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Abstract: Cytokines are one of the first immunotherapeutics utilized in trials of human cancers with significant suc-
cess. However, due to their significant toxicity and often lack of efficacy, cytokines have given their spotlight to other 
cancer immunotherapeutics such as immune checkpoint inhibitors. Nevertheless, only a subset of cancer patients 
respond to checkpoint inhibitors. Therefore, developing a novel cytokine-based immunotherapy is still necessary. 
Among an array of cytokine candidates, IL-27 is a unique one that exhibits clear anti-tumor activity with low toxicity. 
Systemically delivered IL-27 by adeno-associated virus (AAV-IL-27) is very well tolerized by mice and exhibits potent 
anti-tumor activity in a variety of tumor models. AAV-IL-27 exerts its anti-tumor activity through directly stimulation of 
immune effector cells and systemic depletion of Tregs, and is particularly suitable for delivery in combination with 
checkpoint inhibitors or vaccines. Additionally, AAV-IL-27 can also be delivered locally to tumors to exert its unique 
actions. In this review, we summarize the evidence that support these points and propose AAV-delivered IL-27 as a 
potential immunotherapeutic for cancer.
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Introduction

Cytokines are one of the first immunotherapeu-
tics approved for the treatment of human can-
cer. For instance, IFN-α was the first cytokine 
approved for the treatment of hairy cell leuke-
mia, and IL-2 was approved for the treatment of 
metastatic renal cell cancer and advanced mel-
anoma. Other cytokines, such as IL-12, IL-15, 
IL-21 and GM-CSF, are undergoing clinical eval-
uation [1]. Despite efforts to develop systemic 
therapy for cancer, cytokines as monotherapy 
have not fulfilled the initial excitement due to a 
number of reasons. First, compared to other 
therapeutics such as checkpoint inhibitors, sys- 
temically delivered cytokines often show less 
efficacy or no efficacy. Second, soluble cytoki- 
nes normally act over short distances in a para-
crine or autocrine fashion. Therefore, large 
quantities must be administered to achieve a 
sufficient concentration of cytokines within the 
tumor. However, large quantities of cytokines 
are often associated with severe toxicities. 

Third, due to toxicity, often lower doses of cyto-
kines have to be used in clinical trials. There- 
fore, there is a failure to achieve adequate con-
centrations of cytokines at immune cells in the 
tumor bed. Fourth, the cytokines often elicit 
immune checkpoints; for example, IL-2 is kn- 
own to stimulate the survival of regulatory T 
cells (Tregs) [2]. It is hoped that with novel com-
bination approaches, cytokines will ultimately 
play a major role in cancer immunotherapy. Al- 
ternatively, novel low toxic cytokines with anti-
tumor activity should be explored for cancer 
immunotherapy.

Although the role of IL-27 in tumor immunity  
has been appreciated for more than 10 years, 
developing IL-27 into a therapeutic to enhance 
tumor immunity has not been well achieved. 
Our recent studies [3, 4] suggest that develop-
ing adeno-associated viral vectors delivering 
IL-27 (AAV-IL-27) as a therapeutic is feasible. 
First, AAV-IL-27 significantly inhibited the grow- 
th of a broad-spectrum of tumor types in mice 
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with low or no toxicity. Second, AAV-IL-27 treat-
ment resulted in dramatic reduction of Tregs 
without causing autoimmunity. Third, we have 
found that AAV-IL-27 therapy shows strong syn-
ergy with PD-1 antibody or cancer vaccines in 
inhibiting tumor growth. Fourth, IL-27 can also 
be delivered locally to exert its unique actions 
in tumor microenvironment. Based on these 
observations, we propose that AAV-delivered 
IL-27 is a potential immunotherapeutic for can- 
cer.

IL-27 biology and its multi-faceted roles in tu-
mor immunity and autoimmunity

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 [5]. IL-27 is produced 
by activated antigen presenting cells (APCs) 
such as dendritic cells (DCs) and macrophages 
[6-8]. It signals through a heterodimeric recep-
tor (IL-27R) composed of the WSX-1 (IL-27Rα) 
and the gp130 subunits in a variety of cell 
types, including T lymphocytes [9]. IL-27R sig-
naling enhances the recruitment of several JAK 
family kinases and activates STAT family tran-
scription factors 1 and 3 [10, 11]. Previous 
studies have revealed that IL-27 differentially 
regulates T cell subsets: First, IL-27 inhibits Th2 
and Th17 responses by blocking the expression 
of transcription factors GATA-3 (Th2) and RoRγτ 
(Th17) [12, 13]; second, IL-27 is a potent induc-
er of IL-10 production by T cells [14-16]; and 
third, IL-27 can induce PD-L1 expression in T 
cells which restrain T cell effector functions by 
interaction with PD-1 on T cells [17]. These 
functional activities suggest that IL-27 is an 
immunosuppressive cytokine that inhibits auto-
immunity. Indeed, the anti-inflammatory effect 
of IL-27 has been verified in numerous autoim-
mune disease models [18-20]. Although it has 
been shown that IL-27 inhibits Th1 responses 
under certain circumstances [21], the majority 
of studies, including those by us, suggests that 
IL-27 enhances Th1/Tc1 responses by activat-
ing Stat1-T-bet axis and promotes T cell expres-
sion of T-bet, Eomes, IL-12Rβ2, granzyme B and 
Perforin [22-24]. These properties of IL-27 sug-
gest that it is an anti-tumor cytokine. Indeed, 
both endogenous [25-28] and exogenous [29-
42] IL-27 have been shown to enhance tumor 
immunity. A variety of mechanisms have been 
proposed, including directly inhibiting cancer 
cell growth, proliferation and migration [36, 39, 
40]; inhibiting tumor angiogenesis [34], enhan- 

cing NK activity [35, 37] and most importantly, 
enhancing tumor-specific T cell responses [29-
31, 33, 41]. Our previous studies [42, 43] have 
revealed that IL-27 programs CD8+ T effector 
cells into a unique T effector stem cell (TSEC) 
phenotype, which enhances T cell survival in 
the TME. The unique functions of IL-27 suggest 
that developing an IL-27-based cancer immuno-
therapy may lead to enhancing tumor immunity 
while attenuating autoimmune inflammations 
that is often associated with immunotherapy.

Systemic delivery of IL-27 using AAV inhibits 
tumor growth with low or no toxicity 

Recombinant adeno-associated viral vectors 
(rAAV) are quickly establishing themselves as 
highly versatile gene delivery agents for gene 
therapy. The relatively low immunogenicity and 
toxic effects of rAAV makes them arguably the 
gene therapy vector of choice for human clini-
cal trials [44]. In our recent study [3], we used 
adeno-associated viral vectors to systemically 
deliver IL-27 (AAV-IL-27) to treat mice with 
tumors. We found that one single administra-
tion of AAV-IL-27 i.m. resulted in a high level 
and persistent production of IL-27 in blood. 
AAV-IL-27 therapy significantly inhibited the 
growth of a broad-spectrum of tumor types in 
mice. Consistent with tumor inhibition, we 
observed significantly increased infiltration of T 
and NK cells in tumors from AAV-IL-27 treated 
mice. Thus, AAV-IL-27 monotherapy alone can 
significantly inhibit tumor growth and induce 
anti-tumor immunity. 

A critical problem for systemic delivery of cyto-
kines for cancer therapy is toxicity [1]. For ins- 
tance, IL-2 is one of the first effective immuno-
therapy for human cancer but it is also known 
to be very toxic [45]. IL-12 exhibits potent anti-
tumor activity [46] via promoting Th1/Tc1 
response [46, 47] and enhancing T cell traffick-
ing to tumors through induction of chemokines 
[48]. However, systemically delivered IL-12 cau- 
ses fatal toxicity [49, 50]. IL-27 is considered to 
be a cytokine with low toxicity [51]. Indeed, our 
recent study [3] suggests that IL-27 has amaz-
ingly low toxicity since persistent, high concen-
trations of IL-27 in blood were very well toler-
ized by mice, and at two months after treat-
ment, we did not find inflammatory lesions in 
the heart, lung, liver, pancreas, kidney and 
colon in AAV-IL-27-treated WT mice. In fact, we 
compared mice tolerability to different cyto-
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kines systemically delivered by AAV. As shown 
in Figure 1, groups of mice were treated with 
equal doses (2 × 1011 DRP/mouse) of either 
AAV-IL-27, or AAV-IL-2 or AAV-GM-CSF or AAV-
ctrl. Mice receiving AAV-IL-27 and AAV-ctrl sur-
vived in good health throughout the observa-
tion period, while none of the mice receiving 
AAV-IL-2 or AAV-GM-CSF survived for more than 
10 days. Thus, unlike any other cytokines in 
use, AAV-IL-27 has amazingly low toxicity des- 
pite high concentrations in blood. 

AAV-IL-27 therapy causes systemic depletion 
of Tregs without causing significant autoim-
mune adverse events 

In our recent study [3], we found that AAV-IL-27 
treatment had a potent effect in depletion of 
Tregs in peripheral lymphoid organs and more 
pronouncedly in tumors. A previous study [52] 
has revealed that in IL-27 transgenic mice, 
Tregs were found to be depleted, and inhibition 
of IL-2 production by T cells was considered to 
be the mechanism responsible for Treg deple-
tion [52]. However, in this study, we found that 
reduction of IL-2 does not fully explain AAV-IL-
27-mediated Treg depletion because we found 
that AAV-IL-27-mediated inhibition of IL-2 pro-
duction was not dramatic, especially in periph-
eral lymphoid organs. Experiments involving 
mixed bone marrow chimera and gene deficient 
mice clearly suggested that AAV-IL-27-mediated 
Treg-depletion depended on IL-27R and Stat1 

ened IL-2 signaling can prevent AAV-IL-27-
mediated Treg depletion [3] and suggests that 
this mechanism is active when IL-2 signaling is 
low. 

Immune-related adverse events (IrAEs) is a new 
term coined to describe adverse events associ-
ated with immunotherapy [57]. In clinical trials, 
the most common IrAEs include skin rashes/
lesions, colitis (diarrhea), hepatitis, and kidney 
defects. However, we did not find any symp-
toms of IrAEs in AAV-IL-27 treated mice that 
rejected tumors. We consider the following 
mechanisms important in preventing autoim-
munity in AAV-IL-27-treated mice. First, AAV-IL-
27-mediated Treg depletion is incomplete in 
lymphoid organs and the residual Tregs may be 
sufficient to prevent the development of auto-
immunity. Second, AAV-IL-27 can directly inhibit 
autoimmune Th2 and Th17 responses via blo- 
cking the expression of transcription factors 
GATA-3 (Th2) and RoRγτ (Th17) [12, 13], and 
induce a number of inhibitory pathways in T 
cells [14], which may prevent the development 
of autoimmunity. In this context, we recently 
showed that AAV-IL-27 therapy could block the 
development of both autoimmune colitis [58] 
and encephalomyelitis [59]. Third, we have 
found that AAV-IL-27 therapy induced IL-10-
producing T cells, which played a role in pre-
venting adverse events. IL-10 is a major cyto-
kine that defines a major subset of Tregs and 

Figure 1. Mice tolerize AAV-IL-27 therapy extremely well. BALB/c mice were 
injected with AAV-IL-27, or AAV-IL-2, or AAV-GM-CSF or AAV-ctrl i.m. at a dose 
of 2 × 1011 DRP/mouse. Mice survival was monitored thereafter.

signaling in Tregs. Since AAV-
IL-27 therapy down-regulated 
CD25 expression in Tregs, we 
consider that inhibition of IL-2 
signaling in Tregs by IL-27 is the 
major mechanism for AAV-IL-
27-mediated Treg depletion 
(Figure 2). Mechanistically, IL- 
27-mediated activation of Sta- 
t1 is known to induce the 
expression of Socs3 [53]. So- 
cs3 can inhibit IL-2-induced 
activation of Jak1 [54], leading 
to compromised Stat5 activa-
tion and subsequent CD25 ex- 
pression [55]. Although this 
model requires further testing, 
expression of Socs3 in Treg 
cells has been shown to inhibit 
Treg proliferation, survival and 
effector functions [56]. Height- 
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plays a critical role in Treg function. By promot-
ing IL-10 production in effector T cells, AAV-
IL-27 therapy may have bypassed the need for 
Tregs in protection against autoimmune adver- 
se events.

Induction of immune checkpoints by AAV-
IL-27 therapy

IL-27 is known to have “Yin” and “Yang” aspects 
in induction of anti-tumor immunity [43]. Our 
recent study [3] on AAV-IL-27 is consistent with 
previous studies on induction of IL-10 and 
PD-L1 in T cells. First, IL-27 is known to induce 
T cell production of IL-10 [14-16], a potent anti-
inflammatory cytokine that is normally thought 
to inhibit T cell responses. We found that AAV-
IL-27 therapy mainly induced IL-10 production 
in CD8+ T cells and conventional CD4+ T cells. 
Although Treg cell-production of IL-10 is most 
eminent [60], Tregs are largely depleted by AAV-
IL-27 therapy in the TME. Our previous studies 
[42, 61] suggest that IL-10 production by effec-
tor T cells enhances their survival and persis-
tence. Other studies have shown that IL-10 pro-
ducing CTLs are more highly activated and cyto-
toxic than IL-10 deficient CTLs [27, 62, 63]. 
Thus, AAV-IL-27-induced T effector cell produc-
tion of IL-10 may not be a limitation, but rather 
important for anti-tumor activity and control of 

autoimmunity (toxicity). This point has been 
addressed by our recent study [3]. Second, 
IL-27 is known to induce T cell expression of 
PD-L1 [17]. PD-L1-PD-1 interaction among T 
cells may inhibit T cell effector functions there-
by limiting IL-27-mediated anti-tumor efficacy. 
However, our recent studies [3, 4] suggest that 
this same activity renders tumors more suscep-
tible to anti-PD-1 therapy, which is currently a 
major form of checkpoint blockade cancer 
immunotherapy. Thus, the limitation of IL-27-
induced PD-L1 expression in T cells can serve 
as an opportunity rather than obstacles, as out-
lined in the following section.

How should AAV-IL-27 be used as a therapeu-
tic?

Based on our recent studies [3, 4], we propose 
that AAV-IL-27 can be used in the following four 
ways to induce best cancer immunotherapy, i.e. 
combination with checkpoint inhibitors; combi-
nation with vaccines; combination with T cell 
adoptive transfer and AAV-IL-27 local therapy. 

AAV-IL-27 combination with checkpoint inhibi-
tors

Cancer immunotherapies based on blockade of 
immune checkpoints [64-66] have achieved 

Figure 2. Possible molecular mechanisms of AAV-IL-27-mediated depletion of Tregs: IL-27 signaling in Tregs inhibits 
their response to IL-2. Socs3 is a possible key link between IL-27 and IL-2 pathways.
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significant success. However, majorities of pa- 
tients with advanced cancer are not sensitive 
to this type of immunotherapy. Although the 
factors that are responsible for cancer resis-
tance to immunotherapy are not fully under-
stood, the following factors are considered to 
be important. First, lack of pre-existing T cell 
infiltration in TME is considered to be the most 
important factor for anti-PD-1 resistance [67]. 
Second, although not well-established in hu- 
man cancer, regulatory T cells (Tregs) in the 
TME has been shown to contribute to anti-PD-1 
resistance in mouse models [68]. Third, al- 
though not absolute, tumor expression of PD- 
L1 has been considered to be another impor-
tant factor. We here propose a new approach of 
cancer immunotherapy by administration of 
AAV-IL-27 and anti-PD-1/PD-L1 for cancer im- 
munotherapy. The new approach addresses all 
restraining factors mentioned above, as dia-
grammed in Figure 3. First, AAV-IL-27 therapy 
can enhance T cell infiltration in the TME by 
induction of chemokines and chemokine re- 
ceptors, and optimally stimulating T cells into 
multi-functional Th1/Tc1 effector stem cells 
[42, 43]. Second, through massive reduction of 
Tregs by AAV-IL-27, we seek to remove active 
immune suppression. Third, AAV-IL-27 therapy 
overcomes anti-PD-1 resistance by inducing 
PD-L1 expression in T cells. Finally, this ap- 

py. However, these two therapeutics together 
have potent synergy in inducing anti-tumor T 
cell responses to neoantigens in B16 tumors, 
leading to long term survival of mice. Therefore, 
the Treg-depletion ability of AAV-IL-27 and the 
ability of T cell priming by GM-CSF vaccine may 
make these two an ideal combination for can-
cer immunotherapy.

AAV-IL-27 combination with T cell adoptive 
transfer

Adoptive transfer of TIL T cells is a well-estab-
lished therapy for patients with solid tumors 
such as melanoma [72]. In a standard protocol, 
a pretreatment of recipients with chemothera-
py drugs is usually needed to deplete Tregs and 
make room for T cell homeostatic proliferation 
[73]. Consistent with this notion, we recently 
found [4] that adoptive transfer of TILs alone 
was insufficient to induce tumor regression in 
non-lymphopenic mice. However, intra-tumoral 
injection of AAV-IL-27 showed significant syner-
gy with TIL therapy in the absence of pretreat-
ment of recipient mice. This outcome is due to 
several mechanisms. First, IL-27-induced CXC- 
R3 upregulation can enhance T cell trafficking 
into tumors. Second, as we previously demon-
strated [42, 43], IL-27 can directly stimulate TIL 

Figure 3. A new approach for cancer immunotherapy: AAV-IL-27 enhances can-
cer immunity by induction of multi-functional Th1/Tc1 effector stem cells and 
depletion of Tregs. IL-27 also controls autoimmunity by inhibiting induction of 
Th17/Th2 cells and inducing IL-10 production in T cells. The limitation for induc-
tion of T cell expression of PD-L1 can be utilized for developing combination 
therapy.  

proach has the potential  
to simultaneously inhibit 
autoimmunity and is there-
by less toxic.

AAV-IL-27 combination 
with vaccine

Tumor-induced expansion 
of Tregs is a significant ob- 
stacle for successful can-
cer immunotherapy [69]. 
Although vaccines can pri- 
me T cell responses to 
tumor antigens, it is usual-
ly accompanied by the ex- 
pansion of Tregs [70], whi- 
ch can limit the expansion 
of tumor antigen-specific  
T cells. GM-CSF-secreting 
tumor vaccine is a potent 
inducer of anti-tumor T cell 
responses [71]. In our re- 
cent study [3], we found 
that it had a similar effica-
cy to AAV-IL-27 monothera-
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T cells, enhancing their survival ability and IFN-γ 
production. Third, IL-27-mediated depletion of 
Tregs can bypass the need of lymphodepletion 
prior to T cell transfer. Thus, our results suggest 
that intra-tumoral injection of AAV-IL-27 in com-
bination with TIL adoptive transfer is a potential 
combination for cancer therapy.

AAV-IL-27 local therapy

A potential caveat of systemic delivery of IL-27 
using rAAV is that there is no practical method 
to terminate IL-27 production when its biologi-
cal activity is no longer needed. Therefore, we 
recently [4] tested if directly injecting AAV-IL-27 
into tumors could lead to a similar anti-tumor 
effect while avoiding uncontrolled IL-27 produc-
tion. We found that high levels of IL-27 was pro-
duced in tumors and released to peripheral 
blood after AAV-IL-27 intra-tumoral injection. 
AAV-IL-27 local therapy showed potent anti-
tumor activity in mice bearing plasmacytoma 
J558 tumors and modest anti-tumor activity in 
mice bearing B16.F10 tumors. Intra-tumoral 
injection of AAV-IL-27 induced infiltration of im- 
mune effectors including CD8+ T cells and NK 
cells into tumors, caused systemic reduction of 
Tregs, and stimulated protective immunity. Me- 
chanistically, we found that IL-27 induced T cell 
expression of CXCR3 in an IL-27R-dependent 
manner. Additionally, we found that AAV-IL-27 
local therapy had synergistic effects with anti-
PD-1 or T cell adoptive transfer therapy. Impor- 
tantly, in mice whose tumors were completely 
rejected, IL-27 serum levels were significantly 
reduced or diminished. Thus, intra-tumoral in- 
jection of AAV-IL-27 is a feasible approach that 
can be used alone or combination with anti-
PD-1 antibody or T cell adoptive transfer for the 
treatment of cancer.

Conclusions and future directions

Our recent studies [3, 4] suggest that one sin-
gle dose of AAV-IL-27 injection (either i.m. or 
intratumorally) resulted in highly efficient pro-
duction of IL-27, as reflected by high levels of 
IL-27 in blood. Mice receiving AAV-IL-27 therapy 
remain healthy during the observation period, 
suggesting low toxicity of IL-27 despite high 
concentrations of IL-27. AAV-IL-27 therapy inhib-
its the growth of a variety of tumors in mice 
through a few mechanisms. First, IL-27 enhanc-
es T cell infiltration into tumors via chemokine/
chemokine receptor induction in tumors and 

lymphocytes. Second, IL-27 enhances Th1/Tc1 
responses and directly programs T cells into 
multi-functional effectors. Third, IL-27 directly 
acts on Treg cells to induce their systemic 
depletion via inhibiting IL-2 signaling. Due to 
these properties, AAV-IL-27 therapy dramati-
cally enhances the efficacy of cancer vaccine 
and tumor sensitivity to anti-PD-1 therapy (by 
directly inducing PD-L1 expression in T cells). 
Importantly, AAV-IL-27 therapy did not cause 
significant toxicity and tissue damage. In fact, 
AAV-IL-27 therapy prevents the development of 
autoimmune inflammation in a variety of tis-
sues. These properties of IL-27 suggest that 
AAV-delivered IL-27 may be a potential thera-
peutic for cancer. 

In the future, a few things need to be done to 
pave the way for AAV-IL-27 to enter the clinic. 
First, it is still necessary to further determine 
the mechanisms of action of AAV-IL-27. These 
include evaluating the roles of IL-27-induced 
novel pathways in AAV-IL-27 monotherapy, de- 
termining the molecular mechanisms of IL-27 
therapy-induced depletion of Tregs, and why 
autoimmunity is prevented despite Treg deple-
tion. Second, AAV-IL-27 has its best effect in 
combination with anti-PD-1/PD-L1 or vaccine. 
It is necessary to determine if other combina-
tion therapies will also work. These will lead to 
the development of IL-27-based novel immuno-
therapies for cancer. Third, a potential caveat 
of using rAAV to systemically deliver IL-27 is that 
there is no practical method of terminating 
gene expression when its biological activity is 
no longer needed. Therefore, developing an 
IL-27 control-released AAV may be necessary. 
Finally, it is critically important to determine if 
the findings in mice can be recapitulated in 
human tumor models and human immune 
cells. We recently produced AAV that express 
human IL-27 (AAV-hIL-27) and injected AAV-
hIL-27 or AAV-ctrl virus into NSG mice. Our pre-
liminary studies are promising and show that 
AAV-hIL-27 can induce similar phenotypes in 
human immune cells to that seen in mice. 
These results will lay the foundation for further 
clinical trials in human cancer patients using 
AAV-IL-27. 
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