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The Yin and Yang aspects of IL-27 in
induction of cancer-specific T-cell responses
and immunotherapy

Accumulating evidences from animal studies have indicated that both endogenous
and exogenous IL-27, an IL-12 family of cytokine, can increase antitumor T-cell activities
and inhibit tumor growth. IL-27 can modulate Treg responses, and program effector T
cells into a unique T-effector stem cell (T, ) phenotype, which enhances T-cell survival
in the tumor microenvironment. However, animal studies also suggest that IL-27
induces molecular pathways such as IL-10, PD-L1 and CD39, which may downregulate
tumor-specific T-cell responses. In this review paper, we will discuss the Yin and Yang
aspects of IL-27 in the induction of tumor-specific T-cell responses, and the potential

impacts of these functions of IL-27 in the design of cancer immunotherapy.
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Cancer immunotherapy based on the adop-
tive transfer of naturally occurring or geneti-
cally redirected tumor-reactive T cells pro-
vides the best evidence of the therapeutic
efficacy of T lymphocytes [1-4]. However,
patients with advanced cancer are resistant
to cancer immunotherapy. Although the fac-
tors that are responsible for the resistance of
cancer to T-cell therapy are not fully under-
stood, the inability of an immunotherapy
to expand T cells into high numbers, and
induce the right type of T-cell response,
that is, T cells with the Th1/Tcl phenotype
and the ability to survive and persist in the
tumor microenvironment (TME), appear
to be a key factor [5-8]. Another important
factor could be tumor-induced expansion
of suppressor cells such as FoxP3* regula-
tory T (Treg) cells that can actively inhibit
antitumor T-cell responses [9.10]. Thus, find-
ing strategies to expand and promote T cells
into the appropriate phenotypes and simul-
taneously inhibit Treg cells are pivotal to
the development of highly effective T-cell-
based immunotherapies. Recent studies by
us and others have revealed that IL-27 can
program tumor-specific T cells into Thl/
Tcl effector stem cells [6,11] while modulat-

ing the number and functions of regulatory
T cells [12-14]. Since induction of right T
effector cells and reduction of Treg cells are
two major factors for the success of T-cell
immunotherapy, we therefore believe that
IL-27 may represent a unique opportunity
to optimize T-cell-based immunotherapy.
However, recent studies [15.16] also suggest
that IL-27 induces molecular pathways such
as PD-L1 and CD39, which can downregu-
late tumor-specific T-cell responses. In this
review paper, we will mainly review animal
studies and discuss the Yin and Yang aspects
of IL-27 in the induction of cancer-specific
T-cell responses, and discuss the potential
impacts of these functions of IL-27 in cancer
immunotherapy.

Role of IL-27 in tumor immune
surveillance & antitumor immunity
IL-27 is a member of the IL-12 cytokine
family that consists of an IL-12 p40-related
protein subunit, EBV-induced gene 3 (EBI3),
and a p35-related subunit, p28 17]. IL-27 is
produced by activated antigen-presenting
cells such as dendritic cells (DCs) and mac-
rophages [18-20], and it signals through a
heterodimeric receptor (IL-27R) consisting
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of the WSX-1 and the gpl130 subunits in a variety of
cell types including T, NK, B cells and myeloid cells
(21]. IL-27R signaling enhances the recruitment of sev-
eral Jak family kinases and activation of STAT fam-
ily transcription factors 1 and 3 [22.23). IL-27 has been
shown to have potent activity in regulating Th1, Th2,
Th17 and FoxP3* Treg responses [24-26]. Since the first
report in 2004 [2728], the potent antitumor activities
of both endogenous and exogenous IL-27 have been
verified in various tumor models [11,27-37). The require-
ment of endogenous IL-27 in tumor immunity sug-
gests that IL-27 also play important roles in immune
surveillance. Indeed, it was recently shown that IL-27
is also required for resistance to carcinogen-induced
and i situ spontaneous cancer development [12].
IL-27 mediates its antitumor activity through sev-
eral mechanisms including direct inhibition of can-
cer cell growth, proliferation and migration [34,38-40];
inhibition of tumor angiogenesis [32]; enhancement
of NK activity (3335] and, more importantly, activa-
tion of tumor-specific cytotoxic T lymphocyte (CTL)
responses [27-293141]. The molecular and cellular
basis of IL-27-mediated antitumor CTL response is
still not fully understood. It is now well established
that sustained IL-27 production in the TME results
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in antitumor CTL responses and tumor rejection
[27-29.31.41]. However, tumor cell production of IL-27
does not appear to enhance priming of antitumor
T-cell responses. This notion is supported by a study
where sequential injection of IL-12 followed by IL-27
expression vectors, but not IL-27 followed by IL-12
expression vectors, induces CTL responses and tumor
rejection [41]. In fact, IL-27 may be a negative regula-
tor of T-cell priming, as IL-27 signaling in DCs has
been shown to inhibit the induction of antitumor
CTL response [42]. More recently, IL-27 is shown
to induce CD39 expression by DC, which in turn
decreases the concentrations of extracellular ATP and
downregulates nucleotide-dependent activation of the
NLRP3 inflammasome, leading to inhibition of T-cell
responses [16]. This finding could explain why IL-27
signaling in DC inhibits T-cell priming [42]. Thus, it
is likely that IL-27 does not promote initial priming
of antitumor T cells, but rather amplifies antitumor
T-cell responses via increasing T-cell survival. Indeed,
we have recently performed phenotype analysis of
IL-27-stimulated tumor-antigen-specific CTL cells,
and observed that IL-27 significantly enhances CTL
survival and programs them into unique T effector
phenotype [11].

|

Figure 1. Role of IL-27 in induction T-effector stem cells. During T-cell activation, signals through T-cell receptor
(signal 1) and co-stimulatory molecules (signal 2) result in tumor-specific T-cell activation and differentiation,
while IL-27 signaling activates both Stat1 and Stat3, leading to the expression of gene products that program
tumor-specific T cells into a unique effector stem cell phenotype.
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IL-27 directly stimulates tumor-specific
T cells & programs them into a unique
T-effector stem cell phenotype
IL-27 activates both Statl and Stat3 signaling cascade
[22.23]. Activation of Statl leads to induction of T-bet
expression and Th1 responses [43], and promote CD8*
T cells to express T-bet, Eomes, IL-12Rf32, granzyme
B and Perforin [44.45]. We have recently [11] performed
gene array analysis of IL-27-stimulated tumor-antigen-
specific CTL cells, and demonstrated that IL-27 not
only significantly increases CTL survival, but also pro-
grams CTL into stem-cell-like Tcl effectors, charac-
terized by upregulation of T-bet, Bcl-6, SOCS3, Sca-1
and IL-10, without significantly affecting CTL effec-
tor functions. Based on these observations, we propose
that IL-27 programs tumor-specific CD8* T cells into
a novel functional subset of CTL in the presence of
cognate antigen and co-stimulation signals (Figure 1),
which we name it as ‘effector stem T cells’ (T, ).
Based on this model, IL-27-mediated Statl stimula-
tion leads to induction of T-bet and Eomes, thereby
promoting Th1/Tcl differentiation [44.45]. Since T cells
deficient for both T-bet and Eomes fail to differentiate
into terminal effectors [46], IL-27-mediated Statl acti-
vation should be essential for CTL effector phenotype
induction. On the other hand, IL-27-mediated Stat3
activation and induction of Bcl-6, SOCS3, Sca-1 and
IL-10 contribute to CTL survival and ‘stemness’.
Although IL-27-stimulated CTL cells share some
common markers such as Sca-1 and Bcl2, the pheno-
types of these cells differ from the recently identified
T memory stem cells (T,,), an early stage T memory
subset that has robust proliferative potential, long-term
survival capacity and ability to mediate superior tumor
regression [47.48]. T cells can be generated by pro-
gramming naive T cells in the presence of small mol-
ecules targeting the Wnt/f-catenin pathway, such as
GSK-3 B inhibitors [4748]. In addition, IL-15 [49], IL-7
in combination with IL-15 [49] and IL-21 [50] have also
been shown to induce T, cells. However, T, cells
can only be generated from naive cancer antigen-spe-
cific T cells [47.48], whose frequencies in cancer patients
are low, and it is therefore not feasible to generate large
numbers of T cells clinically. In addition, the current
protocols for T, induction inhibit effector function of
tumor-reactive T cells as those protocols prevent T-cell
differentiation into full effectors [47-50]. It would be thus
not desirable to reduce ongoing immunity to achieve
T, induction in vive. At this stage, little is known
about the iz vivo characteristics and induction mecha-
nisms of CTL effector stem cells. Further investigation
of IL-27-mediated ‘stemness’ of T effector cells and its
induction mechanisms will be of great importance to
the design of T-cell-based cancer therapy.

IL-27
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Figure 2. Role of IL-27 in the modulation of Treg
responses. IL.-27 can modulate Treg responses in

the following three ways: inhibiting IL-2 production

by T, which affects Treg homeostasis; inhibiting

the conversion of T into inducible Treg cells; and
promoting Treg cells (inducible Treg cells and nTreg) to
differentiate into Th1-Treg cells that express IL-10 and
IFN-y.

T,: Naive T cells; T ,: Newly activated T cells.

Role of IL-27 in modulating Treg responses &
its implications in cancer immunotherapy
IL-27 has been shown to limit inducible regulatory
T-cell (iTreg) responses via directly inhibiting Foxp3
expression [s1,52]. However, IL-27 does not downreg-
ulate Foxp3 expression in natural Treg (nTreg) cells
(13]. In mice overexpressing IL-27, Treg population is
severely depleted; bone marrow chimera experiments
suggest that the IL-27-mediated depletion of Treg cells
is likely due to inhibition of IL-2 production by newly
activated T cells [13]. Thus, IL-27 can limit the size of
Treg population by inhibiting iTreg conversion and
Treg homeostasis. In addition to indirectly regulat-
ing Treg homeostasis, recent studies have also shown
that IL-27 signaling is required for Treg cell survival
(14,53], presumably due to IL-27 activation of Stat3,
leading to induction of antiapoptotic molecules [s3].
Moreover, IL-27 signaling in Treg cells can program
Tregs into a unique T-bet"CXCR3* phenotype, which
produce IL-10 and IFN-y, specialized for regulat-
ing Thl responses [14]. This latter effect suggests that
IL-27 can expand Treg cells and programs Treg cells
into Th1/Tcl suppressor cells. Thus, as summarized in
Figure 2, IL-27 has three different roles in regulating
Treg response and the overall effect of how Treg cells
are regulated by IL-27 may be setting-dependent.

The role of IL-27 in regulating Treg responses in
TME remains largely unclear and sometimes contro-
versial. A recent study using IL-27R" mice revealed
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Figure 3. IL-27-induced pathways that may
downregulate T-cell responses. IL-27 signaling in DC
induces CD39 expression, which can induce Treg cells
expressing CD69 and CD39; IL-27 signaling in Treg cell
promotes Th1-Treg cell development. Finally, IL-27
signaling in T cells promotes T-cell expression of PD-L1
and IL-10.

DC: Dendritic cell.

that the number of Treg cells was reduced in TME [12};
while another study using mice with IL-27 condition-
ally deleted in DC revealed that DC-derived IL-27
recruited Treg into TME [s54]. In another study [ss],
DC-derived IL-27 is shown to induce a Treg popu-
lation that express CD39 and CD69, which inhibits
T-cell responses via generation of adenosine. Since IL-2
plays an important role in Treg homeostasis in TME
(6], and IL-27 has potent inhibitory role of IL-2 pro-
duction by T cells [57], it is expected that IL-27 in TME
inhibits Treg homeostasis. Thus, it is likely that IL-27
in the TME plays an overall inhibiting role in Treg
expansion. Future studies will elucidate how IL-27 in
the TME modulates Treg expansion and function, and
the contribution of IL-27-mediated Treg modulation
to T-cell response and tumor regression. This informa-
tion will be critical to know in developing IL-27-based
cancer immunotherapy.

Tumor-induced expansion of Treg cells is a significant
obstacle to successful cancer immunotherapy [9.10]. Since
systemic IL-27 inhibits Treg responses [13], systemic
application of IL-27 should be considered to suppress
Treg responses during cancer immunotherapy.

IL-27-induced regulatory pathways & their
effects on antitumor T-cell responses
Recently, IL-27 is found to be abundantly expressed by
tumor cells in human metastatic tumors but not in pri-
mary tumors [s8], suggesting that IL-27 may also play
a protumor role. As summarized in Figure 3, IL-27 also
activates a number of pathways that potentially inhibit
tumor-specific T-cell responses.

In addition to the induction of CD39 in DC [g],
IL-27 is known to induce T-cell production of IL-10

(s9-61] and IL-21 [62-65], and IL-27 has been shown to
stimulate CD4* T cell IL-10 production via induction
of IL-21 [62]. However, the roles of T-cell production of
IL-10 and IL-21 in IL-27-mediated tumor immunity
remain unclear. Although the role of IL-10 in tumor
immunity is often controversial, increasing evidence
suggests a positive role of IL-10 in the induction of
antitumor CTL responses. For instance, in some tumor
models, IL-10-deficient mice showed reduced antitumor
CTL responses [66] and increased FoxP3* Treg responses
[67], whereas in IL-10 transgenic mice, antitumor CTL
responses were primed and shown to be responsible for
tumor rejection [66,68]. IL-21 has been demonstrated to
have potent activity on the induction of antiviral CTL
responses [69-72] and CTL-mediated tumor rejection
[50.73-76]. Recently, IL-10/IL-21-induced Stat3 activation
has been shown to play a critical role in the survival and
memory responses of CD8* T cells [7778]. Since IL-27
can strongly induce T-cell production of IL-10 and
IL-21, it is anticipated that IL-27 can affect antitumor
CTL responses via induction of IL-10/IL-21. Indeed, in
our recent study [11], we have found that IL-27-stimu-
lated tumor-antigen-specific T cells produce high levels
of IL-10 in vitro and in vive, and IL-27-induced CTL
IL-10 production enhanced CTL survival, which was
required for CTL memory responses. Because IL-10 may
play different roles in different tumor models [79-81], it is
also possible that IL-27-induced IL-10 production may
play different roles in T-cell responses in different tumor
settings. The roles of IL-27-induced T-cell production of
IL-21 in tumor-specific T-cell responses remain unclear.
Thus, more experimental data are needed to determine
its role in IL-27-induced antitumor immunity.

Recently, IL-27 has been shown to induce the expres-
sion of PD-L1 in T cells, which in turn induces T-cell
tolerance [15]. However, another study [82] revealed that
the PD-LI expression on tumor-antigen-specific CD8*
T cells is required for CTL survival. Thus, the role
of IL-27-mediated induction of PD-L1 expression in
T cells in antitumor immunity remains unresolved. At
this stage, it remains to be determined if IL-27 also
induces PD-L1 expression in cancer cells.

Can IL-27 be used to treat cancer?

Recently, IL-27 gene delivery as a single agent for
cancer therapy has been tested in animal models with
metastatic prostate cancer and shows promising results
83], suggesting that IL-27-based gene therapy has the
potential to be used for cancer therapy. Since IL-27
enhances T effector cell survival [11] and systemic IL-27
reduces numbers of Treg cells [13], IL-27-based gene
therapy that leads to systemic production of IL-27 in
the blood may present a unique opportunity to opti-
mize T-cell-based immunotherapy.
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IL-27 may also be used to enhance cancer vaccine-
induced antitumor T-cell responses and cancer vaccine
efficacy. IL-27 has been shown to enhance IL-12 vac-
cination-mediated antitumor efficacy in animals [41].
IL-12 is recognized as a master regulator of Th1/Tcl
responses [84385]. However, clinical trials with IL-12
have shown limited efficacy in most cases [85.86].
Recent evidence suggests that IL-12 upregulates Tim-3
expression in T cells and induces T-cell exhaustion,
and thus IL-12-induced terminal differentiation of
T cells could not be sustained for tumor rejection [87).
In this context, IL-27-induced T effector stemness may
be suitable to counteract the drawbacks of IL-12-based
cancer immunotherapy. Thus, combination of IL-12
vaccine with IL-27 will be an option for enhancing
cancer immunotherapy.

A recent study [88] reported that an injection of
irradiated IL-27-producing tumor cells resulted in
increased CTL response and tumor growth inhibi-
tion in mice. However, irradiated B16 melanoma
and plasmacytoma J558 cells failed to induce pro-
tection to respective live, IL-27-negative tumor cell
challenge [Lt £7 4r., UNPUBLISHED DATA]. Our observa-
tion is consistent with reports that IL-27 inhibits
DC functions [42,89]. Thus, it is unlikely that irra-
diated IL-27-expressing cancer cells can be used as
a cancer vaccine to enhance CTL priming as GM-
CSF-expressing cancer vaccine does [90]. However,

Protumor IL-27
T DC CD39 expression Q
T Thi-Treg

T T cell PD-L1 expression
T T cell IL-10 production?

it remains to be tested if IL-27 in combination
with the GM-CSF vaccine can lead to better tumor
rejection. The major mechanism of GM-CSF can-
cer vaccine-mediated tumor immunity is induction
of CTL responses via attracting DC to the vaccine
injection site and enhances antigen presentation
(90.91], therefore, enhancing CTL priming. GM-CSF
melanoma vaccine can also induce potent antitumor
antibody responses [90], and GM-CSF cancer vaccine
has been used in human cancer clinical trials [92].
However, GM-CSF vaccine alone is insufficient to
inhibit tumor growth completely [93]. Thus, IL-27
has the potential to amplify the GM-CSF vaccine-
induced antitumor T- and B-cell responses, leading
to improved cancer immunotherapy. Because IL-27
stimulated T cells exhibit memory precursor/stem
cell phenotype [11], IL-27 can potentially enhance
cancer vaccine-induced T-cell memory.

IL-27 also has the potential to be used to enhance
T-cell adoptive transfer therapy. Our preliminary
studies have revealed that IL-27 can enhance tumor
antigen-specific T-cell survival and expansion [11].
Thus, IL-27 can be used for ex vivo expansion, and
optimal stimulation of CTL cells from tumor-infil-
trating T lymphocytes (TILs) for adoptive trans-
fer therapy. Currently, in vitro expansion of TIL T
cells involves the use of anti-CD3 and high doses of
IL-2, which often lead to the induction of terminal

Antitumor

T Th1/Tcl

T T-cell survival/stemness

| IL-2/Treg homeostasis

| inflammation/autoimmunity

Figure 4. The antitumor versus protumor effects of IL-27. The roles of IL-27 in stimulating Th1/Tc1 response,
enhancing T-cell survival/expansion, inhibiting Treg homeostasis and inhibiting inflammation represent its
antitumor effect; while IL-27 induction of CD39, PD-L1 and IL-10 and promotion of Th1-Treg response may have
protumor effect. Studies using various tumor models have revealed that IL-27-mediated antitumor effects are

dominant over its protumor effects.
DC: Dendritic cell.
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effectors with poor survival potential and expansion
of Treg cells [50.94]. Inclusion of IL-27 in the T-cell
culture will not only induce expansion of T cells
and enhance their survival potential in vivo but also
deplete Treg cells from the T-cell population. In addi-
tion, 77 vivo application of IL-27 is likely to enhance
T cells engraftment and persistence. Finally, since
survival and persistence of chimeric antigen recep-
tor transduced T cells has been a major problem in
the clinics [95], i7 vivo IL-27 delivery should enhance
the survival, engraftment of human tumor antigen-
specific chimeric antigen receptor T cells, and cause
tumor rejection.

Conclusion & future perspective

As summarized in Figure 4, IL-27 has both antitu-
mor and protumor activities. The roles of IL-27 in
stimulating Th1/Tcl response, enhancing T-cell
survival/expansion, inhibiting Treg homeostasis
and inhibiting inflammation represent its antitu-
mor effect; while IL-27 induction of CD39, PD-L1
and IL-10, and promotion of Thl-Treg response may
have protumor effect. Studies using various tumor
models have revealed that IL-27-mediated antitu-
mor effects are dominant over its protumor effects.
However, there is a clear gap in knowledge on some
of the antitumor and protumor functions of IL-27.
These include: what are the iz vivo characteristics

of T, cells, and how IL-27 induces them? How
IL-27 modulates Treg homeostasis and function in
the TME and what is its contribution to antitumor
T-cell response and tumor regression? What are the
contributions of the IL-27-induced regulatory path-
ways in tumor immunity? These issues should be the
targets of future investigation. Although the antitu-
mor immunity of IL-27 has been appreciated for more
than 10 years, no IL-27-based immunotherapy has
been developed and used in the clinic. In this regard,
IL-27 in combination with cancer vaccine or T-cell
adoptive transfer therapy may have potential to be
developed for future cancer immunotherapy.
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Executive summary

e |L-27 is required for tumor immune surveillance.

phenotype

e Systemic IL-27 inhibits Treg response.

Can IL-27 be used to treat cancer?

Role of IL-27 in tumor immune surveillance & antitumor immunity

e The majority of studies favor a positive role of IL-27 in promoting antitumor T-cell response.
IL-27 directly stimulates tumor-specific T cells & programs them into a unique T effector stem cell

e |L-27 directly stimulates T cells and programs T cells into Th1/Tc1 effector stem cells.

e The effector/stem cell phenotype favors T-cell survival.

Role of IL-27 in modulating Treg responses & its implications in cancer immunotherapy
e |L-27 is known to regulate size and functions of Treg population.

IL-27-induced regulatory pathways and its effects on antitumor T-cell response
e |L-27 is known to induce some regulatory pathways such as IL-10, PD-L1 and CD39.

e The roles of IL-27-induced regulatory pathways in antitumor immunity remain to be evaluated.

e |L-27 has the potential to be utilized to enhance cancer vaccine efficacy and T-cell adoptive transfer therapy.
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