Drug Design, Development and Therapy

Dove

REVIEW

Clinical Application of Cytokines in Cancer
Immunotherapy

Yi Qiu'"?
Mengxi Su'
Leyi Liu®'?
Yiqi Tang
Yuan Pan
Jianbo Sun

1,3
1,3
1,3

'Guanghua School of Stomatology,
Hospital of Stomatology, Sun Yat-Sen
University, Guangzhou, People’s Republic
of China; 2Zhongshan School of Medicine,
Sun Yat-Sen University, Guangzhou,
People’s Republic of China; *Guangdong
Provincial Key Laboratory of
Stomatology, Guangzhou, People’s
Republic of China

Correspondence: Jianbo Sun

Guanghua School of Stomatology,
Hospital of Stomatology, Sun Yat-Sen
University, No. 74, Zhongshan Er Road,
Guangzhou, Guangdong, 510080, People’s
Republic of China

Tel +86-20-87330589

Email sunjb3@mail.sysu.edu.cn

Abstract: Cytokines are key components of the immune system and play pivotal roles in
anticancer immune response. Cytokines as either therapeutic agents or targets hold clinical
promise for cancer precise treatment. Here, we provide an overview of the various roles of
cytokines in the cancer immunity cycle, with a particular focus on the clinical researches of
cytokine-based drugs in cancer therapy. We review 27 cytokines in 2630 cancer clinical trials
registered with ClinicalTrials.gov that had completed recruitment up to January 2021 while
summarizing important cases for each cytokine. We also discuss recent progress in methods
for improving the delivery efficiency, stability, biocompatibility, and availability of cytokines
in therapeutic applications.

Keywords: cytokine therapy, cancer immunity cycle, cancer immunotherapy, clinical trial,
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Introduction

Cancer is a disease characterized by the abnormalities in the regulation of cell
proliferation and differentiation. Many factors contribute to cancer development
including genetics,' lifestyle, and environmental carcinogens, among others.”
Cancer is the second leading cause of death worldwide after cardiovascular disease,
accounting for 9.6 million deaths in 2018 according to data from the International
Agency for Research on Cancer. Lung cancer is the leading cause of cancer death
(18.4%), followed by breast cancer (11.6%), and prostate cancer (7.1%).> Clinical
manifestations include pain, bleeding, lumps and ulcers at the site of disease, along
with systemic symptoms such as weight loss and fatigue leading to cachexia.
Traditional treatment modalities including surgery, radiotherapy, and chemotherapy
have various disadvantages and cause side effects that are in some cases severe.
Immunotherapies such as blockade of programmed death (PD)-1 and programmed
death ligand 1 (PD-L1) immune checkpoints; chimeric antigen receptor T cell
immunotherapy (CAR-T); using the monoclonal antibody against cancer antigen;
and cytokine therapy offer a promising alternative to the conventional treatment
approaches for cancer. In particular, cytokine therapy has shown encouraging
results in both basic and clinical research settings.”

Cytokines are small proteins produced by various cells (immunocytes and
non-immunocytes) as molecular messengers to communicate with each other or
with other cells. Cytokines have versatile roles in several steps of the cancer
immunity cycle including cancer antigen presentation, T cell priming and acti-
vation, effector T cell infiltration in cancer site, and cancer cell death, as shown
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in Figure 1. More importantly, cytokine-mediated sig-
naling pathways control the direction of naive CD4"
T cell differentiation and thus determine the effects of
anticancer immunity (Figure 2 and Table 1). Briefly,
transforming growth factor B (TGF-B) signaling in
naive CD4" T cells is required for the differentiation
of regulatory T cells (Tregs) and T helper type 17
(Th17) cells, both of which promote tumor progression.
Additionally, Th17 cell differentiation and clonal expan-
sion require a cocktail of cytokines (IL-6, IL-21, IL-23,
IL-1B, and TGF-P).°'° IL-17 secreted by Thl17 cells
guides macrophages and neutrophils to cancer sites and
Th17 cells

themselves also exert antitumor effects in the melanoma

induces cancer-promoting inflammation.
microenvironment by potentiating the functions of CD8"
T cells and T helper type 1 cells (Thl cells).'" IL-10,
IL-11, IL-4, and IL-13 are critical for the differentiation
and development of T helper type 2 cells (Th2
cells),lzf17 whereas IL-12, IL-18, IL-1p, and interferon

(IFN)-y promote Thl cell development and activity.'® >
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Thl cells modulate tumor-suppressing pathways by sti-
mulating IFN-y secretion and enhancing the cytotoxicity
of natural killer (NK) cells and CD8" T cells, while Th2
cells inhibit the anticancer immune responses by block-
ing Thl cell differentiation and the release of IFN-y.
Vascular endothelial growth factor (VEGF) and tumor
necrosis factor (TNF)-o promote cancer progression by
directly facilitating angiogenesis, although recombinant
TNF-a has been shown to enhance the effect of com-
bined chemotherapy regimens by increasing the perme-
ability of tumor blood vessels.>*?’

Because the roles of cytokines are diverse and precise
applications of cytokines are greatly needed, it is urgent to
update the progresses of cancer immunotherapy with cyto-
kines. Here, we review total 2339 clinical trials using or by
targeting cytokines for precise treatment of cancers regis-
tered with ClinicalTrials.gov; summarize the therapeutic
efficacy of typical cytokines based on clinical data; and
highlight progress in the development and application of
nanomaterials for cytokine-based therapy.
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Figure | Cytokines in the cancer immunity cycle.® 1) Antigens from dead cancer cells are captured by APCs, mainly by DCs. 2-3) DCs present cancer antigens to T cells to
prime the adaptive immune response. 4-5) Activated effector T cells infiltrate cancer cells and then 6) kill cancer cells. Dead cancer cells release cancer antigens to continue
the immune cycle. Cytokines that have been shown to promote or inhibit the anticancer immune responses are highlighted.

Abbreviations: IFN, interferon; IL, interleukin; TGF-, transforming growth factor ; TNF, tumor necrosis factor.
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Figure 2 Varied roles of cytokines involved in anticancer immunity. Different cytokines determine naive CD4" T cell fate to Tregs, Th17, Thl or Th2, and further regulate
anticancer immunity. IL-12, IL-18, IL-1, IL-10 and IL-11 secreted by dendritic cells (DCs) drive Thl or Th2 cell differentiation. TGF-B, IL-11, IL-6, and IL-21 are important
signals for Treg and Th17 cell differentiation. IFN-y, IL-2, IL-15, and IL-7 secreted by Th1 cells enhance the anticancer effects of cytotoxic T lymphocytes, NK cells, B cells,
and macrophages, which can be suppressed by IL-4, IL-13, and IL-10 secreted by Th2 and Treg cells. IL-17 secreted by Thl7 cells play a role in the induction of cancer-
promoting anticancer inflammation by MDSCs. VEGF and TNF-a promote cancer progression by facilitating angiogenesis. Cytokines functions are shown in text boxes; those
that promote anticancer immunity are in red while those that inhibit anticancer immunity are in black.

Screening for and General Status of
Clinical Trials with Cytokine-Based
Drugs in Cancer Therapy

In order to review clinical application of cytokines in
cancer therapy, we have searched all the known cyto-
kines in ClinicalTrials.gov. In the advanced search page
of ClinicalTrials.gov, we entered “cytokine name”, such
as “IL-2”, in other term section and chose “completed” in
the recruitment status section. Then, we download the
search results and screen the trials item by item to make
sure that the intervention of the trial includes cytokine-
based drugs and the condition of the trial is cancer. As
a result, we got 25 cytokines with clinical trials that had
completed recruitment in ClinicalTrials.gov, and we also
checked 2 cytokines (IL-10 and IL-17) without published
clinical studies for cancers because of their crucial roles
in anticancer immunity. Finally, we screen out 2630
clinical trials using cytokines as either therapeutic agents
or targets in treating cancers registered with
ClinicalTrials.gov that had completed recruitment up to

January 2021.

It is interesting that G-CSF, GM-CSF, VEGF, IL-2 and
IFN-y are the five most studied cytokines (Figure 3A and
Supplementary Table 1), which could be explained by the

fact that they have been discovered and clinically studied
very early (Figure 4A and B) and they play very important
roles in cancer treatment. VEGF is the most studied target
for the treatment of most types of cancer because the role of
VEGF in angiogenesis induction, cell proliferation and pro-
moting vascular permeability is extremely important for
cancer growth, migration and infiltration. CSF can promote
proliferation and differentiation of multiple immune cells
such as macrophage, granulocytes, and mononuclear pha-
gocytes, and thus is widely used as medication to stimulate
the production of white blood cells following chemother-
apy. Similarly, IL-2 is used to stimulate T cell production
for enhancing anti-cancer immunity. IFN-y can directly
inhibit tumor cell proliferation and augment anti-tumor
immunity by promoting MHC expression, antigen presenta-
tion, and the function of tumor-infiltrating Th1 cells, CTLs
and macrophages. The clinical trials of cytokines cover
nearly all cancer types (Figure 3B) but most of the clinical
done on melanoma

trials are and hematological

Drug Design, Development and Therapy 2021:15

2271

Dove:


http://www.dovepress.com/get_supplementary_file.php?f=308578.pdf
https://www.dovepress.com
https://www.dovepress.com

Qiu et al

Dove

Table | Varied Roles of Cytokines in Anticancer Immunity

Table | (Continued).

Cytokine | Secreting Cell Cancer
R Cytokine | Secreting Cell Cancer
Immunoregulation A
Immunoregulation
IL-2 CD4" T cells, CD8" 1 CD4" T cell TNF " R 4 A N b
T cells, NK cells, DCs, differentiation; 1 CD8* e acrophages and some nticancer: Recombinant
. other myeloid cells, TNF increases the
mast cells T cell cytotoxicity; 1 i ) bility of
T cell proliferation; 1 NK malignant cells permeability of tumor
. . blood vessels, enhancing
cell proliferation and
7798 the effect of combined
activation.””
chemotherapy and
IL-7 Thymic stromal and 1 T cell, B cell, and NK destroying tumor
mesenchymal cells, cell proliferation.”® vasculature.”’”
lymphatic endothelial Pro-cancer: Endogenous
cells, intestinal epithelial TNF facilitates tumor
cells angiogenesis, enhances
malignant cell survival, and
IL-15 DCs, monocytes, 1 T cell and NK cell .
induces EMT and local
epithelial cells activation and . a7
) 00101 immune suppression.
proliferation. ™™
. R IL-1 (IL- Macrophages, monocytes, | Anticancer: IL-1p induces
IL-21 CD4" T cells, NKT cells 1 CD8" T cell, NK cell,
la, IL-1B) fibroblasts, DCs, Thl and Th17
and NKT cell 109
102103 B lymphocytes, NK cells, | responses.
cytotoxicity. . . o
microglia, epithelial cells Pro-cancer: 1 Tumor
IFN-a, Lymphocytes (NK cells, 1 DC maturation and angiogenesis; sustains
IFN-B B cells, and T cells), activation; T MHC class immunosuppressive
macrophages, fibroblasts, | expression on tumor activity of MDSCs and
endothelial cells, cells; 1 NK cell TAMs 2
osteoblasts maturation and cytolytic . .
104,105 IL-18 Macrophages Anticancer: 1 Activation of
effect. ™™
cytotoxic T cells and NK
IL-12 DCs, phagocytes 1 CTL and NK cell cells; 1 perforin-mediated
(monocytes/macrophages | cytotoxicity; T IFN-y cytotoxicity in NK
and neutrophils) secretion by T cells, NK cells.'”!"°
cells, ILCs; 1 antigen Pro-cancer: 1 Tumor
pr'esem:ationA|8 angiogenesis and
. R metastasis; 1 tumor
IFN-y CD4" T cell, CD8 Anticancer: 1 Cell surface . L 2021,111
immune evasion.
T cells, NK cells, B cells, MHC class | expression; 1
NKT cells, professional T cell, NK cell, and NKT GM-CSF T cells, B cells, 1 DC and macrophage
APCs cell migration into G-CSF macrophages, mast cells, expansion and activation;
tumors; 1 initial priming epithelial cells, fibroblasts | 1 ADCC through
and differentiation of macrophages, endothelial | regulation of neutrophils,
CTLs; | tumor cells monocytes and
proliferation directly; | ma\cropha\ges.I 12
tumor angiogenesis.23"°6 . . .
EPO Kidney cells 1 Expansion of erythroid
Pro-cancer: | Effector .
) . progenitor and precursor
function of tumor-specific s, 13
cells.
T cells or NK cells
(upregulating expression Multi-CSF | T cells, basophils 1 Proliferation of
of PD-LI and PD-L2 in (IL-3) hematopoietic stem cells;
tumor cells and other 1 proliferation and
stromal cells including differentiation of myeloid
immune infiltrating cells); cells,!!*!1>
1 CTLA-4 expression on Conti
tumor cells.'®”'%® (Continued)
(Continued)
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Table | (Continued).

Table | (Continued).

eosinophils, mast cells,
invariant NKT cells, type
2 ILCs

immunosurveillance via IL-
4Ro/STAT6 signaling
pathway.'®

(Continued)

Cytokine | Secreting Cell Cancer Cytokine | Secreting Cell Cancer
Immunoregulation Immunoregulation
CCL21 Stromal cells within T cell | 1 T cell and DC IL-10 B cells, CD4" T cells | Thl cell production of
areas of lymph nodes, infiltration in tumor.*'"''¢ IL-2 and IFN-y; 1 B cell
lymphatic endothelial function; | TAA cross-
cells, high endothelial presentation by DCs; 1
venules, spleen, Peyer’s TGF-B—induced Treg
patches generation and
activation, '3
TGF$ Multiple leukocyte and | T cell proliferation; |
stromal cell lineages CD8" T cell function; 1 IL-6 TAMs, MDSCs, CD4* | Thl differentiation of
Treg generation; | IFN-y T cells, fibroblasts CD4" T cells; 1 DC
production by NK cells; | maturation; T generation
MHC class Il and of immune-suppressive
costimulatory molecule alternatively activated
expression on DCs.”'° (M2) macrophages and
regulatory DCs; 1
VEGF Macrophages, 1 Tumor angiogenesis; | ) )
production of immune-
keratinocytes, tumor cells, | DC maturation; 1 i
latelets, mesangial cells in | immunosuppressive cells suppressive factors (g,
a ,
E_d ¢ | PP o IL-10, PGE2, and VEGF)
» t s
aney (eg, regulatory T cells by myeloid cells; 1 STAT3
TAMs, MDSCs); | T cell th hich ind
athway, which induces
function.2*2 P . 4 L
angiogenesis, increases
FGF Macrophages, mast cells, 1 Immune evasion and tumor invasiveness and
endothelial cells, angiogenesis in the tumor metastasis, supports
fibroblasts, bone marrow | microenvironment; FGF2 tumor cell survival, and
mesenchymal stem cell alters macrophage promotes proliferation.”®
larization t d
polarization .ow?r s IL-11 T cells, B cells, 1 Tumorigenesis through
-t
apro umolrllfel?slc macrophages, osteoblasts, | activation of JAK/STAT3
phenotype.” " T 14
fibroblasts, chondrocytes | signaling pathway.
IGF C - iated DC maturati d
f:"ct:r ass°b°'a € fl e IL-17 Thi7 cells 1 Tumor growth through
ts, tion. ™
ibroblasts, bone marrow unction IL-6/STAT3 signaling
stromal cells, intestinal ) )
pathway; 1 tumorigenesis
epithelial cells, many . .
(acting directly on
immune cells
transformed cells); 1
EGF TAMs, anterior pituitary 1 Macrophage-tumor cell tumor angiogenesis
cells, kidney cells, salivary | interaction and tumor cell (through induction of
gland cells invasion; 1 regulatory angiogenic factors
T cell-suppressive including VEGEF, PGE2, and
function.m"n cytokines).ss"za"“
IL-4 Th2 cells, basophils, mast | CTL cytotoxicity; 1 Th2 Notes: 1, promote; |, inhibit; cytokines promoting cancer progression are shown
’ ’ ’ in italics.
cells, NKT cells responses while inhibiting
Thl development;
stabilizes Th2 status of malignancies because the two cancer types have better
CD4" cells.'>'® responses and outcomes than other cancers in the immune
28,29
IL-13 Th2 cells, basophils, | CTL-mediated tumor therapy.

The year of discovery of each cytokine and the year

of the first clinical trial with the cytokine for cancer

treatment are shown, respectively, in Figure 4A and B,

which gives a visualized understanding of research
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Figure 3 Clinical research status of cytokines. Number of cancer clinical trials using cytokine-based drugs treating all cancer types (A) or each cancer type (B) registered

with ClinicalTrials.gov as of January 2021.

progresses of cytokines in certain years. The main cyto-
kines were discovered in the last 3 decades of last
century and the clinical trials were carried out inten-
sively between 1998 and 2008. The interval time from
the discovery to the first clinical trial of certain cytokine
is varied with the maximum of 95 years (EPO) and
minimum of 7 years (IL-21). The cytokine-based drugs
could be grouped into two types: cytokine drugs and
drugs targeting cytokines.

Clinical Application of Cytokines as

Cancer Therapeutic Agents

IL-2, type I IFN, IL-12, chemokine (C-C motif) ligand
(CCL) 21, and colony-stimulating factors (CSF) family
cytokines are known to promote anticancer immunity.
Although IFN-y, TNF-0, and IL-1 families play a dual
role in the cancer immunity cycle, they are widely
studied for their anticancer activity. In this section, we
present the efficacy of these cytokine-based drugs in
cancer treatment.

IL-2

There are 268 trials registered with ClinicalTrials.gov
using IL-2 for cancer treatment. Of the 52 trials for
which results are available, 7 treated cancer with IL-2
alone, including 3 trials using IL-2 and 4 using IL-2
derivatives (hul4.18-IL12, denileukin diftitox
[ONTAK®™], and ALT-801) for the treatment of melanoma,
breast cancer, metastatic renal cell carcinoma (mRCC),
and neuroblastoma. There were 45 trials investigating the
effects of IL-2 combined with other therapies. In general,
melanoma and leukemia responded better than other types
of cancer to IL-2 treatment and IL-2 performed more out-
standing when combined with other therapies in cancer
treatment. The objectives of clinical studies using IL-2 in
cancer treatment are summarized in Figure 5.

In 1992, high-dose aldesleukin became the first cyto-
kine approved by the US Food and Drug Administration
(FDA) for the treatment of mRCC based on an objective
response rate (ORR) of 14% in 255 patients.* In 2006,
a new trial using high-dose aldesleukin for the treatment of
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Figure 4 Historical timelines of cytokine research. (A) Timeline of cytokine discovery. The time point is the year in which the cytokines, EPO,*’ IFNs,”®”' EGF? G-CSF”>7
FGE” IL-1,7¢ IL-2,”7 IGE”® TNE”® GM-CSE®® TGF-3,2' IL-3,%2 IL-4,% 1L-6,%* IL-7,%° 1L-10,%¢ 1L-12,%7 IL-13,%8 VEGE®® IL-11,%° IL-15,°" IL-17,°% 1L-18,% IL-21,°*%° and
CCL21,%%7 were first described. (B) Timeline of the first clinical trials of cytokines for cancer treatment. The time point is the year that the trial was first registered with

ClinicalTrials.gov. Clinical trial registry (NCT) numbers are shown.

mRCC was conducted by the Cytokine Working Group to
evaluate the clinical utility of PD-L1, B7 homolog 3
protein, carbonic anhydrase 9, plasma VEGF, and fibro-
nectin levels as biomarkers for therapeutic response mon-
itoring. PD-L1 and B7 homolog 3 protein were identified
as candidate markers but require independent validation.>'
The IL-2 derivative hul4.18-IL-2, which consists of 2
molecules of IL-2 covalently linked via the Fc region,
has demonstrated long-term tumor control in animal
models.*” In Phase I and II trials, hul4.18-IL-2 prolonged
the tumor-free survival period in some patients with recur-
rent stage III or stage IV melanoma following resection.’”

The anticancer efficacy of IL-2 may be enhanced
when it is used in combination with other immunothera-
pies and chemotherapy agents. In one trial, 6 of 11
patients with non-Hodgkin lymphoma treated with IL-2
plus rituximab achieved complete or at least partial
remission (NCT00994643). A Phase III trial reported
that IL-2 combined with other
reagents, including dinutuximab and granulocyte/macro-

immunotherapeutic

phage (GM)-CSF, enhanced the efficacy of isotretinoin
in the treatment of neuroblastoma after stem cell trans-
plantation; the 3-year event-free survival rates for iso-
tretinoin with and without immunotherapy is 62.9%
against 48.1%, respectively (NCT00026312). Results

from 3 other trials supported the survival benefits of
combination treatment (NCTO01334515, NCT01592045,
and NCTO01041638). In addition to immunotherapy,
data from 27 trials suggest that chemotherapy drugs
such as ONTAK®, etoposide, cyclophosphamide can
increase the antitumor activity of I1L-2.

Other IL-2 Family Members

Given the therapeutic effects of IL-2, other members of the
IL-2 family including IL-7, IL-15, and IL-21, that are
known to act independently or synergistically with IL-2
in the anticancer immune response have been investigated
for the treatment of breast cancer, renal cell cancer, mel-
anoma, and leukemia. However, in a trial of IL-7 in
patients with metastatic castration-resistant prostate cancer
(NCTO01881867), the number of T cells per 300,000 per-
ipheral blood mononuclear cell was not higher than in the
comparator group. In trials investigating the efficacy of
intravenous (NCTO01385423 [phase I]) or subcutaneous
(NCT02395822 [phase II]) recombinant human IL-15 in
enhancing the effects of NK cell therapy in patients with
acute myelogenous leukemia, 32% of patients in the phase
I trial and 40% of those in the Phase II trial achieved
complete remission.®® In a phase II trial evaluating the
efficacy and safety of IL-21 in the treatment of malignant
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IL-2 in Clinical Cancer Treatment
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Figure 5 Application of IL-2 in 52 clinical trials for cancer therapy. IL-2 has been used in combination with lymphocytes, NK cells, genetically engineered cells, monoclonal
antibodies, and tumor antigens as well as with radiotherapy, chemotherapy, and chemoradiotherapy. Dose finding, selected studies, and effects of recombinant IL-2 are

shown. Numbers in parentheses are the number of clinical trials.

melanoma (NCT01152788), IL-21 did not demonstrate
a clinical benefit over dacarbazine, with a progression-
free survival (PFS) of 1.87 vs 2.04 years, although IL-21
was associated with fewer adverse events.

Type I IFNs

Type I IFNs including IFN-o and IFN- play an essential
role in the presentation of cancer antigens by mediating
the maturation and activation of dendritic cells (DCs) and
inducing the expression of major histocompatibility com-
plex I molecules on tumor cells.>>*® Since 1996, there
have been 248 trials investigating the therapeutic potential
of IFN-a in the treatment of cancers including melanoma

with results for 76 available on

ClinicalTrials.gov. Although there is in vitro evidence

and leukemia,
that IFN-B more potently inhibits tumor cell proliferation
than IFN-q, there have been no clinical trials demonstrat-
ing its efficacy in cancer therapy.

A study conducted from 1988 to 2010 evaluating the
efficacy of high-dose IFN-0-2b in 1150 patients who had
undergone resection for stage II or III melanoma
(NCT00003641) found no
relapse-free survival and overall survival (OS) rates. In

improvements in 5-year
addition to treating melanoma, IFN-o has been used as
first-line treatment for mRCC, but was found to be less
effective than the tyrosine kinase inhibitor su011248 in
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a phase III trial (NCT00083889). Various forms of IFN-a
including pegylated (PEG)-IFN-a and recombinant adeno-
virus (rAd)-IFN (encoding IFN-a2b) have been evaluated
in clinical studies. Two trials compared the efficacy of
PEG-IFN-a and IFN-a in different types of cancer; in
patients with melanoma, the median OS was 25.63 months
with  PEG-IFN-a vs 20.67 months with IFN-a
(NCT03552549), whereas in chronic myelogenous leuke-
mia, the 12-month survival rate was slightly higher in the
IFN-o group than in the PEG-IFN-a group (91.3% [158/
173] vs 90.1% [154/171]) (NCT03547154). In both trials,
more severe adverse effects were reported in patients
receiving PEG-IFN-o treatment. In another phase II
study (NCT01687244), rAd-IFN showed promising results
in patients with Bacillus Calmette-Guérin-refractory or
relapsed bladder cancer.

The antitumor activity of IFN-a can be dramatically
enhanced by including other types of immunotherapy in
the treatment regimen. In a phase III trial initiated in 2004
(NCTO00738530), 649 patients with mRCC received IFN-a
alone or with bevacizumab; PFS was 5.5 and 10.2 months,
respectively, and ORR was 12.5% and 32.4%, respectively.
When the chemotherapy drug vinblastine was added to the
regimen, the PFS was increased to 274 days
(NCT00520403). Results from 5 other trials supported the
effects of IFN-a in combination with bevacizumab. A trial
assessing the efficacy of pembrolizumab (anti-PD-1) plus
sylatron (PEG-IFN-a-2b) for the treatment of advanced
cholangiocarcinoma was initiated in 2017, but no patients
completed the study due to adverse effects (NCT02982720).

Type Il IFN

As the sole type II IFN, IFN-y is a typical pro-
inflammatory cytokine that exerts antitumor effects by
suppressing proliferation and promoting apoptosis in
tumor cells and inducing necrotic death and inhibiting
angiogenesis in tumors. However, IFN-y was shown to
upregulate PD-L1 expression on tumor cells, which sup-
pressed anticancer immunity through the binding of PD-
L1 to its receptor PD-1 on lymphocytes.®> Despite these
conflicting roles in cancer, the therapeutic potential of
recombinant or adenovirus-delivered IFN-y is being inves-
tigated in 22 trials, although only 2 have posted results. In
a phase II trial (NCT00501644), 59 patients with ovarian
or fallopian tube cancer or primary peritoneal cancer were
treated with subcutaneous GM-CSF and IFN-y before and
after intravenous carboplatin; the ORR was 56% and med-
ian time to progression was 6 months. However, there was

no control group in this trial. Another phase II trial
assessed the efficacy of IFN-y combined with 5-fluorour-
acil (FU), leucovorin, and bevacizumab in patients with
metastatic colorectal cancer (CRC) (NCT00786643), but
the specific contribution of IFN-y to the treatment effect
was not investigated. In summary, the efficacy of IFN-y in
cancer therapy has yet to be established.

IL-12

IL-12, which is mainly produced by antigen-presenting
cells, plays an important role in regulating innate and adap-
tive immune responses. There are 47 registered Phase I-111
trials evaluating the efficacy and safety of intratumoral IL-
12 administration either alone (22 trials) or with other
immunotherapies (eg, DCs, T cells, and vaccines; 17 trials)
for the treatment of melanoma, Merkel cell carcinoma,
ovarian carcinoma, head and neck squamous cell carci-
noma, and other cancers. In most cases a plasmid encoding
IL-12 was used. A phase III trial that enrolled 51 patients
with melanoma optimized the therapeutic strategy
(NCT01502293): patients underwent 5 treatment cycles at
3-month intervals consisting of 3 intratumoral injections of
IL-12 plasmid immediately followed by in vivo electropora-
tion, which resulted in an ORR of 32.1% higher than the
other two groups (underwent 9 cycles [25.0%] and 2 cycles
[25.0%] at 6-week intervals, respectively). On the other
hand, tumor-infiltrating CDS8'T cells expressing IL-12
showed unsatisfactory results for the treatment of metastatic
melanoma in a phase I/II trial (NCT01236573).

TNF

TNF was initially recognized as an antitumor cytokine.
However, endogenous TNF induces the expression of
multiple cytokines that act on M2 macrophages to stimu-
late the extracellular matrix remodeling as well as the
differentiation of myeloid endothelial progenitor cells,
which promotes tumor angiogenesis.>” These findings sug-
gest that TNF can serve as either therapeutic target or
agent. The first clinical trial of TNF for cancer treatment
was initiated in February 1992; to date, there have been 20
trials involving at least 1152 participants in which TNF or
related biological agents were used to treat 3 main tumor
types—namely, melanoma, CRC, and head and neck can-
cer. Only one study has published results. Etanercept,
a TNF inhibitor, was investigated for the treatment of
idiopathic pneumonia in patients with leukemia and lym-
phoma after stem cell transplantation (NCT00309907), but
the results did not reflect the effect of TNF inhibitor.
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CSF Family

The anticancer efficacy of CSF family cytokines including
GM-CSF, granulocyte (G)-CSF, erythropoietin (EPO), and
IL-3, has been widely studied in clinical settings. To date,
1311 clinical trials enrolling over 200,000 cancer patients
treated with GM-CSF and G-CSF alone or in combination
have been registered at ClinicalTrials.gov; of these, 96%
and 94% studied the effects of GM-CSF and G-CSF in
combination therapy, respectively (Figure 6A).

EPO exhibits pro-proliferative and anti-apoptotic activ-
ities in multiple nonhematopoietic cell types including tumor
cells.’” EPO has been used to alleviate cancer- and che-
motherapy-related anemia. The first clinical trial of EPO for
cancer treatment was initiated in 2003 and to date, 15 trials
without results have been published at ClinicalTrials.gov.

IL-3, also known as multi-CSF and hematopoietic cell
growth factor, has been the focus of 7 clinical trials.
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A single-arm trial study evaluating the efficacy of
DT388IL3 fusion protein for the treatment of patients with
acute myeloid leukemia or myelodysplastic syndromes
reported an overall response rate of 81.8% (NCT00397579).

IL-1 Family

IL-1 and IL-18 are members of the IL-1 family; IL-1 is an
important regulator in innate immunity,*® and both cyto-
kines stimulate IFN-y production by T cells and NK cells.
IL-1 has dual roles in anticancer immune response.
Clinically, patients with high IL-1 concentrations in tumors
have poor prognoses.”® Anakinra is an IL-1 receptor antago-
nist that is commonly used to treat rheumatoid arthritis; its
antitumor efficacy has been assessed in 8§ trials. In a phase I1
trial, anakinra combined with dexamethasone was used to
treat multiple myeloma and plasma cell neoplasm
(NCT00635154); the 6-month progression-free rate was

C
Cytokine lAlone [ With With B With W With
Bio- Chemo- Radiation Multi-
reagents therapies therapies
G-CSF 36 149 333 3 291
GM-CSF 28 235 i1 3 122
VEGF 104 43 102 5 47
ko2t 54 134 51 0 58
Family
IFN 63 86 587 3 68
EGF 104 24 58 & 18
IGF 34 B8 31 0 0
IL-12 22 I s 4 4] 4
”"6, 12 5 4 0 1
Family
TNF 9 1 4 0 6
EPO i 0 6 0 2
FGF 9 1 4 0 0
W . 7 4 2 0 1
Family
IL-13 1 1 0 0 8
TGF-B 6 1 0 1 0
IL-3 2 0 0 0 5]
IL-4 4 1 0 0 2
CCL21 2 1 0 0 0

Figure 6 The number and ratio of clinical trials of cytokine combined with other agents in cancer treatment. (A) Relative ratio of clinical trials using GM-CSF, G-CSF and
VEGF receptor inhibitors alone or in combination. (B and €) Number of clinical trials using cytokine-based drugs alone or in combination.
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90.7%. 6 clinical trials are investigating a recombinant
human IL-18, namely SB-485232, for the treatment of
patients with melanoma, lymphoma, and ovarian neo-
plasms, but no results have been published.

CCL2I

Chemokines and their receptors mediate immunocytes
trafficking into the cancer microenvironment, playing
roles in promoting or inhibiting cancers. CCL21, together
with CCL19, regulates the migration of DCs and T cells to
secondary lymphoid organs when binding to their receptor
CCR7, thus plays an important role in adaptive immunity
and immune tolerance.*’ Intratumoral injection of CCL21
enhances the infiltration of T cells and DCs in tumor.*' To
date, 3 cancer clinical trials using CCL21 have been regis-
tered at ClinicalTrials.gov. In a phase II trial
(NCTO01433172), CCL21 combined with GM.CD40L vac-
cine (tumor antigen expressing GM-CSF and CD40L) was
used to treat lung adenocarcinoma; the 6-month progres-
sion-free survival rate was higher in the combination
group than in the GM.CD40L group (15.2% [5/33] vs
9.4% [3/32]).** For chemokine (C-X-C motif) ligand
(CXCL)12, CXCLS8, CCL2, CCL3 and CCLS5 which are
involved in cancer progression and metastasis, few clinical
trials studied drugs targeting their receptors, CXCRA4,
CXCR 1/2 and CCR2, and their effects for cancers have
not been verified.*?

Clinical Application of Drugs
Targeting Cytokines in Cancer

Therapy

TGF-B, VEGF, epidermal growth factor (EGF), insulin-
like growth factor (IGF) and fibroblast growth factor
(FGF), IL-4, IL-13, IL-10, IL-6, IL-11, and IL-17 are
known to inhibit anticancer immune response. In this sec-
tion, we present efficacy of cancer therapy by targeting
these cytokines.

TGF-B Inhibitors

TGF-B is an oncogenic factor that facilitates evasion of
systemic immune surveillance.** The clinical efficacy of
various inhibitors of TGF-B signaling including GC1008
(fresolimumab, anti-TGF- monoclonal antibody), TEW-
7197 (TGF-P receptor activin-like kinase [ALK]4/ALKY),
and AP 12009 (TGF-B2 antisense oligodeoxynucleotide)
has been investigated in metastatic breast cancer, RCC,
recurrent or refractory high-grade glioma, and advanced

melanoma. In a phase II trial examining the efficacy and
safety of combined fresolimumab (1 or 10 mg/kg) and
local radiotherapy in the treatment of metastatic breast
cancer (NCTO01401062), overall response rates were
100% with both low and high drug doses and the rate of
serious adverse events was 27% and 25%, respectively.
The results of 7 other trials of TGF-f inhibitors in cancer
treatment have yet to be reported.

Inhibitors of Growth Factor Receptors
Angiogenesis is a vital step in tumor progression and
metastasis. Sustained expression of VEGF during tumor
development induces the formation of tumor vasculature.*
Various VEGF receptor (VEGFR) inhibitors either alone
or in combination with other drugs have been investigated
for cancer treatment. These inhibitors include antibodies
against VEGFR (eg, bevacizumab, ramucirumab, and rani-
bizumab); inhibitors of receptor protein kinases (eg, axiti-
nib and vandetanib); soluble decoy receptors containing
VEGFR domains (eg, aflibercept); and small molecules
that interfere with the binding sites of VEGFR (eg, vata-
lanib). There are 301 trials registered at ClinicalTrials.gov
for the treatment of various cancers (CRC, breast cancer,
ovarian cancer, non-small-cell-lung cancer, lymphoma,
etc) using VEGFR inhibitors, of which 35% have exam-
ined the effects of VEGFR inhibitor monotherapy
(Figure 6A).

A large phase III clinical trial that enrolled 1690 parti-
cipants investigated the efficacy of docetaxel alone or with
vandetanib in non-small-cell-lung cancer (NSCLC)
(NCT00312377). Median PFS was longer with the combi-
nation therapy than with docetaxel alone (17.3 vs 14
weeks), although median OS was comparable between
the 2 groups (10.6 vs 10 months). In another phase III
trial of 913 patients with NSCLC (NCT00532155), afli-
bercept increased the median OS of docetaxel from 10.05
to 10.41 months and prolonged median PFS from 4.11 to
5.19 months. In a phase III trial examining the efficacy of
aflibercept vs a placebo in 1226 patients with metastatic
CRC who had failed to respond to the FOLFIRI regimen
(irinotecan, 5-FU, and leucovorin) (NCT00561470), med-
ian OS was increased from 12.6 to 13.5 months while
median PFS was increased from 4.67 to 6.90 months.
Besides combination with chemotherapy, the efficacy of
VEGF inhibitors combined with other immunotherapies
has been evaluated in 40 clinical trials. As described in
the paragraph of IFN-0, bevacizumab in conjunction with
IFN-o showed clinical benefits in mRCC and melanoma
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patients. Thus, VEGFR inhibition is an effective therapeu-
tic strategy for the treatment of multiple cancers.

In addition to VEGF, growth factors such as EGF, IGF
and FGF, have been shown to be crucial for the develop-
ment and progression of certain cancers. Clinically,
human epidermal growth factor receptor 1 and 2 (HER1
and HER2), IGF-1 receptor (IGF-1R) and FGF receptor
(FGFR) have been found to be overexpressed in various
cancers, particularly in breast and lung cancers.***®
There are 206, 71 and 14 trials for blocking EGFR, IGF-
1R and FGFR, respectively, with small molecule inhibi-
tors or monoclonal antibodies in treating cancers regis-
that had
recruitment. Unsurprisingly, most of these trials are for
lung and breast cancers: 71/206 trials of HER1/2 inhibi-
tors and 16/71 of IGF-1R inhibitors are for treating lung
cancers; and 44/206 trials of HER 1/2 inhibitors and 9/71
trials are for treating breast cancers. Their effects in com-

tered with ClinicalTrials.gov completed

bination of chemotherapeutics have been generally stu-
died. A phase II trial (NCT00986674) demonstrated that
carboplatin and paclitaxel are more effective when given
with cixutumumab (anti-EGFR antibody) and cetuximab
(anti-IGF-1R antibody) than with cetuximab alone in
treating advanced non-small cell lung cancer, with overall
response rates of 22%, 21.7% and 11%, respectively.
However, a phase II trial (NCT00684983) showed that
cixutumumab did not enhance the effects of capecitabine
and lapatinib ditosylate (EGFR and HER2 inhibitors) in
treating HER2-positive stage IIIB-IV breast cancers. Five
trials with published results showed limited effects of
FGFR inhibitors. A phase II trial studied the effects of
dovitinib (a multitargeted inhibitor of FGFR and VEGFR)
for patients with advanced lung cancer or CRC who have
progressed on anti-VEGF treatment, and the overall
response rate was 14.3%. Overall, blockade of growth
factor receptors brings considerable therapeutic effects
when combining with chemotherapy in treating certain
cancers.

IL-4, IL-13, and IL-10

IL-4 and IL-13 function as immunosuppressive cytokines
that inhibit antitumor immunity by enhancing the Th2 cell
response and blocking Thl cell differentiation.'® Mutated
forms of IL-4 and IL-13 receptors highly expressed in
multiple human tumor cell lines.**>° Based on these
observations, targeted drugs were developed by linking
Pseudomonas exotoxin to IL-4 or IL-13 (IL4-PE38KDEL
and IL13-PE38QQR, respectively).

Since 2001, there have been 7 cancer trials of IL-4
registered at ClinicalTrial.gov. It was shown in vitro that
IL-4 can inhibit the growth of Kaposi sarcoma cells,’' and
one trial assessed the efficacy of IL-4 in the treatment of
sarcoma (NCT00000769)
although no findings have been published. IL-4 was also

48 patients with Kaposi
administered as an adjuvant to enhance the effect of a DC
vaccine in the treatment of Wilms’ tumor (NCT00001564)
and Ewing sarcoma (NCT00923910),> but the outcome of
these trials is unknown.

The first clinical trial using IL13-PE38QQR (for the
treatment of malignant gliomas) was initiated in 2000.
Since then, there have been 10 clinical trials involving over
500 participants with malignant gliomas who were treated
with IL-13-PE38QQR. It is difficult to conclude these trials
as the results have not been published. In one phase III trial
of 300 patients with recurrent malignant gliomas
(NCT00064779), IL13-PE38QQR was directly infused into
the tumor tissue for 96 hours. After 15 days, patients under-
went surgery to excise the recurrent tumors and received
another infusion. However, no results have been posted for
this or any other trial investigating IL13-PE38QQR.

IL-10 functions as an immune suppressor that inhibits
the cancer immunity cycle.”® To date, there have been no
reports from ClinicalTrial.gov evaluating the efficacy of
IL-10 for cancer treatment, although many trials have
examined the use of IL-10 for the treatment of autoim-
mune disease such as rheumatic arthritis.

IL-6, IL-11, and IL-17
The IL-6 cytokine family, which includes IL-6 and IL-11,
participates in the activation of oncogenic signal transdu-

cer and activator of transcription (STAT)3.%*

Twenty trials
of IL-6 for cancer treatment (multiple myeloma, lym-
phoma, mRCC, and prostate cancer) have been registered
at ClinicalTrials.gov, mostly involving siltuximab, an IL-6
antagonist approved by the FDA for the treatment of
multicentric Castleman disease. In a phase II trial of 88
patients with myeloma (NCT00911859), siltuximab com-
bined with VELCADE (a prescription medication for mye-
loma) resulted in a higher complete response rate (26.5%
vs 22.4%) and overall response rate (87.8% vs 79.6%)
than VELCADE alone; in the second part of this trial
(286 patients; NCT00401843), PFS of the 2 groups was
245 and 232 days, respectively. Given its role in hemato-
poiesis, IL-11 has been investigated for its potential to
increase platelet counts in patients with chronic myelogen-
ous leukemia in 2 trials.
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IL-17 is a pro-oncogenic cytokine that is mainly pro-
duced by Th17 cells and induces the production of IL-6 by
the IL-6/STAT3
pathway.”® Elevated IL-17 expression is related to poor

tumor cells to activate signaling
prognosis in patients with invasive ductal carcinoma. But
no cancer clinical trial using or targeting IL-17 has been

published in ClinicalTrial.gov.

Recent Progress in Enhancing the
Efficacy of Cytokines

According to review of hundreds of clinical trials, we
know that efficacy of cytokines as therapeutic drugs on
clinical outcomes are limited. One possible reason for this
is that because of the short half-life of cytokines in the
blood, frequent high doses are required to achieve lasting
therapeutic effects. For example, the effective dosage of
IL-2 is 600,000 1U/kg administered every 8 hours for 5
days; moreover, 3 treatment cycles are needed for its
activity. Because of this, adverse events generally occur
in patients receiving cytokine therapy, include fatigue,

Table 2 Nanomaterials for Therapeutic Delivery of Cytokines

chills, fever, chest pain, and musculoskeletal pain.>
More serious adverse events are gastrointestinal disorders
(eg, stomachache, diarrhea, and gastritis), cardiac abnorm-
alities (eg, myocardial infarction, nodal tachycardia), and
disorders of the immune system (eg, anaphylaxis) and
blood and lymphatic systems (eg, anemia and febrile
neutropenia).

Nanomaterials used as carriers to deliver cytokines to
target tissues can improve the stability of cytokines in
blood and reduce their toxicity. At the same time, the
unique features of nanomaterials have advantages for the
therapeutic application of cytokines including aqueous
solubility, prolonged circulation time, and preferential
accumulation at tumor sites.’” Recent studies on nanoma-
terials used for cytokine loading are summarized in
Table 2.

Nanomaterials can improve the stability and bioactivity
of cytokines. For example, sustained released over
a period of 1 month was achieved for IFN-a encapsulated
in poloxamer-blend microspheres.”® Chitosan coated with
pJME/GM-CSF (plasmid DNA) was more effective than

Categories | Materials Cytokines Processing Methods Features
Organic Dextran GM-CSF, G-CSF*? Chemical co-precipitation; weak Easy modification; biocompatibility
electrolyte; ester bond.'% and biodegradability; enhancement of
MHC | antigen presentation by
DCs.'26
PLGA IL-2,% IL-18,5¢'?7 IFN- Emulsification-diffusion; solvent Biocompatibility; biodegradability.
0,8 TNE'#~'27 |- evaporation; nanoprecipitation
12,'*13% GM-CSE'?® IFN- | methods."3>'33
13
Chitosan GM-CSE*? IL-12,"3* IL- lonotropic gelation; microemulsion; Hydrophily; stability; biodegradability.
|5,64 IL-21.%% emulsification solvent diffusion;
polyelectrolyte complex formation.
Liposome IL-2,%%3% TGF-B,%° IL- Reverse phase evaporation; thin film Easy modification; hydrophily;
12,'3¢137 TNF-0.%' hydration; ultrasonic dispersion. reducing drug toxicity; stability.'*®'3°
Inorganic Gold IL- Galvanic replacement reaction; liquid Optical and electronic features; easy

Nanoparticles IZ,|37 TNF,“'MO'I4I IFN.'4? phase reduction method; the use of modification.'**
dendrimers.'*?

Silicon GM-CSF,'* IFN-tau.'* Gas phase synthesis; supercritical fluid Biocompatibility; hypotoxicity; large
method; solid state method; liquid phase | capacity; photoluminescence.'*”
reduction method.

Magnetic TNF-q,"*""*8 |FN- Wet precipitation; co-precipitation; Directional migration; controllability

Nanoparticles | v,'*® IFN-a2b,%® EGFR.®’ reverse micelle mechanism; thermal of release; biocompatibility.
decomposition and reduction; liquid phase
reduction.
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naked pJME/GM-CSF in promoting DC recruitment.>”
Nanoscale liposomal polymeric gels loaded with TGF-f
inhibitor and IL-2 delayed tumor growth and increased NK
cell activity and the number of tumor-infiltrating T cells.®
Nanomaterials can also reduce the toxic effects of cytokine
therapy; for instance, encapsulation in PEG liposomes
abrogated the diarrhea induced by TNF-a in rats with
subcutaneous BN175 sarcomas.®’ Gold nanoparticles
were found to enhance the accumulation of TNF around
blood vessels in a mouse model of epithelial carcinoma,
leading to a significant decrease in tumor volume.®
Magnetic nanoparticles carrying human IFN-a2b were
enriched in the liver upon application of a magnetic field
and compared to the control group, the volume of human
liver cancer cell-derived tumors in nude mice was reduced
by about 30%.% Nanomaterials are good auxiliaries for
cytokine gene therapy. Chitosan coated with plasmids
encoding the cytokines IL-15 and IL-21
tumor growth and prolonged survival in mice.®** PEG—

suppressed

poly (lactic-co-glycolic acid)-PEG nanoparticles were
shown to be effective carriers for /LI8 gene delivery.®®
Magnetic nanoparticles carrying a plasmid encoding
a small interfering RNA targeting gene encoding epider-
mal growth factor receptor reduced endogenous epidermal
growth factor receptor expression in U251 glioma cells,
resulting in tumor regression in vivo.®” Two clinical trials
involving 168 patients have investigated the efficacy of
colloidal gold-bound TNF for the treatment of primary or
metastatic cancer (NCT00356980 and NCT00436410,
respectively), but the results have yet to be reported.

Besides, artificial oncolytic viruses are well-established
carriers for cytokine gene therapy. There are 17 cytokines
including CCL2, CCL5, CCL19, CXCL11, FGF2, FLT3L,
GM-CSF, IFN-a/B, IFN-y, IL-2, IL-7, IL-12, IL-15, IL-18,
IL-23, IL-24, and TNF-a that are delivered by artificial
oncolytic viruses derived from adenovirus, herpesvirus,
paramyxovirus, poxvirus, or rhabdovirus. More details
could be found in the recent review wrote by Pol et al.®®

Although animal studies showed that properties and
efficacy of cytokine-based drugs can be improved by
nanomaterials, sufficient clinical studies are required to
support the conclusion. Two ongoing clinical trials
involving 168 patients aim to investigate the efficacy
of colloidal gold-bound TNF for the treatment of pri-
metastatic cancer (NCT00356980 and
NCT00436410, respectively), but the results have yet
to be reported.

mary or

Conclusions

As important immune regulators, cytokine-based drugs
offer many possibilities for cancer treatment. Large
amounts of cytokines can be readily produced using
eukaryotic or prokaryotic expression systems as the
cDNA sequences of most cytokines are available,
which makes cytokines attractive to new drug develop-
ment. However, our statistical results (Supplementary
Table 1) indicate that a large number of clinical trials
of cytokine-based drugs ended up without published
results mainly because of the low efficacy, serious
adverse effects, and antagonistic roles in immunoregu-
lation. These problems are partly overcome by deliver-
ing with nanomaterials or oncolytic viruses in animal
experiments, or combining with immunotherapies or
chemotherapeutic agents or both (Figure 6B and C) in
clinic. Such strategies would be used and improved in
the future clinical trials. Moreover, clarifying the
can

immune-regulatory mechanisms of cytokines

improve their efficacy and safety in cancer therapy.
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APC, antigen-presenting cell; B7-H3, B7 homolog 3 pro-
tein; CAR-T, chimeric antigen receptor T cell; CCL,
C-C motif chemokine ligand; CRC, colorectal cancer;
CSF, colony-stimulating CTL,
T lymphocyte; CTLA-4, cytotoxic T lymphocyte-
associated protein 4; CXCL, chemokine (C-X-C motif)
ligand; DC, dendritic cell; EGF, epidermal growth factor;

factor; cytotoxic

EMT, epithelial-to-mesenchymal transition; EPO, erythro-
poietin; FDA, US Food and Drug Administration; FGF,
fibroblast growth factor; Fu, fluorouracil; G, granulocyte;
GM, granulocyte/macrophage; IFN, interferon; IGF, insu-
lin-like growth factor; IL, interleukin; ILC, innate lym-
phoid cell; i.v., intravenous injection; IU, international
unit; JAK, Janus kinase; MDSC, myeloid-derived suppres-
sor cell; MHC, major histocompatibility complex; mRCC,
metastatic renal cell carcinoma; NK, natural killer; NKT,
natural killer T, NSCLC, non-small-cell-lung cancer;
ORR, objective response rate; OS, overall survival; PD-
1, programmed death 1; PD-L1, programmed death ligand
1; PEG, pegylated; PFS, progression-free survival; PGE2,
prostaglandin E2; PLGA, poly (lactic-co-glycolic acid);
rAd, recombinant adenovirus; STAT, signal transducer
and activator of transcription; s.c., subcutaneous injection.
TAA, tumor-associated antigen; TAM, tumor-associated
macrophage; TGF-B, transforming growth factor B; Th,
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