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Figure 6. Immune profile of DSS induced chronic colitis. The WT mice fed with control diet is
signified as WT/Control diet. The WT mice fed with DHA is signified as WI/DHA. The 15-
LOX-1 group fed with control diet is signified as 15-LOX-1/Control diet. Finally, the 15-LOX-1
mice fed with DHA is signified as 15-LOX-1/DHA. The data shown are means + standard error
of the mean (SEM). * signifies p < 0.0001. P-values by 2-way ANOVA.
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comparable to the WT/Control diet mice group. Macrophage counts were lower in all groups,
with the lowest in the 15-LOX-1/DHA mice group. The monocyte populations showed lower
levels in the WT/DHA and 15-LOX-1/DHA mice groups, while the 15-LOX-1/Control diet
mice group remained high and comparable to the WT/Control diet mice group.

As expected in chronic inflammation, more differences were observed in the adaptive
immune system. In the cDC2 population, the 15-LOX-1/DHA mice group was the only group
that sustained high levels while the other groups showed levels close to negligible (p < 0.0001).
The B cell population showed higher and comparable levels in the WT/DHA and 15-LOX-
1/DHA mice groups compared to the WT/Control diet and 15-LOX-1/Control diet mice groups.
T cells were shown to be decreased in only the 15-LOX-1/DHA mice group. Within this group,
T helper cell counts were higher in the WT/DHA and 15-LOX-1/DHA mice groups. T
regulatory cells were negligible in the WT/DHA and 15-LOX-1/DHA mice groups compared to
the WT/Control diet mice group, while the 15-LOX-1/Control diet mice group showed
comparable levels to the WT/Control diet mice group. Cytotoxic T cells remained at comparable
levels to the WT/Control diet mice group except for the 15-LOX-1/DHA mice group, which
showed lower levels (Figure 6). However, due to the small sample number limitations and large
standard errors, all the results for chronic colitis are still preliminary. Nevertheless, even if
definite conclusions cannot be drawn, the data could be indicative of changes. Future studies
should include more samples per group, which might help find connections between immune

cells changes and phenotypes.

3.4. Effects of 15-LOX-1 and DHA on CAC
Reduction in tumor numbers (mean = SEM) was observed in both mice groups that were

given DHA diet (WT/DHA and 15-LOX-1/DHA mice groups) compared to 8.6 = 1.5
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tumors/mouse in the WT/Control diet mice group (Figure 7A and 7B). A 54% reduction in

tumor numbers occurred in the WT/DHA mice group (3.9 £ 0.97 tumors/mouse; p = 0.0348)

and 52% reduction in the 15-LOX-1/DHA mice group (4.2 £+ 0.90 tumors/mouse; p = 0.0479).

In addition, we found that both 15-LOX-1 and DHA decreased large tumor numbers (tumor

diameter >3mm) (Figure 7C).

Inflammation scores (mean = SEM) showed improvement in all three experimental

groups compared to the WT/Control diet mice group (2.3 + 0.075) (Figure 7D). The 15-LOX-

1/Control diet mice group reduced inflammation by 18% (1.9 £ 0.073; p <0.0001), WT/DHA

mice group by 33% (1.6 + 0.13; p = 0.0362), and 15-LOX-1/DHA mice group by 29% (1.7 +

0.13; p=0.0015). Though we observed an 11% decrease in the 15-LOX-1/DHA and a 15%
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decrease in the WT/DHA mice groups compared to the 15-LOX-1/Control diet mice group,

there were no statistical differences.

3.5. Effects of 15-LOX-1 and DHA on Resolvin Production

Resolvin D-series and their precursor, 17-HDHA, were measured using LC-MS/MS
analysis (mean + SEM). All target products were dependent on mice having 15-LOX-1. Without
15-LOX-1, little to no resolvins were produced.

The precursor for resolvin D-series, 17-HDHA increased by a factor of 2.7 between the

15-LOX-1/Control diet (32.4 + 3.66 ng/mg protein) and 15-LOX-1/DHA (87.6 + 7.74 ng/mg
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protein) mice groups (p < 0.0001; Figure 8A). RvD1 (0.567 =+ 0.045 ng/mg protein; p = 0.0052;
Figure 8B), RvD4 (1.18 £ 0.0932 ng/mg protein; p < 0.0001; Figure 8E), and RvD5 (32.4 +
2.41 ng/mg protein; p < 0.0001; Figure 8F) showed significant increases in the 15-LOX-1/DHA
mice group compared to 15-LOX-1/Control diet mice group. More specifically, RvD1 increased
by a factor of 1.6, RvD4 increased by a factor of 2.7, and RvD5 increased by a factor of 2.6.
However, there was no significant difference for RvD2 and RvD3 between the 15-LOX-1 mice
groups fed with control or DHA diets.

Correlation analyses of total tumor number per mouse were performed on 17-HDHA and
resolvins that showed the following Spearman correlation coefficients: 17-HDHA (r = -0.46; p =
0.003), RvDI (r =-0.46; p = 0.0029), RvD4 (r = -0.36; p = 0.028), and RvD5 (r =-0.47; p =
0.002) demonstrating inverse linear regression of correlations with total tumors per mouse

(Figure 8G-J).

3.6. Effects of 15-LOX-1 and DHA on Eicosanoid Products

Eicosanoid products were measured using LC-MS/MS analysis. No statistical
significances were observed between any of the groups for PGE2, LXA4, or LXB4 (Figure 9A-
C). In addition, their production was not dependent on 15-LOX-1 expression. Both 15-LOX-1
enzymatic products 13-HODE and 15-HETE productions were dependent on mice expressing
15-LOX-1 (Figure 9D-E). 13-HODE showed significant decrease by a factor of 1.7 between the
15-LOX-1/Control diet (309.6 &+ 38.10 ng/mg protein) and 15-LOX-1/DHA mice groups (185.9
+ 17.45 ng/mg protein; p = 0.0021; Figure 9D). 15-HETE showed significant decrease by a
factor of 4.8 between the 15-LOX-1/Control diet (446.4 = 38.21 ng/mg protein) and 15-LOX-

1/DHA mice groups (92.42 £+ 11.75 ng/mg protein; p < 0.0001, Figure 9E).
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Correlation analysis with total tumors per mouse was performed on 13-HODE and 15-

HETE (Figure 9F-G). 13-HODE showed a stronger inverse correlation (r = -0.2200) than 15-

HETE (r = -0.0403) with total tumors per mouse. However, they both did not reach statistical

significance (p = 0.3888; p =

0.8792, respectively).
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Tumor numbers (mean + SEM) were significantly reduced in all experimental groups

compared to the WT/Control diet mice group (Figure 10A and B). Compared to the

WT/Control diet mice group (4.2 = 0.98 tumors/mouse), tumors were reduced by 47% in the

WT/EPA mice group (2.2 + 0.66 tumors/mouse; p = 0.003), 48% in the 15-LOX-1/Control diet
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mice group (2.2 + 0.26 tumors/mouse; p = 0.004), and 48% in the 15-LOX-1/EPA mice group
(2.2 £ 0.33 tumors/mouse).

Tumors categorized by size observed all groups reducing all tumor sizes but with the
largest decrease in the larger tumors (Figure 10C). The 1 —2 mm tumor incidence decreased in
the WT/EPA mice group by 23% (1.4 £+ 0.50 tumors/mouse), 15-LOX-1/Control diet mice
group by 32% (1.3 £ 0.30 tumors/mouse), and 15-LOX-1/EPA mice group by 41% (1.1 + 0.35
tumors/mouse), compared to the WT/Control diet mice group (1.9 + 0.41 tumors/mouse). The 2
— 3 mm tumor incidence decreased in the WT/EPA mice group by 79% (0.1 + 0.1

tumors/mouse), 15-LOX-1/Control diet mice group by 73% (0.2 £+ 0.1 tumors/mouse),
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and 15-LOX-1/EPA mice group by 85% (0.1 + 0.1 tumors/mouse; p = 0.02), compared to the
WT/Control diet mice group (0.7 = 0.3 tumors/mouse). Large tumors (> 3 mm) were not
observed in the WT/EPA mice group (p = 0.001) or the 15-LOX-1/EPA mice group, and
minimally observed in 15-LOX-1/Control diet mice group (0.1 + 0.1 tumors/mouse; p = 0.04),
compared to the WT/Control diet mice group (0.5 + 0.4 tumors/mouse).

Inflammation, proliferation zones, and macrophage number paralleled the tumor number
trend. A decrease was observed in all experimental groups regarding inflammation score
compared to WT/Control diet mice group (Figure 10D). Inflammation scores were reduced by
53% (0.7 = 0.1) in the WT/EPA mice group, by 67% (0.5 £ 0.1) in the 15-LOX-1/Control diet
mice group, and by 61% (0.6 £ 0.1; p <0.0001) in the 15-LOX-1/EPA mice group, compared to
the WT/Control diet group (1.5 + 0.09).

As shown in Figure 10E, proliferation zones were measured to determine the growth
capacity of crypts. Longer proliferations zones are associated larger growth capacity in crypts,
which is a strong risk factor for tumorigenesis. Compared to the WT/Control diet mice group
(81.7 £3.01 um), the WT/EPA mice group reduced proliferation zone length by 37% (51.4 £
3.52 pm), 15-LOX-1/Control diet mice group by 23% (62.9 + 2.82 um), and 15-LOX-1/EPA
mice group by 46% (43.8 = 2.30 um; p < 0.0001). In addition, the 15-LOX-1/EPA mice group
showed statistically significant reduction compared to the 15-LOX-1/Control diet (p < 0.0001)
mice group.

In Figure 10F, compared to WT/Control diet mice group, all experimental groups
demonstrated reduced macrophage numbers, but they were comparable to each other. The
WT/EPA mice group was reduced by 23% (2.1 £ 0.16; p = 0.0005), 15-LOX-1/Control diet
mice group by 24% (2.1 £ 0.17; p = 0.0003), and 15-LOX-1/EPA mice group by 23% (2.1 +
0.095; p =0.0005) compared to the control group (2.7 + 0.23).
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4. Discussion

We found evidence that EPA, DHA, and expression of human 15-LOX-1 in colonic
epithelial cells modulates chronic colitis and colitis-associated colorectal tumorigenesis in mice.
Studies of specific 15-LOX-1 functions in mouse models require transgenic expression of
human 15-LOX-1 because the mouse homolog 12/15-LOX produces both 12-HETE and 13-
HODE, which elicit opposing biological effects on tumorigenic processes (60, 61). It has also
been shown to both inhibit (62) and activate TNF-a-iNOS signaling (63); possibly by 13-HODE
(64) and 12-HETE (63), respectively. Together, highlighting the importance of determining the
precise impact of human 15-LOX-1 expression in colonic epithelial cells.

In the acute colitis experiment, the lack of differentiated inflammation scores and
immune cell profiles may be secondary to non-optimal DSS dosing, causing too much damage
to the gut epithelial cells (Figure 4A and 5). Though some damage to the epithelial lining is
necessary to induce colitis, a loss of epithelial cell function interrupts gut homeostasis (65).
Nevertheless, we do see a consistent increase in cDC2 in the 15-LOX-1/DHA mice group.
cDC2s secrete higher levels of IL-12, which increases bacterial antigen presentation to CD8" T
cells, T helper type 1 cells, and natural killer cells (66). This mechanism is partially supported
with some CD8" T cell samples increased in the 15-LOX-1/DHA mice group. DHA or 15-LOX-
1 expression could not combat the strong physical disruption of DSS, but rather, contribute
more so in the resolution phase of chronic colitis.

In the chronic colitis experiment, all experimental groups exhibited improved
inflammation scores upon euthanasia. This can certainly be attributed to the 3 weeks given to
mice for recovery mechanisms to elicit function. Unlike the acute experiments, we observe more
differentiated inflammation scores and immune profiles (Figure 4B and 6). Interestingly, mice

with 15-LOX-1 mice or WT mice fed with DHA reduced inflammation the most, while 15-

26



LOX-1/DHA did not improve inflammation scores as much. Improved inflammation from 15-
LOX-1 expression supports findings from previous studies (27). Though we expected to observe
an additive effect when combining 15-LOX-1 expression and DHA, data shows omega-3
PUFAs can be metabolized by several tissue types (67). Emerging evidence links interactions
between 15-LOX-1 and tumor associated macrophages (TAMs) (27, 67). 15-LOX-1 expression
can be induced in TAMs following engulfment of apoptotic cells and support anti-inflammation
(68). This mechanism may explain how DHA without expression of the 15-LOX-1 transgene
can still elicit an anti-inflammatory response. More importantly, the delicate balance between
monocytes/macrophages and neutrophils can swing the immune cell profile into a potent anti-
inflammation phenotype (69, 70). This phenotype is defined as low neutrophil levels,
polarization to M2 macrophages, and high monocyte count. A critical aspect of the resolution
phase is timely removal of neutrophils. Apoptosis or necrosis of neutrophils regulate TNF and
nitric oxide production from monocyte-derived macrophages and increase their phagocytic
index (71). This switch enhances efferocytosis and alters macrophages to “wound heal” by
promoting matric deposition, tissue remodeling, and tissue repair (72). For this experiment,
follow up experiments will use more markers to determine their M1 or M2 polarization.
Neutrophils improve their anti-inflammatory function by recruiting high amounts of monocytes
(73). Low amounts of monocyte recruitment worsened outcome in peritoneal bacteremia mice
(74). 15-LOX-1 expression with control diet may have shown the largest improvement in
inflammation by controlling the monocyte/macrophage and neutrophil balance.

In addition, the 15-LOX-1/Control diet mice group showed higher levels of T regulatory
cells. Their immunosuppressive role are beneficial to inflammation as they prevent self-
tolerance and excessive inflammation (75). Transfer of T regulatory cells has previously

prevented development of colitis by reducing lamina propria infiltration and reappearance of
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normal intestinal tissue (76). The 15-LOX-1/Control diet mice group also showed increased
cytotoxic T cells. However, their exact function has not been determined as pro or anti-
inflammatory cells. One study reported high levels of cytotoxic T cells associated with
ulcerative colitis progression (77). In other studies, cytotoxic T cells with PD-1 expression
prevent response to intestinal self-antigen (78, 79), alluding to a potential beneficial role in anti-
inflammation.

Our study has provided a general image of how 15-LOX-1 modulates colitis through the
immune system. Follow up functional studies on immune cells along with cytokine and marker
analysis are necessary to determine and verify the proposed immune phenotypes.

DHA inhibited tumorigenesis in both the WT and 15-LOX-1 mice groups of the CAC
model (Figure 7). Tumor numbers per mouse and inflammation scores had similar trends
among their groups. Both WT/DHA and 15-LOX-1/DHA mice groups showed similar
reductions in inflammation, tumor numbers per mouse, and incidence of larger tumors. The
results support our hypothesis and indicate that both 15-LOX-1 expression and dietary DHA
inhibited CAC.

We used LC-MS/MS to measure which D-series resolvins play a role in inhibiting
tumorigenesis with respect to 15-LOX-1 expression. We found that 17-HDHA and RvD1-5
production are dependent on 15-LOX-1 expression. More specifically, 17-HDHA, RvD1, RvD4,
and RvDS5 levels further increased with DHA supplementation and 15-LOX-1 expression. On
the other hand, RvD2 and RvD3 showed similar increases with 15-LOX-1 expression,
regardless of diet type (Figure 8). Our study supports a previous study that DSS colitis mouse
model treated with 17-HDHA elicit anti-inflammatory and pro-resolution effects (9). As
previously reported, RvD1 and RvD2 were involved in preventing colitis (21). In our study, we

found significant increase in RvD1, RvD4, and RvDS5 production in colitis-associated
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tumorigenic model. This study is the first to discover RvD4 as a mediator in CAC. Previous
studies have only shown RvD4 in improving thrombosis (80), metastatic prevention (81), and
asthma (82). None determined an association with 15-LOX-1. Lastly, RvDS5 has only been
tested once in a colon model to protect against experimental colitis, and ischemia/reperfusion in
a 15-LOX-1 dependent manner (22). However, RvD5 has not been tested in a CAC model. Our
results showed the first instance of D-series resolvins (RvD1, RvD4, and RvDS5) and their
precursor 17-HDHA having an inverse linear regression of correlations with CAC in mice.

As with DHA, supplementation of EPA and/or 15-LOX-1 expression inhibited tumor
growth (Figure 10A-D). All experimental groups reduced tumor numbers to similar levels and
effectively prevented tumors 2 mm or larger from developing. As expected, inflammation scores
decreased in all experimental groups at similar levels parallel tumor growth reduction trends.
These results are consistent with findings of a previous study investigating EPA in a murine
CAC model (83).

Increase in the rate of proliferation and increase in proliferating cells outside the normal
zone are predispositions to clinical gastrointestinal cancers (84). Crypts must maintain a balance
between proliferation, migration, differentiation, and apoptosis (85). Longer proliferation zones
would be conducive of colon cancer. In our study, all experimental groups observed shorter
proliferation zones (Figure 10E). With 15-LOX-1/EPA establishing the shortest zone, a weak
additive effect between 15-LOX-1 and EPA is suggested. The effects of EPA on proliferation
has been recently reviewed (86), but we have investigated for the first time colonic cell
proliferation in AOM/DSS-induced CAC with dietary EPA.

Lastly, macrophage density was decreased in all experimental groups to similar levels
compared to the control group (Figure 10F); which supports that EPA is in fact reducing

inflammation. Beneficial wound healing characteristics via IL-3 and IL-4 expression and
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inhibiting TNF-a and IFN-y could be modulated by EPA (87). Macrophages could also elicit
harmful effects by disrupting the epithelial barrier permeability via IL-6 and nitric oxide,
consequently increasing invasion of pathogens (88). However, follow up studies to determine
their polarization would give more insight on their function.

Breaking the mechanistic link between inflammation and cancer starts with resolving
inflammation (27). Endogenous anti-inflammation and pro-resolution do not elicit the same
processes. RvDs are pro-resolving mediators that elicit function with stereochemically selective
processes and multitargeted agonist binding (89). This can be observed in their routes of
biosynthesis and their ability to interact with receptors. For example, mediators can bind to
PMNs and macrophages separately to stimulate resolution (90, 91). More focus is being placed
on determining each pro-resolving mediator’s stereochemical composition because it will
validate their functional interactions with target tissue. In addition, their ability to stimulate
inflammatory resolution without host systemic immune suppression supports their capacity as a
separate process from endogenous anti-inflammation (92, 93).

Our findings strongly demonstrate the critical role of 15-LOX-1 in resolvin D-series
production from DHA. This increase in 17-HDHA and RvD 1-5 by 15-LOX-1 was significantly
associated with suppression of chronic colitis. 17-HDHA and RvD 1-5 colonic tissues levels
negatively correlated with colonic tumor numbers. Nonetheless, CAC suppression occurred with
DHA supplementation with and without 15-LOX-1 transgenic expression and seems to be less
dependent on the production of RvDs. Thus, the relationship between the tested resolvins and
colonic tumorigenesis seems to be intriguing but complex. RvDs in the context of CAC have not
been previously tested. Further in-depth mechanistic studies are therefore needed to be better

define the role of resolvins in CAC and colonic tumorigenesis in general.
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