 blocking antibod-
ies have shown therapeutic success and many other
immune checkpoints are being currently evaluated.
Antibodies against other checkpoints inhibitors
that are furthest in evaluation are LAG-3 (IMP321,
Immuntep; BMS-986016, BMS), TIM-3 and VISTA,
which are currently being tested in clinical trials.
Other members of the B7 family, namely, B7-H3, B7x
and HHLA?2 are being tested in preclinical models and
are soon to enter drug development. Similarly, agonists
for costimulatory T-cell ligands, namely, OX40, 41BB
(urelumab, BMS-663513) and ICOS are also in clini-
cal development. Combinatorial therapies with the
various checkpoint inhibitors, CAR T cells, radiother-
apy, immunogenic chemotherapy like anthracyclines,
tyrosine kinase inhibitors, fusion vaccines and immu-
nomodulators are also expected to increase response to
these therapies. In particular, combination therapies
with neoantigen-based vaccines along with immune
checkpoint inhibitors can further drive personalized
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medicine toward higher tumor specificity. Biomarker
profile of responders including TCR repertoire, CD4/
CD8 T-cell profile, cytokine signature, immune check
point expression in tumor cells, macrophages or T cells
are also being developed to identify markers of early
response. Imaging criteria of what constitutes response,
and whether the modified response criteria can suffi-
ciently predict overall survival and lead to approval of
these drugs are yet to be determined. In conclusion,
immune checkpoint inhibitors have shown remark-
able clinical success and we are likely to see improved
success with these agents in the future.
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Executive summary

Immune checkpoints

important mechanism of immune evasion.

Blocking antibodies against PD-1 or PD-L1

and are currently being studied in Phase Ill trials.
PD-L1 positivity as a biomarker in NSCLC

TIL infiltrate and mutational burden of tumors.

recommended for nivolumab.

versus host disease may be different.
Adverse effects & response criteria

adverse events to checkpoint inhibitors.

e Tumor immune evasion is one of the hallmarks of cancer and expression of immune checkpoints is an

¢ The two of major coinhibitory pathways currently known are: the B7-1/B7-2/CTLA4 which is involved in early
T-cell activation; and the PD-L1/PD-1 pathway which is involved in peripheral tolerance. Inhibition of these
pathways has led to a remarkable therapeutic success in some patients.

e The PD-1 inhibitors nivolumab and pembrolizumab are effective in approximately 20% of patients with
non-small-cell lung cancer (NSCLC) and have been currently approved as monotherapy for the treatment of
metastatic NSCLC after progression on platinum-based therapy.

e The PD-L1 inhibitors atezolizumab and durvalumab have also shown good activity in Phase | trials of NSCLC

e Factors which influence response to checkpoint inhibitors include smoking status, PD-L1 expression on tumors,
e Using PD-L1 expression as a predictive biomarker has significant limitations and hence cannot be

Immune checkpoint blockade in hematological malignancies

¢ In hematological malignancies, Hodgkin lymphomas has high response rates to PD-1 inhibitors and are likely
to be approved for this indication. In non-Hodgkin lymphoma, the checkpoint inhibitors have limited activity
which varies depending on the histology and the B-cell pathway activated.

e An important concept is the safety of immune checkpoint inhibitors pre- and postallogeneic transplant, and
early studies indicate that the checkpoint inhibitors are safe although their role in acute and chronic graft

e Check point inhibitors have different response patterns and adverse effects when compared with traditional
agents and hence it is important to be aware of the immune-related response criteria and immune-related
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