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The mechanistic target of rapamycin complex 2 (mTORC2) is a potentially novel and promising
anticancer target due to its critical roles in proliferation, apoptosis, and metabolic reprogramming of
cancer cells. However, the activity and function of mTORC2 in distinct cells within malignant tissue
in vivo is insufficiently explored. Surprisingly, in primary human and mouse colorectal cancer (CRC)
samples, mTORC2 signaling could not be detected in tumor cells. In contrast, only macrophages in
tumor-adjacent areas showed mTORC2 activity, which was downregulated in stromal macrophages
residing within human and mouse tumor tissues. Functionally, inhibition of mTORC2 by specific
deletion of Rictor in macrophages stimulated tumorigenesis in a colitis-associated CRC mouse
model. This phenotype was driven by a proinflammatory reprogramming of mTORC2-deficient
macrophages that promoted colitis via the cytokine SPP1/osteopontin to stimulate tumor

growth. In human CRC patients, high SPP1 levels and low mTORC2 activity in tumor-associated
macrophages correlated with a worsened clinical prognosis. Treatment of mice with a second-
generation mTOR inhibitor that inhibits mMTORC2 and mTORC1 exacerbated experimental colorectal
tumorigenesis in vivo. In conclusion, mTORC2 activity is confined to macrophages in CRC and limits
tumorigenesis. These results suggest activation but not inhibition of mTORC2 as a therapeutic
strategy for colitis-associated CRC.

Introduction

The mechanistic target of rapamycin (mTOR) is an evolutionary conserved serine/threonine kinase that exists
in 2 complexes and regulates a broad set of basic cellular and metabolic processes (1). mTOR complex 1
(mTORC1) and mTORC?2 have distinct functions for regulating growth, proliferation, and energy homeosta-
sis at the cellular and organismal level (2-7). mTORC2 is defined by the rapamycin-insensitive companion of
mTOR (Rictor) and directly phosphorylates Akt at serine 473 and PKCo at serine 657 to perform these functions
(8). Due to mTOR’s manifold growth-promoting roles, mMTORC1 and mTORC?2 are implicated in pathological
conditions, such as inflammation and cancer (2, 3, 9-12).

The gastrointestinal tract is the largest immune compartment of the human body (13). A dysregulation
of gut homeostasis occurs in Crohn’s disease or ulcerative colitis that belongs to a group of inflammatory
disorders of the intestine known as inflammatory bowel disease (IBD) (14). IBD is of unclear etiology
and affects about 3.5—4 million people in Europe and the United States (15). Chronic inflammation of the
colon in IBD can cause injury of the epithelial barrier and lead to an imbalanced gut homeostasis, which
are driving forces for carcinogenesis (16). Hence, IBD predisposes to colorectal cancer (CRC), referred to
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as colitis-associated cancer (CAC), the third most common cancer, globally (17). CAC develops in 20% of
patients diagnosed with IBD, and mortality rates are still over 50% in this patient group (18).

Myeloid immune cells such as monocytes and macrophages are an important part of the innate immune
system. They are instrumental in controlling the barrier function in the small and the large intestine to
maintain tissue homeostasis and prevent inflammation, as well as tumorigenesis (19, 20). The mTOR path-
way controls many aspects of innate immune cell function, such as the production of pro- versus antiin-
flammatory mediators (5, 21). Myeloid mTORC1 has been associated with a protective role for intestinal
homeostasis (22). Mice deficient in mTORCI signaling in CD11c" cells are more susceptible to dextran
sodium sulfate-induced (DSS-induced) colitis via a mechanism that includes the production of insuffi-
cient amounts of IL-10 (22). Moreover, Rictor-deficient macrophages have alterations in their polarization
potential (23-27). However, the role of myeloid mTORC?2 during colitis and CAC remained elusive so far,
but it is of importance due to the regained recognition of the immune system as controller and mediator
of antitumor responses and therapies. Its role during inflammation-driven tumorigenesis is especially of
interest, as new ATP-competitive inhibitors that block both mTORC1 and mTORC?2 are currently being
developed for the treatment of cancer (28, 29).

First-generation inhibitors such as rapamycin that mainly target mMTORC1 showed only limited antitu-
mor efficacy in clinical trials (30-32). This was attributed to a failure to efficiently inhibit mTORC2. The
catalytic inhibitors that target both mTORC1 and mTORC?2 showed greater potential in preclinical tumor
models and are currently tested in various clinical trials (28, 29, 33—37). While mMTORC1 or mTORC?2 are
essentially always active in cancer cells in vitro when cultured under normal cell culture conditions, the
mTOR activation status of normal and malignant tissue cells in vivo is often unknown. Here, we addressed
the heterogeneity of mTOR activation during CRC in mice and human patients. We propose that under-
standing the role of mTORC?2 in vivo in different cellular compartments, such as the innate immune sys-
tem, is necessary to develop a rationale for the clinical use of novel inhibitors targeting the mTOR complex.

Results

mTORC2 is downregulated in infiltrating macrophages in human and mouse CRC. To investigate the activation
status of mMTORC?2 of colon tissue cells in vivo, we profiled phosphorylation of the direct mTORC?2 targets
Akt at serine 473 and PKCu at serine 657 by immunofluorescence in mouse colonic tissue in the DSS-in-
duced colitis model and the azoxymethane/DSS/CAC (AOM/DSS/CAC) model (38—40). Representative
colitis and CAC examples are shown in Supplemental Figure 1 (supplemental material available online
with this article; https://doi.org/10.1172/jci.insight.124164DS1). Interestingly, activation of mTORC2
identified by phosphorylation of PKCa and Akt was largely confined to macrophages and increased during
DSS-induced colitis (Figure 1, A and B). Moreover, we observed in the CAC model that, in nontumori-
genic colon tissue, 30%—-40% of F4/80 tissue macrophages stained positive for pPKCa, whereas — in the
tumor stroma — only around 10% of the macrophages were positive for pPKCa (Figure 1C). Similarly,
we noticed reduced pAKT* tumor—associated F4/80 macrophages compared with nontumorigenic tissue
(Figure 1D). Analysis of total pAKT* cells yielded similar results (Figure 1E).

Next, we examined human colon tissue. Similar to the mouse, pPKCa staining was hardly detectable
and confined to CD68* macrophages in healthy colons (Figure 2A). In chronic colitis patients, colonic mac-
rophages showed increased mTORC2 activation compared with healthy controls (Figure 2, A and B). In
patients with CRC, stromal macrophages in nontumorigenic colonic tissue adjacent to the tumor site similarly
had high mTORC?2 activity (Figure 2, A and B). CD68" tumor-associated macrophages, present within the
tumor stroma, showed a significantly decreased staining for pPKCo when compared with stromal macro-
phages in nontumorigenic colonic tissue (Figure 2, A and B). Tumor or other stromal cells showed no detect-
able staining for pPKCo in any of the analyzed conditions. Absolute numbers of CD68" cells did not signifi-
cantly differ between the groups (Figure 2C). To corroborate these findings in vitro, we investigated pPKCa
phosphorylation in a 3-dimensional (3-D) coculture model using human monocyte-derived macrophages
(MDMs) and the human CRC cell line DLD-1. Similar to the in vivo situation, in the presence of tumor cells,
reduced pPKCa signaling was observed in macrophages (Figure 2D). These results suggest that mTORC2
activity in mouse and humans is largely confined to macrophages during chronic colitis, as well as CAC, and
that mMTORC2 activation is reduced in tumor-associated macrophages compared with cancer adjacent tissue.

mTORC2 in macrophages suppresses colorectal tumor formation. Since we observed a downregulation of mMTORC2
activity in tumor-associated macrophages in human and mouse CAC, we wanted to further investigate the role
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Figure 1. mTORC2 is downregulated in infiltrating macrophages in mouse colitis and CAC. (A and B) IF double staining for F4/80 (green) and (A) pPKCa
Ser657 (red) or (B) pAKT Ser473 (red) in mouse control and DSS colitis sections and quantitative number and means of pAKT-positive F4/80 macrophages.
Scale bar: 20 pm. (C-E) IF for F4/80 (green) and pPKCa Ser657 (red) (C) or pAKT Ser473 (red) (D and E) in nontumorigenic mouse colon tissue and colorectal
tumor sections, and quantitative number and means of pPKCa-positive F4/80 macrophages. Scale bar: 20 pm. A-C evaluated from 4 IF samples. Pvalues
were determined by unpaired 2-tailed Student’s t test. **P < 0.01, ***P < 0.001.

of mTORC2 in macrophages in vivo. Therefore, we generated mice with a conditional deletion of Rictor in cells
expressing the lysozyme M gene (Rictor»?¢) and applied the AOM/DSS/CAC model (Figure 3A). We con-
firmed efficient recombination of the floxed allele in peritoneal and colonic macrophages but not in epithelial,
dendritic, or T cells of the colon (Supplemental Figure 2). Diarrhea-mediated weight loss during the 3 DSS cycles
was similar between Rictor™# and control mice, although there was a nonsignificant trend to higher weight loss
in the later DSS cycles in the Rictor¥* mice (Figure 3B). Interestingly, the number of tumors in the colon, which
is the main readout of this model, was significantly higher in the Rictor™7¢ animals when analyzed 10 days after
the last DSS cycle (Figure 3, C and D). In addition, the tumor area was also increased, suggesting that mMTORC2
activity in myeloid cells limits tumorigenesis (Figure 3, C and E). The percent of Ki-67* tumor cells was significant-
ly higher in Rictor™#<* mice (Figure 3, F and G). As expected, the low activity of mTORC2 in tumor-associated
macrophages of Rictor’ mice was further reduced in macrophages of Rictor?< mice (Figure 3, H and I, and
Supplemental Figure 3). Phosphorylation of pS6 as readout for mTORC1 activity indicated that mostly tumor cells
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Figure 2. mTORC2 is downregulated in infiltrating macrophages in human CRC. (A) IF for CD68 (green) and pPKCa (red) in human colorectal tissue
sections. Scale bar: 20 um. (B) Quantitative number and means of pPKCa*CD68* macrophages. (C) Quantitative number and means of CD68* macrophages.
A-C were evaluated from at least 6 different IF samples. Pvalues were determined by 1-way ANOVA and Bonferroni correction for pairwise comparisons.
(D) IF double stain for CD68 (green) and pPKCa Ser657 (red) in collagen gels either with monocyte-derived macrophages (MDM) alone (upper panel) or with
MDM cultured with DLD-1 cells (lower panel, nuclear stain only). Quantitative number and means of pPKCa"'CD68* macrophages, evaluated from at least 6
samples. Scale bar: 50 um. Pvalues were determined by unpaired 2-tailed Student’s t test. *P < 0.05; **P < 0.01.

insight.jci.org

and not stromal cells stained positive for pS6 (Figure 3, J and K). However, we observed a very uneven distribution
of pS6 positivity, with many tumors not showing detectable mTORC1 activity (data not shown). The colon length
was decreased in Rictor?<* mice, pointing toward enhanced colitis (41) in the mice (Figure 3L). These data, in
total, indicate that mMTORC2 signaling in macrophages negatively regulates colorectal tumorigenesis.

Rictor in macrophages prevents exacerbated DSS-induced colitis. To examine mechanisms responsible for
the observed enhanced CRC susceptibility of Rictor?>“ mice, we analyzed early phases of CAC devel-
opment when chronic inflammation acts as a major driver. We challenged mice with 5% DSS in the drink-
ing water for 5 days. Survival analysis revealed a significantly increased lethality in the Rictor¥#>< mice
compared with control mice (Rictor?) (Figure 4A). In addition, Rictor#>< mice lost more weight than
Rictor? mice after the DSS cycle (Figure 4B). Moreover, the length of the colon was significantly shorter
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Figure 3. Rictor"?*‘ mice have increased susceptibility for colorectal cancer. (A) Scheme of the AOM/DSS-induced colitis-associated colorectal cancer
model. To induce colorectal cancer, Rictor¥?2® and control (Rictor™f) mice were challenged with AOM, followed by 3 cycles of 2% DSS in the drinking water.
(B) Weight of Rictor"® and Rictor"?>“ mice was monitored during the procedure (n = 12-13). (C) Representative H&E colon stainings of AOM/DSS-treated
mice are shown. (D and E) Tumor number (D) and tumor area (E) are depicted. Data represent the mean + SEM (n = 12-13). (F) IHC for Ki67 in colorectal
tumor sections. Scale bar: 40 pm. (G) Quantitative number and means of Ki67* cells. (H) IF for F4/80 (green) and pPKCa (red) in colorectal tumor sections.
Scale bar: 20 um. (1) Quantitative number and means for pPKCo* F4/80 macrophages. (J) IHC for pS6 in colorectal tumor sections. Scale bar: 40 pm. (K)
Quantitative number and means of pSé* cells. (L) Colon length of tumor-bearing mice is shown. Data represent the mean + SEM (n = 12-13). Pvalues were
determined by unpaired 2-tailed Student’s t test. *P < 0.05; **P < 0.01; *** P < 0.001.

in the Rictor™#<* mice on day 8 (Figure 4C). We observed an upregulated permeability of the colon in
the Rictor¥#“ mice on day 8 (Figure 4D) that was accompanied by an increased infiltration of CD45*
leukocytes consisting of CD4* T cells, CD8* T cells, and CD19* B cells into their colon (Figure 4, E and F,
and Supplemental Figure 4). Hence, mMTORC2 activity in macrophages contributes to the maintenance of
gut homeostasis and limits inflammation during epithelial damage.

mTORC2 regulates metabolic control of macrophage polarization in the colon. To identify functions that may
mediate colon homeostasis by mTORC2 in colonic macrophages during DSS-induced acute colitis, we sort-
ed CD11b*CD64*"MHCII*Ly6C- macrophages from the colon at the peak of the inflammation on day 8.
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Figure 4. Rictor'*>“" mice are more susceptible to DSS-induced acute colitis. (A-F) Rictor"" and Rictor¥?* mice were challenged with 5% DSS in drink-
ing water for 5 days, followed by normal water for 9 (A) or 3 (B-F) days. Survival (A) and weight (B) was monitored daily. One representative of 2 indepen-
dent experiments is shown. (A) Data represent survival of 15 Rictor™ and 11 Rictor¥2* mice. P value was determined by log-rank test. (B) Data represent
the mean + SEM (n = 9-11). (C) Colon length on day 8. Data represent the mean + SEM (n = 9-11). (D) Colon permeability on day 8 by FITC-Dextran gavage
and subsequent measurement of fluorescence intensity in the serum. Data represent the mean + SEM (n = 9-10). (E) Representative dot plots for the
leukocyte population (CD45*) of Rictor and Rictor¥? lamina propria cells are shown. (F) Lamina propria cells of the colon were isolated on day 8 and
flow cytometric analysis of immune cell populations was performed (Supplemental Figure 2). Data represent the mean + SEM (n = 12). Pvalues for B-D and
F were determined by unpaired 2-tailed Student’s t test. *P < 0.05; **P < 0.01.

Microarray analysis revealed that 113 genes were more than 2-fold differentially expressed between the
colonic macrophages of Rictor¥?¢ and control mice (Figure 5A). Gene set enrichment analysis (GSEA)
showed that antiinflammatory M2-like macrophage polarization was reduced in Rictor™?“* compared with
Rictor™! colonic macrophages during acute DSS-induced colitis (Supplemental Figure 5A). Similarly, peri-
toneal macrophages (Supplemental Figure 5, B and C) and BM-derived macrophages (BMDM) (Supple-
mental Figure 5, D and E) showed decreased M2 marker gene expression, while M1 signature genes were
increased (Supplemental Figure 5F). Hence, mTORC?2 is important for efficient antiinflammatory polariza-
tion of macrophages in vitro and in vivo and prevents overactivation of proinflammatory polarization genes.

mTORC?2 regulates gut homeostasis by restraining osteopontin expression. We then investigated in more mech-
anistic detail how mTORC2 maintains homeostasis of the gut. Microarray analysis during acute DSS-
induced colitis revealed that secreted phosphoprotein 1 (Sppl), which encodes osteopontin (Opn) (42, 43),
was one of the most highly upregulated genes in Rictor™#* colonic macrophages (Figure 5B), and this was
confirmed by real-time PCR analysis (Figure 5C). Interestingly, SPP1 tended to be increased in the serum of
Rictor¥#¢ mice during acute DSS-induced colitis, as well (Figure 5D). Opn has been functionally implicat-
ed in different aspects of colitis in the mouse (44, 45). Treatment of Rictor®¥*<* mice with an Opn-neutraliz-
ing antibody diminished the serum levels of Opn in these animals (Figure SE) and reduced the weight loss as
well as immune cell infiltration into the colon of the mice significantly (Figure 5, F and G). In summary, the
exacerbated inflammation in the Rictor®?“ mice during the acute DSS-induced colitis could be reverted by
the neutralization of Opn.

SPPI correlates with poor survival in human CRC patients. We asked whether Opn might also play a role in
the tumorigenic process of CRC (46). We found significantly increased serum levels of Opn in the Rictor¥#¢re
mice (Figure 5H). Moreover, histological assessment of CAC tumors showed that Opn expression in the
tumor stroma was higher in tumors of Rictor¥#>“ mice (Figure 5I). Next, we investigated whether SPP1
is relevant for human CRC and analyzed 433 samples with colorectal adenocarcinoma (COAD) from The
Cancer Genome Atlas (TCGA) (47). Expression of SPP1 was significantly higher in primary tumor sam-
ples compared with adjacent normal tissues both in the colon and rectum (Figure 6A). Moreover, SPP1
expression was found to be significantly higher in more advanced tumors of stages T3 and T4 (Figure 6B),
and SPP1 was also increased in primary tumors prone to lymph node metastasis (Supplemental Figure 6A).
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Figure 5. mTORC2 in macrophages suppresses Opn to diminish colitis. (A) Scatterplot of global gene expression profiles of sorted Rictor™" and
Rictort¥?t colonic macrophages on day 8 during DSS-induced colitis is shown. (B) The 10 most highly differentially regulated genes from the
microarray analysis in the Rictorv?? ¢ and Rictor™" colonic macrophages are shown. (C) mRNA levels of Spp1in sorted colonic macrophages on day
8 during 5% DSS-induced colitis. Data represent the mean + SEM (n = 3-4). (D) Opn levels in serum on day 8 of Rictor™® and Rictor¥?>* mice during
5% DSS-induced colitis model are shown. Data represent the mean + SEM (n = 11). (E-G) Rictor®?* mice were challenged with 5% DSS in drinking
water for 5 days, followed by normal water for 3 days. Mice were i.p. injected with 650 pg/kg Opn-neutralizing antibody or placebo on days 1, 3, and
6. (E) Serum Opn levels in blood on day 8. Data represent the mean = SEM (n = 5). (F) Weight was monitored daily. Data represent the mean + SEM
(n =5). (G) Lamina propria cells of the colon were isolated on day 8, and flow cytometric analysis was performed. Data represent the mean + SEM
(n =4). *P < 0.05. (H) Opn levels in serum of Rictor"f and Rictorv?>® mice after the AOM/DSS model are shown. Data represent the mean + SEM
(n =12-13). (1) IHC of Opn in colorectal tumor sections of AOM/DSS-treated mice. Scale bars: 40 um. Right panel, number, and means of Opn* cells
evaluated from 4 IHC samples. Pvalues were determined by unpaired 2-tailed Student’s t test. *P < 0.05.

SPP1 strongly correlated with expression of the monocyte/macrophage markers CD11b (ITGAM) (Fig-
ure 6C) and CD68 (Supplemental Figure 6B). Importantly, expression of SPP1 in primary tumors was
significantly associated with lower overall survival rates after 3 years (P = 0.001) (Figure 6D) and 10 years
(P = 0.013). ITGAM was not associated with overall survival (Supplemental Figure 6C). These results
were replicated in a second CRC dataset (ref. 48 and Figure 6, E-H).

Mpyeloid mTORC2 negatively associates with outcome in human CRC. To more directly test whether
mTORC2 in macrophages affects outcome in human CRC, we analyzed 180 tissue samples of CRC
patients. mTORC?2 activity was measured by phosphorylation of PKCa serine 657 in CD68* macro-
phages. We confirmed that mTORC?2 activity was downregulated in tumor areas compared with non-
tumorigenic regions in 10 randomly selected paired patient samples (Figure 7, A and B). mTORC2
activity in tumor areas showed patient-to-patient variability (Figure 7, A and C). mTORC2 activity
in macrophages was negatively associated with tumor stage (Figure 7D) and lymph node metastasis
(Figure 7E). While mTORC?2 activity was not associated with overall survival (data not shown), low
mTORC?2 activity in macrophages in tumors was significantly associated with lower survival time in the
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Figure 6. SPP1 correlates with tumor size and poor survival in human colorectal cancer patients. (A) SPP1 mRNA expression of colon primary tumor (n
= 286) compared with normal colon tissue (1 = 41) and rectum primary tumor (n = 9) compared with normal rectum tissue (n = 94) of the TCGA data. Lines
represent the means. (B) Box blots comparing SPP1 mRNA expression in colorectal primary tumor samples of low (T1-2, n = 69) and high (T3-4, n = 300)

T stage. (C) Scatter plot showing correlations between SPP1and ITGAM (n = 380). Regression lines with corresponding 95% Cl are presented within each
graph. (D) Kaplan-Meier analysis of colorectal primary tumor samples distributed into low (n = 181) and high (n = 180) SPP1 expression. (E) SPP1 mRNA
expression of colon primary tumor (n = 186) compared with normal colon tissue (n = 54) of the GSE41258 data. Lines represent the means. (F and G) Box
plots comparing SPP1 mRNA expression in colorectal primary tumor samples of low (T1-2, n = 38) and high (T3-4, n = 144) T stage (F) and negative (NO, n
=93) and positive (N1-2, n = 89) N stage (G). (H) Kaplan-Meier analysis of colorectal primary tumor samples distributed into low (n = 91) and high (n = 91)
SPP1 expression. Data are displayed as log, mRNA expression intensity. Unpaired 2-tailed t test was used to calculate P values. To determine P values for
the Kaplan-Meier analysis, we performed log-rank test.

dying population (Figure 7F). Collectively, these data suggest that inactivation of mTORC?2 in macro-
phages is associated with a worse clinical outcome in human CRC patients.

Pharmacological inhibition of mTORC2 exacerbates experimental CAC. Our results at this point showed that low
mTORC2 activity in macrophages was associated with a poor outcome in CAC and thus raised the possibility
that pharmacological inhibition of mTORC2 might actually increase colorectal tumorigenesis. Therefore, we
subjected WT mice to the AOM/DSS model and treated them with the second-generation mTOR inhibitor
AZD8055 (Figure 8A). On day 6 after the last DSS cycle, we performed colonoscopy and observed significant-
ly increased tumor numbers in the AZD8055-treated animals (Figure 8, B and C). This enhancement in tumor
burden was due to an increased presence of medium-sized tumors (Figure 7D). Hyperplasia was decreased in
the inhibitor-treated mice (Figure 8E). Histological analysis of colon tissue confirmed increased tumor size in
animals treated with AZD8055 (Figure 8, F-H).

Discussion
In this work, we have shown that blockade of mTORC2 in macrophages leads to aggravated disease of coli-
tis-associated CRC in mice and humans. This was partly due to the protective role of mTORC2 during colitis
to dampen inflammatory damage, a well-known driving force for the development of CRC. The exacerbated
inflammation during acute colitis seen with loss of Rictor in macrophages was mediated via SPP1/Opn, as
blockade of this inflammatory mediator reverted the phenotype. Deletion of Rictor in macrophages or global
inhibition of mMTORC1/mTORC?2 increased tumor development and growth in a colitis-associated CRC model.
‘While our findings in mice are limited to the AOM/DSS model, the reduced activity of mTORC2 was con-
firmed in human CRC samples. In those samples, high SPP1 expression and low mTORC?2 activity in macro-
phages were negatively associated with a good prognostic outcome.

The recognition that mTORC?2 is involved in the regulation of proliferation, apoptosis, and metabol-
ic reprogramming of cancer cells has made this pathway a new promising target in cancer therapy (33).
Anticancer targets are usually identified in vitro under growth-promoting conditions in 2-D cultures. It is
important to emphasize that mMTORC2 activity could not be detected in mouse and human tumor cells in
vivo. Whereas mTORC2 (and mTORC1) activation is generally observed in tumor cell lines upon in vitro
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Figure 7. mTORC2 activity correlates

with tumor stage and survival in human
colorectal cancer patients. (A) Percentage
of pPKCo*CD68* macrophages in tumor and
associated stroma of the corresponding
patient. (B) Representative H&E staining
of stroma and tumor samples from A. Mag-
nification, 2x. (C) Tumor samples from B
showing high (upper panel) and low (lower
panel) pPKCa (red) staining and CD68*
macrophages (green). Scale bar: 50 pm. (D
and E) Box plots comparing pPKCa*CD68*
macrophages in colorectal primary tumor
samples of low (I-11, n = 63) and high (llI-1V,
n =117) stage (D) and negative (NO, n = 111)
and positive (N1-2, n = 69) N stage (E). (F)
Kaplan-Meier analysis of colorectal primary
tumor samples distributed into low (n =

83) and high (n = 83) pPKCa expression.
Unpaired 2-tailed t test was used to cal-
culate P values. To determine P values for
the Kaplan-Meier analysis, we performed
log-rank test.

culture, the activation of this ubiquitous signaling pathway could not be found in human CRC cells in situ.
A recent report showed that mMTORC?2 activity of CRC cell lines observed in 2-D cultures in vitro is lost
upon 3-D culture conditions (49), signifying that a 3-D culture can better mimic the in vivo conditions con-
cerning mTOR pathway activation. We found mTORC?2 activity confined to stromal tissue macrophages
during conditions of disturbed homeostasis, such as DSS-induced intestinal damage. This mMTORC?2 activ-
ity of macrophages was lost in tumor-infiltrating cells, suggesting that tumor cells induce inactivation of
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Figure 8. A second-generation mTOR inhibitor exacerbates tumorigenesis in DSS-induced cancer. (A) Scheme of the AOM/DSS-induced colitis-associated
cancer model with the treatment of AZD8055. Day 0 corresponds to the AOM administration. A colonoscopy was performed on day 57. Mice were sacrificed
on day 67. (B) Representative pictures of the colonoscopy. (C-E) Total (C) and size-divided (D) tumor count during the colonoscopy, as well as hyperplasia (E).
(F) Representative picture of the H&E stainings in 3 different magnifications. From left to right: x2.5 (scale bar: 200 um), x10 (scale bar: 50 um), x40 (scale
bar: 12.5 um). (G and H) Tumor count (G) and tumor load (H) analyzed by the H&E stainings. Pvalues were determined by unpaired 2-tailed Student’s t test.

this pathway by yet-to-be-defined signals. Hence, mTORC?2 is mainly active in stromal macrophages of the
tissue to promote repair mechanisms and to regain tissue homeostasis. Inactivation of mTORC?2 activity in
the colon and in the tumor stroma, thus, enhances tumorigenesis and metastasis.

mTORC?2 is implicated in the regulation of innate immune cell functions (5). In DCs, deletion of Rictor
augments stimulation of T cells and the production of IL-6, TNF-a, and IL-12 (50, 51). Moreover, myeloid
Rictor deficiency reduces antiinflammatory polarization potential of macrophages, while M1 polarization
is similar or augmented (23-26). We found enhanced M1 and reduced M2 polarization in BMDMs and in
colonic macrophages during colitis in vivo when looking at macrophages deficient for functional mMTORC2
activity. Our data show that myeloid mTORC?2 is a critical regulator of gut homeostasis during acute coli-
tis and colitis-associated CRC, likely due to the reduced antiinflammatory polarization of Rictor-deficient
macrophages. Interestingly, in a noninflammatory mouse model of melanoma, mTORC?2 deficiency in mac-
rophages is beneficial (25), while our data show that myeloid mTORC2 deficiency in CRC promotes tum-
origenesis. Hence, mTORC?2 in the innate immune system plays distinct roles in different types of cancer.

Our data suggest Opn can mediate the exacerbated colitis in the Rictor¥*>¢ mice. Opn is involved in
several chronic inflammatory conditions including colitis, where it has multifaceted functions (4345, 52—
56). Opn mRNA and protein levels are overexpressed in several other types of cancer — for example, in lung
(57), breast (58), or prostate cancer (46). Moreover, Opn is involved in the regulation of nearly all hallmarks
of cancer (42), such as angiogenesis in melanomas (59) or metastasis in bladder cancer (60). Recently, Opn
deficiency was found to suppress intestinal tumor development in a genetic mouse model (61). Additionally,
OPN has been correlated with decreased patient survival (62). Our data now show that high OPN derived
from mTORC?2-inhibited macrophages is associated with poor survival in 2 cohorts of CRC patients.
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A series of ATP-competitive inhibitors that block mMTORC1 and mTORC?2 at the same time (35) have
already entered clinical trials (30). We now describe a suppressive role of mTORC2 in macrophages for
an inflammation-based tumor model of CRC. Similarly, mTORC]1 has antiinflammatory properties by
stimulating production of IL-10 in DCs that protect the colon from chronic inflammation (22). Hence,
global inhibition of mTORC1 and mTORC?2 in cancer patients could have adverse inflammatory effects on
the immune system by promoting tumorigenesis, as seen with a second-generation mTOR inhibitor in our
mouse model. Thus, altering the innate immune system and its inflammatory response, as shown here, can
be driving forces of cancer development. The potential unfavorable activities of second-generation mTOR
inhibitors might especially be important for inflammation-associated tumors, where mTORC?2 activation
in macrophages seems to reestablish tissue homeostasis after colon damage. Instead, our work indicates
activation of mTORC?2 in macrophages as a therapeutic possibility in CRC.

Methods

Mouse strains. B6 Rictor" mice were described previously (63). Lyz2-Cre mice were originally described
by Clausen et al. (64). Rictor"® mice were crossed to Lyz2* mice to obtain Rictor™ Lyz2¢* (denoted
Rictor¥#¢<) or Rictor’? Lyz2*/* (denoted Rictor’?) littermates. Male and female mice were used simi-
larly for the experiments. Mice were bred at the Division of Biomedical Research, Medical University of
Vienna, and housed with constant temperature and a 12-hour day/night cycle. Genotyping of the mice
was performed with the DirectPCR-Tail lysis reagent (Peglab). PCR was performed with the following
primers: Rictor: 5-ACT GAA TAT GTT CAT GGT TGT G-3; 5-GAA GTT ATT CAG ATG GCC CAG
C-3'; Lyz2-Cre: 5'-CCC AGA AAT GCC AGA TTA CG-3; 5-CTT GGG CTG CCA GAA TTT CTC-3';
5-TTA CAG TCG GCC AGG CTG AC-3".

Acute DSS-induced colitis. Cohoused mice of both genotypes were used between 6 and 9 weeks of age.
Mice were given 5% DSS (36,000-50,000 molecular weight, MP Biomedicals) in their drinking water for
5 days. Afterward, DSS-solution was replaced by normal water. Body weight of the mice was monitored
daily. Mice surviving the experiment were anesthetized with ketamine/xylazine (Livisto and Ceva, respec-
tively), and blood was collected. Mice were euthanized by cervical dislocation, colon length was measured
with a ruler, and lamina propria cells were isolated and stained for flow cytometry.

Colitis-associated CRC model. Cohoused mice of both genotypes were used between 6 and 9 weeks of age.
Mice were injected i.p. with 10 mg/kg body weight AOM (MilliporeSigma). 5 days after the injection, mice
were given 2% DSS in the drinking water for 5 days. This was followed by 16 days of normal water. On day
26, mice were again given a 2% DSS solution for 5 days, followed by 16 days of normal water. The last 2%
DSS cycle was started on day 47 and lasted 4 days. Ten days after the last DSS cycle, mice were anesthetized
with ketamine/xylazine, and blood was collected. Afterward, mice were euthanized by cervical dislocation,
and colon was fixed in 4% paraformaldehyde overnight for H&E staining. Tumor number and size were
determined microscopically after H&E staining.

Treatment with AZD8055. Female C57BL/6 mice (obtained from the Department of Laboratory Animal
Science and Genetics at the Medical University of Vienna) at the age of 5 weeks (average weight on day 0 was
17.4 g) were subjected to the AOM/DSS cancer model. Each DSS cycle was accompanied — with a delay of 1
day — by oral gavage of 10 mg/kg AZD8055 (Selleckchem). AZD8055 was dissolved in DMSO and stored at
—20°C at a stock solution of 50 mg/ml. Mice were treated with 10 mg/kg by preparing a solution of 5 mg/ml
for the gavaging procedure by adding 30% PEG 300 (MilliporeSigma) and ddH, O, with the final concentration
of DMSO being 4%. This was further diluted by adding H,O to obtain a suitable volume for gavaging (~200 pl).

Colonoscopy. Twenty-four hours before the intervention, mice received a rehydration solution consisting
of 1.35% glucose, 0.29% sodium citrate, 0.26% trisodium citrate, dihydrate, 0.15% potassium chloride, and
3.45% PEG between 6,000-35,000 molecular weight (MilliporeSigma), and food was eliminated. The colo-
noscope (Karl Storz) was inserted, and the colon was inflated via the connection to an air pump (Eheim). A
video was recorded based on a hyperplasia score, defined by the granularity of the surface was established
in a blinded manner. During colonoscopy, tumors were counted and sized.

Treatment with Opn-neutralizing antibody. During the acute DSS-induced colitis model, Rictor™#¢re
mice were i.p. injected with 650 pg/kg body weight Opn-neutralizing antibody (R&D, AF808) or IgG
control (R&D, AB-108-C) on day 1, 3, and 6.

Analysis of intestinal permeability in mice. Analysis of intestinal permeability was carried out according
to a previously described protocol (65). Mice were starved of water and food overnight. The next day,
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mice were gavaged with 440 mg/kg body weight FD4 FITC-dextran (MilliporeSigma). After 4 hours, mice
were anesthetized with ketamine/xylazine, and blood was collected into Microvette CB 300 LH (Sarstedt).
Blood was centrifuged at 2,000 g for 5 minutes at room temperature. Serum was collected and diluted in an
equal volume of PBS. Diluted serum (100 ul) was added to a 96-well plate, and fluorescence was measured
at an excitation wavelength of 485 nm and an emission wavelength of 528 nm on a spectrophotofluorome-
ter (BioTek Synergy HT). Serially diluted FITC-dextran was used to create a standard curve.

Cell culture. Cells were cultured in a humidified incubator at 37°C and 5% CO,. BM from the femur and
tibia was isolated, cultivated, and differentiated for 6 days on petri dishes (Greiner Bio-One) in M®-differ-
entiation media, which consisted of DMEM high glucose (Thermo Fisher Scientific), 10% low endotox-
in FBS (Thermo Fisher Scientific), 2 mM L-glutamine (Lonza), 100 U/ml penicillin (MilliporeSigma),
100 pg/ml streptomycin (MilliporeSigma), 50 ug/ml B-mercaptoethanol (Thermo Fisher Scientific), and
15% L929 conditioned media. After the 6-day differentiation process, macrophages were seeded in 10%
M®-media (without 1929 supplementation) and allowed to rest for at least 4 hours before stimulation.
Peritoneal macrophages were flushed with cold PBS from the peritoneal cavity, seeded in 10% M®-media
onto petri dishes, and allowed to rest overnight before stimulation. In vitro stimulations were carried out
by supplementing the macrophage culture with the following agents and concentrations for the indicated
times: 100 ng/ml lipopolysaccharide from Escherichia coli 0111:B4 (LPS) (MilliporeSigma), 20 ng/ml IFN-y
(Peprotech), 10 ng/ml IL-4 (Peprotech).

Three-dimensional collagen gel cultures. Human peripheral blood mononuclear cells (PBMCs) were isolat-
ed from EDTA-blood samples of healthy donors by density centrifugation using Ficoll-Paque Plus (density
1.077 g/ml, GE Healthcare). PBMCs were transferred into nontissue culture treated petri dishes in plain
RPMI (Thermo Fisher Scientific) and 2 mM L-glutamine. After 2 hours of monocyte adhesion, all other cells
were removed by washing 3 times with plain RPMI. Monocytes were differentiated into macrophages by
cultivation in RPMI supplemented with 10% heat-inactivated FBS (Thermo Fisher Scientific), 2 mM L-gluta-
mine, and 20 ng/ml recombinant human M-CSF (Peprotech) for 6 days. A total of 2 x 10° MDM:s alone or
in coculture with 500 freshly trypsinized colon cancer cells (DLD-1) were resuspended in 300 pl of a collagen
I solution consisting of 2 mg/ml collagen I (rat tail, Corning), DMEM supplemented with 5% FBS, 10% of
10x PBS, and 1 M NaOH for neutralization as described previously (66). After solidification, the collagen
gels were cultivated for 8 days in DMEM, 5% FBS, until tumor cells formed spheres within the gels. Medium
was exchanged every other day. Gels were fixed in 4% paraformaldehyde (Roth) and embedded in paraffin.

Flow cytometry. The colon was cut into small pieces, and epithelial cells were removed by two 20-minute
sessions of incubation with HBSS (Thermo Fisher Scientific) supplemented with 10% FBS, 5 mM EDTA
(MilliporeSigma), and 1% penicillin/streptomycin at 37°C with shaking at 200 rpm. Supernatant was removed
and tissue was digested by 50 minutes incubation with RPMI supplemented with 10% FBS, 1% penicillin/
streptomycin, 2 mM glutamine, 1 mg/ml Collagenase VIII (MilliporeSigma), and 2 mg/ml DNase (Worth-
ington) at 37°C with shaking at 200 rpm. Supernatant was collected, and cells were filtered with a 70-um cell
strainer. Cells were centrifuged at 500 g for 8 minutes at 4°C. Lamina propria cells were washed with cold PBS
and resuspended in FACS buffer (PBS, 2% FBS, 2 mM EDTA). Cells were blocked with TruStainfcX (BioLeg-
end) for 20 minutes on ice and, afterward, incubated for 30 minutes with directly labeled antibodies. Cells were
washed and taken up in FACS buffer for analysis on a FACSCalibur (BD Biosciences), FACSCanto II (BD
Biosciences), FACSARIA I (BD Biosciences), or LSRFortessa (BD Biosciences). Data were analyzed by Flow-
Jo (Tree Star Inc.). Antibodies from eBioscience were CD11b (clone M1/70) and CD3e (clone eBio500A2).
CD45.2 (clone 104), I-Ab (clone AF6-120.1), CD64 (clone X54-5/7.1), CD8 (catalog 53-6.7), and CD4 (clone
RM4-5) were obtained from BioLegend, and CD19 (clone 1D3) was purchased from BD Biosciences.

Glucose uptake assay. Macrophages were seeded on 6-well plates and treated as indicated. After incuba-
tion, cells were collected and incubated with 100 pM 2-NBDG (Invitrogen) in PBS for 10 minutes at 37°C.
Uptake was stopped by adding cold PBS. After a washing step, cells were taken up in FACS buffer and
analyzed on a FACSCalibur (BD Biosciences).

Immunoblot. Cells were pretreated in 6- or 12-well culture plates (CytoOne) as indicated. After stimu-
lation, cells were washed once with PBS and taken up in 100 pl/well Triton X-100 lysis buffer consisting
of 10 mM HEPES pH 7.9 (MilliporeSigma), 70 mM NaCl (Merck), 1 mM EDTA (MilliporeSigma), 1%
Triton X-100 (MilliporeSigma), protease inhibitor cocktail (Roche Diagnostics), 10 mM NaF (Merck), 2 mM
Na,P,0, (Merck), 2 mM glycerophosphat (MilliporeSigma), and 200 uM Na,VO, (MilliporeSigma). Cells
were sonicated 3 times for 10 seconds and kept on ice for 30 minutes. Protein concentration was measured by

insight.jci.org  https://doi.org/10.1172/jci.insight.124164 12


https://doi.org/10.1172/jci.insight.124164

. RESEARCH ARTICLE

using the Protein Assay Dye Reagent Concentrate (Bio-Rad) according to the manufacturer’s protocol. Pro-
tein concentration was adjusted with lysis buffer and 4x SDS reducing sample buffer containing 250 mM Tris-
HCI (pH 6.8), 40% glycerol (Merck), 8% SDS (MilliporeSigma), 400 mM dithiothreitol (MilliporeSigma),
and bromphenolblue (Merck) was added. Samples were boiled for 5 minutes, resolved on 12% SDS-PAGE,
and transferred to a nitrocellulose membrane (Peqlab). Membranes were blocked in 4% dry milk for 1 hour
at room temperature. The primary antibody was added overnight at 4°C. The secondary antibody (Bethyl,
A120-101P), conjugated with horseradish peroxidase, was added for 45 minutes at room temperature in 4%
dry milk. Proteins were detected by chemiluminescence using the Pierce ECL Western Blotting Substrate
(Thermo Fisher Scientific). The reaction was visualized using Amersham Hyperfilm ECL (GE Healthcare)
and the Medical X-ray Processor 2000 (Kodak). Primary antibodies were Rictor (clone 53A2), pAkt S473
(clone DYE), pan-Akt (clone 40D4), histon H3 (clone D1H2), pAkt T308 (clone D25E6), pPNDRG1 T346
(clone D98G11), pPRAS40 T246 (clone C77D7), and GAPDH (all from Cell Signaling Technologies).

Histology. Colons of the mice were removed, washed, fixed in 4% paraformaldehyde, dehydrated (iso-
propanol/xylene/paraffin), embedded in paraffin, and sectioned with a microtome (Micros). H&E staining
was performed, and slides were mounted with Eukitt.

IHC. Tissues were fixed, dehydrated, and embedded in paraffin. Paraffin was removed using xylol, iso-
propanol, and an alcohol gradient in descending order (all from Carl Roth). For antigen retrieval, the slides
were incubated in modified citrate buffer (pH 6) (Dako) at 120°C. Slides were incubated in 1% H,O, and
permeabilized with 0.1% Tween 20. Primary antibodies, Ki-67 (AB9260, Chemicon), Opn (AF808, R&D
Systems) and pS6 (2215, Cell Signaling Technology), were incubated overnight at 4°C. After washing with
PBS, a biotinylated secondary antibody was added for 45 minutes, and slides were incubated with Strepta-
vidin-HRP complexes conjugated with peroxidase. To visualize positive staining, sections were incubated
with aminoethyl carbazole for 20 minutes, and hematoxylin was used for counterstaining the nuclei. Stain-
ing intensities were quantified using ImageJ (NIH).

Immunofluorescence. Paraffin embedded colon disease spectrum tissue arrays (US Biomax Inc.) containing,
in total, 180 cores from colon cancer patients were used for immunofluorescence stainings. Rehydration and
antigen retrieval was performed as described for IHC stainings. After blocking with PBS containing 1% BSA
and 0.3% Triton, sections were incubated overnight at 4°C with primary antibodies against pAKT Ser473 (Cell
Signaling Technologies), pPKCa Ser657 (Santa Cruz Biotechnology Inc., sc-12356), and F4/80 (eBioscience,
123101) for mouse macrophages or CD68 (Santa Cruz Biotechnology Inc., 137002) for human macrophages.
The next day, fluorescently labeled secondary antibodies and DAPI were added for 1 hour. Slides were scanned
using the tile scan function of the Leica confocal microscope TCS SP8. ImagelJ software was used to analyze
staining percentages where pPKCa or pAKT positivity was calculated in relation to macrophage numbers.

mRNA expression analysis. BMDM or peritoneal macrophages were pretreated as indicated and lysed
directly in TRI Reagent (MilliporeSigma). RNA was isolated by phenol-chloroform extraction, and cDNA
was generated with the GoScript Reverse Transcription system (Promega). For real-time PCR, GoTaq
qPCR Master Mix (Promega) was used, and analysis was done on a StepOnePlus Real-Time PCR System.
Expression levels of target mRNAs were normalized to f-actin.

Microarray analysis. Colonic macrophages were sorted (CD45"CD11b*CD64*MHCII*Ly6C") from the
lamina propria cells, and RNA was isolated by the Quiagen RNeasy Plus Micro Kit. Microarray analysis
was performed with the Affymetrix GeneChip Mouse Gene 2.0 ST array. Normalization of the data was
done with the Affymetrix Expression Console. Analysis was performed with the Affymetrix Transcriptome
Analysis Console (TAC) v3.0. Differential expression of genes between Rictor! and Rictor®#< colonic
macrophages was defined by more than 2-fold difference and a significance value of smaller than 0.05.
Microarray data have been deposited under GEO accession number GSE96525.

GSEA. The GSEA tool from the Broad Institute website was used for the identification of enriched
gene signatures. Normalized gene expression data obtained from sorted Rictor? (n = 3) and Rictor¥#¢re
(n = 4) colonic macrophages was used for comparison. We screened the gene set “CLASSSICALY ACTI-
VATED VS TYPE 2 ACTIVATED MACROPHAGE DN”.

Statistics. For bioinformatic analysis of human CRC patients, we used the RNA sequencing gene
expression file for CRC generated by the TCGA research network (47) and the study from Sheffer et al.
(GSE41258) (48). Statistical analysis was performed with SPSS v21. Two-tailed unpaired (independent)
t test was used to calculate P values. Levene’s test with a threshold of 0.05 was performed to choose the
appropriate P value for the ¢ test. Pearson correlation analysis was applied to calculate corresponding R and
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Pvalues for scatter plots. Kaplan-Meier plots were generated by classifying the samples into groups of low
and high target gene expression according to the median gene expression value. To test for the significance
of Kaplan-Meier analysis, we performed the log-rank test. P < 0.05 was considered to be statistically signif-
icant. Pairwise comparisons were analyzed using 1-way ANOVA and Bonferroni correction.

All mouse results are expressed as mean + SEM. Unpaired student ¢ test (2-tailed) was used to detect
statistical significance. For the survival analysis shown in the Kaplan-Meier plots, log-rank test was used for
the comparison of the groups. P values smaller than 0.05 were defined as statistically significant.

Study approval. All animal studies were approved by the official Austrian ethics committee for animal
experiments (GZ BMWF-66.009/0028-11/3b/2014 and GZ BMWFW-66.009/0255-WF/V/3b/2015).
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