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Abstract

Effective therapies are lacking for patients with advanced colorectal cancer (CRC). The CRC
tumor microenvironment has elevated metabolic waste products due to altered metabolism and
proximity to the microbiota. The role of metabolite waste in tumor development, progression,
and treatment resistance is unclear. We generated an autochthonous metastatic mouse model

of CRC and used unbiased multi-omic analyses to reveal a robust accumulation of tumoral
ammonia. The high ammonia levels induce T cell metabolic reprogramming, increase exhaustion,
and decrease proliferation. CRC patients have increased serum ammonia, and the ammonia-
related gene signature correlates with altered T cell response, adverse patient outcomes, and

lack of response to immune checkpoint blockade. We demonstrate that enhancing ammonia
clearance reactivates T cells, decreases tumor growth, and extends survival. Moreover, decreasing
tumor-associated ammonia enhances anti-PD-L1 efficacy. These findings indicate that enhancing
ammonia detoxification can reactivate T cells, highlighting a new approach to enhance the efficacy
of immunotherapies.

eTOC Blurb:

Bell et al identify that ammonia accumulates in colon tumors. The accumulated ammonia reduces
tumor immune response by specifically inhibiting T cell function. Removing microenvironmental
ammonia reactivates T cells, decreases tumor size, and re-sensitizes tumors to immunotherapy.

Graphical Abstract
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INTRODUCTION

Colorectal cancer (CRC) is the second leading cause of cancer mortality worldwide®.
Improvements in CRC patient survival stems in part from enhanced early detection due

to increased rates of colonoscopy 2. However, 20% of patients with CRCs have metastatic
disease at the time of diagnosis, and the 5-year overall survival rate in this patient subset

is 10.5% 34, Moreover, immune checkpoint blockade (ICB) is not effective in the vast
majority of patients with CRC °. Recent work has revealed that the tumor microenvironment
(TME) in many CRCs is often immunosuppressive. The TME is a hypoxic, nutrient-

sparse environment with high concentrations of metabolic waste. Heterocellular metabolite
exchange in the TME can lead to dysregulated immune cell effector function. Metabolic
dysregulation in primary CRCs is also affected by intestinal microbes, as the gut microbiota
generates unique metabolites and waste products.

Ammonia is a waste product that is generated at high levels from host and microbial cellular
metabolism. Host-derived ammonia arises via glutamine and asparagine catabolism, cysteine
and nucleotide biosynthesis®? Microbiota also produce large quantities of ammonia through
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breakdown of host proteins by microbial ureases 8. Due to its toxic effects on many cells,
ammonia must be exported and processed by the liver through the urea cycle °. Of note,
some cancer cells can assimilate ammonia as a biosynthetic metabolite to drive amino acid
metabolism 19, However, the role of extracellular ammonia in the TME is largely unstudied.

We employed an autochthonous metastatic model of CRC arising from concurrent mutations
in tumor suppressor and oncogenes known to contribute to human CRC. Using multi-omic
profiling to investigate the altered immune landscape and mechanisms of immune therapy
resistance, we identified an important transcriptional network regulated by hepatic nuclear
factor-4 (HNF4)a. HNF4a is a master regulator of genes encoding urea cycle factors, and
disruption of HNF4a leads to increased ammonia accumulation 11, We identify a robust
increase of ammonia in a metastatic colon cancer model and show increased TME ammonia
levels reduce T cell activation and proliferation and lead to T cell exhaustion. Promoting
enhanced TME ammonia detoxification inhibits tumor growth and activates the response to
ICB in our mouse CRC model. Evidence implicates elevated ammonia levels in the TME

of human CRC patients that do not respond to ICB and/or who have poorer outcomes.
Collectively, our findings identify ammonia as a key immune-inhibitory waste product in
CRC and highlight the potential of enhancing ammonia clearance as an approach to increase
the effectiveness of ICB in CRC.

model lacks response to multiple immune therapy approaches.

ICB therapy has recently led to clinical breakthroughs for some solid tumors, such as

clear cell renal cell carcinoma, melanoma, non-small cell lung cancer, and mismatch repair
defective (MMRD) CRCs and other MMRD cancers'2:13, However, in the vast majority

of CRCs, ICB is not effective 14, Unlike the situation in human CRC, some widely

used syngeneic mouse CRC xenograft models as well as sporadic mouse CRC models

are highly responsive to immunotherapies!®. To understand how genetically engineered
mouse models with variable defects in the murine homologues of tumor suppressor and
oncogenes recurrently mutated in human CRC would respond to immune-based therapies,
we pursued work with mice where tamoxifen treatment can induce target genes of interest
in mouse colon epithelium to induce benign or malignant tumors 6. We utilized mice with
a biallelic disruption of Apc (SingleMut), Apcand Tp53 (DoubleMut), or Apc, Tp53and a
Kras G12D knock-in allele ( 7rjpleMut) targeted to the colon epithelium specifically using
CDX2-CreERT2. These mice were assessed for overall survival following one, two, three, or
four daily doses of 50 mg/kg tamoxifen (Figure 1A and B, S1A). As expected, increasing
tamoxifen doses led to progressively shorter survival times. Of note, for equivalent
tamoxifen dosages, the average survival of the TripleMut is approximately 50% shorter

than that of the DoubleMut. Moreover, TripleMuthad increased numbers of tumors, and
histologically more advanced tumors compared to SingleMut or DoubleMut (Figure 1C, 1D,
1E). The TripleMut, but not the SingleMutand DoubleMut mice developed lung and liver
metastases (Figure 1F). We assessed the response of each mouse model to anti-Programmed-
Dealth-Ligand-1 (PD-L1). We used a tamoxifen dosing strategy that led to mice from

each model having an overall average survival of 30 days. SingleMut and DoubleMut
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demonstrated increased survival following anti-PD-L1 treatment (Figure 1G). However,
TripleMut did not show improved survival following anti-PD-L1 treatment as compared to
isotype control (Figure 1G). We next used an alternative form of immunotherapy, IL-17
bone marrow knockout, in the 7ripleMut mouse model. IL-17 promotes colorectal cancer
by driving pro-tumor inflammation, generating an immunosuppressive microenvironment,
and suppressing cytotoxic immune function1’-19, Using bone marrow chimeras from 1L-17
knockout mice, we found that the SingleMut mice had increased survival following
disruption of IL-17 signaling as previously reported, but the 7rip/leMut mouse model
showed no response to transplantation with 1L-17-disrupted immune cells (Figure S1B)

19 Together, these data reveal that the 7rjp/eMut model is resistant to immune-based
therapeutic approaches.

Mice with advanced lesions develop an immunosuppressive microenvironment.

We sought to understand the differential responsiveness of the CRC models to immune-
based therapies. Acquired and adaptive resistance to immunotherapy can result from
dysfunction or deletion of CD8" T cells. In these CRC models, when treated with three
concurrent doses of tamoxifen, the whole colon becomes an adenomatous epithelium. RNA
sequencing on tumor colon epithelium demonstrated differential global gene expression for
each model (Table S1). Principal components analyses demonstrated that the 7ripleMut
mice separated from the SingleMutand DoubleMut mice along PC1 (Figure 2A and B).
Gene set enrichment analysis revealed a robust depletion in pathways essential for adaptive
immune response or T cell function in 7rip/leMut mice compared to the DoubleMut (Figure
2C). We performed multiplex immunohistochemical staining (OPAL) for CD3, arginase-1,
CD8 and CK19 on paraffin sections from a different mouse cohort (Figure S2A). The
TripleMut mouse model showed an increase in arginase positive cells (Figure S2B). We saw
a decrease in the distance between CD3* T cells and ARG-1" myeloid cells, suggesting
possible contacts between immunosuppressive macrophages and tumor-infiltrating T cells
(Figure S2C). We next performed CyToF on a separate cohort of mice (Figure 2D). This
experiment showed that 7rip/leMut mice had increased CD44+/CD45™ cells, indicating an
increased proportion of cancer stem cells in this mouse model (Figure 2E). The TrijpleMut
mouse model also displayed a significant decrease in CD45" cells and CD3* cells (Figure
2E). The number of CD4* cells and CD8" T cells in the TrjpleMut model was decreased, but
not significantly (Figure S2D). We observed no significant changes in the CD11b*Ly6G*
or CD11b* F4/80* populations between the DoubleMutand TripleMut mice (Figure S2E).
The TrijpleMut mouse model had a significant increase in CD4* and CD8* positive T

cells expressing the inhibitory receptors CTLA-4 and PD-1 (Figure 2F and S2F). Overall,
these findings suggest that 7rip/leMut mice have fewer overall T cells and increased T cell
dysfunction.

Ammonia accumulates in CRC due to dysregulation of the urea cycle.

To identify upstream regulators essential for the differential expression between the
DoubleMutand TripleMut mice, a CHIP-SEQ transcription factor enrichment analysis in
the genes differentially expressed between the DoubleMutand TripleMut from our previous
RNA-SEQ experiment was performed 29, We screened the enriched transcription factors
for differential expression between the DoubleMutand TrijpleMut, and for differential
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expression in CRC compared to normal colon in the publicly available TCGA datasets.

We next screened the transcription factors for expression associated with differential survival
in human patients, also in the TCGA dataset. Finally, we narrowed our list to transcription
factors that had an association with KRAS using STRING 21, This analysis identified

four potential candidates: GFI, HNF4a,, RUNX1, and the IRF protein family (Figure 3A).
Hepatocyte nuclear factor 4 a. (HNF4a) is a master regulator of the urea cycle and is
necessary to clear cellular ammonia 11. A previously described ammonia gene signature
which consist of low expression of OTC, CPS1, HNF4a, ARGI1, ASS1, and ASL and high
expression of SLC4A11, GLS, and GLUD1 was altered in the 7rip/leMutmice (Figure

3B and C)22. Metabolomics analysis, using PCA analysis on SingleMut, DoubleMut. and
TripleMut mice, found the metabolic profiles clustered separately (Table S2, Figure S3A).
Urea cycle intermediates were not targeted with this particular metabolomics analysis,

but differentially abundant metabolites in the 7rijp/eMut identified a robust decrease in
pyrimidine metabolism (Figure S3B and S3C). Dysregulated pyrimidine metabolism is

a central feature in urea cycle dysfunction, as nitrogen is diverted towards carbamoyl-
phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase activation 22, We
next mined The Cancer Genome Atlas (TCGA) to assess RNA expression of HNF4a and
its direct target the ornithine transcarbamylase (OTC) in the cancer and normal colon.
HNF4a and OTC were significantly downregulated in CRC compared to normal colon
tissues (Figure 3D). These findings were confirmed in an institutional cohort of CRC
patients (Figure 3E). Further, analysis of flow sorted epithelial and stromal compartments of
dissected tumors from the SingleMut, DoubleMut, and TripleMut mice models demonstrated
that Ofcand Hnf4alevels were reduced specifically in the tumor epithelium (Figure

3F). Enteroids generated from the tumors of the induced 7rip/leMut mice had the most
significantly reduced Hnf4aand Ofc expression compared to normal enteroids from
wildtype mice or tumor enteroids from SingleMut and DoubleMut mice (Figure S3D).
Similarly, the normal human colon cell line NCM460 highly expressed HNF4A and OTC
compared to CRC-derived cell lines HCT116 and the SW480 (Figure S3E). Moreover,
analysis of data from the Cancer Cell Line Encyclopedia and TCGA found that cell lines

or patients with a KRAS mutation had lower levels of HNF4a (Figure S3F and S3G).

To determine the role of mutant KRAS in the dysregulation of Hnf4aand Otc, a colon-
epithelial doxycycline inducible Kras mutant mouse model was generated (Figure S3H).
Mice expressing the mutant Kras allele had an increased prevalence of dysplasia, tumor
formation, and increased GFP Kras reporter expression in their colons (Figure S31 and S3J).
In the mutant Kras mice, Hnf4aand Otc expression were decreased, although this decrease
was not significant (Figure S3K). This suggests that the downregulation of Hnf4aand Otcis
due to a combinatorial effect of Apcand 7p53loss as well as mutant Kras expression.

The downregulation of Hnf4a, Otcand other ammonia related genes in our cancer models,
and the metabolic shift in these metabolites prompted us to assess ammonia accumulation
in CRC. Nessler’s reagent is a stain that can detect free ammonia in tissues 23, Staining
DoubleMutand TripleMut colons demonstrated that 7rijpleMut mice had significantly
increased epithelial ammonia staining compared to the DoubleMut (Figure 3G and H). To
confirm these findings, we used mass spectrometry in an independent cohort of mice and
found a robust increase in ammonia in 7ripleMut mice (Figure 31). In three gastrointestinal
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carcinomas (colon, gastric, and hepatocellular) the ammonia gene signature was associated
with decreased survival (Figure 3J) (Lanczky & Gy®6rffy, 2021). However, the signature

did not predict survival in most other cancer types, potentially suggesting a specificity

for the gastrointestinal tract. Together, these data reveal: that 1) dysregulation of ammonia
metabolism in murine and human CRC leads to intratumoral ammonia accumulation, and 2)
that ammonia-related gene expression prognostically stratifies CRC patients.

Ammonia exposure increases exhausted T cells in vitro and in vivo.

We assessed how increased microenvironmental ammonia altered the growth of a panel

of CRC cell lines and primary immune cells. Ammonia increased or did not change

cell growth in several CRC cell lines, consistent with what was previously reported in

breast cancer-derived cell lines 10(Figure 4A). While bone marrow-derived neutrophils and
macrophages were unaffected by ammonia levels, /n vitro activated splenic CD3™ T cells
showed a strong reduction in proliferation at doses within the range of ammonia observed

in colon tumors. We confirmed that primary hepatocytes can effectively clear ammonia
following treatment over a period of 24 hours, while MC38 CRC cancer cell line did not
accumulate ammonia following treatment. This is consistent with cancer cells rapidly using
ammonia as a nitrogen source to support growth10. Ammonia accumulates within T cells
and bone marrow derived macrophages and is not cleared after 48 hours (Figure S4A). Dose
response studies demonstrated significantly diminished proliferation of CD4* and CD8* T
cells (Figure 4B and S4B-C), reduced expression of the T cell activation marker CD25
(Figure 4C), and a significant increase in cell death after ammonia treatment (Figure 4D).
Further, human T cells treated /n vitro with ammonia had significantly reduced proliferation
(Figure 4E). Similar to the 7ripleMut mice, ammonia treatment increased the exhausted T
cell markers (PD1+TIM3+), and decreased production of interferon gamma (IFNy) in T
cells as assessed by flow cytometry (Figure 4F and S4D). Glutamate dehydrogenase, GLUD,
was increased in T cells treated with ammonia, while expression of other components of
glutamine synthesis and the urea cycle were not altered in T cells, macrophages, or a

colon cancer cell line (Figure S4E-S4G). To confirm that ammonia drives an exhausted
tumor microenvironment, we analyzed gene expression of PD-1 and CTLA-4 after ammonia
treatment (Figure 4G). Consistent with the mouse data, ammonia significantly induced PD-1
expression, but not CTLA-4 in human T cells (Figure 4H and S4H). To determine whether
an increase in systemic ammonia levels in mice alters T cell function, mice were placed

on an ammonium acetate diet. After seven days, serum ammonia levels were increased
(Figure 41). T cells isolated from mice on ammonium acetate diet demonstrated decreased
proliferation, as well as increased PD-1 and CTLA-4 expression, supporting the model that
high levels of ammonia drive T cell exhaustion (Figure 4J and 4K). Interestingly, T cells
treated with ammonia for 12 h, then replated with fresh media for 72 h, had a sustained
decrease in T cell growth (Figure S4l). To confirm the long-term effects of ammoniaon T
cells, we treated mice with ammonium acetate or normal chow, isolated CD8* T cells and
adoptively transferred the cells into MC38 tumor bearing mice following ex vivo activation
(Figure 4L). As expected, activated CD8" T cells from control mice were able to reduce
tumor growth, but T cells isolated from mice on the ammonium acetate chow did not
suppress tumor growth (Figure 4M). Collectively, this data suggests that ammonia induces T
cell exhaustion.

Cell Metab. Author manuscript; available in PMC 2024 January 03.
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To understand if ammonia can drive tumorigenesis and alter tumor T cell response, an
ammonium acetate diet was fed to the SingleMut mouse model. SingleMut mice on
ammonium acetate compared to untreated SingleMut mice had decreased body weight,
decreased survival, shorter colons, and decreased proportion of CD4* and CD8* T cells
(Figure 4N and 40). This data indicates that ammonia treatment durably reduces the
proliferation and activation of T cells and contributes to tumor progression.

Ammonia inhibits the transsulfuration pathway to induce oxidative stress in T cells.

To determine the mechanisms by which ammonia alters T cell function, targeted
metabolomics was performed. T cells isolated from wildtype mice and treated /n vitro with
ammonia, and T cells isolated from mice on an ammonium acetate diet clustered on PC1,
indicating a similar metabolic response (Figure 5A, Table S3). Amino acids, urea cycle

and nicotinamide metabolites were the most enriched and most in common between both
treatment paradigms (Figure 5B—C). However, transcripts for key enzymes in glycolysis and
the TCA cycle were not significantly altered in ammonia-treated T cells (Figure S5A).

Notably, there were robust changes in the transsulfuration pathway metabolites as indicated
by arrows in this schematic (Figure 5C). To evaluate the dysregulation of the transsulfuration
pathway, total protein methylation was assessed. Histone methylation was not affected in

T cells treated with ammonia /n vitro or in vivo (Figure S5B and S5C). CBS and MAT2A
expression were also unchanged (Figure S5D). However, gene expression analysis identified
betaine-homocysteine S-methyltransferase (BHMT) as an ammonia regulated gene in T
cells (Figure S5E and S5F). BAmtwas unchanged in ammonia treated MC38 colorectal
cancer cells (Figure S5G). Since glutathione was significantly reduced following ammonia
treatment (Figure 5D), radiolabel flux analysis from [3°S]-methionine to glutathione

was assessed. [3°S]-methionine incorporation into glutathione was significantly decreased
following ammonia treatment (Figure 5E). Furthermore, ammonia treatment decreased the
conversion of 13Cs-methionine tracing into labeled S-adenosyl-methionine (Figure 5F). We
cotreated T cells with the CSE inhibitor propargylglycine and the CBS inhibitor CH004

to examine whether the inhibition of the transsulfuration pathway was toxic to T cells.
CSE/CBS inhibitor treatment decreased T cell activation, cytokine production, and cell
proliferation (Figure 5G-5I). Interestingly, N-acetyl cysteine (NAC), and a cell permeable
glutathione ethyl ester (GEE), reversed the effects of ammonia on T cell proliferation
(Figure 5J), whereas S-adenosyl-methionine, amino acids, sodium sulfide, cystathionine,
homocysteine, pyruvate, serine, or taurine did not rescue the ammonia-induced growth
restriction in T cells (Figure S5H and S51). We quantified metabolic changes, and in addition
to dysregulation of the transsulfuration pathway, several TCA cycle intermediates were

also altered (Figure S5J). Ammonia inhibits the electron transport chain and increases
oxidative stress 24, and consistent with this data ammonia treatment reduced the oxygen
consumption rate of T cells significantly (Figure S5K). A significant increase in ROS and
lipid ROS was observed in CD4* and CD8* T cells after /n vitroand in vivo treatment with
ammonia (Figure 5K-L, S5L.-S5M), but not in CRC cell lines (Figure 5M). Furthermore,
the ferroptotic inhibitor ferrostatin rescued T cell growth inhibition by ammonia (Figure
5N). Together, these data indicate that high ammonia levels induce T cell oxidative stress via
dysregulation of the transsulfuration pathway.
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Cellular ammonia clearance reduces CRC growth.

Ornithine is used clinically in hyperammonemic patients to eliminate ammonia by
stimulating both the urea cycle and glutamine synthesis 2°. Specifically, ornithine is
metabolized by the mitochondria of periportal hepatocytes. It activates carbamoyl-phosphate
synthetase and drives the urea cycle?8. During urea biosynthesis, the hepatocyte eliminates
two ammonia molecules. Intraperitoneal injection of ornithine at clinically relevant doses

to ammonium acetate chow-fed mice reduced serum ammonia and increased T cell
proliferation (Figure 6A and B). Murine serum ammonia was found to be within 50—

100 uM. Ornithine treatment /n vitro has no effect on T cell proliferation or urea cycle

gene expression or polyamine levels at physiologically relevant doses but can inhibit
proliferation at supraphysiological doses (Figure S6A-S6C). Ornithine treatment led to a
striking decrease in MC38 and CT26 syngeneic tumor growth (Figure 6C-D and Figure
S6D-E). The reduction of tumor growth was T cell dependent, as ornithine did not alter
growth of MC38 and CT26 tumors implanted in nude mice or following CD8 depletion
(Figure 6E and Figure S6F-J). Decreased tumor growth was accompanied by significantly
reduced Ki67 (Figure 6F—G and Figure S6K) and tumor ammonia levels (Figure 6H and
S6L). We further found that ornithine decreased CD44" tumor stem cells and increased
CD4" and CD8™ T cells in MC38 tumors (Figure S6M and S6N). To confirm these findings,
an orthogonal approach to reducing systemic ammonia was utilized. Glycerol phenylbutyrate
eliminates ammonia via conversion to phenylacetate that binds nitrogen, and conjugates
with glutamine to form phenylactylglutamine which is excreted by the kidney 27. Glycerol
phenylbutyrate treatment significantly reduced MC38 syngeneic tumor size (Figure S60
and S6P). To explore the source of the high levels of ammonia, MC38 tumor-bearing mice
were treated with lactulose, a microbiota-dependent ammonia reducing agent 28. Lactulose
treatment did not significantly reduce tumor size (Figure S6P). This suggests that the source
of excess ammonia is likely the cancer epithelial cells rather than a dysbiotic microbiota
(Figure S6Q). Ornithine supplementation to the ammonium acetate diet restored T cell
function. Ammonia diet reduced T cell secretion of IFN y, IL-2, and IL-6, but co-treatment
with ornithine restored cytokine levels (Figure S6R).

To extend these findings to humans, serum ammonia levels were assessed in CRC patients
and healthy controls. A significant increase in serum ammonia levels was found in CRC
patients compared to healthy controls. Serum ammonia was further increased in metastatic
CRC (Figure 61). These results were reflected in the systemic ammonia levels in our murine
colorectal cancer model (Figure S6S). Having seen a further increase in systemic ammonia
levels in metastatic CRC patients, we utilized a previously established syngeneic liver
metastasis mouse model 2%, Expression of Ofcand Hnf4awas significantly decreased in
mice with liver metastasis and ammonia levels were increased (Figure 6J and K.). Mice
treated with ornithine daily had reduced tumor size and maintained more normal liver
(Figure 6L and 6M). Reduction in tumor size was accompanied by lower ammonia levels,
confirming ammonia detoxification (Figure 6N).

High TME ammonia inhibits response to ICB.

Ornithine treatment rescues the ammonia driven T cell functional deficits seen in our CRC
mouse models. We next evaluated whether ornithine could increase the efficacy of anti-PD-

Cell Metab. Author manuscript; available in PMC 2024 January 03.
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L1 immunotherapy in CRC. Trijp/leMut mice were injected with 50 mg/kg tamoxifen, and
immediately treated with ornithine or vehicle and co-treated with anti-PD-L1 or isotype
control. Anti-PD-L1 or ornithine (p=0.07) alone did not improve mouse survival. However,
ornithine and anti-PD-L1 co-treatment combined led to a significant increase in survival
(Figure 7A). Analysis of ornithine only treated 7rip/leMut mice demonstrated that these mice
had a significant increase in CD3* T cell infiltration into the tumors, with less of these T
cells being exhausted than the controls (not significant) (Figure S7A).

PD-L1 and ornithine co-treatment led to a significant reduction in T cell exhaustion and

an increase in overall T cell infiltration (Figure 7B and 7C and S7B). We next used our
ammonia gene signature to score the data from our RNA-SEQ experiment comparing the
Single, Double, and TripleMut mouse models. A high ammonia score was associated with
low CD4" T cells in the TrijpleMut (Figure S7C). TIDE, an algorithm that correlates gene
expression with T cell infiltration, demonstrated that tumors without a strong presence

of cytotoxic T lymphocytes, typically have worse survival 30. However, we found that in
tumors with low expression of OTC, the presence of cytotoxic T lymphocytes was no
longer predictive of survival (Figure 7D). In addition, we found that a gene signature score
associated with high ammonia levels predicted worse survival following ICB treatment in a
large cohort of combined cancer types (Figure 7E). We assessed a small institutional cohort
of MSI-high CRC patients treated with immunotherapy. Patients with low OTC staining
(associated with high ammonia levels) by IHC had worse survival after PD-1 treatment
(Figure 7F and 7G). OTC levels were not associated with differential response to traditional
chemotherapy (Figure S7D). We hypothesize that in advanced CRC, OTC and HNF4a are
downregulated which leads to ammonia accumulation, transsulfuration dysregulation in T
cells, increased T cell exhaustion and ICB resistance (Figure 7H).

DISCUSSION

Altered cellular metabolism is a hallmark of cancers and impacts the tumor
microenvironment, immune landscape, and therapy response. Moreover, metabolic
reprogramming in tumors generates excess byproducts that must be counteracted by a
heterocellular metabolic exchange in the tumor microenvironment. Here, using a highly
metastatic model of CRC ( TripleMui), we show that there is a robust downregulation of

T cell fitness compared to more benign less progressive CRC mouse models (DoubleMut
or SingleMut mice). These data are consistent with other models of CRC demonstrating

a robust immunosuppressive tumor microenvironment 31, Through a multi-omic analyses
integrating transcriptomic, CyTOF and unbiased metabolomics data, we identified a novel
connection between ammonia metabolism and T cell function. The activity of HNF4a

and its downstream target genes involved in ammonia clearance were robustly inhibited in
CRC, leading to a buildup of extracellular ammonia. Consistent with the mouse model data,
HNF4a signaling and the expression of ammonia clearance genes were downregulated and
serum ammonia was increased in CRC patients. High extracellular ammonia decreased T
cell anti-tumor function, while not altering viability or function of other immune cells or
cancer cells. However, using several orthogonal approaches, neutralizing ammonia levels
decreased tumor growth in a T cell dependent manner, whereas increasing tumor ammonia
led to attenuation of T cell function and increased progression in the SingleMut mice.
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A nutrient limited microenvironment alters T cell proliferation and function. Insufficient
oxygen and waste removal occurs as tumors grow. Hypoxia inhibits CD4* T cell function
and promotes regulatory T cell activity 32 Accumulation of lactate suppresses cytotoxic
T lymphocytes 33. Previous work has shown that ammonia accumulates in hepatocellular
carcinoma 34 Urea cycle dysregulation is a common feature of tumors, and ammonia

is a central nitrogen source to support cancer growth 10, However, little work has

been performed on how altered ammonia metabolism in cancers affect stromal cells 22,
Our data reveals that dysregulation of urea cycle enzymes is correlated with increased
extracellular ammonia, which is a major mechanism that leads to an immunosuppressive
tumor microenvironment in CRC. The tumor microenvironment is an important driver of
immunosuppression and response to ICBs 3°.

Recent work suggests a more complicated metabolic interaction where nutrients are
selectively partitioned to immune and cancer cells based on uptake mechanisms 3.
However, decreases in glutamine, lipids, and amino acids in the tumor microenvironment
limit T cell growth, viability and/or function 37:38. Our metabolomics data from ammonia
treated T cells implicated altered methionine metabolism. T cells proliferate rapidly and
have a high metabolic requirement for methionine. Recent work has shown that methionine
is necessary to drive T cell differentiation and proliferation3. Methionine can be converted
to S-adenosylmethionine which is a common methyl donor. Tumors disrupt methionine
metabolism and reduce S-adenosylmethionine in CD8* T cells, which leads to impaired T
cell immunity 37. Our work highlights the requirement of the transsulfuration pathway for
the conversion of methionine to cysteine, which is the limiting substrate for glutathione
synthesis. Radioactive and heavy isotope methionine tracing analysis in T cells revealed
that ammonia decreased transsulfuration flux and lowered glutathione levels, which is
associated with increased ROS. Currently, the specific enzymatic steps that are altered in the
transsulfuration pathway are not clear. The isotope tracing experiment showed reduced ion
abundance of m+5 labeled S-adenosyl-methionine, suggesting decreased MAT?2a activity.
However, several transsulfuration metabolic intermediates downstream of MAT2A did not
rescue the ammonia phenotype. We observed decreased TCA and glycolytic intermediates
and oxygen consumption, suggesting that ammonia may alter several pathways. Future
work will assess key steps in the transsulfuration pathway and other metabolic programs to
precisely define how ammonia impacts T cell fitness. Moreover, cancer cells and T cells
have a less robust ability to clear ammonia than normal colon cells or hepatocytes, due to
significant downregulation of the urea cycle. It is likely that the T cell vulnerability mediated
by a decrease in the transsulfuration flux combined with the limited ability of T cells to clear
exogenously produced ammonia leads to a specific metabolic vulnerability.

Although some work has shown that an immunoscore for T cell infiltration predicts survival,
initial CRC approaches to ICB have been very disappointing 13. The majority of CRC

is microsatellite stable, but 15% of cancer has high microsatellite instability (MSI) 40
However, in MSI high CRC, the objective response after PD-1 inhibitor is 40% compared

to 0% in non MSI high tumors . Most CRCs are not MSI high and there is significant
heterogeneity in immune infiltration 1. Our work demonstrates that clearance of ammonia
decreases tumor growth and potentiates ICB response in CRC models that are refractory

to immunotherapy. High OTC expression in patient samples is associated with ammonia
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clearance, and an improved response to immunotherapy. The data, including work done in
T cell deficient models, points to an ammonia/T cell-axis that is central in CRC growth and
the immunotherapy response. Reactivating ammonia clearance may be a viable therapeutic
option to increase response to ICB in non MSI high CRC. However, more functional studies
are needed to understand how ammonia in the tumor microenvironment may alter the
numbers and/or function of other stromal cells.

Ammonia metabolism and accumulation is unique in colon cancer compared to other
cancers due to two major sources of ammonia: cell autonomous metabolism and the
microbiota. Many commensal microbes including Clostridia, Enterobacteria, and Bacillus
spp produce large quantities of ammonia predominantly by amino acid deamination and urea
hydrolysis by urease #2. Host cells generate ammonia via the conversion of L-glutamine to
L-glutamate catalyzed by glutaminase 3. Ammonia is largely eliminated through the urea
cycle. Ammonia accumulates rapidly in tumors due to poor vascularization and increased
glutamine metabolism. Moreover, Kras mutations are known to drive glutamine metabolism,
which is in line with 7ripleMut mice having the highest level of tumor ammonia and

our most progressive and immunosuppressive model. Interestingly, activation of the Kras
mutation by itself did not lead to increased ammonia levels or dysregulation of HNF4a
signaling. We hypothesize that the metabolic changes leading to high ammonia result from
the combinatorial effects of the Apc, Kras, and p53 mutations 7p53, which will be tested
using the appropriate mouse models in the future.

Our work suggests the tumor protection derived from ammonia detoxification is T cell
dependent. The temporal studies done /n vivo suggest that initially, increased ammonia
levels led to T cell exhaustion and increased expression of PD-1 and CTLA-4 on T cells. As
the tumors progress, ammonia levels accumulate leading to a reduction in T cell numbers.
The same phenomenon is seen in vitro, as markers of T cell exhaustion are upregulated early
and prior to changes in cell viability. Higher levels of ammonia /n vitro potently reduce

T cell growth and lead to cell death. That said, more studies will be helpful in informing

the time course of ammonia accumulation on T cell numbers and function /n vivo. This is
difficult to evaluate in late stage 7rip/eMut mice due to the rapid progression of disease,

and variability between mice. Detoxifying ammonia via ornithine treatment increased T

cell numbers in a syngeneic CRC model. In the Trip/leMut model, which we consider to

be more progressive and more immunosuppressive, we found that ornithine alone reduces

T cell exhaustion markers and increases T cell numbers. In this advanced model, PD-L1
therapy alone is largely ineffective. Combined ornithine and PD-L1 therapy combined leads
to a significant increase in total T cells and T cell activation, and a further decrease in
markers of T cell exhaustion. The combination of ornithine and anti-PD-L1 immunotherapy
also increased survival by 72%, indicating that the two-pronged approach to reactivate T
cells is effective. Athymic nude mice and wildtype mice treated with a CD8 depleting
antibody are less protected by ornithine, indicating that ornithine treatment is somewhat T
cell dependent. Low levels of ammonia signature are associated with improved survival after
anti-PD-L1 therapy in a large cohort of many cancer types. In addition, high OTC expression
is associated with improved survival after ICB treatment in patients with MSI-high CRC.
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Together, this suggests that ammonia detoxification could be an adjuvant to traditional
cancer chemo and immunotherapy. Significantly more work is needed to identify the most
effective treatment approach. Glycerol phenylbutyrate and ornithine are effective at reducing
ammonia secondary to hepatic encephalopathy. However, dosing and route of ornithine
requires optimization. Moreover, a recent paper engineered bacterium to hone to tumors and
produce large quantities of arginine, and potentially a similar bacterial engineering approach
could be used to target ornithine directly to tumors or other areas of high ammonia 44.

In sum, our results reveal dysregulation of the urea cycle in CRC, which leads to
extracellular ammonia accumulation. Ammonia preferentially suppresses T cell growth and
induces exhaustion and immunosuppressive markers. Ammonia detoxification is therefore a
potential novel therapeutic option, particularly for metastatic and non-MSI high CRC.

STAR METHODS

Resource Availability:

Lead Contact: Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact is Dr. Yatrik Shah, who can be reached at
shahy@umich.edu.

Material Availability: All unique and stable reagents including mouse lines that were
generated in the course of this study are available from the Lead Contact with a completed
Materials Transfer Agreement.

Data and Code Availability:

Data: Data generated in this study is available in the supplementary tables. Any raw data
requested that was generated from this paper will be shared by the lead contact upon request.

Code: This paper does not report any original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

Experimental Model and Subject Details:

Mice: All mice used in this paper are in a predominant C57BI/6J background. Males and
females are equally represented, and littermates were randomly mixed in all experimental
conditions. The mice were housed in a temperature controlled, specific pathogen free
environment, with a 12 hour light/dark cycle. They were fed ad libitum with standard chow
diet. Studied mice were between 4 to 6 weeks old. Mouse lines used were CDX2-ERT2Cre;
Apc mice; ROSA KRAS®L2D cDX2-ERT2Cre; Apc™f mice, CDX2-ERT2Cre; Apc™fl
753" and Apc™: T p53WM. Krast-SLG12D mice. Nude mice from Jackson laboratories
strain 007850 were used for the xenograft tumor studies. All animal studies were carried
out in accordance with Association for Assessment and Accreditation of Laboratory Animal
Care International guidelines and approved by the University Committee on the Use and
Care of Animals at the University of Michigan.
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Human Subjects: The study was approved by the institutional review boards at the
University of Michigan (IRBMED, protocol number HUM00085066 and HUMO00064405)
and the Department of Health and Human Services, Food and Drug Administration
(Research Involving Human Subjects Committee/RIHSC, protocol number14-029D). All
protocol and applicable local regulatory requirements were meant. All adult male and female
subjects provided written informed consent and review of their medical history.

Human Survival Analysis: Human survival analysis was determined using the online
tool KMplot*® This is a web based, registration-free survival analysis tool that can perform
univariate and multivariate survival analysis. For both general survival and immunotherapy
survival, we used our ammonia gene signature as an input. Significance is computed using
the Cox-Mantel log rank test.

Cell Lines: Human intestinal cell lines HCT116, RKO, SW480, and DLD1 were used
for most experiments. Other cell lines used are MC38 and CT26. Cell lines have been
STR-authenticated. All cells were maintained in complete DMEM medium (supplemented
with 10% fetal bovine serum and 1% antibiotic/antimycotic agent) at 37°C in 5% CO» and
21% O,.

Method Details:

Growth assays: Adherent cell growth assays were performed using live cell imaging
using the Cytation 5 Imaging Multi-Mode reader. Cells were plated down, treated 24 h later
with indicated treatments, and immediately imaged and analyzed for cell number. Images
were then taken every 24 h. Cytation software was used to quantify cell number.

Real time quantitative PCR: One ug of total RNA, extracted using Trizol reagent from
mouse tissues (intestinal epithelial scrapes), human intestine, primary T cells and cell lines,
was reverse transcribed to cDNA using SuperScriptTM Il First-Strand Synthesis System
(Invitrogen). Real time PCR reactions were set up in three technical replicates for each
sample. cDNA gene specific primers, SYBR green master mix was combined, and then run
in QuantStudio 5 Real-Time PCR System (Applied BioSystems). The fold-change of the
genes were calculated using the AACt method using Actb as the housekeeping gene mRNA.
Primers are listed in Table S4.

Metabolomics: For indicated mouse model, mouse was induced with Tamoxifen, and
colon scrapes were collected day 10 after induction. Colon scrapes were snap-frozen

in liquid nitrogen and then normalized by mass. Metabolites were extracted by adding
dry-ice cold 80% methanol for 10 minutes before bead homogenization. Samples were
clarified via high-speed centrifugation and supernatant extracted. Metabolite extracts were
then lyophilized using a SpeedVac concentrator and resuspended in 50:50 methanol/water
mixture for LC-MS analysis. For T-cell samples, cells were treated at 10 million cells per .5
ml of complete RPMI. Samples were then washed once with ice cold PBS, then incubated
in dry-ice cold 80% methanol on dry ice for 10 min before homogenization. Samples

were normalized by conducting BCA protein concentration on a technical replicate and
volume normalizing across samples to achieve even concentrations. Metabolite extracts were
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then lyophilized using a SpeedVac concentrator and resuspended in 50:50 methanol/water
mixture for LC-MS analysis. Data was collected in both negative and positive ion modes.
For negative mode, previously published parameters were used46-48, For positive mode,

an Agilent Technologies Triple Quad 6470 LC/MS system consisting of a 1290 Infinity

I1 LC Flexible Pump (Quaternary Pump), 1290 Infinity Il Multisampler, 1290 Infinity II
Multicolumn Thermostat with 6 port valve and 6470 triple quad mass spectrometer was
used. Agilent Masshunter Workstation Software LC/MS Data Acquisition for 6400 Series
Triple Quadrupole MS with Version B.08.02 is used for calibration, compound optimization
and sample data acquisition. A Waters Acquity UPLC HSS T3 1.8 um VanGuard Pre-
Column 2.1 x 5 mm column and a Waters UPLC BEH TSS C18 column (2.1 x 100mm,
1.7um) was used with mobile phase A) consisting 0.1% formic acid in water; mobile phase
(B) consisting of 0.1% formic acid in acetonitrile. The solvent gradient was: mobile phase
(B) held at 0.1 % for 3 min, increased to 6 % at 12 min, 15 % at 15 min, 99% at 17 min

and held for 2 min before reverting to the initial condition and held for 5 min. The column
was held at 40 °C and 3 pl of sample was injected into the LC-MS with a flow rate of 0.2
ml/min. Calibration of 6470 QqQ MS was achieved through Agilent ESI-Low Concentration
Tuning Mix. QQ data for both ion modes were preprocessed with Agilent MassHunter
Workstation Quantitative Analysis Software (B0700). Metabolite chromatogram peaks were
manually inspected. Each metabolite abundance level was median normalized across the
sample population. Statistical significance was determined by a one-way ANOVA with a
significance threshold of 0.05. Metaboanalyst was used for pathway enrichment analysis.

Polyamine Quantification: Briefly, cells were washed with PBS, then lysed with
methanol and homogenized. Samples were clarified by centrifugation and protein
concentration was identified for normalization. Lyophilized pellets were resuspended in
50:50 water and methanol, then collected using previously published parameters 46 The
peaks were confirmed with standards of spermidine, spermine, and putrescine (Sigma). The
ion counts were normalized to protein concentration and to vehicle control. QQ data was
analyzed with the Agilent MassHunter Quantitative Analysis platform.

[35S]-Methionine flux into GSH: T cells (15 million cells in 0.5 mL of RPMI media)
were cultured in a 12-well plate. L-[3°S]-methionine (1175 Ci/mmol, NEGO09A500UC,
Perkin Elmer), was added (5 uCi/ml) and incubated for 24 h. Then, the T cell suspension
was transferred to 1.5 ml tubes and centrifuged at 10,000 x g for 3 min. The supernatant
was discarded, and the cell pellet was suspended in 150 pl of 1X PBS. One aliquot of

the suspension (100 pl) was mixed with an equal volume of metaphosphoric acid solution
(16.8 mg/ml) with EDTA and 150 mM NaCl while a second aliquot (30 pl) was mixed
with an equal volume of RIPA lysis buffer (R0278, Sigma) with protease inhibitor cocktail
for mammalian tissue extract (P8340, Sigma) for protein quantitation using the Bradford
reagent. The RIPA lysis buffer and protease inhibitor was mixed in the ratio of 100:1.

After vortexing for 5-10 sec, the samples were frozen on dry ice and stored at —20 °C.

For HPLC analysis, samples were thawed on ice, centrifuged at 12,000 x g for 5 min and
mixed with 15 ul of monoiodoacetic acid. The pH was adjusted to 7-8 (monitored using pH
paper strips) and incubated for 1 h in the dark at room temperature. Then, the samples were
mixed with an equal volume of Sangers reagent (15 pl/ml in absolute ethanol, 200 proof,
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Decon Laboratories), incubated at room temperature for 4 h and separated by HPLC using a
Bondapak column (Agilent) as described previously*°.

13C5 methionine labeling and mass spectrometry: Cells were cultured in DMEM
lacking glutamine, methionine, and cystine (Life Technologies, 21013-024). The media

was supplemented with 10% FBS (R & D Systems, S1150H), penicillin and streptomycin
(15140-122), 4 mM glutamine (Life Technologies, 25030-081), 0.2 mM cystine, and the
heavy methionine (:3C5 methionine, catalog- CLM-893-H-PK). T cells were plated 24 hours
prior to labeling at 1.5 million cells per 6-well dish. Cells were treated with ammonia for 24
hours and labeled with heavy methionine for 1 hour. Cells were lysed with dry-ice cold 80%
methanol and extracts were incubated at 80°C for 10 min. Samples were then centrifuged

at 4000 rpm for 10 min at 4°C and the supernatant was stored at —80°C until further
analyses. Protein concentrations were determined by processing a parallel 6-well dish

and used to normalize metabolite fractions. Based on protein concentrations, normalized
aliquots of the supernatants were transferred to a fresh microcentrifuge tube and lyophilized
using an Equavap. Dried metabolite pellets from cells resuspended in 1:1 methanol: H,O
before LC-MS/MS analysis. Samples were run in 5 replicates on an Orbitrap IDX with
HILIC chromatography. All chromatography analysis was done with Skyline in the molecule
interface.

Ammonium acetate diet: Diet was made from pelleted chow mixed with 25% powdered
ammonium acetate and water. It was mixed using a KitchenAid food mixer and dried in a
dehydrator.

IL 17 bone marrow transplant: Eight-week-old mice from the indicated genotype were
lethally irradiated twice on the same day. Bone marrow was isolated from the indicated
genotype from a separate donor mouse and 5 million cells were injected into the tail vein
on the same day. Mice were monitored for diarrhea and weight loss daily. Engraftment was
confirmed using RT-PCR.

T cell isolation: CD4" and CD8* T cells were isolated from the spleen. Briefly, the spleen
was removed from a sacrificed mouse, pushed through a sterile 70-micron filter using the
plunger of a syringe, and then washed in PBS. Cells were incubated with the antibody and
beads from the MojoSort CD3*, CD4* and CD8" T cell isolation kit, and then negative
selection was achieved using a magnet. Cells were counted and plated in RPMI with FBS.

T cell proliferation was performed under plate bound anti-CD3 and anti-CD28 stimulation.
Cells were incubated for 45 minutes with MTT solution (5X concentrate stock: 5 mg/ml, in
1XPBS, pH 7.4) or 15 minutes with CFSE (5 uM). Absorbance was read at 570nm for MTT
and CFSE was assessed by the Z2 flow cytometer.

CyToF: The indicated mouse line was induced with tamoxifen and killed on day 10 after
induction. The colons were incubated with 10 mM EDTA, and the epithelial cells were
discarded. The colons were next incubated with 1 mg/ml of Type IV collagenase for 40
min, and then immune cells were isolated using a Percoll gradient. Cells were stained
with indicated CyToF antibodies (Table 1), and a DNA intercalator after permeabilization
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with paraformaldehyde. Samples were acquired on the Helios (Fluidigm) and analyzed in
CytoBank.

Ammonia Quantification: Cells or tissues were deproteinated using a water-methanol-
chloroform gradient. Lysates were then centrifuged rapidly to clear debris. Ammonia was
then quantified using the L-Glutamate Dehydrogenase ammonia kit (Sigma). Ammonia
was converted to indophenol using the Berthelot reaction, and then quantified using mass
spectrometry as previously described®C.

C11-BODIPY lipid ROS measurement: Wildtype splenic T cells or CRC cells were
incubated for 24 h with the indicated concentration of ammonia. Cells were harvested in
HBSS, washed, and stained with 5 uM C11-BODIPY (ThermoFisher) at 37 °C for 30
minutes. Fluorescent intensity was measured on the FITC channel on the Z2 flow cytometer.
A minimum of 20,000 cells were analyzed per condition, data was analyzed using FlowJo
software (Tree Star). Values are MFI.

ROS Detection Assay: ROS detection assay was performed as previously described?6.
Briefly, cell permeable free radical sensor carboxy-H2DCFDA (Invitrogen) was used. Cells
were treated with indicated ammonia concentration for 24 h, then incubated with 10 uM
carboxy-H2DCFDA in PBS at 37 °C for 45 min. Cells were then washed and resuspended
in PBS. Mean fluorescent intensity was obtained from the Cytation 5 Imaging Multimode
Reader.

Histology: Tumor tissues were rolled and fixed in formalin for 24 h, then embedded in
paraffin. Sections of 5 um were stained for H&E and mounted with Permount Mounting
Medium (Thermo Fisher Scientific). For immunohistochemistry, paraffin tissue sections
underwent antigen retrieval, blocking in 5% goat serum in PBS, and probed with Ki67
antibody (Cell Signaling, 1:250), OTC antibody (ThermoFisher 1:200), or CD8 antibody
(BD Bioscience 1:200). Sections were washed twice with PBST and incubated with HRP
conjugated anti-rabbit 1gG (1:500, catalog 7074S, Cell Signaling Technology) for 1 h.
Sections were then washed with PBST and stained with DAB substrate. After the color
change, the reaction was stopped with distilled water and dehydration was completed
before mounting with Permount Mounting Medium. For immunofluorescence OPAL
staining, samples were initially dehydrated, then stained with the indicated fluorescent
OPAL antibody, then analyzed by multispectral imaging and analyzed for spatial and
morphological context. Histological scoring of dysplasia was done by a blinded pathologist.

Nessler’'s Reagent Staining: Nessler’s reagent staining was performed as described in
51 Briefly, tissues were emebedded in paraffin was and sectioned into 5 microns. Samples

were hydrated through 5 minute washes with alchohol. Samples were incubated 5 minutes
with Nessler’s reagent, then washed for 10 seconds, then counterstained with hematoxylin,
washed with running water for 60 seconds, then dehydrated briefly and mounted on slides
for imaging. Nessler’s reagent is composed of 2 grams potassium iodide, 3 grams mercury
iodide and 40 grams potassium hydroxide in 20 mL of water.
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Immune Cell Identification: Colons were removed, washed thoroughly in PBS, and then
disassociated with 10 mM EDTA for 45 min. The remaining colon after this treatment

was incubated with 1 mg/mL collagenase Type IV for 45 min. Immune compartment was
obtained through a Percoll gradient, cells were stained using indicated antibody, and then
acquired using flow cytometry.

RNA-SEQ analysis: Indicated mouse line was induced with tamoxifen and tissues were
collected on day 10 after injection. Colons were washed gently in PBS, scraped with a glass
slide, and then the scraped tissue was flash frozen with liquid nitrogen. RNA was isolated
from tissue as described above. Quality of fastq files was assessed using FastQC v0.11.8
and MultiQC v1.7%2, Reads were then aligned to GENCODE’s GRCm38.vM24 assembly
using STAR v2.6.1a_08-27°354, Aligned reads were counted using featureCounts v1.6.3%.
PCA-based clustering was used to identify outliers and then differential expression was
performed using DESeq2 v1.30.156. Genes with an adjusted p-value < 0.05 were considered
differentially expressed. All analysis was carried out on the University of Michigan Great
Lakes HPC cluster.

Survival analysis

The TCGA data was DESeq normalized, and the mean expression of the genes included
in the signature was used in the survival analysis employing overall survival data. The
differential survival was assessed by a Cox proportional hazards regression and Kaplan-
Meier plots were drawn to visualize the survival difference. The plots also include hazards
rates and 95% confidence intervals.

Syngeneic and xenograft studies: Wildtype or athymic nude mice of both sexes were
inoculated with 2 million MC38 or CT26 cells. Cells were implanted into lower flanks,

and treatment began at day 10 after palpable tumors. Tumor size was measured with digital
calipers. At the endpoint roughly 30 days or until tumors were 2 cubic centimeters, mice
were killed, and tumors excised. Tumor volume and weight were measured, and tissues were
prepared for histology, IHC, and flow cytometry.

Liver metastasis model: Liver metastasis model was performed as previously
described?®. Briefly mice were anesthetized using isoflurane. A small incision was made
on the left side above the spleen. The spleen was located and gently pulled out. The top
splenic artery was sutured off, and then a loose suture loop was placed around the other
two vessels that run backwards into the liver (hepatic portal). MC38 cells were suspended
in 100ul of PBS and injected into the spleen. After the injection, the suture loop around the
vessels was tightened, and a splenectomy was performed.

Adoptive Transfer: Mice were inoculated subcutaneously on both flanks with 2x106
MC38-OVA cells. When the tumors reached 50-75mm3 in size, 2x106 activated T cells
from either ammonia fed OT1 mice, normal fed OT1 mice, or PBS alone was injected
intravenously. Tumors size was monitored.
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Quantification and Statistical Analysis: /n vitro experiments were validated in
multiple cell lines. Each condition of each cell line experiment was performed in

technical replicates and repeated three times to ensure reproducibility. Figures show a
representative biological replicate unless otherwise indicated. Blinding was performed
whenever appropriate. Sample description and identification was unavailable to the core
personnel during data collection and analysis. Statistical details of all experiments can be
found in the figure legends. The sample numbers are mentioned in each figure legend and
denote biological replicates. Statistical details are reported in the figure legends. Results

are expressed as the mean +/— standard error of the mean for all figures unless otherwise
noted. Significance between 2 groups was tested using a 2 tailed unpaired t test. Significance
among multiple groups was tested using a one-way ANOVA. For all ANOVAs the Tukey-
Kramer test was used for posthoc multiple comparison, as this allows for the possibility of
unequal sample sizes and takes into account the scatter of both groups. GraphPad Prism 7.0
was used for the statistical analysis. Statistical significance is described in the figure legends
as: * p <0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Autochthonous metastatic mouse model of colon cancer is refractory to
immunotherapy.

Ammonia accumulates in tumors and reduces T cell function /n vitroand in
vivo.

Ammonia decreases T cell transsulfuration leading to altered redox status.

Clearance of ammonia reactivates T cells and decreases colorectal cancer.
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Figure 1: Autochthonous metastatic mouse model of colon cancer is resistant to immunotherapy.
A) Schematic of SingleMut, DoubleMut, and TripleMut. B) Mice were induced with one

injection of 50 mg/kg tamoxifen and then assessed for survival (n=8-10), C) tumor number
(n=8-10), D) tumor progression (n=8-10), and E) histology (n=8-10). F) Mice were treated
with low dose tamoxifen and lungs and livers were macroscopically assessed for metastasis
(n=7). G) Mice were induced with a tamoxifen dose calculated to cause death around 30
days in untreated mice for each model, treated daily with intraperitoneal anti-PD-L1 (1 pg
per mouse) and monitored for survival. (n=8-10). Statistics were calculated with one-way
ANOVA or t-test. Survival significance is calculated using log-rank test. *p < 0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001 unless otherwise indicated. Data is presented as mean

+ SEM
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Figure 2: T cells are reduced in the TripleMut mice.
A) PCA analysis of RNA-sequencing of colon cancer mouse models induced with one dose

of 100 mg/kg tamoxifen (n=3). B) Heat map and C) gene set enrichment of differentially
expressed genes between mouse models (n=3). D) Representative TSNE plot of CyToF data
of different mouse models induced with one dose of 100 mg/kg tamoxifen (n=3). E and F)
Selected cell populations from CyToF data (n=3). *p < 0.05, ** p < 0.01, *** p < 0.001,
****p < 0.0001 unless otherwise indicated. Data is presented as mean + SEM.
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Figure 3: Ammonia metabolism is dysregulated in advanced colorectal cancer.
A) Schematic of transcription factor analysis. B) Schematic of urea cycle intermediates

and enzymes. C) Heat map of expression of genes (GLS1 (Glutaminase-1), GLUD
(Glutamate Dehydrogenase-1), OTC (Ornithine Transcarbamylase), CPS1 (Carbamoyl
Phosphate Synthase-1), HNF4a (Hepatic Nuclear Factor 4 alpha), ARG (Arginase), ASS
(Arginosuccinate Synthase), ASL (Arginosuccinate Lyase) and SLC4A11 (Solute Carrier
Family 4 Member 11)) in the ammonia signature from RNA-Sequencing experiment. D)
OTC and HNF4a expression in cancer and normal tissue from the TCGA dataset. E) Gene
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expression of HNF4a and OTC in normal and cancer patients. F) Gene expression of flow-
sorted epithelial and stromal compartments. (n=6-8). G) Representative Nessler’s staining
and H) quantification of mice induced with 100 mg/kg tamoxifen and sacrificed at endpoint
(n=9). I) Mass spectrometry ammonia quantification of tumors from mice induced with 100
mg/kg tamoxifen. (n=3). J) Kaplan-Meier survival curves of cancer patients stratified by the
ammonia gene signature. Data from TCGA. *p < 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001 unless otherwise indicated. Data is presented as mean + SEM.
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Figure 4: Ammonia increases exhausted T cells and reduces T cell viability.
A) Panel of cell types treated with indicated ammonia concentration for 72 h. T cells

were stimulated with CD3 and CD28. Quantification of T cell B) proliferation (CFSE), C)
activation (CD25), and D) cell death (7AAD and Annexin V). Ammonia levels range from
1-10 mM. E) Proliferation of human T cells treated with ammonia for 72 h. F) IFNy and
exhaustion markers in mouse T cells by flow (quantitation and representative image) after
the indicated ammonia concentration for 72 h. G) RT-PCR for indicated exhaustion marker
after the indicated ammonia concentration for 72 h. H) Gene expression of human T cells
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treated with ammonia for 72 h. 1) Serum ammonia quantification in mice treated for 7 days
with ammonium acetate diet (n=3). J) Proliferation and K) gene expression of CD3* T cells
isolated from the spleens of mice treated with ammonium acetate diet or control diet (n=3).
L) Schematic illustrating the T cell transfer experiment in which mice were treated with
control chow or ammonium acetate chow for 7 days. T cells were isolated, counted, and
intravenously injected into MC38 tumor bearing mice. M) Tumors were monitored every 3
days (n=5-7). SingleMut mice were induced with 3 injections of 100 mg/kg tamoxifen and
placed on ammonium acetate diet. At end point, N) mouse colon length O) intratumoral T
cells were assessed (n=4). *p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 unless
otherwise indicated. Data is presented as mean + SEM. All experiments were performed in
triplicates at least three times.

Cell Metab. Author manuscript; available in PMC 2024 January 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bell et al. Page 30

A PC scores B Vehicle Almmn" m::. Aﬂma C
« . o . " ionine + ) .
Htne 2 . Methionine Dimethylglycine
24 ] . Methionine 0;‘(1",
. ° Tyrosine MAT NH, My
X 14 . . . . v G-
& "7 Vehicle In Vitro Ammbnia Aspartic Acid ¢ gk rS adgno§yl*l
& ooy Tryptophan S N | -+ Methionine
o ° Proline i on
R .
Lo o gg Asparagine 15 MTase;x\\.h S-ad I BHMT
bl In Vivo Ammonia < Serine e s
. 24 Threonine v ) L-homocysteine
T T = _ 7
4 2 0 2 4 E 2 Phenylalanine SAHH
PC1: 61.8% Arginine R . Betaine
Taurine $~~~~% Homocysteine
Creatine 10 CBS '
sam [ 5 Y.+ Cystathionine
Phenylalanine L sl i o
Pantothenic acid = 'l -
Malonic acid CSE 2 i
Urea Cycle [ Uric acid o8 s o Cysteine
Pyruvic acid NH,
Nicotinamide Glutathione
Metabolism NAD+ X .
! Pyruvate*lTaurlne *|GSH *|Serine
D. E F. '3csMethionine 13C5-Met > SAM (. cD8Activation CD4 Activation
10 80 80
- - 100 100 Il m+0
T - "] n
& 8 % 3 3 B m+1 60 60
o c &
£ . g; K] 5 *%x% [l m+2 © -
e = 5 5 3 8 a0 3 40
° % 2 50 o 50 = Sekkk 2 *kkk
E . 8 2 2 o 3 : :
T s 2 K m+5 20 o kkkk 20 ek
B 2 & R B
£ o i o o ol pan o !
P — | PCR— |
R - & @ R - & -
r ,}“0 ‘)@ »9& \\0{\\ 6\((,o 40“\\ &&o & CSE/CBS Inhibitor e CSE/CBS Inhibitor
¥ ©
IL-6 TNE T Cell
-0 Fedkekk
404 IERy 100 FREE
800 300007 = =
*
30. Hkdk - R g g & ok
600 eex 2 [ 2
£ _ 20000 g g 60
= 20 [ £ 0 @
> S 400
- EEEE R *hkk D % ‘.—E 40 _—
10000
10 200
E g w
*kkk
0 o 0
.@°-—4 & 4‘ ‘\\0\0 | & R
& CSE/CBS Inhibitor & CSE/CBS Inhibitor F CSE/CBS Inhibitor ™ CSE/CBS Inhibitor & 6\o“ ¥ &o‘\\é“ @o“
¥ e
¥
A
M ~ [ N
ROS HCT116 SwW480
Fekk *kkk . ” 8 ****EI Vehicle
= + T 23 * 2 - [ Ammonia
e T 15 T 15 2 . 2 . £
a2 a8 a 2 33 HE
e (X e e o | & 5
) g 1.0 g 10 @2 @ 2
g 2 g I3 e+ . g4
< g g = o s
o 5] o € = [
T 5 05 - 05 g1 § 1 g 2
£ 2 2 s s z
0.0 T T 0.0 T T 0 T T 0 T T o T
™ ™ o~ N o
& o & &° & & & & $ &
2 o"" @'b @ & &é‘ ! 6‘& & 2
& & of ¥ &
€ & <
¥ ¥

Figure 5: Ammonia leads to oxidative stress and dysregulated methionine metabolism in T cells.
A) PCA analysis and B) heat maps annotated with significant pathways from pathway

analysis of metabolomics in T cells isolated from wildtype mice, mice treated with
ammonium acetate diet or wildtype T cells treated with 10 mM ammonia /n vitro for 24

h (n=3). C) Schematic of the transsulfuration pathway with selected metabolite relative
levels indicated. D) Absolute quantification of GSH in in vitro treated mouse T cells. E) 35S
tracing of methionine flux into GSH in /n vitro treated mouse T cells. F) T cells were treated
for 24 hours with 10 mM ammonia, labeled for 1 hour with radiolabeled methionine, then
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processed for mass spectrometry and analyzed for label incorporation. T cells were treated
with CBS inhibitor CH004 (doses from 5-10 uM and CSE inhibitor propargylglycine (doses
from 3-6 mM) for 24 hours, then G) activation was assessed by flow cytometry for CD25
and H) cytokine production was assessed using ELISA. 1) Effect of CBS inhibitor CH004
(doses from 0.015-20 uM) and CSE inhibitor propargylglycine (doses from .01-6 mM) on
T cell proliferation over 72 hours. J) T cells were treated for 24 h with 10 mM NAC and

10 mM GEE then treated with 10 mM ammonia for 72 h before CFSE was acquired using
flow cytometry. K) T cells were treated with ammonia or cotreated with ammonia and NAC,
and ROS was assessed by flow cytometry. L) Mice were treated with ammonium acetate
diet for 7 days, then splenic T cells were assessed for ROS by flow cytometry (n=3). M)
CRC-derived cell lines were treated with 10 mM ammonia for 72 h, assessed for lipid ROS
by flow cytometry. N) T cells were pretreated for 24 h with ferrostatin (2 pm) followed by
cotreatment with 10 mM ammonia for 24 h. *p < 0.05, ** p < 0.01, *** p < 0.001, **** p

< 0.0001 unless otherwise indicated. Data is presented as mean = SEM. All cell experiments
were performed in triplicates at least three times.
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Figure 6: Neutralizing ammonia reduces colorectal cancer tumor growth.
A) Serum ammonia or B) T cell proliferation was assessed in wildtype mice treated

with ammonium acetate diet for 7 days or cotreated with ammonium acetate and daily
intraperitoneal injection of 10 mM ornithine (n=3). C, D) Syngeneic tumor study in
C57BL/6J or E) athymic nude mice with CRC-derived MC38 cells following ornithine
treatment (10 mM ornithine intraperitoneally (n=8-10). Representative IHC F) image and G)
quantitation of Ki67 in MC38 tumors treated with ornithine. H) Quantification of ammonia
in MC38 tumors treated with ornithine. I) Serum ammonia levels in healthy, CRC, or

Cell Metab. Author manuscript; available in PMC 2024 January 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Bell et al.

Page 33

metastatic CRC patients. J) Gene expression analysis for OTC and HNF4a in normal

livers or livers with metastatic lesions K) Ammonia quantification from normal livers or
metastatic tumors (n=3). L) Representative images and M) tumor weights of in the liver
metastasis model treated with vehicle and intraperitoneal ornithine (n=8-10). N) Ammonia
concentration in ornithine treated liver metastasis livers (n=3). *p < 0.05, ** p < 0.01, *** p
<0.001, **** p < 0.0001 unless otherwise indicated. Data is presented as mean + SEM. All
experiments were performed in triplicates at least three times.
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Figure 7: Detoxifying ammonia reactivates immunotherapy in CRC.
A) Kaplan-Meier survival curves of TripleMut mice injected with 50 mg/kg tamoxifen,

and then treated with daily intraperitoneal ornithine, vehicle, isotype control, or anti-PDL1.
Significance is compared to vehicle isotype control (n=5-7). B and C) Flow cytometry
analysis from 7rjpleMut mice treated with ornithine, 1gG, or anti-PD-L1 therapy for 7 days.
(n=3). D) Human tumor samples were binned into OTC high, or OTC low and overall
survival was assessed based on cytotoxic T cell scores. (n=62). E) Kaplan-Meier survival
curves of PD-L1 treated cancer cohort stratified into high and low ammonia gene signature
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(n=426). F) Representative OTC staining and G) Kaplan-Meier patient survival based on
OTC low and high staining following immunotherapy. Survival significance is calculated
using log-rank test. H) Schematic summary of the role of ammonia accumulation in CRC
progression. *p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 unless otherwise
indicated. Data is presented as mean = SEM. All experiments were performed in triplicates
at least three times.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Ki67 Antibody Cell Signaling Cat#12202T
InVivoMADb anti-mouse CD8 BioXCell Cat#BE0117

Actin Antibody

Protein Tech

Cat# 60008-1-1g

OTC Polyclonal Antibody Invitrogen Cat#PA5-28197
CBS (D8F2P) Rabbit mAb Cell Signaling Cat#14782
Gamma Cystathionase Rabbit Polyclonal Antibody ProteinTech Cat#12217
Mat 1A/11A Antibody (B-10) Santa Cruz Cat#166452
Rat Anti-Mouse IFN-Gamma BD Biosciences Cat# 554411
7-AAD BD Biosciences Cat# 559925
Rat Anti-Mouse TNF BD Biosciences Cat#561063
Cytof Antibodies Listed in Table 4.

InVivoMADb anti-mouse PD-L1 BioXCell Cat#BE0101
Di-methyl-histone H3 (Lys9) (D85B4) Rabbit mAb Cell Signaling Cat#4658
Tri-methyl-histone H3 (Lys9) (D4W1U) Rabbit mAb | Cell Signaling Cat#13969
Chemicals, Peptides, and Recombinant Proteins

Tamoxifen Sigma-Aldrich Cat#T5648
N-acetyl-cysteine Cayman Chemical Cat#20261
Sodium Sulfide Cayman Chemical Cat#10122555
Cystathionine Cayman Chemical Cat# 16061

Potassium lodide Sigma Cat#7681-11-0
Mercury lodide Sigma Cat# 221090
Ammonia Chloride Sigma Cat#213330
Potassium Hydroxide Sigma Cat#221473
Sodium Pyruvate Sigma Cat#P2256
Lactulose Sigma Cat#61360
Taurine Sigma Cat#T0625
Serine Sigma Cat#S4500
L-Ornithine Monohydrochloride Sigma Cat#06503
Ferrostatin-1 Cayman Chemical Cat#17729
L-CC-Propargylglycine Sigma Cat#81838
Glutathione Ethyl Ester Cayman Chemical Cat#14953
Critical Commercial Assays

CellTrace CFSE Cell Proliferation Kit ThermoFisher Cat#C34554
Ammonia Assay Kit Sigma CattMAK310
Ammonia Assay Kit Sigma Cat#AA0100
DCFDA/H2DCFDA Cellular ROS Assay Kit AbCam Cat#ab113851
BODIPY (Lipid Peroxidation Sensor) ThermoFisher Cat#D3861
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Cell Lines

HCT116 ATCC N/A
MC38 ATCC N/A
CT26 ATCC N/A
SW480 ATCC N/A
Experimental Models: Organisms/Strains

Wildtype: C56BI/6J Jackson Labs N/A
SingleMut: CDX2-ERT2Cre; Apcf! Jackson Labs N/A
DoubleMut: CDX2-ER™2Cre; Apc™™. Trp53% Jackson Labs N/A
TripleMut: Apc™®, Trp537%, Kras-SLG12D Jackson Labs N/A
Oligonucleotides

List of primers Supplemental Table 4 | N/A
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