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Abstract
IL-1 family cytokines play a dual role in the gut, with different family members contributing either protective or pathogenic 
effects. IL-36γ is an IL-1 family cytokine involved in polarizing type-1 immune responses. However, its function in the gut, 
including in colorectal cancer pathogenesis, is not well appreciated. In a murine model of colon carcinoma, IL-36γ controls 
tertiary lymphoid structure formation and promotes a type-1 immune response concurrently with a decrease in expression 
of immune checkpoint molecules in the tumor microenvironment. Here, we demonstrate that IL-36γ plays a similar role in 
driving a pro-inflammatory phenotype in human colorectal cancer. We analyzed a cohort of 33 primary colorectal carcinoma 
tumors using imaging, flow cytometry, and transcriptomics to determine the pattern and role of IL-36γ expression in this 
disease. In the colorectal tumor microenvironment, we observed IL-36γ to be predominantly expressed by M1 macrophages 
and cells of the vasculature, including smooth muscle cells and high endothelial venules. This pattern of IL-36γ expression 
is associated with a  CD4+ central memory T cell infiltrate and an increased density of B cells in tertiary lymphoid structures, 
as well as with markers of fibrosis. Conversely, expression of the antagonist to IL-36 signaling, IL-1F5, was associated with 
intratumoral expression of checkpoint molecules, including PD-1, PD-L1, and CTLA4, which can suppress the immune 
response. These data support a role for IL-36γ in the physiologic immune response to colorectal cancer by sustaining inflam-
mation within the tumor microenvironment.
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Abbreviations
EMRA  Effector memory T cells that express CD45RA
HEV  High endothelial venule
IHC  Immunohistochemistry
IM  Invasive margin
MSI  Microsatellite instable
PNAd  Peripheral node addressin
SMA  Alpha-smooth muscle actin
SMC  Smooth muscle cells
TC  Tumor core
TCM  Central memory T cells
TLS  Tertiary lymphoid structures
VEC  Vascular endothelial cells

Introduction

Colorectal cancer is the third most common form of can-
cer worldwide [1]. In 2017, it is estimated that over 50,000 
Americans will die from the disease [2], and in France, 
approximately 17,500 colorectal cancer-associated deaths 
are reported each year [3]. While the rate of mortality from 
colorectal cancer is currently decreasing in both countries, 
only a subset of patients is likely to respond to therapeutic 
intervention, with most patients having limited or invasive 
treatment options available [4].

We recently reported the efficacy of an IL-36γ-based 
therapy in delaying tumor progression in the MC38 murine 
model of colon adenocarcinoma [5]. The IL-36 cytokines 
are an IL-1 subfamily [6] consisting of three agonists that 
signal through a common heterodimeric receptor, IL-36R [7, 
8]. Signaling through the IL-36R can be inhibited by the full 
receptor antagonist, IL-1F5 (aka IL-36RA), which blocks 
the recruitment of IL-1RAcP, the IL-1 family receptor acces-
sory protein, required for signaling through the IL-36R [7]. 
IL-36R is expressed on endothelial cells as well as cells 
of the immune system, including T cells and DC [9–12]. 
Through its effects on immune cells, IL-36γ is involved in 
polarizing towards type-1 immune responses [13, 14]. In 
particular, it is a downstream target of the type-1 transactiva-
tor Tbet [13] and can induce Tbet expression in target cells 
[5]. The therapeutic introduction of IL-36γ into the tumor 
microenvironment using a DC-based vector delayed tumor 
progression in conjunction with a rapid (within 4–10 h) 
recruitment of T cells into the tumor microenvironment 
and the formation of tumor-associated tertiary lymphoid 
structures (TLS). IL-36γ-overexpressing DC expressed 
elevated levels of TLS-promoting chemokines, including 
LTβR agonists LTA and LIGHT, and CCR7 agonist CCL21. 
When introduced intratumorally, IL-36γ-based therapy also 
decreased the level of PD-1, CTLA4, and TIM-3 on  CD3+ 
TIL [5].

It has recently been described that in humans, some 
colorectal cancers also present with a high immune infil-
trate [15], which is sometimes organized into TLS. The 
presence of TLS within the tumor microenvironment is 
a positive prognostic marker in colorectal carcinoma and 
many other solid tumors [16–18]. TLS form at sites of per-
sistent inflammation, such those found in tissues impacted 
by chronic viral infections, autoimmune diseases, or can-
cer. These structures are often marked by a germinal center 
with dense B cell infiltrate and follicular DCs [19, 20]. The 
principal histologic marker used to identify TLS in colo-
rectal cancer is, therefore, CD20, which identifies these 
B cells [21, 22]. In addition, TLS contain DC-LAMP+ 
mature DCs in a T cell zone, follicular DCs, and are sur-
rounded by blood and lymphatic vessels [21, 22] including 
high endothelial venules (HEV) [17] that allow naïve and 
central memory lymphocytes to be recruited into TLS.

In this study, we attempt to translate our findings from 
the mouse model of colon carcinoma into a human by 
investigating the pattern of expression of IL-36γ in colo-
rectal cancer, and whether IL-36γ expression is associated 
with TLS components and the infiltration of immune cells 
into the tumor microenvironment.

Materials and methods

Public transcriptomic datasets

Transcriptomic data from colorectal cancer tumors [23] 
was downloaded from Gene Expression Omnibus (acces-
sion code GSE39582). The data from Affymetrix Human 
Genome U133 Plus 2.0 Array was normalized using the 
frozen RMA method with the R package frma [24]. Nor-
malized sorted cells transcriptomic data was obtained from 
Becht et al. [25] (Gene Expression Omnibus accession 
code GSE86362). The expression fold-change of a gene 
was computed as the difference between the median log2 
gene expression for the positive samples (defined as all 
samples from the considered cell population) and all nega-
tive samples (defined as all other samples).

Patient cohort

A cohort of 33 primary colorectal tumors was collected 
between October 2, 2014 and March 3, 2016 from patients 
operated at the Ambroise Paré hospital (Boulogne Bil-
lancourt, France). Patient characteristics are summarized 
in Table 1.
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IHC, immunofluorescence and image quantification

Immunohistochemical (IHC) staining was performed as 
previously described [26]. Serial 5-µm formalin-fixed par-
affin-embedded tissue sections generated from colorectal 
cancer were stained using the Dako Autostainer Plus (Agi-
lent). Antigen retrieval and deparaffinization were carried 
out on a PT-Link (Dako) using the EnVision FLEX Target 
Retrieval Solutions (Dako). The antibodies used are listed 
in Supplementary Table 1 and negative control staining 
for the IL-36γ antibody is demonstrated in Supplementary 
Fig. 1. Signal intensity was amplified using Envision + Sys-
tem HRP labelled polymers (Dako) or ImmPRESS HRP 
Polymer Detection Kit (Vector). For IHC staining, peroxi-
dase activity was detected using diaminobenzidine (DAB) 
substrate (Dako), counterstained with hematoxylin (Dako), 
and mounted with Glycergel Mounting Medium (Dako). 
The degree of smooth muscle actin (SMA) expression in 
the tumor stroma was quantified according to the follow-
ing grading system: (1) scarce fibroblasts; (2) continuous 
layer of fibroblast between tumor nests with overall thick-
ness inferior to three cells; (3) continuous layer of fibroblast 

between tumor nests with overall thickness superior to three 
cells and fibroblast area < 50% of tumor area; and (4) con-
tinuous layer of fibroblast between tumor nests with overall 
thickness superior to three cells and fibroblast area > 50% 
of tumor area.

For immunofluorescent staining, signals were detected 
by Tyramide SuperBoost Signal Amplification (Life Tech-
nologies) and slides were counterstained and mounted using 
ProLong Gold Antifade reagent with DAPI (Molecular 
Probes). Slides visualized by IHC were digitalized with a 
NanoZoomer scanner (Hamamatsu) and digitally quantified 
with Calopix software (Tribvn). Slides visualized by immu-
nofluorescence were digitalized with an Axioscan scanner 
(Zeiss) and digitally quantified with Visiopharm Integration 
System (VIS) software (Visiopharm). Individual cells were 
identified by  DAPI+ nuclei. Cell densities are presented as 
cell number per  mm2 of tissue.

Tumor processing, surface staining and cell sorting

Flow cytometry staining was performed as previously 
described [26]. Briefly, tumors were dilacerated and incu-
bated for 1 h at 4 °C with Cell Recovery Solution (Fisher 
Scientific); mixtures were filtrated and TILs separated with 
Ficoll-Paque PLUS (GE Healthcare Life Science). Cells 
were then stained with the monoclonal antibodies as listed 
in Supplementary Table 2. Samples were acquired in a 
FACS Fortessa cytometer with FACSDiva software (BD 
Bioscience) and data analyzed with FlowJo 7.9.4 software 
(Tree Star, Inc.). The fraction of cells co-expressing multiple 
markers was calculated in SPICE 5.3033 (Exon), a data min-
ing software application that normalizes and analyzes large 
FlowJo datasets [27].

Gene array analyses

Total RNA was isolated from fresh tumor tissue using 
Quiashredder columns and the RNeasy Mini Kit (both 
from Qiagen). RNA quality was validated using the RNA 
6000 Nano Chip (Agilent) and read on a 2100 Bioanalyzer 
(Agilent). Transcript analysis was assayed with nCounter 
(Nanostring). The list of gene targets evaluated in this study 
is listed in Supplementary Table 3.

Statistical analyses

All data were analyzed using R (R Foundation for Statistical 
Computing). For categorical variables, data were analyzed 
using the Mann–Whitney test in the case of two groups; for 
more than two groups, analyses were carried out using the 
Kruskal–Wallis test for overall comparison and Dunn test for 
pairwise comparison (with the use of the R package dunn.
test), with Benjamini–Hochberg (False Discovery Rate) 

Table 1  Patient characteristics

Median age (range), years 80 (45–94)
Gender, no. (%)
 Female 18 (54.5)
 Male 15 (45.5)

T stage primary tumor, no. (%)
 0 0 (0)
 1 0 (0)
 2 2 (6.1)
 3 21 (63.6)
 4 10 (30.3)

N stage primary tumor, no. (%)
 0 20 (60.6)
 1 11 (30.3)
 2 2 (6.1)

M stage primary tumor, no. (%)
 n.a. 33 (100)

Localization primary tumor, no. (%)
 Caecum 5 (15.2)
 Left colon 3 (9.1)
 Rectum 1 (3.0)
 Right colon 13 (39.4)
 Sigmoid 8 (24.2)
 Transverse 2 (6.1)
 Upper rectum 1 (3.0)

Microsatellite status, no. (%)
 MSS 25 (75.8)
 MSI 8 (24.2)
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correction method for multiple testing. For comparisons of 
two continuous variables, data were analyzed by Pearson 
correlation. Test results were considered significant when 
p < 0.05. For correlations, data were considered biologically 
meaningful if the absolute value of the correlation value 
was > 0.5.

Results

IL‑36γ is detected in the immune and vascular 
compartments in the tumor microenvironment

We first used IHC staining to identify and localize IL-36γ+ 
cells within patient colon carcinoma primary tumors. IL-36γ 
was detected on a variety of cell types in the tumor micro-
environment, including immune cells (Fig. 1a), tumor cells 
(Fig. 1b) and vascular/perivascular cells (Fig. 1c, d). We 
noted that within the vascular compartment, both smooth 
muscle cells (SMC; Fig. 1c) and vascular endothelial cells 
(VEC; Fig. 1d, indicated by an arrow and inset) were IL-36γ 
positive, though coordinate detection in the same vessel 
was uncommon: SMC surrounding large vessels, and VEC 
of smaller vessels, were found to be IL-36γ+. We did not 
observe significant differences in IL-36γ expression between 
tumors with or without lymph node metastases (Supple-
mentary Fig. 2a) or between tumors with MSI versus MSS 
microsatellite status (Supplementary Fig. 2b). Because the 
prognosis and treatment modalities for tumors localized to 

the colon versus the rectum differs clinically, we also com-
pared the levels of IL-36γ expression in tumors at these two 
sites, and observed that they fell within the same range (Sup-
plementary Fig. 2c).

To further investigate the distinct subtypes of immune 
cells expressing IL-36γ in the tumor microenvironment, 
we analyzed transcriptomic data of purified immune cell 
populations from MCP-transcriptomes of 81 public datasets 
(Fig. 2a). IL36G was found to have a higher transcription 
level in activated macrophages, also referred to as classically 
activated or M1 macrophages, than in all other immune cell 
types, including “alternatively activated” M2 macrophages 
(log2-fold change versus other cells 5.35, see “Materials 
and methods”). The two other IL-36γ transcript positive 
cell types—dermal DCs and Langerhans cells—are found 
in other organs than the colon. Immunofluorescence imaging 
showed that  CD68+ macrophages are capable of expressing 
IL-36γ protein within the colorectal cancer tumor microen-
vironment (Fig. 2b). After quantitation, it was determined 
that 40.4% of  CD68+ cells in the TC and 38.7% in the inva-
sive margin (IM) of tumors expressed IL-36γ (Fig. 2c).

IL‑36γ expression by macrophages is associated 
with markers of inflammation

We next investigated whether a correlation could be made 
between IL-36γ expression by macrophages and other previ-
ously established prognostic markers for patients with colon 
cancer, using a prospective cohort of 33 primary tumors. 

Fig. 1  IL-36γ is expressed by a variety of cell populations in the 
tumor microenvironment. FFPE tumor sections were stained for 
IL-36γ by IHC as described in “Materials and methods” for expres-
sion of IL-36γ. Expression of this protein was observed in immune 

cells (a), tumor cells (b), and cells of the vasculature (c, d). Both 
smooth muscle (c) and endothelial cells (d) of the vasculature were 
observed to express IL-36γ. Bars 250 μm
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In particular, we were interested in determining whether 
IL-36γ+ macrophages were linked to a fibroblastic signa-
ture within the tumor microenvironment and/or to an intra-
tumoral T cell response.

Alpha-smooth muscle actin (SMA) was used to detect 
cancer-associated fibroblasts by IHC grading, as described 
in “Materials and methods” [28]. In this cohort, 15% 
(5/33) of tumors were classified as SMA grade 1, 27% 
(9/33) were grade 2, 42% (14/33) were grade 3, and 15% 
(5/33) were grade 4. As shown in Fig. 3a, tumor-associated 
macrophages located in the tumor core (TC) were posi-
tively correlated with an increase in SMA grade. When 
just the IL-36γ+ macrophage subset was analyzed, this 
correlation became stronger in the TC, with a similar cor-
relation noted in the IM. Immunofluorescence imaging 
suggested a close contact between (IL-36γ+) macrophages 

and  SMA+ cells in the tumor microenvironment, indicat-
ing that macrophages can be predominantly found within 
the stromal compartment in colorectal tumors (Fig. 3b). 
TIL subsets from the same tumors were phenotyped by 
flow cytometric analysis of T cells isolated from fresh 
tissues. We identified four subsets each of  CD4+ and 
 CD8+ T cells: naïve  (CCR7+  CD45RA+), effector mem-
ory (TEM;  CCR7−  CD45RA−), central memory (TCM; 
 CCR7+  CD45RA−), and effector memory RA (TEMRA; 
 CCR7−  CD45RA+) (Table 2) [26]. We found a positive 
correlation between  CD4+ central memory T cells (identi-
fied by flow cytometry; Supplementary Fig. 3) and mac-
rophages in the TC (identified by immunofluorescent 
imaging; r = 0.574 and p = 0.000923; Fig. 3c), but not the 
IM (data not shown). When just the IL-36γ+ macrophage 
subset in the TC was studied, the correlation with  CD4+ 

Fig. 2  M1 macrophages express high levels of IL-36γ. In a, Affyme-
trix microarray data from the Gene Expression Omnibus (GSE39582) 
was analyzed for expression of IL36G in various human immune cell 
subsets. Data are presented on a log2 scale. Results indicate an ele-
vated level of IL-36γ expression by activated M1 macrophages com-
pared to the median expression by all other cell types. In b, IL-36γ 

was visualized by immunofluorescence imaging in conjunction with 
 CD68+ macrophages. Bars 50 μm. Data were analyzed as described 
in “Materials and methods”, and the average frequency of IL-36γ+ 
macrophages, identified as  DAPI+ nuclei surrounded by colocalized 
CD68 and IL-36γ signal, in both the TC and IM across the cohort is 
presented in c 
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Fig. 3  IL-36γ+ macrophages are associated with a proinflamma-
tory tumor microenvironment. FFPE tumor sections were visualized 
by IHC for expression of alpha-SMA or by immunofluorescence 
for IL-36γ+  CD68+ macrophages. A positive correlation between 
increased alpha-SMA grade and intratumoral density of IL-36γ+ 
macrophages is shown in a. In b, tumors were visualized either by 
immunofluorescence for CD68 and IL-36γ (top left) or by IHC for 
alpha-SMA (top right). Single-color stains corresponding to the com-
posite immunofluorescence image are shown below.  CD68+ mac-
rophages and alpha-SMA+ cells were observed in close contact with 

each other within the tumor microenvironment, indicating a locali-
zation of macrophages to the tumor stroma. Bar 250 μm for immu-
nofluorescent image and 500  μm for immunohistochemical image. 
The overall density of macrophages is positively-correlated with the 
presence of  CD4+ central memory T cells in tumors (c), but that the 
strength of this correlation is increased when just the IL-36γ+ mac-
rophage subset is analyzed (d). Furthermore, the presence of  CD4+ 
central memory T cell infiltrate is inversely correlated with the 
expression of CSF1R, a biomarker of M2 macrophages (e)
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TCM was improved (r = 0.608 and p = 0.000364; Fig. 3d). 
We also analyzed the expression of immune genes (Sup-
plementary Table 3) in whole tumor samples, and the gene 
expression studies showing negative correlation between 
 CD4+ TCM and the CSF1R transcript, a marker of immu-
nosuppressive M2 macrophages [29] (p = 0.044; Fig. 3e) 
confirmed these data. No significant correlations were 
found between IL-36γ+ macrophages in the TC and any 
other naïve or memory  CD4+ or  CD8+ TIL subsets (Sup-
plementary Fig. 4). Thus, it appears that IL-36γ+ mac-
rophages are associated with both an increased fibroblastic 

signature—a negative prognostic marker—and a memory 
immune response—a positive prognostic marker in the set-
ting of colorectal cancer.

The predominant IL‑36γ‑expressing cells in TLS are 
HEV‑associated VEC

CD4+ TCM have been reportedly found primarily in TLS 
within the confines of human tumors [30]. Since IL-36γ 
expression was correlated with  CD4+ TCM, we next investi-
gated TLS in the colorectal cancer tumor microenvironment, 

Fig. 3  (continued)
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using the B cell marker CD20. Indeed, we found a series 
of dense  CD20+ aggregates in tumors from this patient 
cohort, most being located in the IM (Fig. 4a). TLS can 
also be marked by the presence of peripheral node addres-
sin (PNAd)+ HEV (Fig. 4b), i.e. specialized  CD31+ VEC 

involved in the recruitment of CD62L/L-selectin+ naïve 
or central memory lymphocytes from the peripheral blood 
circulation. We next investigated the expression of IL-36γ 
within these structures. We found that IL-36γ was princi-
pally expressed on HEV themselves, with minimal expres-
sion by the constituent immune cells or by “normal”  CD31+ 
 PNAd− VEC (n = 7; Fig. 4b). Since IL-36γ has not been 
reported by other groups to be expressed by the vascula-
ture, we next sought to further investigate this pattern of 
expression.

IL‑36γ expression on the vasculature is associated 
with maintenance of TLS structures

To investigate the vascular expression of IL-36γ, we divided 
our cohort into two groups: patients with IL-36γ expression 
on any vessels in the tumor (i.e. including HEV or arteries, 
n = 21), and those devoid of IL-36γ expression in vascu-
lar structures (n = 12). Within these cohorts, we then ana-
lyzed tissues for correlations between vascular expression 
of IL-36γ and immune cell infiltrate into the tumors. We 
observed that in the IM, the density of  CD20+ B cells in the 
TLS of patients with IL-36γ+ blood vessels was significantly 

Table 2  TIL subset frequencies

The frequency of TIL popula-
tions is denoted as the percent-
age of naïve, TCM, TEM, or 
TEMRA cells out of total  C3+ 
 CD4+ or  CD3+  CD8+ T cells

Mean (%) SD (%)

CD4
 Naïve 2.422 5.380
 TCM 25.448 17.756
 TEM 69.357 18.542
 TEMRA 2.780 5.397

CD8
 Naïve 1.697 3.217
 TCM 8.805 9.760
 TEM 81.143 14.020
 TEMRA 6.530 7.367

Fig. 4  Expression of CD20 suggests the presence of TLS in colorec-
tal tumors. FFPE tumors were visualized by IHC for the presence of 
CD20 (a), a B cell marker used to identify TLS. TLS in the IM are 
annotated with green arrows; TLS in the TC are marked by yellow 
arrows. Tumor sections were probed with antibodies against CD31 

and PNAd to identify HEV, together with an antibody reactive against 
IL-36γ (b). Bars 5 mm in a and 200 μm in b. IL-36γ expression on 
the vasculature correlated with an increased density of B cells within 
TLS (c), but not outside of these structures (d) within the tumor 
microenvironment
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higher than in patients without any IL-36γ+ vessels 
(p = 0.00879; Fig. 4c). We did not discern a significant cor-
relation between IL-36γ expression on blood vessels and the 
density of intratumoral B cells outside of TLS (p = 0.829; 
Fig. 4d) or absolute numbers of TLS within tumors (data 
not shown). These data suggest that IL-36γ expression on 
the vasculature may be involved in the maintenance of TLS 
in the tumor microenvironment. A larger cohort of patients 
presenting with TLS will be required to parse the effects of 
HEV versus vasculature outside of TLS.

IL‑1F5 expression in the tumor microenvironment 
is associated with immunosuppressive markers

Tissue expression of IL-1F5 (aka IL-36RA), the natural 
antagonist to the IL-36 receptor, was probed using IHC to 
investigate whether this negative regulatory member of the 
IL-36R signaling pathway might be associated with sup-
pression of either TIL function or TLS organization in our 
cohort. IL-1F5 expression was found on the tumor vascula-
ture (Supplementary Fig. 5a) as well as vasculature in the 
tonsil, a secondary lymphoid organ (Supplementary Fig. 4b). 
The density of B cells in IM-localized TLS was not signifi-
cantly different in tumors whether blood vessels expressed 
IL-1F5 or not (Supplementary Fig. 5c). We next investigated 
whether the presence of intratumoral IL-1F5 correlated with 
other markers of the tumor microenvironment as detected by 
transcriptome analysis. IL-1F5 (but not IL-36γ) expression 
in the IM of tumors was found to be positively correlated 
with local expression of the PDCD1 (i.e. PD-1), CTLA4, 
and CD274 (PD-L1) immune checkpoint markers, but not 
with expression of LAG3, ICOS, or ICOSL (Supplementary 
Fig. 6).

Discussion

In this study, we report a link between intratumoral expres-
sion of IL-36γ and markers of an ongoing anti-tumor 
immune response in the tumor microenvironment. IL-36γ+ 
macrophage density was found to correlate with  CD4+ TCM 
frequency in TILs.  CD4+ TCM infiltrate was also associ-
ated with a decreased M2 macrophage marker in the tumor 
microenvironment. In human lung [30] and breast cancers 
[31] cancer patients,  CD4+ TCM have been reported to be 
found predominantly within tumor-associated TLS, though 
further studies in colorectal cancer should be done to ver-
ify in this disease. The presence of TLS within the tumor 
microenvironment has been associated with an ongoing local 
anti-tumor immune response [18]. It has previously been 
reported as a positive prognostic marker in colorectal cancer 
[16, 22, 32], with TLS most commonly identified by dense 

aggregates of  CD20+ B cells resembling the germinal cent-
ers found in lymph nodes [33].

Our studies also suggest a link between IL-36γ+ mac-
rophages and SMA grade in our tumors. In colorectal cancer, 
the grade of SMA is associated with poor progression-free 
and overall survival rates [15, 28]. In the setting of esopha-
geal squamous cell carcinoma, expression of fibroblast-
associated genes, including SMA, are associated with poor 
overall and progression-free survival [34]. In this latter 
study, the authors observed that the increased prevalence 
of tumor-infiltrating macrophages was associated with an 
increased fibroblast signature and poor prognosis. Thus, we 
would predict that SMA grade 4 patients are most likely 
to also exhibit robust IL-36γ+ macrophage infiltrates and 
type-1 pro-inflammatory/anti-tumor immune responses. 
Indeed, it has previously been reported in a murine model 
of atherosclerosis that M1 macrophages can act indirectly 
as lymphoid tissue inducer cells that lead to the formation 
of TLS by the secretion of chemokines and cytokines that 
act on  SMA+ vascular smooth muscle cells and convey a 
lymphoid tissue organizer phenotype onto these cells [35]. 
Further studies should investigate a role for IL-36γ+ mac-
rophages in TLS organization in the tumor microenviron-
ment, and whether cancer patients presenting with a high 
stromal cell signature along with a high IL-36γ+ macrophage 
or TLS signature have a better prognostic outcome than their 
counterparts with a high stromal cell signature but lacking a 
type-1 immune infiltrate.

Release of IL-36γ in IBD and colitis leads to IL-
36R-mediated signaling in colonic fibroblasts and to sec-
ondary production of chemokines/cytokines (i.e. GM-CSF, 
CCL1, CCL2) known to recruit and differentiate monocytes/
macrophages [36], and IL-36γ treatment has been shown 
in in vitro models to lead to the secretion of chemokines 
including CXCL1, CXCL2, and CXCL8 by myofibroblasts 
[37]. Furthermore, IL-36R signaling promotes healing of 
the mucosa following damage. These results are consistent 
with our current findings suggesting a positive correlation 
between IL-36γ+ macrophages and SMA in the tumor micro-
environment. Notably, fibrosis is a mechanism involved 
with the healing of damaged tissues [38], and tumors have 
long been referred to as “wounds that do not heal” [39]. 
One might, therefore, anticipate that signaling through the 
IL-36R on colonic fibroblasts could coordinately promote 
macrophage recruitment and mucosal healing mechanisms 
that drive local fibrosis. However, in the context of cancer, 
fibrosis is classically viewed as a promoter of disease pro-
gression [40]. In addition to fibroblasts, a common cell type 
involved with the progression of fibrosis is the myofibroblast 
[41]. Interestingly, IL-36γ can be intrinsically expressed by 
healthy colonic myofibroblasts as a consequence of IL-1β-
induced signaling [42]. Furthermore, IL-1β is a key cytokine 
in the transition of stromal cells including fibroblasts, 



118 Cancer Immunology, Immunotherapy (2019) 68:109–120

1 3

smooth muscle cells, and pericytes to become myofibroblasts 
[43]. Together, these results suggest that in addition to the 
IL-36γ+  SMA+ cells within the tumor that were determined 
by pathologic characterization to be muscle fibers (Fig. 1c), 
a portion of the IL-36γ+  SMA+ cells may represent mature 
myofibroblasts. Myofibroblasts represent an “activated” 
fibroblast phenotype that has been reported to be present in 
colorectal cancer that has metastasized to the lymph node 
[44]. Future studies should investigate whether the frequency 
of IL-36γ-expressing fibroblasts in the primary tumor is dif-
ferentially associated with disease progression/metastasis or 
the induction of an adaptive immune response. Such studies 
should also include analyses of IL-36α, ανοτηερ αγονιστ 
οφ ΙΛ−36Ρ, that has been reported to independently predict 
increased overall survival amongst patients with colorectal 
cancer [45].

To the best of our knowledge, we are the first to char-
acterize the expression of IL-36γ by cells of the tumor-
associated vasculature, with this cytokine found located on 
VEC in HEV and on SMC surrounding large blood ves-
sels. We observed vascular expression of IL-36γ associated 
with a higher density of B cells in TLS in the IM (but not 
with TLS number), suggesting a role for vascular expres-
sion of IL-36γ in maintaining the cellular composition of 
existing TLS. Signaling through the IL-36R on VEC can 
result in upregulated expression of VCAM-1 and ICAM-1 
and the production of chemokines, such as IL-8, CCL2, and 
CCL20 [11]. Following stimulation of with IL-36γ, T cells 
exhibit increased migratory capability towards VEC [11]. 
These data suggest that the VEC of HEV may be able to 
both produce and respond to IL-36γ in an autocrine manner, 
a phenomenon which has previously been shown to occur 
in myeloid cells [46–48]. Thus, a positive feedback signal-
ing mechanism may increase the “recruiting” capacity of 
IL-36γ+ HEV for protective/therapeutic immune cell popu-
lations into existing TLS, either from the periphery or from 
elsewhere within colorectal cancer lesions.

In conclusion, our findings support a role for macrophage- 
and VEC-produced IL-36γ in recruiting and maintaining 
intratumoral immune responses, independent of other factors 
known to promote anti-tumor immunity. The promotion of 
a memory T cell response and the maintenance of TLS are 
both predictors of a positive prognosis in colorectal cancer 
and are both associated with increased IL-36γ production 
within the tumor microenvironment. In line with these find-
ings, tumors presenting with elevated levels of the IL-36 
receptor antagonist, IL-1F5, generally express less IL-36γ 
(data not shown) and were observed to have lower levels of 
central memory T cell infiltrates and lower densities of intra-
tumoral B cells. IL-1F5 expression also was associated with 
elevated levels of the immune checkpoint molecules PD-1, 
PD-L1, and CTLA4 in the tumor microenvironment. In other 
studies, expression of IL-1F5 has been associated with a 

poor prognosis in colorectal cancer [49]. Because IL-36γ has 
a 100- to 1000-fold higher binding affinity for the IL-36R 
than does the receptor antagonist IL-1F5 [10], administra-
tion of an IL-36γ-based therapy would be expected to at 
least partially reverse the inhibition mediated by endogenous 
IL-1F5, leading to enhanced tumor infiltration by benefi-
cial immune cell populations. Because of the correlation 
between IL-1F5 expression and an upregulation of immune 
checkpoint molecules, the co-application of an IL-36γ-based 
therapy with checkpoint blockade would be expected to also 
enhance the anti-tumor efficacy of these treatments. Future 
studies should determine whether the presence of IL-36γ 
in the tumor microenvironment at baseline is predictive of 
superior response to immunotherapeutic intervention.
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