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production in macrophages. Therapeutic
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suggesting that GzmA could be useful to

treat gut inflammation and prevent CRC.
ll



OPEN ACCESS

ll
Article

Extracellular Granzyme A
Promotes Colorectal Cancer Development
by Enhancing Gut Inflammation
Llipsy Santiago,1 Marta Castro,2 Rebeca Sanz-Pamplona,3 Marcela Garzón,1 Ariel Ramirez-Labrada,1 Elena Tapia,17
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SUMMARY
If not properly regulated, the inflammatory immune response can promote carcinogenesis, as evident in colo-
rectal cancer (CRC). Aiming to gain mechanistic insight into the link between inflammation and CRC, we
perform transcriptomics analysis of human CRC, identifying a strong correlation between expression of
the serine protease granzyme A (GzmA) and inflammation. In a dextran sodium sulfate and azoxymethane
(DSS/AOM) mouse model, deficiency and pharmacological inhibition of extracellular GzmA both attenuate
gut inflammation and prevent CRC development, including the initial steps of cell transformation and epithe-
lial-to-mesenchymal transition. Mechanistically, extracellular GzmA induces NF-kB-dependent IL-6 produc-
tion in macrophages, which in turn promotes STAT3 activation in cultured CRC cells. Accordingly, colon tis-
sues from DSS/AOM-treated, GzmA-deficient animals present reduced levels of pSTAT3. By identifying
GzmA as a proinflammatory protease that promotes CRC development, these findings provide information
on mechanisms that link immune cell infiltration to cancer progression and present GzmA as a therapeutic
target for CRC.
Cell Reports 32, 107847, July 7, 2020 ª 2020 The Author(s). 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION

Colorectal cancer (CRC) is the second-leading cause of cancer

cell death in developed countries and the third-most common

cancer. If not detected early and surgically removed, pharmaco-

logical treatment has low efficacy and resistance/recurrence

often occurs. A better understanding of the mechanisms

involved in CRC development may identify novel targets and

improve the current therapies against this lethal cancer.

Chronic inflammation represents an adverse prognostic fac-

tor for the progression of solid tumors like CRC. It is well

known that patients suffering from ulcerative colitis (UC)

have a higher risk of CRC (Bernstein et al., 2001; Eaden

et al., 2001). Inflammation is also involved in sporadic and he-

reditary CRC (Crusz and Balkwill, 2015; Fearon and Vogel-

stein, 1990; Mantovani, 2018; Shalapour and Karin, 2015).

The connection between inflammation and tumorigenesis is

mediated by cells of the innate and adaptive immune system,

including macrophages, eosinophils, innate lymphoid cells

(ILCs), and specific subsets of CD4+ T cells (Kirchberger

et al., 2013; Lasry et al., 2016; Powell et al., 2017; Shalapour

and Karin, 2015). Tumorigenesis is also influenced by the

composition of the gut microbiota (Brennan and Garrett,

2016; Powell et al., 2017). Reactive oxygen species (ROS);

lipid mediators produced by cyclooxygenase activity, such

as prostaglandin E2 (PGE2); and several proinflammatory cy-

tokines are involved in CRC development (Lasry et al., 2016;

Shalapour and Karin, 2015). All these molecules contribute

to epithelial cell transformation and tumor progression

through the activation of genetic and signaling pathways,

including nuclear factor kB (NF-kB), pSTAT3 (phospho-Signal

transducer and activator of transcription 3), Wnt, b-catenin, or

K-ras (Kaler et al., 2009; Karin, 1998; Li and Laterra, 2012;

Shalapour and Karin, 2015; Shenoy et al., 2012; Yu et al.,

2009). However, little is known about the molecular mecha-

nism or mechanisms by which the immune system orches-

trates the production of these proinflammatory factors during

gut inflammation and CRC. Thus, pharmacological regulation

of inflammation to prevent and/or improve CRC treatment is

nonspecific and associated with serious side effects related

to infection and (paradoxically) tumor progression (Yang

et al., 2017).

Granzymes (Gzms) are a family of serine proteases (5 in human

and 11 in mice) mainly expressed by cytotoxic cells (natural killer

[NK] cells and cytolytic CD8+ T cells). Some members of this

family are present in other immune cells, like CD4+ T cells, mac-

rophages, basophils, or mast cells, and non-immune cells, like

chondrocytes, keratinocytes, and pneumocytes (Afonina et al.,

2010; Arias et al., 2017; Martı́nez-Lostao et al., 2015; Turner

et al., 2019; Voskoboinik et al., 2015). SomeGzms exert their bio-

logical effects by inducing death of tumor or virus-infected cells

(Chowdhury and Lieberman, 2008) after being delivered intracel-

lularly by the pore-forming protein perforin (Bovenschen and

Kummer, 2010; Pardo et al., 2009). However, during the past

few years, it has become clear that human and mouse Gzms,

namely, GzmA, GzmM, or GzmK, are involved in processes un-

related to cytotoxicity—for example, in the regulation of the in-

flammatory response (Afonina et al., 2010; Anthony et al.,
2 Cell Reports 32, 107847, July 7, 2020
2010b; Martı́nez-Lostao et al., 2015;Turner et al., 2019 Wensink

et al., 2015) or in processes related to their ability to degrade

extracellular matrix proteins when released in the extracellular

milieu, as reported for GzmB (Arias et al., 2017; Granville,

2010; Turner et al., 2019).

The relationship of Gzms with colon carcinogenesis is unclear.

GzmB provides cytotoxic activity against cancer cells and is a

positive prognostic marker in human CRC (Galon et al., 2012;

Pagès et al., 2005; Salama et al., 2011). By contrast, the biolog-

ical role of the other major Gzm, GzmA, during CRC is unknown.

In this study, in searching for molecules involved in inflamma-

tion during CRC, we performed transcriptomics analysis of tis-

sue samples from CRC patients and found a strong correlation

betweenGZMA expression and inflammatory genes in most mo-

lecular subtypes (consensus molecular subtypes [CMSs]). To

assess the relevance of this finding, we used the well-character-

ized dextran sodium sulfate and azoxymethane (DSS/AOM)

mouse model to demonstrate that both GzmA deficiency and

therapeutic GzmA inhibition attenuate gut inflammation and

protect mice from CRC development. Inflammation and gut

permeability in steady-state conditions were unaffected by

GzmA deficiency, confirming that reduction of inflammatory

response and CRC is not related to intestinal phenotypic

changes in the absence of GzmA. Instead, it correlated with

the ability of extracellular GzmA to induce macrophage inter-

leukin (IL) 6 production.

These results show that GzmA, acting in the extracellular envi-

ronment, regulates the inflammatory response in the gut and is a

key mediator in the development of inflammatory CRC, thus

identifying a new molecular mechanism involved in inflamma-

tion-inducedCRCand validating it as a potential new therapeutic

target. Considering that GzmA-deficient mice can control exper-

imental infections (Arias et al., 2017), our findings indicate that

targeted GzmA inhibition might be useful to prevent and treat

CRC in a more selective way than current immunosuppressive

anti-inflammatory treatments.

RESULTS

A Positive Correlation between GZMA, but Not GZMB,
and Inflammation in Human CRC Samples
An analysis of mRNA expression was performed in 98 CRC tu-

mor samples from stage 2 patients undergoing surgery (here-

after Colonomics) (Sanz-Pamplona et al., 2014). The transcrip-

tomics data were used to determine whether GZM expression

correlated with pathways involved in CRC, focusing on the two

major GZMs, GZMA and GZMB. As shown in the gene set

enrichment analysis (GSEA), GZMA was clearly co-expressed

with genes related to inflammatory pathways such as interferon

gamma (IFN-g) and interferon alpha response, IL-2, and tumor

necrosis factor alpha (TNF-a) signaling or inflammatory

response. An enrichment of genes involved in the epithelial-to-

mesenchymal transition (EMT) pathway was also detected (Fig-

ure S1B; Table S2).

Based on these encouraging results, an inflammation score

was calculated for each sample in the Colonomics dataset (Fig-

ure 1A) and in an extended dataset comprising 566 human CRC

samples (hereafter GEO: GSE39582; Figure 1B). A highly



Figure 1. GZMA Expression Positively Correlates with Inflammation Score in Human Samples Regardless of Their Molecular Subtype

(A and B) Levels of GZMA mRNA are highly correlated with inflammation score in both Colonomics (A) and GEO: GSE39582 (B) datasets. In contrast, levels of

GZMB mRNA are not correlated with the inflammation score (A and B, upper panels). The x axes indicate the intensity of GZM mRNA expression. Middle and

lower panels show correlation between GZMA expression level (x axis) and inflammation score stratified by CMS subgroup in Colonomics (A) and GEO:

GSE39582 (B) datasets. The x axes indicate GZMA mRNA expression classified according CMS groups as indicated. In all plots, Spearman’s rho correlation

value, correlation p value, and R-squared coefficients are depicted. Linear regression lines are in dashed gray.
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significant positive correlation between inflammation score and

GZMA expression existed in both datasets. By contrast, no cor-

relation was observed between inflammatory score and GZMB

expression.

To evaluate whether correlation between GZMA expression

and inflammation was restricted to a specific CMS, the ana-

lyses were repeated and the samples were stratified by

CMS status in both datasets (Figures 1A and 1B, middle

and lower panels). Significant correlation was observed in all

CMS groups in both datasets, with the exception of CMS1

in Colonomics, probably because of the low number of sam-

ples. This result confirms that the presence of GZMA corre-

lates with the inflammatory status in all molecular subtypes

of colon cancer. GZMA gene expression did not correlate

with prognosis (time until tumor recurrence) in the Colonomics

cohort (data not shown). However, the Colonomics cohort
only includes stage 2 patients, who mostly recover after

surgery.

GzmA Is Elevated in Colon Tissue during CRC
Progression in Mice
To address the relevance of the findings in human samples and

to determine whether the protease plays a causal role in CRC

progression, we addressed whether attenuation of GzmA would

affect CRC development in mice. Combined administration of

DSS/AOM is awell-characterized protocol of inducing inflamma-

tory CRC inmice that mimics CRC development in humans.With

the exception of metastatic transformation, it reproduces all

stages and molecular features (mutations and EMT) of human

colorectal (CR) carcinogenesis, including aberrant crypt foci, mi-

croadenoma, adenoma, and carcinoma (DeRobertis et al., 2011;

Fichtner-Feigl et al., 2015; Takahashi et al., 1998; Yu et al., 2009).
Cell Reports 32, 107847, July 7, 2020 3



(legend on next page)

4 Cell Reports 32, 107847, July 7, 2020

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
As shown in Figure 2A, GZMA mRNA expression was signifi-

cantly elevated in mice developing both CRC (DSS/AOM) and

chronic gut inflammation (DSS), which correlated with signifi-

cantly increased protein level in distal and proximal colonic

explant cultures from DSS/AOM- and DSS-treated wild-type

(WT)mice (Figure 2B). Notably, GzmAwas presented in superna-

tants in active form, with higher enzymatic activity in samples

from treated animals than in those from untreated WT control

mice (Figure 2C). As expected, GzmAwas not detected in super-

natants from GzmA knockout (GzmAKO) animals.

As shown in Figure 2D, the abundance of intraepithelial NK/

ILC1 cells (CD45+/NK1.1+/CD3�), NKT (natural killer T) cells

(CD45+/NK1.1+/CD3+), and CD8+ T cells (CD45+/CD8a+/

CD3+) expressing GzmA was significantly increased in DSS/

AOM-treated animals. The proportion of CD8a+/CD3� cells ex-

pressing GzmA did not increase during treatment with DSS/

AOM. This population could represent resident CD8aa+/TCR�/

CD3� intraepithelial lymphocytes (IELs) (Olivares-Villagómez

and Van Kaer, 2018). CD4+T lymphocytes (CD45+/CD4+/

CD3+), which did not express GzmA, increased significantly in

DSS/AOM-treated animals (Figure 2D). GzmA expression was

not detected in cells fromGzmAKO animals, confirming specificity

of detection.

CRC Development Is Reduced in GzmA-Deficient Mice
Next,wemonitoredCRCdevelopment inWTandGzmAKOanimals

macroscopically and microscopically. As shown in Figure 3A, tu-

mor incidencewas significantly higher inWTmice than inGzmAKO

mice. Furthermore, in GzmAKOmice that developed macroscopic

tumors, tumor number and size were both significantly lower than

in WT mice. The reduction of CRC development in GzmAKO mice

was similar to that observed in WT mice treated with the TNF-

a-blocking agent Enbrel (Figure S2A), which has been previously

shown to inhibit CRC development in this model (Popivanova

et al., 2008).When the experimentswere repeatedusing littermate

controls, a similar result was found. GzmAKO mice developed

fewer tumors and presented fewer clinical symptoms and less in-

testinal damage than littermate controls (Figure S3). Therefore, to

reduce the number of animals employed, inbred WT B6 animals

were used as controls for the next experiments.

As shown in Figure 3B, at the end of the experiment (56 days),

all DSS/AOM-treated WT mice presented epithelial cell transfor-
Figure 2. Levels of GZMA mRNA and Active Protein Are Increased in E

GzmA by IELs

Male C57BL/6 WT mice were treated with DSS and DSS/AOM, as described in M

(A) mRNA levels of GZMA were determined by qRT-PCR (normalized to the amou

fold difference (2�DDCt), as described in Method Details. Data are presented as m

one-way ANOVA test with Bonferroni’s post-test. *p < 0.05; ***p < 0.001.

(B) Colonic tissue samples (30 mg) were cultured during 24 h, supernatant was c

(C) GzmA enzymatic activity was determined. Specific activity was calculated by

animals used as control from the activity observed in WT mice. Data are presen

experiments. Statistical analyses were performed by one-way ANOVA test with

(D) IELs were isolated fromWT and GzmAKO mice at day 49 of treatment with DSS

CD3-FITC, anti-CD8a-APC, anti-NK1.1-APC-Vio770, and anti-CD45-VioBlue a

antibody. A representative experiment is shown. Numbers in dot plots represe

untreated WT and GzmAKO mice were isolated as control. Data in bar graphs repr

the percentage of each subtype of IELs isolated from treated and untreated W

performed by Student’s t test, comparing treated WT mice with untreated WT m
mation, although at different stages (Figure S4A). Adenocarci-

noma was present in 50%, and dysplasia of low and high degree

was present in 30% and 20%, respectively. By contrast, 20% of

GzmAKO mice showed no CRC or dysplasia and only 20% pro-

gressed to adenocarcinoma. Similar differences were observed

at early time points after initiating DSS/AOM treatment. At day

47, 40% of GzmAKO mice did not present any type of tumor

and the rest only presented dysplasia. In contrast, all WT mice

presented dysplasia and 13% presented carcinoma. At day 28,

dysplasia was observed in only 37% of GzmAKO mice, but it

was already evident in 60% of WT mice. These results confirm

that GzmA plays a critical role in development of CRC and likely

in the perpetuation of the cancerous state.

Similar results were obtained when we analyzed proliferation

(Ki-67) and EMT (vimentin, b-catenin, and SNAIL-1) markers by

immunohistochemistry, confirming the critical role of GzmA in

epithelial cell transformation and CRC development (Figures

3C and 3D; Figure S4B). Analyses were performed at day 28

(4 weeks) of DSS/AOM treatment, after which EMT begins (De

Robertis et al., 2011; Takahashi et al., 1998). Vimentin was ex-

pressed in a large number of cells, especially in the areas of

dysplasia of WT animals treated with DSS/AOM. The absence

of GzmA significantly reduced the number of vimentin-positive

cells in the mucosa and submucosa layers. Similarly, DSS/

AOM-exposed animals showed a significant increase in cyto-

plasmic and nuclear b-catenin in epithelial cells, whereas

GzmAKO animals showed b-catenin staining restricted mostly

to the cell membrane. SNAIL-1 expression was also increased

in DSS/AOM-treated mice, showing high positivity in the lamina

propria and the connective tissue. In GzmAKO mice, the staining

pattern was similar to that in untreated control mice (Figure S4B),

with few positive cells in the connective tissue.

Finally, an increase in the number of proliferative cells could be

seen with the Ki-67 marker. In DSS/AOM-treatedWT animals, the

positivitywas not restricted to the basal area of the colonic glands,

but it reached the vicinity of the apical zone in certain cases. In

contrast, DSS/AOM-treatedGzmAKO animals showed thismarker

restricted to the basal area, similar to the untreated control ani-

mals (Figure S4B). The expression of all markers in untreated

GzmAKO andWTcontrol animals was similar (Figure S4B). The dif-

ferences between WT and GzmAKO animals were statistically sig-

nificant in all cases (Figure 3D). Strong Ki-67, vimentin, and
xplants from DSS- and DSS/AOM-Treated Mice, with Expression of

ethod Details, and sacrificed at day 56.

nt of HPRTmRNA). The relative gene expression levels were expressed as the

ean ± SEM from 3 biological replicates. Statistical analyses were performed by

ollected, and GzmA was quantified by ELISA in proximal and distal colon.

subtracting the residual unspecific tryptase-like activity detected in GzmAKO

ted as mean ± SEM from 5 biological replicates performed in 3 independent

Bonferroni’s post-test. *p < 0.05; ***p < 0.001.

/AOM, as indicated in Method Details, and stained with a combination of anti-

ntibodies. Intracellular GzmA expression was analyzed using anti-GzmA-PE

nt the percentage of GzmA-positive cells for each IEL phenotype. IELs from

esent the mean ± SEM of GzmA-positive cells of each IEL phenotype (left) and

T mice (right) from two independent experiments. Statistical analyses were

ice. *p < 0.05.
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Figure 3. CR Carcinoma Development in DSS/AOM-Treated Mice

CRC was induced in male C57BL/6 WT and GzmAKO mice with DSS and AOM, as described in STAR Methods.

(A) Number of animals bearing tumors (tumor incidence), tumor diameter, and number of tumors per animal were evaluated. Data are presented asmean ±SEMof

31 (WT) and 24 (GzmAKO) biological replicates (individual mice) in 4 independent experiments. Statistical analyses were performed by one-way ANOVA test with

Bonferroni’s post-test. *p < 0.05; **p < 0.01; ***p < 0.001.

(B) Colonic tissues were removed and processed for histopathology. Representative microphotographs of H&E-stained colonic sections show low-grade

dysplasia (a), high-grade dysplasia (b), and carcinoma (c). Scale bars, 100 mm. Histologic tumor grade was established in WT and GzmAKOmice and represented

as the percentage of mice with the indicated tumor grade (highest tumor grade found) within each group.

(legend continued on next page)
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SNAIL-1 positivity was observed in connective-tissue-associated

fibroblast-like cells only in DSS/AOM-treatedWTmice, which is in

line with the changes observed in connective tissue before EMT

occurs (Kalluri and Weinberg, 2009).

Inflammation Is Reduced in Colon Tissue from GzmA-
Deficient Mice during CRC Development
It is well known that during DSS/AOM-induced CRC, tumors

almost exclusively appear in the distal part of the colon. Thus,

to test the effect of GzmA deficiency on intestinal inflammation

independent of tumor development, the production of proinflam-

matory cytokines was analyzed in both proximal and distal

colonic tissue. This is important, because once tumors develop,

the inflammatory reaction is downregulated in tumoral tissue,

which might mask the potential contribution of GzmA to intesti-

nal inflammation and CRC. Indeed, as shown in Figure 4A, levels

of proinflammatory cytokines (IL-1b, TNF-a, IFN-g, IL-6, and IL-

17) were higher in proximal colon compared with distal colon. In

proximal colon, all proinflammatory cytokines tested were signif-

icantly higher in WT animals than in GzmAKO mice. In distal co-

lon, proinflammatory cytokines were also significantly higher in

DSS/AOM-treated WT mice than in untreated WT B6 mice,

although in this case differences between WT and GzmAKO ani-

mals were only significant for TNF-a, IFN-g, and IL-6. However,

IL-10, an anti-inflammatory cytokine involved in maintaining in-

testinal homeostasis (Glocker et al., 2011; K€uhn et al., 1993),

was significantly lower in WT mice than in GzmAKO mice in

both proximal and distal colon. In contrast to WT mice, only IL-

17 was significantly increased in DSS/AOM-treated GzmAKO an-

imals relative to untreated controls.

As shown in Figure 4B, COX-2 mRNA expression and PGE2

production were significantly higher in WT mice compared with

untreated controls and comparedwithGzmAKOmice, confirming

that COX-2 activity was reduced in the absence of GzmA.

The contribution of inflammatory cytokines and PGE2 to CR

carcinogenesis is critically modulated by the transcription factor

STAT3, which is activated upon phosphorylation. As shown in

Figure 4C, pSTAT3 was induced in cells of the mucosa and sub-

mucosa of DSS/AOM-treated animals, with many positive cells

in the areas of dysplasia. A significant decrease in positivity

was observed in the GzmAKO group treated with DSS/AOM, in

comparison withWTmice, although the number of pSTAT3-pos-

itive cells remained higher than in untreated animals (Figure S4B).

Thus, protection against CRC development granted by GzmA

deficiency consistently correlates with reduction in the carcino-

genic proinflammatory state in gut.

Analyses of gut microbiota in both WT and GzmAKO mice, em-

ploying 16S rDNA sequencing, revealed that both mouse strains

present an almost identical composition of bacterial gut micro-

biota at the genus level (Figure S5), thus ruling out differences

in the composition of the gut microbiome as a factor modulating

the increased resistance of GzmAKO mice to inflammatory CRC
(C) Group of DSS/AOM-treatedmicewere sacrificed at day 28, and colon tissue se

Scale bars, 100 mm.

(D) Graphs representing the percentage of Ki-67-positive nuclei and the number o

were performed by quantifying all cells in five random fields per tissue slide (3 slid

SEM from at least 5 biological replicates (individual mice). Statistical analyses w
development. This finding is not unexpected, because indepen-

dent recent studies indicate that mice hosted at the same animal

facility contain identical microbiota due to the same feed and

environmental stress conditions (Ericsson et al., 2018; Montonye

et al., 2018).

Gut Inflammation Is Attenuated in GzmA-Deficient (KO)
Mice
To address whether GzmA also regulates the gut inflammatory

response in the absence of CRC, we induced DSS colitis without

AOM. As shown in Figure 5A, WT mice displayed a pronounced

reduction of body weight in the first week after DSS treatment.

Weight loss was significantly attenuated in GzmAKO mice (Fig-

ure 5A). The severity of colitis in GzmAKO mice was also signifi-

cantly decreased compared with WT mice, as indicated by the

clinical score (Figure 5A). Attenuated weight loss and reduced

clinical regression resulted in a significant increase in survival

of GzmAKO mice relative to WT mice (Figure 5B). During DSS-

induced colitis, most WT mice died during the acute phase;

thus, later on, the differences between WT and GzmAKO were

less pronounced in terms of clinical score and weight loss. In

addition, once animals entered the chronic phase, the disease

severity was reduced macroscopically (score and weight);

thus, the differences were attenuated.

Next, we analyzed the pathological changes observed in colon

tissue during DSS-induced colitis and compared these with

DSS/AOM-treated animals. As shown in Figure 5C, we found

significant shortening in colon length and increased wet weight

inWTmice relative to GzmAKOmice. Both colon length reduction

and weight increase are common changes observed during co-

litis. The inflammatory macroscopic score was significantly

lower in GzmAKOmice than inWTmice. Histological microscopic

examination (Figure 5D) was consistent with the macroscopic

colitis and clinical score. DSS-treated WT mice showed leuko-

cyte infiltration in the lamina propria, epithelial hyperplasia, and

the presence of markers of severe inflammation, such as crypt

abscesses, submucosal inflammation, and ulcers. By contrast,

GzmAKO mice showed fewer signs of inflammation and mucosal

injury. The inflammatory infiltrate in the colon of GzmAKO mice

only affected superficial layers of the mucosa, whereas the

crypts weremore preserved. Individual parameters and total his-

tological score (the sum of all individual parameters) were both

significantly lower in GzmAKO mice than in WT mice.

Similar results were found in DSS/AOM-treated mice,

although in this case, the severity and disease scores are

reduced in comparison with DSS-treated animals (Figure S6).

Inflammatory Cytokines Are Reduced in Gut from
GzmAKO Mice during Acute and Chronic Inflammation
A role for GzmA in gut inflammation was confirmed when

analyzing the generation of proinflammatory cytokines in CR tis-

sue from DSS-treated animals. In acute colitis (Figure S7A), all
ctions were stainedwith antibodies to vimentin, b-catenin, SNAIL-1, and Ki-67.

f positive cells per field for SNAIL-1 and vimentin among all crypt cells. Analyses

es per animal), as indicated in STAR Methods. Data are presented as mean ±

ere performed by unpaired t test. *p < 0.05; ***p < 0.001.
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cytokines tested were significantly increased in WT animals

compared with GzmAKO mice, in both proximal and distal colon,

except for IL-6. As expected, we found lower levels of IL-10 in

DSS-treated animals compared with untreated healthy animals,

without significant differences between WT and KO strains.

However, IL-10 levels were slightly higher in GzmAKO than in

WT mice during DSS-induced colitis. The level of IL-10 was

only significantly reduced by DSS treatment in proximal colon

tissue from WT mice.

During chronic colitis, all inflammatory cytokines were also

significantly reduced in GzmAKO mice relative to WT mice in

both proximal and distal colon (Figure S7B). None of the cyto-

kines significantly increased in DSS-treated GzmAKO mice. In

contrast to proinflammatory cytokines, the level of IL-10 was

significantly decreased in WT mice compared with GzmAKO

mice, in both proximal and distal colon.

The steady-state level of inflammatory cytokines in untreated

mice (Figure 4A; Figure S7) is similar in WT and GzmAKO groups,

indicating that basal differences in colon integrity do not

contribute to the attenuation of inflammation and CRC develop-

ment in GzmAKO mice. Confirming this assumption, baseline in-

testinal permeability was not different between WT and GzmAKO

mice (Figure S2C).

Altogether, the results employing the intestinal inflammatory

model confirm the role of GzmA in modulating gut inflammation

and CRC development in vivo.

Extracellular GzmA Induces IL-6 Production in M1
Macrophages by NF-kB, which Is Not Affected by COX-2
or Inflammasome Inhibition
As shown earlier, several proinflammatory cytokines were signifi-

cantly reduced inGzmAKOanimals in comparisonwithWTanimals

during CRC and colitis in vivo (Figure 4A; Figure S7). In addition,

active GzmA was present in supernatants from ex vivo colon cul-

tures. Thus,weaddressedwhether extracellularGzmAcan induce

theproductionofproinflammatorycytokines inprimaryM1macro-

phages, focusing in those known to be produced by this cell type:

IL-6, TNF-a, and IL-1b. Asshown inFigureS2E,GzmAsignificantly

induced the expression of IL-6 and TNF-a in macrophages. In

contrast, IL-1b was not induced by GzmA. Lipopolysaccharide

(LPS) significantlyenhanced thegenerationofall cytokines.Our re-

sults suggest thatGzmA isable to inducean inflammatorycytokine

response in vitro with a specific increase in IL-6 and TNF-a.

Because of the complexity of the networks involved in cytokine
Figure 4. GzmA Deficiency Attenuates Colon Inflammation during CRC

CRC was induced in male C57BL/6 WT and GzmAKO mice, as described in STAR

cultured during 24 h.

(A) Supernatant was collected and the levels of IL-1b, TNF-a, IFN-g, IL-6, IL-17

presented as mean ± SEM from at least 10 biological replicates performed in 4

ANOVA test with Bonferroni’s post-test. *p < 0.05; **p < 0.01; ***p < 0.001.

(B) mRNA levels of COX-2 were determined by qRT-PCR (normalized to the am

replicates (individual mice) performed in 2 independent experiments. Statistical

quantified by ELISA in ex vivo culture of colonic tissue. Data are presented as me

independent experiments. Statistical analyses were performed by one-way ANO

(C) Group of mice were sacrificed at day 28, and colon tissue sections were stai

number of positive cells per field for pSTAT3 among all crypt cells. Analyses were

per animal), as indicated in STAR Methods. Data are presented as mean ± SEM

performed by unpaired t test. *p < 0.05.
expression and specially in the context of in vivo inflammatory re-

sponses, we focused our efforts to analyze the mechanism

involved in IL-6 production, a cytokine that plays a key negative

role in the regulation of CRC development in both humans and

mice.

As shown in Figure 6A, GzmA-mediated induction of IL-6 was

markedly reduced in the presence of the GzmA-specific inhibitor

serpinb6b (Kaiserman et al., 2014) and was not reproduced with

inactivated GzmA, confirming that GzmA induces IL-6 produc-

tion by a mechanism involving proteolysis.

As shown in Figure 6B, the specific NF-kB inhibitor celastrol

abrogated IL-6 production mediated by GzmA. As expected, ce-

lastrol also inhibited IL-6 production induced by LPS, confirming

the efficacy of the inhibitor to block NF-kB-dependent cytokine

production. In contrast, IL-6 production was not affected by

the COX-2 inhibitor celecoxib or the caspase-1 inhibitor VX-

765 (Figure 6B), suggesting that the regulation of IL-6 by GzmA

during DSS/AOM-induced tumorigenesis is independent of

COX-2 and inflammasome/caspase-1 activity. Extracellular

GzmA did not affect macrophage viability (Figure 6C), suggest-

ing that generation of IL-6 was not a consequence of the release

of cell debris or other molecules as a consequence of macro-

phage cell death.

IL-6 production in response to GzmA was undiminished in

macrophages deficient in either protease-activated receptor 1

(PAR1) or PAR2 (Figure S2F). Thus, these results do not support

for a role of these receptors during GzmA-mediated inflamma-

tion in macrophages.

Next, we determined whether the IL-6 induced by GzmA in

macrophages promotes the activation of pSTAT3 in the MC-

38 cell line (Figure 6D). As expected, IL-6 increased the expres-

sion of pSTAT3 that was inhibited by a blocking anti-IL-6 anti-

body. Similarly, the stimulation of MC-38 cells with supernatant

of macrophages previously stimulated with recombinant mouse

GzmA increased the phosphorylation of STAT3, which was pre-

vented by blocking IL-6. Stimulation of MC-38 with superna-

tants from macrophages stimulated with LPS, a potent IL-6

inductor, also increased the expression of pSTAT3 (Figure 6D).

Direct stimulation of MC-38 cells with recombinant mouse

GzmA did not increase the expression of pSTAT3 (Figure 6D;

Figure S2D). These results argue that reduced pSTAT3 in

colonic tissue from GzmA-deficient DSS/AOM-treated mice

(Figure 4C) is secondary to the reduction in IL-6 production in

these mice.
Development Induced by DSS/AOM

Methods, which were sacrificed at day 56 with colonic tissue samples (30 mg)

, and IL-10 were quantified by ELISA in proximal and distal colon. Data are

independent experiments. Statistical analyses were performed by one-way

ount of HPRT mRNA). Data are presented as mean ± SEM from 4 biological

analyses were performed by unpaired t test. *p < 0.05. Levels of PGE2 were

an ± SEM from at least 10 biological replicates (individual mice) performed in 4

VA test with Bonferroni’s post-test. **p < 0.01.

ned with antibodies to pSTAT3. Scale bars, 100 mm. The graph represents the

performed by quantifying all cells in five random fields per tissue slide (3 slides

from at least 5 biological replicates (individual mice). Statistical analyses were

Cell Reports 32, 107847, July 7, 2020 9



Figure 5. DSS-Induced Colitis and Macroscopic and Microscopic Damage Are Attenuated in GzmA-Deficient Mice

Male C57BL/6 WT and GzmAKO mice were treated with DSS, as described in STAR Methods.

(A) Changes in weight and clinical score were evaluated every 1–2 days. Data are presented as mean ± SEM of 33 (WT) and 26 (GzmAKO) biological replicates

(individual mice) performed in 4 independent experiments. Statistical analyses were performed by two-way ANOVA test with Bonferroni’s post-test. *p < 0.05;

**p < 0.01; ***p < 0.001.

(B) Survival curves corresponding to 33 (WT) and 26 (GzmAKO) biological replicates (individual mice) performed in 4 independent experiments. Statistical analyses

were performed by log rank test. *p < 0.05.

(C) At the end of the study, the animals were sacrificed, the colon was measured and weighed, and the visible colon damage was scored, as described in STAR

Methods. Data are presented as mean ± SEM of 33 (WT) and 26 (GzmAKO) biological replicates (individual mice) in 4 independent experiments. Statistical an-

alyses were performed by one-way ANOVA test with Bonferroni’s post-test. **p < 0.01; ***p < 0.001.

(D) Colonic tissues were removed and processed for histopathology, as described in Method Details. Representative pictures are shown in the left panels. Scale

bar, 100 mm. Asterisks indicate inflammation, and arrows show hypertrophic lymphatic vessels in DSS-treated mice. A histological score was established, as

indicated in Method Details. The right graph represents the score of each parameter and the total score. Data are presented as mean ± SEM of 5 (WT and

GzmAKO) biological replicates (individual mice). Statistical analyses were performed by one-way ANOVA test with Bonferroni’s post-test. *p < 0.05; **p < 0.01.
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Therapeutic GzmA Inhibition Reduces CRC
Development
Finally, we decided to evaluate whether therapeutic inhibition

of GzmA in WT mice with established gut inflammation would

attenuate inflammation and prevent CRC progression. Thus,

WT mice were treated with the inhibitor serpinb6b 35 days af-

ter DSS/AOM treatment, when the intestinal barrier was

already disrupted and EMT and colon dysplasia were initiated.

As shown in Figure 7A, the levels of IL-6 and TNF-a in super-

natants from explant cultures was significantly reduced in WT
10 Cell Reports 32, 107847, July 7, 2020
mice treated with serpinb6b in both distal and proximal colon,

suggesting that extracellular GzmA drives inflammation in

DSS/AOM-treated animals. No reduction was observed with

an inactive serpinb6b. The reduction in macroscopic colon

damage obtained with serpinb6b treatment was similar to

that observed with genetic GzmA deficiency (Figure 7B).

Notably, serpinb6b treatment also significantly reduced the

incidence and the number of tumors in DSS/AOM-treated

WT mice (Figure 7B), confirming that therapeutic inhibition of

extracellular GzmA reduces inflammatory CRC.



Figure 6. Extracellular GzmA Induces IL-6 Production by Macrophages and Promotes Activation of STAT3

(A) Bone-marrow-derived M1macrophages were stimulated with active GzmA (300 nM) or GzmA inactivated with serpinb6b, a specific inhibitor of mouse GzmA.

(B) Macrophages were treated with specific inhibitors of NF-kB (celastrol), COX-2 (celecoxib), or caspase-1 (VX-765) during the 1 h before the addition of GzmA

(300 nM). As positive control, macrophages were stimulated with E. coli LPS (100 ng/mL). Macrophages were incubated for 24 h at 37�C and 5% CO2, su-

pernatants were collected, and the levels of IL-6 were measured by ELISA. Data are presented as mean ± SEM from two independent experiments performed by

triplicates. Statistical analyses were performed by one-way ANOVA test with Bonferroni’s post-test. *p < 0.05; ***p < 0.001.

(C) PrestoBlue cell viability of macrophages stimulated with active GzmA (300 nM), GzmA inactivated with serpinb6b, 100 ng/mL E. coli LPS, or 100 ng/mL E. coli

LPS with 5 mM ATP for 24 h.

(D) Western blot of MC-38 cells incubated with mouse IL-6 (50 ng/mL) (as positive control), supernatant from recombinant mouse GzmA-stimulated macrophage

(300 nM), or supernatant from LPS-stimulated macrophage (100 ng/mL). Supernatant from unstimulated macrophage, supernatant from recombinant mouse

GzmA-stimulated macrophage treated with mAb IL-6 or isotype (BioXCell), and supernatant from mouse IL-6 treated with mAb IL-6 or isotype (BioXCell) were

added as control. The cells were stimulatedwith the indicated stimuli for 15min, after which cells were lysed andwestern blotted using pSTAT3 antibody (Tyr705).

IL-6-dependent changes in STAT3 phosphorylation were evaluated by quantifying band intensities on pSTAT3 blots and comparing to b-actin band intensities as

a loading control, with the aid of ImageJ software (lower graph).
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DISCUSSION

If not properly regulated, inflammatory mechanisms involved in

host defense and cancer immunosurveillance can promote can-

cer development, progression, and resistance to treatment. The

best example of this dichotomy is CRC (Crusz and Balkwill,
2015; Erreni et al., 2011; Shalapour and Karin, 2015), the sec-

ond-most deadly of all cancers. Here we identify extracellular

GzmA as a new mechanism by which the immune system can

facilitate CRC development, thus contributing to understanding

of the molecular mechanism underlying this pathology and

opening a new therapeutic opportunity.
Cell Reports 32, 107847, July 7, 2020 11



Figure 7. A Macromolecular GzmA Inhibitor Reduces CRC and Colon Inflammation in DSS/AOM-Treated WT Mice

CRC was induced in male C57BL/6 WT and GzmAKO mice with AOM, as described in STAR Methods. On day 35, a group of mice was treated with five doses of

serpinb6b (20 mg intravenously [i.v.]) every other day. Mice were sacrificed at day 50. As control, a group of mice was treated with inactivated serpinb6b.

(A) Colonic tissue samples (30 mg) were cultured during 24 h, supernatant was collected, and the levels of IL-6 and TNF-a were quantified by ELISA in proximal

and distal colon.

(B) Macroscopic colon damage score, number of tumors, and incidence of tumors. Data are presented as mean ± SEM from at least 10 biological replicates

(individual mice) performed in 3 independent experiments. Statistical analyses were performed by one-way ANOVA test with Bonferroni’s post-test. *p < 0.05;

**p < 0.01; ***p < 0.001.
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GzmA belongs to a family of serine proteases traditionally

recognized as anti-tumor and anti-infective agents because of

the ability to trigger cell death on target cells in vitro. Challenging

this dogma, we now show that GzmA plays a critical role in pro-

moting gut inflammation and thereby tumor development. This

effect correlates with the ability of extracellular GzmA to promote

NF-kB-dependent IL-6 production in macrophages, which in

turn, results in IL-6-dependent pSTAT3 activation in CRC cells.

Although several inflammatory molecules have been shown to

modulate the different stages of epithelial cell transformation

and CRC development, our combined in vitro and in vivo data

indicate that GzmA-induced IL-6 production may provide an

important link between immune cell infiltration and activation of

STAT3 and other protumorigenic pathways duringCRCdevelop-

ment. This does not exclude that other mechanisms could link

GzmA to inflammation and CRC development, such as modula-

tion of intestinal permeability or proteolytic release of inflamma-

tory damage-associatedmolecular patterns (DAMPs) from intes-

tinal cells. GzmB has been reported to release peptides with

proinflammatory activity derived from the extracellular matrix

(Turner et al., 2019).

The data showing that therapeutic inhibition of GzmA by ser-

pinb6b represent a proof of concept that GzmA is a potential

therapeutic target in CRC. These results are not directly translat-

able, because serpinb6b does not block human GzmA. Anti-

thrombin III (SerpinC1) is an endogenous inhibitor of human

GzmA (Masson and Tschopp, 1988) that is reduced during
12 Cell Reports 32, 107847, July 7, 2020
CRC (Peltier et al., 2016). Supporting the translational relevance

of our findings, our analysis of human CRC patients shows

strong correlation between GZMA expression and inflammatory

score.

Importantly, the conclusions arising from study of GzmA-

deficient animals were confirmed by employing an extracel-

lular GzmA inhibitor in WT mice, negating the argument that

protection is related to the presence of an existing colonic

phenotype in GzmAKO animals at baseline that might be

driving a DSS-protective phenotype. Strengthening this

conclusion, we show that microbiota composition, inflamma-

tory cytokine levels, and intestinal permeability at steady state

are identical in WT and in GzmAKO mice. Moreover, the extra-

cellular GzmA inhibitor, serpinb6b, was effective when inocu-

lated at 5 weeks, indicating that the loss of intestinal barrier

during DSS/AOM treatment can be dissociated from the effect

of GzmA on CRC development. GzmA is the first member of

the Gzms family shown to promote gut inflammation and

CRC development. GzmM has been reported to protect

against colitis and CRC in the DSS/AOM model (Souza-Fon-

seca-Guimaraes et al., 2016), suggesting that therapeutic

approaches would need to be specific for GzmA. We did not

find significant expression of GZMM in transcriptomics anal-

ysis of two cohorts of human CRC samples (data not shown).

GZMK and GZMH expression also correlated with inflamma-

tory score but at lower abundance than GZMA (data not

shown).
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The role of inflammation has been widely studied during tumor

development, although the molecular mechanisms involved

have not been completely elucidated. Thus, until now, the bal-

ance between beneficial and deleterious effects of inflammation

(host protection versus tumor development/progression) has not

been well understood. Most molecules identified as protumor in-

flammatory factors are also critically involved in protection, with

the notable exception of COX-2. Thus, manipulation of inflam-

mation is difficult to achieve during cancer treatment without

risking adverse effects, including opportunistic infections

(Rose-John et al., 2017; Salvana and Salata, 2009). Previous re-

sults from us and others have shown that GzmAKO mice effi-

ciently clear experimental viral and bacterial infections, as well

as tumors (Anthony et al., 2010a; Arias et al., 2014; Trapani

and Smyth, 2002). Thus, GzmA inactivation should not predis-

pose a patient to major side effects including infection and can-

cer, unlike other common anti-inflammatory drugs, like IL-6 or

TNF-a blockers (Rose-John et al., 2017; Salvana and Salata,

2009).

Our study has identified GzmA as a potential target to treat

CRC, and our data suggest that its potential effects are mainly

mediated at the extracellular level. The cellular sources respon-

sible for GzmA secretion and CRC development remain to be

defined. High levels of infiltrating lymphocytes expressing

GzmA have been previously found in humans with UC (M€uller

et al., 1998), and patients expressing high levels of GZMA in

CD4+integrin-aE+ cells had a better response to anti-inflamma-

tory immunotherapy with a monoclonal antibody (mAb) against

the b7-integrin subunit (etrolizumab) (Tew et al., 2016). Reflecting

the situation in UC patients, we have found that conventional

CD8+/CD3+ T cells, CD8aa+ lymphocytes, and NK/ILC1 cells in-

crease in the intestinal tissue of mice treated with DSS/AOM.

However, in contrast to the previously mentioned studies,

GzmA expression was mainly associated with CD8+ lympho-

cytes, NK cells, and NKT cells, but not with CD4+ T cells, indi-

cating that the mechanism by which GzmA contributes to UC

and CRC might be different. It is plausible that some of these

cells could secrete GzmA after activation of specific pattern

recognition receptors (PRRs) in response to extracellular

microbe-derived components present in the colon (reviewed in

Souza-Fonseca-Guimaraes et al., 2012). This hypothesis will

be difficult to test, because depletion of NK/NKT or CD8+ cells

would be expected to modulate tumor progression independent

of GzmA. There have been no previous studies investigating

GzmA expression in CRC patients. In agreement with the results

in the mouse model, we have found a clear correlation between

GZMA and inflammation in two independent datasets

comprising human tumors with different clinical and molecular

characteristics. No such correlation exists between GZMB and

inflammation. Although this does not necessarily imply a causal

role of GZMA expression in inflammation, the combined results

in mouse and human models strongly suggest a role for GzmA

in regulating inflammation during CRC. We also analyzed

whether GzmA could have a prognostic value in CRC patients

but did not find correlation betweenGZMA expression and prog-

nosis (measured as time to recurrence or overall survival) in our

Colonomics database or in larger public databases (GEO:

GSE39582 or the Human Protein Atlas). These results suggest
that GzmA would have a prominent role in the first stages of

CR carcinogenesis, but once macroscopic tumors have been

developed, other molecules would be more relevant for cancer

progression. Supporting this hypothesis, other factors known

to critically contribute to CRC development, such IL-6 or Cox-

2, did not show prognostic value in the databases indicated

earlier, suggesting that like GzmA, these molecules might

contribute to cancer initiation, rather than progression. Indeed,

recent data indicate that Th1-related inflammation in human can-

cer, including CRC, is a protective factor once tumors are estab-

lished, suggesting that the detrimental effects of inflammation

during tumor initiation might have opposing role once tumors

are established (Ponzetta et al., 2019).

A key to understanding the carcinogenicmechanism activated

by GzmA, and hence to therapeutically targeting this enzyme, is

the location of its proinflammatory action—specifically, whether

GzmA-induced inflammation requires intracellular delivery by

perforin or whether it can be triggered from the extracellular

space. We showed that active GzmA is present in the superna-

tant of colon explant cultures ex vivo and that in vivo inactivation

of GzmA by exogenous serpinb6b reduces inflammation and

CRC incidence. We additionally showed that extracellular active

GzmA induces the expression of IL-6 in M1macrophages, which

have been linked to CRC in humans (Shabo et al., 2014) and

DSS/AOM-treated mice (Wang et al., 2015), in a process in-

hibited by NF-kB inactivation. Supporting our data in mice, we

have previously found that extracellular active GzmA induces

the generation of IL-6 in non-primed human macrophages (Met-

kar et al., 2008), although the mechanisms underlying this pro-

cess are unknown. Thus, all our results support that GzmA exerts

its proinflammatory carcinogenic function from the extracellular

space, a key finding to design therapeutic approaches to block

GzmA activity. In summary, GzmA constitutes a new molecular

mechanism that contributes to CRC development in vivo by

regulating gut inflammatory responses using mechanisms that

sustain the perpetuation of an inflammatory microenvironment,

probably by its action on tissue macrophages. Therapeutic inhi-

bition of extracellular GzmA reduces inflammation and tumor

number and incidence, suggesting that the development of

effective GzmA inhibitors could have a beneficial effect in the

treatment of gut inflammation and CRC development in a more

selective and safer way than other therapies commonly used in

the treatment of these diseases.
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