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Abstract: The microbial-derived metabolite, 3-indolepropionic acid (3-IPA), has been intensely
studied since its origins were discovered in 2009; however, 3-IPA’s role in immunosuppression has
had limited attention. Untargeted metabolomic analyses of T-cell exhaustion and immunosuppression,
represented by dysfunctional under-responsive CD8* T cells, reveal a potential role of 3-IPA in these
responses. T-cell exhaustion was examined via infection of two genetically related mouse strains,
DBA /1] and DBA /2], with lymphocytic choriomeningitis virus (LCMV) Clone 13 (ClI13). The different
mouse strains produced disparate outcomes driven by their T-cell responses. Infected DBA /2]
presented with exhausted T cells and persistent infection, and DBA /1] mice died one week after
infection from cytotoxic T lymphocytes (CTLs)-mediated pulmonary failure. Metabolomics revealed
over 70 metabolites were altered between the DBA /1] and DBA /2] models over the course of the
infection, most of them in mice with a fatal outcome. Cognitive-driven prioritization combined with
statistical significance and fold change were used to prioritize the metabolites. 3-IPA, a tryptophan-
derived metabolite, was identified as a high-priority candidate for testing. To test its activity 3-IPA
was added to the drinking water of the mouse models during LCMV Cl13 infection, with the results
showing that 3-IPA allowed the mice to survive longer. This negative immune-modulation effect
might be of interest for the modulation of CTL responses in events such as autoimmune diseases,
type I diabetes or even COVID-19. Moreover, 3-IPA’s bacterial origin raises the possibility of targeting
the microbiome to enhance CTL responses in diseases such as cancer and chronic infection.

Keywords: activity metabolomics; cytotoxic T lymphocytes; T-cell exhaustion; immunosuppression;
lymphocytic choriomeningitis virus

1. Introduction

The metabolite, 3-indolepropionic acid (3-IPA), was discovered to be exclusively
derived from gut microbiota in 2009 [1] and has since been extensively studied. 3-IPA is
biosynthetically derived from tryptophan by Clostridium sporogenes and shown to have
immunomodulatory properties [1,2]. However, its role in immunosuppression has received
limited attention; this is especially surprising because of 3-IPA’s microbial origins and the
need for gut microbiota to evade the immune response. To examine immunosuppression
in general and to specifically determine if 3-IPA plays a role, we created a set of unbiased
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T-cell exhaustion experiments using untargeted metabolomics with the aim of identifying
key metabolites associated with this phenomenon.

T-cell exhaustion represents a dysfunctional state of antigen-specific T cells in response
to certain viral, bacterial and parasitic persistent infections as well as during cancer patho-
genesis [3,4]; thus, it is a state that while initiated by a particular vector/pathology, it
is yet promulgated by the immune system. This phenomenon was discovered and char-
acterized through the in vivo infection of C57BL/6 mice (B mice) with the lymphocytic
choriomeningitis virus (LCMV) Clone 13 (Cl13) [5]. Unlike similar strains, including LCMV
Armstrong infection that results in a robust T-cell response capable of completely clearing
the virus, LCMV Cl13 produces a chronic infection. Although the virus can persist in the
host organism indefinitely, the C113 variant does not shorten the lifespan of normal mice.
This persistent infection is mainly mediated by an immunosuppressed CD8* T-cell (CTL,
cytotoxic T lymphocytes) responses (exhaustion) [3,4]. There is a gradual loss-of-function
of CTL following LCMYV Cl13 infection that includes key responses such as cytokine release,
proliferative capacity and cytotoxic activity. For this reason, LCMV CL13 infection of cer-
tain strains of mice has been extensively used for the characterization of T-cell exhaustion,
allowing for the discovery of several signaling pathways and cytokines involved in these
responses. This knowledge has formed the basis for checkpoint therapy against cancer [6,7]
as well as proving useful in promoting negative immune responses in diseases such as
sepsis, autoimmune diseases or organ transplantation [8,9].

Recently, the Sullivan lab has reported that certain strains of mice, including FVB/N
(F mice), NZO and NZB mice, develop a lethal infection with LCMV Cl13 that is mediated
by the robust activation of CTL [4,10]. CTL over-activation results in mice death 7-9 days
post-infection due to the fact of pulmonary failure. This fatal outcome is a result of
leakage of pulmonary exudate into the lungs due to the increase in pulmonary endothelial
vascular permeability. Death can be prevented by deleting circulatory CD8* cells or
blocking type-I interferon, which is essential for the generation of a hyperfunctional CTL
response [4,10] early after infection. This research provides an excellent framework for
the discovery and characterization of events that may be mediating mice death to LCMV
Cl13 infection through comparison with the exhausted CTL-mediated responses in the
strains of mice that survived with a persistent infection. Similarly, novel negative CTL
regulators can be identified. This new approach switches the paradigm for the discovery
of immunosuppressant cytokines and pathways. Instead of using two different types of
infection routes (i.e., LCMV Armstrong versus LCMV Cl13), this instead uses LCMV C113
solely in different mice strains, thus allowing for a phenotypic readout survival with a
persistent infection due to the CTL negative immune regulation (e.g., B mice) or death due
to the acute CTL responses (e.g., F mice).

Many negative immune regulators have been discovered and/or characterized through
the study of CTL exhaustion. These include programmed death-1 (PD-1) and its ligand
(PD-L1), interleukin 10 (I110), cytotoxic T lymphocyte antigen-4 (CTLA-4), T-cell mem-
brane protein-3 (TIM-3), lymphocyte-activation gene 3 (LAG3) and tumor necrosis factor
alpha-induced protein 8-like 2 (TIPE2), among others [3,6,8,11-13]. Although the role
of endogenous metabolites in regulating these responses has been under-investigated
for decades, recently, several metabolites with immunomodulatory properties have been
found beyond the traditional oxylipins, arachidonic acid and omega-3 fatty acids [14,15]
that are associated with immunomodulation. For example, in the last three years, ita-
conate [16], alpha-ketoglutarate [17], cis-7-hexadecenoic acid [18], L-arginine [19] and
tetrahydrobiopterin [20], among others, have been demonstrated to play pivotal roles in im-
mune responses through the modulation of different immune cell types. This blooming has
been achieved, in part, through the development of new metabolomics technologies [21,22].
The close proximity between phenotypic and metabolic changes makes metabolomics a
fascinating technology to screen for the metabolic changes linked to different phenotypic
outcomes to prioritize metabolites for activity testing. For the latter, the incorporation of
pathway analysis and artificial intelligence has been demonstrated as an effective approach



Metabolites 2022, 12, 645

30f15

for predicting active metabolites [23-26]. The recent discovery of certain mice strains that
respond to LCMV Cl13 infection with a robust CTL response that result in death provides a
solid model for the characterization of endogenous metabolites that can be mediating these
systemic responses.

Here, we compared two highly genetically related mice, DBA /1] and DBA/2], to
study the systemic metabolic response to in vivo infection with LCMV Cl13. Unsurpris-
ingly, one of the highest prioritized metabolites in these studies was the microbial-derived
metabolite, 3-IPA. Further investigation found that 3-IPA plays a pivotal role in the nega-
tive immune regulation of several CTL responses during LCMV Cl13 infection, affecting
mice survival. Supplementation with 3-IPA in the drinking water allows certain strains
of mice to survive longer to deadly LCMV Cl13 infection. Moreover, the discovery of this
negative immunoregulatory metabolite raises the possibility to target the microbiome for
the modulation of the CTL-mediated immune homeostasis in cancer, autoimmune diseases,
sepsis or organ transplantation.

2. Results and Discussion
2.1. Global Metabolomics Shows Differential Responses of Mice to LCMV Cl13 Infection

Global metabolomics is an evolving technology for the discovery of dysregulated
metabolites that modulate physiology and is typically employed by performing compar-
isons between similar biological systems with different phenotypic outcomes [21,22]. In
these experiments, we compared LCMV Cl13-infected mouse strains that died due to the
hyperactivation of CTLs to infected mice strains that survived with persistent infection as
a result of T-cell exhaustion [4] to identify metabolites that are associated with different
immune responses to LCMV Cl13 (Figure 1a). This was initially performed through the
analysis of plasma from FVB/N (F) mice (died 7-9 days after LCMV Cl13 inoculation) and
C57BL/6] (B) mice (survived with a persistent infection), showing that a great number of
metabolic features were altered prior to mice inoculation with the virus at day 0 (Table 1),
hindering the untargeted analysis. However, the genetic variability between infected mouse
strains that resulted in a persistent infection and those that resulted in a lethal infection
made comparative analysis challenging, since basal (unstimulated) changes were expected
to be high.

Table 1. Metabolic feature analysis performed in the three untargeted metabolomics platforms used
for this study prior to LCMV infection (day 0). The percentage of changed features was calculated in
respect to the total number of measured features for each analytical platform. |fc| > 2 represents
features with a fold change between strains that was greater than 2 (or lower than 0.5). Ifc| > 5 rep-
resents features with a fold change between strains greater than 5 (or lower than 0.2). Only features
with an intensity over 5000 counts were considered for the analysis. RPpos: reversed-phase positive
ion mode; HILICpos: hydrophilic interaction liquid chromatography positive ion mode; HILICneg:
hydrophilic interaction liquid chromatography negative ion mode.

Changed Features RPpos RPpos HILICpos HILICpos HILICneg HILICneg
(% of Total) lfcl >2 lfcl >5 lfcl >2 lfcl >5 lfcl >2 lfcl >5

Fvs. Batday 0
(non-infected)

DBA1 vs. DBA2 at
day 0 (non-infected)

242 74 21.5 5.8 14.5 24

8.7 0.8 13.8 25 11.0 15
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Figure 1. Untargeted metabolomic experiments were designed to identify dysregulated metabolites
for later testing for activity. (A) Plasma was collected prior to virus inoculation (day 0) and after 5 days
of infection, 24—48 h prior to DBA1 mice death. For validation, a similar analysis was performed
separately on C57BL/6] (B mice) and FVB/N (F mice), a model that has shown similar behavior
in the response to LCMV Cl13. The known phenotypic outcomes in both models enhanced our
chance of observing relevant metabolites associated with CTL responses and survival. (B) Untargeted
metabolomics pathway analysis and cognitive-driven accelerated literature mining were used to
prioritize those metabolites that might play significant roles in mediating the differential T-cell
responses. (C) Over 70 metabolites were found to be dysregulated in the DBA model between
day 0 and 5 of LCMV Cl13 infection (g < 0.05, one-way ANOVA followed by a Kruskal-Wallis
nonparametric test). All but two metabolites (citric acid and N-acetylmuramic acid) were also
detected in the validation model. Metabolite changes at day 5 were calculated using day 0 levels as a
reference and represented in a heatmap using a logarithmic scale. (D) Pathway analysis at day 5 after
inoculation was carried out to predict the metabolic pathways that were more dysregulated between
mice that survived and died.
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To compensate for this challenge, a different mouse model with a more closely related
background and likely a more similar basal metabolome was tested for these analyses. It
was discovered that DBA /1] (DBA1) and DBA /2] (DBA2), two closely related strains of
mice that differ only by 5.6% at the single-nucleotide polymorphism (SNP) level [27,28],
responded differentially to LCMV Cl13 infection. Where DBA2 mice showed immunosup-
pressed T-cell responses that resulted in a persistent infection that did not affect normal
lifespan (similar to C57BL/6]), DBA1 mice showed infection that was followed by a robust
T-cell response resulting in death typically 6 days after inoculation (similar to FVB/N)
(Figure 1a). DBA1 and DBA2 mice strains originate from a common source, the oldest
inbred strain DBA [29]. Despite their common origin, DBA1 and DBA?2 differ at several
loci related with immune response. For this reason, these models have been employed for
the study of several immune-based diseases such as rheumatoid arthritis [30], atheroscle-
rosis [31] as well as neurobiological processes [32,33]. The common origin of both mice
strains, together with the different response to LCMV Cl13, made this model an interesting
framework for the study of metabolic modulators of T-cell responses and, ultimately, sur-
vival. The basal metabolome similarity of these strains was higher than in the other model,
as it was demonstrated by the analysis of changed metabolic features in plasma of animals
at day 0, prior to infection (Table 1).

Untargeted metabolomics profiling was performed on plasma samples of LCMV
Cl13-infected DBA1 and DBA2 mice. Plasma was used to investigate systemic changes
upon infection, since it is composed of the end products of the global metabolism of
tissues and organs and, therefore, reflects tissue-specific metabolism [34]. Plasma was
collected prior to virus inoculation (day 0) and after 5 days of infection, 2448 h prior
to DBA1 mice death. To validate the metabolites found in this model, a similar analysis
was performed separately on B and F mice, a model that has shown a similar behavior
in the response to LCMV Cl13 (Figure 1A). Untargeted metabolomics raw results were
subjected to feature annotation and metabolite identification by comparison with curated
MS/MS data [35-37]. Pathway analysis and cognitive-driven accelerated literature mining
were used to prioritize those metabolites that might play significant roles in mediating the
differential T-cell responses to CI13 and, subsequently, mice survival (Figure 1B).

Over 70 metabolites were found to be dysregulated in the DBA model (one-way
ANOVA followed by a Kruskal-Wallis nonparametric test). All but two (citric acid and
N-acetylmuramic acid) were also detected in the validation model. If metabolites are
divided by biochemical class, lipids, amino acids and their derivatives represent 65% of
the total metabolites observed to be dysregulated (Figure 1C). The logarithmic fold change
of the metabolites between day 0 and day 5 of infection with Cl13 were represented in
heatmaps, and metabolic changes in deadly infections were greater than in persistent
infections for most of metabolites (65/77 for the DBA model and 51 /75 for the validation
model). This is especially relevant for energy metabolites (acylcarnitines and central carbon
metabolites). Even though the response of this group of metabolites to the Cl13 variant was
not the same (approximately half of the metabolites increased and half decreased in both
models), changes were greatly reduced in mice that survived compared to those that cannot
overcome the infection. This observation was similar for some amino acid derivatives and
purine nucleotides. All metabolites integration areas and standard deviations are available
in the Supplementary Materials Table S1. Raw data were deposited in the XCMS Online
Public Repository.

To extract global information from the metabolic changes measured, a pathway anal-
ysis at day 5 after inoculation was carried out to predict the metabolic pathways that
were more dysregulated between mice that survived and died. Purine metabolism was
predicted to be the most dysregulated pathway by far, in accordance with the important
number of purines found dysregulated and their differential behavior in both models.
Due to the high number of amino acids and amino acid derivatives found, many amino
acids metabolic pathways were predicted. Among those, we found glutamine, glutamate,
phenylalanine, tyrosine, arginine and tryptophan. The TCA cycle was also anticipated to be
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dysregulated during the mice response to CI13 virus, explained by the detection of several
energy metabolites related with that pathway (citric acid, aconitic acid, oxoglutaric acid
and malic acid) (Figure 1D).

Altogether, we examined a model that allowed us to interrogate the metabolic changes
that correlated LCMV Cl13 inoculation with differential immune responses resulting in mice
death or survival. Overall metabolic remodeling was greater in mice whose CTL strongly
responded to the virus inoculation, specifically being observed in purine nucleotides,
energy pathways and amino acid metabolism.

2.2. 3-IPA and Purines Are Candidates to Modulate Response to LCMV CL13 Infection

Metabolomics has been demonstrated as a powerful technology on its own for the
discovery of metabolites that can be used as active drivers of biological processes. However,
a prioritization step prior to the biological screening of metabolites is sometimes necessary,
especially for in vivo models where testing all metabolites can require significant animal
and time resources. For this reason, cognitive-driven accelerated literature mining has
been recently demonstrated to be a useful artificial intelligence technology to identify
those molecules that are closer to certain known phenotypes and rank them in terms of
relationships found in literature [23,24,38]. In order to rank the over 70 metabolites found
dysregulated by the untargeted metabolomics analyses, we used all the data and resources
available including both mice models, statistical analysis of metabolites, fold changes and
cognitive literature mining (Figure 2A and Supplementary Materials Table S2).

For the statistical and fold-change analyses, metabolites that had levels that were
similar at day 0 but diverged upon 5 days of infection were prioritized, especially those that
changed during the deadly infection. For the cognitive prioritization of metabolites, the
similarity score given by the number of relationships in the literature between the provided
known biological entities and the candidates to be ranked was used (Supplementary
Materials Table S2A). The total score was an equally weighted composite score of the
individuals scores generated by each mouse model (Figure 2a and Supplementary Materials
Table S2). The colors in the composite score correspond to the model source for the score,
and the size of each of these bars represents the share of the score from that model. Inosine
was ranked as the first candidate to modulate immune responses to LCMV Cl13 infection,
followed by 3-IPA, palmitoylcarnitine, uric acid and taurine (Figure 2A).

In addition to the purine pathway being the most dysregulated pathway at day 5 be-
tween mice that died and survived, all five purines measured were ranked among the
top 20 candidates to be active metabolites. These endogenous molecules were glutamine
and four of the terminal metabolites: adenosine, inosine, hypoxanthine and uric acid [39]
(Figure 2B). Other more complex intermediary nucleotides in the pathway were not ob-
served. Overall, it could be observed that terminal purines (i.e., adenosine, inosine and
hypoxanthine) decreased over the course of the LCMV Cl13 infection for all mice. This
decrease was especially dramatic in DBA1 mice. This response was qualitatively mimicked
by F mice, although differences in purine nucleotide levels at day 0 were higher than in
subsequent days (Figure 2C). The decrease in purines was reflected in the synthesis of
uric acid in both deadly infected strains. Although some intermediates of its synthesis
decreased upon 5 days of infection, uric acid levels remained unaltered for both mice
strains that survived with a persistent infection (Figure 2C). In humans, uric acid is the
terminal metabolite of the pathway, produced by the metabolism of purines by several
organs resulting in its secretion into the bloodstream.
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Figure 2. 3-IPA and purines were prioritized as candidates to modulate immune responses to LCMV
infection. (A) Metabolite candidates prioritized and chosen using a weighted algorithm employing
statistical significance (40%), fold change (40%) and cognitive computing analysis (20%). The scoring
(0 to 1) is represented on the color coded graph segmented into the weighed contributions of each
factor. Red/dark blue represent statistics for the two mouse models, pink/light blue represent a
fold change for the two mouse models, and black represents cognitive computing contributions.
Full data can be found in the Supplementary Materials Table S2. (B) Dysregulated metabolites were
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intermediates fold change over the course of the LCMYV infection for both models. (D) 3-IPA synthesis
pathway metabolites fold change over the course of the LCMYV infection for both models. Data were
normalized using the strain that survived with a persistent infection (DBA2 and B mice) prior to
the LCMYV inoculation. Statistical comparisons were calculated in respect to the same animals at
day 0 (* g < 0.05, ** g < 0.01, and *** g < 0.001, determined by one-way ANOVA followed by a Kruskal-
Wallis nonparametric test) or between both animal colonies at day 5 (* ¢ < 0.05, ' 4 <0.01, and
1t 4 < 0.001, determined by one-way ANOVA followed by a Kruskal-Wallis nonparametric test).
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Conversely, in rodents, uric acid can be further metabolized into allantoin through
three sequential reactions (Figure 2B). Allantoin could not be measured by a “semi-targeted”
approach, supporting the idea that uric acid accumulation in the plasma of DBA1 and F
mice was due to the accelerated metabolism of purines upon infection as well as the lack
of further metabolization into allantoin (Figure 2C). On the other hand, glutamine was
differentially regulated in the two DBA strains, but this behavior was not mimicked by
the other mice model under investigation. Glutamine changes were challenging to relate
with terminal purines, since there were many intermediate metabolites in the pathway
and glutamine is also predicted to participate in many other biochemical routes. Purine
metabolites have been demonstrated to be key regulators of immune function through
several cell-type modulations including CTL [39]. Moreover, soluble uric acid has been
described as an activator of the NLRP3 inflammasome [40]. These pieces of evidence,
together with the different regulation of these pathways in mice that survived and died
upon infection suggest that purine nucleotides could play a key role in CTL regulation and
mice survival as was suggested by our prioritization ranking.

It was also observed that 3-IPA was ranked second (Figure 2A). This metabolite,
discovered in 2009 by the Siuzdak laboratory as a microbiota-dependent catabolite of
tryptophan in mice plasma, is exclusively synthesized by the gut commensal bacteria
Clostridium sporogenes [1,2]. The tryptophan metabolism pathway was predicted to be
dysregulated at day 5 of infection in the pathway analysis, and five of the metabolites of
that pathway were found dysregulated by the untargeted analysis (Figure 2B). Curiously,
indoxylsulfate, another tryptophan product dependent of microbiota catalysis was also
changed in the untargeted analyses (Figure 2B). 3-IPA levels in fatal infections dropped
to almost zero in both models. This decrease was milder in DBA2 mice, while levels
remained steady in B mice (Figure 2D). Since the only reported precursor for the synthesis
of 3-IPA is tryptophan, the levels of this amino acid followed a similar trend to 3-IPA in
both models (Figure 2D). 3-IPA extinction upon deadly infection with LCMV Cl13 was
similar to adenosine, inosine and hypoxanthine. The purines’ decrease can be explained in
terms of uric acid accumulation, while the 3-IPA decrease might be explained by excretion
or through the use of 3-IPA to modulate some of the responses that finally promote the
fatal outcome.

2.3. 3-IPA Increased Mice Survival upon Fatal Infection with LCMV CI13

The high prioritization of 3-IPA led us to test supplementation of DBA /1] mice with
3-IPA was examined to determine survival outcomes. Because 3-IPA is produced by gut
commensal bacteria [1], oral supplements of 3-IPA in the drinking water (100 mg/kg/day,
starting 1 day before the virus inoculation) were provided. We observed significant in-
creases in plasma 3-IPA levels in 3-IPA-treated mice at three days post-infection with levels
decreasing to near zero by day 6 post-infection (Figure 3A). When evaluating survival for
both groups, all 10 animals (n = 5 from each group) were alive at day 3 post-infection,
although circulating 3-IPA was 75% lower in the non-supplemented cohort. At day 6 post-
infection, the five animals of the control group had died, while four were still alive in
the supplemented group. Nonetheless, the 3-IPA levels in this group were very low (95%
lower than day 0 and day 3) but still measurable. Unsurprisingly, the only animal in the
supplemented group that died at day 6 was the one with the lowest 3-IPA levels in plasma
at days 0 and 3 (58% and 82% lower than the group average, respectively) (Figure 3A).

Since sedation and bleeding of mice at days 0 and 3 post-infection can affect mortality
in LCMYV Cl13-infected mice, we used a separate cohort of mice to assess survival. Similarly,
a group of animals also received 3-IPA in the drinking water (100 mg/kg/day) from one
day before the virus was inoculated. As expected, all non-supplemented animals died
between day 6 and 7 post-infection. However, it was observed that mice receiving 3-IPA
orally had a delayed death (days 8-9 post-infection) (Figure 3B).

Overall, we observed that DBA1 mice oral supplementation with 3-IPA helped main-
taining its plasma levels during LCMYV fatal infection, delaying mice death.
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Figure 3. 3-IPA supplementation helped in maintaining its plasma levels and delayed death in DBA1
mice infected with LCMV Cl13. (A) 3-IPA was measured in plasma post-LCMV Cl13 infection in
supplemented (100 mg/Kg/day in the drinking water, 24 h prior to infection) and non-supplemented
mice. Data were normalized using the non-supplemented cohort at day 0. The number of alive
animals per group at each time point is indicated. (B) Survival of 3-IPA supplemented mice after
LCMV (13 infection. Mice received either 100 mg/Kg/day of orally supplemented 3-IPA (1 = 3) or
vehicle alone (1 = 4) daily from one day prior to infection. Drinking water for both groups contained
powdered grape crush (2.3 g/L).

2.4. 3-1PA Suppressed Cytotoxic T-Lymphocytes Responses

The LCMYV Cl13 strain is commonly used to evaluate T-cell exhaustion, a dysfunctional
T-cell state that arises during chronic infections, sepsis and cancer, contributing to the
progression of these diseases [3]. Loss of T-cell function allows LCMV Cl13 to establish
a persistent infection in certain strains of mice. Recent reports have indicated that in
certain strains of mice, such as FVB/N [4], NZB [10] and PL/]J [41], T cells do not become
exhausted and instead lead to CD8* T-cell mediated immunopathology and death. As
circulating levels of 3-IPA positively correlate with survival and T-cell exhaustion and
3-IPA supplementation can delay T-cell-mediated death, we assessed whether 3-IPA affects
either T-cell proliferation or CD8" T-cell cytotoxicity. Splenocytes from LCMV-infected or
naive FVB/N mice were isolated, stimulated with the CD8* epitope NP118 and assessed
for proliferation over five days under different concentrations of 3-IPA. We observed a
dose-dependent suppression of proliferation of splenocytes from infected FVB/N mice
(Figure 4A). Similarly, when proliferation of CD8" T cells was assessed, we observed a
dose-dependent suppression of proliferation as well. We observed a similar suppression
of proliferation of CD8" T cells from naive animals (Figure 4A). The ability of 3-IPA to
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Figure 4. 3-IPA suppresses cytotoxic T-lymphocytes responses. (A) 3-IPA dose-dependent suppres-
sion of CD8" T-cell proliferation from infected FVB/N mice with LCMV Cl13 for 6 days. (B) 3-IPA
dose-dependent suppression of target cell killing by CD8" T cells from infected FVB/N mice with

LCMV (113 for 6 days.

Because CD8" T-cell function is critical for LCMV Cl13-mediated death in susceptible
mice, we assessed whether 3-IPA affects the cytotoxic function of these cells. Target cells
pulsed with NP118 peptides were labeled with a high concentration of cell trace violet
(CTVh), while target cells pulsed with an irrelevant peptide were labeled with a lower
concentration of CTV (CTV®). CTVM and CTV!® cells were mixed 1:1 and incubated with
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splenocytes from LCMV-infected FVB/N mice (6 days post-infection) at the indicated
ratios. Cell killing was assessed by comparing cells positive with 7-amino-actinomycin
D (7-AAD) viability dye to those negative for 7-AAD in each CTV population. 7-AAD
intercalates between cytosine and guanine bases of the DNA and is a reagent allowing
for differentiation of viable from nonviable cells using flow cytometry. Both the intensity
and number of 7-AAD positive cells decreased upon an increasing concentration of 3-IPA
(Figure 4B).

Taken together, these data indicate that 3-IPA has an immunosuppressive role in these
cells when it is added exogenously, reducing CTLs’ ability to kill target cells and proliferate
(Figure 4). This is consistent with 3-IPA levels observed in the metabolomics experiments,
where the presence of 3-IPA in plasma is correlated with a T-cell exhaustion phenotype that
allows for their survival, whereas a dramatic decrease in circulating 3-IPA may result in
a reversal of the immunosuppressive activity and contribute to acute activation of CTLs
resulting in death.

3. Materials and Methods
3.1. Mice and Viruses

All mouse strains (i.e., C57B16/], FVB/N, DBA /1], and DBA /2]) were obtained from
the rodent breeding colony at the Scripps Research Institute. DBA /1] and DBA /2] were
initially obtained from Jackson Laboratory, Bar Harbor, Maine. All mice were maintained
according to strict adherence to standards and protocols approved by the TSRI Institutional
Animal Care and Use Committee and AAALAC. Mice were infected intravenously with
2 x 10° focus-forming units of LCMV CI13. The LCMV Cl13 virus stocks were grown
and quantified as previously described [4,10]. Mice were euthanized under isofluorane,
and spleens were isolated and subsequently dissociated into a single-cell suspension by
incubation with collagenase D (1 mg/mL) and DNasel (100 1g/mL) in RPMI and processing
through a 100 pm nylon mesh.

3.2. Proliferation Assay

Splenocytes from mice six days after infection with LCMV Cl13 were suspended at
4.0 x 107 in 200 uL of RPMI without serum and rapidly diluted in 800 pL of cell trace violet
(CTV, Invitrogen (Carlsbad, CA, USA) #c34571) diluted at 1:800 (CTVhi) and incubated
for 20 min at 37 °C covered from light. Staining was quenched with four milliliters of
prewarmed R10 (RPMI with 10% FBS, 1% p/s and 1% L-glutamine) and allowed an extra
five minutes at 37 °C. Cells were plated in a round-bottomed 96-well plate, 3-IPA was added
at the indicated final concentrations and incubated at 37 °C with 5% CO; for 5 days. Cells
were washed once, then resuspended in 50 uL of FACS buffer (2% FBS in PBS) containing
1:200 CD8-PE (Biolegend, San Diego, CA, USA) and CD3-FITC (Biolegend) for 30 min on
ice and covered. Cells were washed 2 x with 200 uL FACS buffer, suspended with 1 uL of
7-AAD in 400 pL of FACS buffer and acquired by flow cytometry.

3.3. CTL Assay

Splenocytes from day 6 post-infection or uninfected FVB/N mice were isolated as
in proliferation assay and rapidly diluted in 800 ul of cell trace violet (CTV, Invitrogen
#c34571) diluted at 1:800 (CTVhi) or 1:1200 (CTVIlo) and incubated for 20 min at 37 °C
covered from light. Staining was quenched as above. Cells were then spun at RT 1500 RPM
5 min, aspirated, resuspended in 1 mL with either 2 ug LCMV GP33 peptide for CTV'®
(nonspecific) or 2 ug of NP118 for CTVM. Cells were allowed to absorb peptide for 30 min
in a 37 °C incubator, then washed with twice with 4 mL R10. CTV!® and CTV" samples
were combined at 1:1 and dispensed as “target” cells in 96-well round-bottomed plates.
Effector splenocytes from infected or uninfected FVB/N mice were suspended in IPA3
containing R10 starting at 5290 uM and diluted accordingly. These effector cells were
added at effector:target ratios of 50:1, 12:1 and 0:1 (no effectors) for 3 h before adding
1 puL of 7-AAD (#559925 BD) per sample, mixed and equilibrated for 20 min RT covered.
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Specifically lysed cells were gated based on CTVM NP118+ gate and subtracted from
nonspecific CTVI® GP33+ gate.

3.4. Flow Cytometry and Data Analysis

All flow cytometry was acquired on a LSRII using Diva software and analyzed with
FlowJo Software. Other data were graphed and analyzed using GraphPad Prism software
(v 9.0, San Diego, CA, USA).

3.5. Untargeted Metabolomics

Samples were analyzed by three independent liquid chromatography/mass spectrom-
etry (LC/MS) platforms. Metabolites were extracted from plasma by adding four volumes
of ice-cold methanol/acetonitrile 1:1. To precipitate plasma proteins, samples underwent
three cycles of freeze/thaw (liquid nitrogen for 1 min). Afterwards, samples were incubated
at —20 °C for 60 min. Finally, proteins were pelleted by centrifuging samples at 16,000x g
for 15 min at 4 °C. Supernatants were dried down under vacuum and reconstituted in
100 pL of acetonitrile/water 1:1 prior to LC/MS analysis by reversed-phase (RP) chromatog-
raphy operated in positive ion mode and hydrophilic liquid interaction chromatography
(HILIC) operated in both the positive and negative ion modes. The LC/MS analyses were
carried out in a Bruker Impact II quadrupole/time-of-flight (q-ToF) mass spectrometer
coupled to a Bruker Elute UHPLC (Bruker, Billerica, MA, USA). Data were acquired over a
mass/charge ratio (m/z) range of 50 to 1000 Da. The electrospray source conditions were as
follows: end plate offset, 500 V; dry gas temperature, 200 °C; drying gas, 6 L/min; nebulizer,
1.6 bar; capillary voltage, 3500 V. Sodium formate was used for post-run mass calibration.
The same mobile phases were used for both RP and HILIC positive chromatography, con-
sisting of 0.1% formic acid in water (v/v) as phase A and 0.1% formic acid in acetonitrile
(v/v) as phase B. For HILIC negative, solvents were the same with the addition of 1 mM
ammonium formate + 0.1% formic acid. The flow through the column in both cases was
150 pL/min. An ACQUITY BEH C18 column (1.0 by 100 mm, 1.7 pum, Waters Corporation,
Milford, MA, USA) was used for the RP analysis and an ACQUITY BEH Amide column
(1.0 by 100 mm, 1.7 um, Waters Corporation) was used for the HILIC (positive and negative)
analysis. The gradient for RP chromatography consisted of 99% phase A for 1 min, 1%
phase A over 9 min and held at 1% phase A for an additional 3 min. Data were acquired
in positive ion mode. The gradient for HILIC consisted of 1% phase A for 1 min, 35%
phase A over 13 min, 60% phase A over 3 min and held at 60% phase A for an additional
1 min. Data were acquired in the positive and negative ion modes in independent runs.
The injection volume was 2 L. For identification purposes, putative molecules of interest
were fragmented at three different collision energies (10, 20 and 40 eV).

3.6. Mass Spectrometry Data Analysis

Raw LC-MS data were converted to the mzXML format using ProteoWizard MS Con-
verter version 3.0.7529 (Palo Alto, CA, USA). The mzXML files were uploaded to XCMS
Online for data processing. Peaks were first detected, aligned across samples and integrated.
Then, features (a set of integrated peaks with a particular m/z and retention time) under-
went isotope removal and adduct and in-source ion annotation. Data were processed using
the following parameter settings: centWave for feature detection (A m/z = 15 parts per
million, minimum peak width = 10 s and maximum peak width = 60 s); obiwarp settings
for retention time correction (profStep = 0.5); parameters for chromatogram alignment
including mzwid = 0.015, minfrac = 0.5 and bw = 5. Lastly, after the statistical analysis, only
features with g < 0.05 (one-way ANOVA followed by a Kruskal-Wallis nonparametric test)
were selected for identification through MS/MS experiments. To identify these metabolites,
the resulting MS/MS spectra were matched against the METLIN database [37].
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3.7. Bioinformatics

Cognitive Prioritization of Metabolites: Dysregulated metabolites were ranked using
IBM Watson for Drug Discovery platform (IBM, Armonk, NY, USA). A list of keywords and
entities related to T-cell exhaustion, immune response and systemic infection were used as
the known set that candidate metabolites were ranked against. The candidate metabolites
were inputted and disambiguated into drug or chemical entities, which contained chemical
and structural information, common annotations and known synonyms. Medline Abstracts
were queried, and the candidate metabolites were given a similarity score and ranked
based on similarity to keywords and entities known to be related to temperature control.
Results were validated by reranking the metabolites against any random three of the five
biological entities used as the know set.

Pathway enrichment analysis: Pathway enrichment was performed using the Wikipath-
ways database and a custom script using each metabolite’s fold change.

4. Conclusions

Metabolomics was used to examine T-cell exhaustion and immunosuppression, re-
vealing the unique role of 3-IPA, a microbial-derived metabolite [1]. To accomplish this,
two genetically related mouse strains were infected with LCMV Cl13, producing disparate
outcomes driven by T-cell responses. These models showed a metabolic response to viral
infection with over 70 metabolites altered over the course of the infection, most of them in
mice with a fatal outcome. Among them, purines, energy metabolites and amino acids were
significantly dysregulated between mice that survived and died. Using cognitive comput-
ing analysis combined with fold change and statistical significance, the 70 metabolites were
prioritized with 3-IPA, a tryptophan-derived metabolite synthesized by gut microbiota,
identified as a high-priority candidate for testing of immune modulation. Previous efforts
have shown 3-IPA to have multiple unique physiological characteristics [42] and is essential
for mice survival through the negative immune regulation including targeted cell killing
and proliferation. 3-IPA was added to the drinking water of the mice with results showing
that 3-IPA allowed the mice to survive longer against fatal LCMV Cl13 infection. This nega-
tive immune-modulation effect might be of interest for the modulation of CTL responses
in events such as sepsis, autoimmune diseases, type I diabetes, organ transplantation or
even COVID-19. Moreover, 3-IPA’s bacterial origin raises the possibility of targeting the
microbiome to enhance CTL responses in diseases such as cancer and chronic infection.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /metabo12070645/s1, Table S1: Summary of dysregulated metabo-
lites in the two mice models during LCMYV infection; Table S2: Cognitive prioritization of metabolites
using the IBM Watson for Drug Discovery plastform.

Author Contributions: Conceptualization, C.G., L.E.H., B.S. and G.S.; Methodology, C.G., B.C.W.
and B.S.; Software, C.G. and X.D.-A.; Formal Analysis, C.G., L.E.H. and L.H.; Investigation, C.G.,
L.E.H. and L.H.; Resources, B.S. and G.S.; Data Curation, C.G., L. H. and X.D.-A.; Writing—Original
Draft Preparation, C.G.; Writing—Review and Editing, G.S., EM.B. and B.S. with contributions from
all other authors; Supervision, Project Administration and Funding Acquisition, G.S. and B.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was partially funded by the National Institutes of Health (grants: R35
GM130385 (G.S.), P30 MH062261 (G.S.), P01 DA026146 (G.S.), U01 CA235493 (G.S.), R0O1 GM114368-
03 (B.M.S.) and R21 AI145374 (B.M.S.), the NIH Cloud Credits Model Pilot, a component of the NIH
Big Data to Knowledge (BD2K) program (G.S.), and by Ecosystems and Networks Integrated with
Genes and Molecular Assemblies (ENIGMA), a Scientific Focus Area Program at Lawrence Berkeley
National Laboratory for the US Department of Energy, Office of Science, Office of Biological and
Environmental Research (contract number: DE-AC02-05CH11231 (G.S.)).

Institutional Review Board Statement: The study was conducted in accordance and approval of the
Bioethics Committee at Scripps Research, protocol number 09-0098.


https://www.mdpi.com/article/10.3390/metabo12070645/s1
https://www.mdpi.com/article/10.3390/metabo12070645/s1

Metabolites 2022, 12, 645 14 of 15

Informed Consent Statement: Not applicable.
Data Availability Statement: XCMS raw data were deposited into the XCMS Online Public repository.

Conflicts of Interest: The authors declare no competing interest.

References

1. Wikoff, W.R.; Anfora, A.T.; Liu, J.; Schultz, P.G; Lesley, S.A.; Peters, E.C.; Siuzdak, G. Metabolomics analysis reveals large effects
of gut microflora on mammalian blood metabolites. Proc. Natl. Acad. Sci. USA 2009, 106, 3698-3703. [CrossRef] [PubMed]

2. Konopelski, P.; Mogilnicka, I. Biological Effects of Indole-3-Propionic Acid, a Gut Microbiota-Derived Metabolite, and Its Precursor
Tryptophan in Mammals’ Health and Disease. Int. . Mol. Sci. 2022, 23, 1222. [CrossRef] [PubMed]

3. Wherry, EJ. T cell exhaustion. Nat. Immunol 2011, 12, 492-499. [CrossRef] [PubMed]

4. Oldstone, M.B.A.; Ware, B.C.; Horton, L.E.; Welch, M ].; Aiolfi, R.; Zarpellon, A.; Ruggeri, Z.M.; Sullivan, B.M. Lymphocytic
choriomeningitis virus Clone 13 infection causes either persistence or acute death dependent on IFN-1, cytotoxic T lymphocytes
(CTLs), and host genetics. Proc. Natl. Acad. Sci. USA 2018, 115, E7814-E7823. [CrossRef] [PubMed]

5. Zajac, A.].; Blattman, ].N.; Murali-Krishna, K.; Sourdive, D.].; Suresh, M.; Altman, ].D.; Ahmed, R. Viral immune evasion due to
persistence of activated T cells without effector function. J. Exp. Med. 1998, 188, 2205-2213. [CrossRef] [PubMed]

6.  Barber, D.L.; Wherry, E.J.; Masopust, D.; Zhu, B.; Allison, ].P.; Sharpe, A.H.; Freeman, G.J.; Ahmed, R. Restoring function in
exhausted CD8 T cells during chronic viral infection. Nature 2006, 439, 682-687. [CrossRef] [PubMed]

7. Brahmer, J.R,; Drake, C.G.; Wollner, I.; Powderly, ].D.; Picus, J.; Sharfman, W.H.; Stankevich, E.; Pons, A.; Salay, TM,;
McMiller, T.L.; et al. Phase I study of single-agent anti-programmed death-1 (MDX-1106) in refractory solid tumors: Safety,
clinical activity, pharmacodynamics, and immunologic correlates. J. Clin. Oncol. 2010, 28, 3167-3175. [CrossRef] [PubMed]

8. Patil, N.K.; Guo, Y.; Luan, L.; Sherwood, E.R. Targeting Immune Cell Checkpoints during Sepsis. Int. J. Mol. Sci. 2017, 18.
[CrossRef]

9. Pawelec, G. Is There a Positive Side to T Cell Exhaustion? Front. Immunol 2019, 10, 111. [CrossRef] [PubMed]

10. Baccala, R.; Welch, M.].; Gonzalez-Quintial, R.; Walsh, K.B.; Teijaro, ].R.; Nguyen, A.; Ng, C.T.; Sullivan, B.M.; Zarpellon, A.;
Ruggeri, Z.M.; et al. Type I interferon is a therapeutic target for virus-induced lethal vascular damage. Proc. Natl. Acad. Sci. USA
2014, 111, 8925-8930. [CrossRef] [PubMed]

11.  Avery, L,; Filderman, J.; Szymczak-Workman, A.L.; Kane, L.P. Tim-3 co-stimulation promotes short-lived effector T cells, restricts
memory precursors, and is dispensable for T cell exhaustion. Proc. Natl. Acad. Sci. USA 2018, 115, 2455-2460. [CrossRef]

12. Zhang, W.; Zhang, J.; Zhao, L.; Shao, J.; Cui, J.; Guo, C.; Zhu, F; Chen, Y.H,; Liu, S. TIPE2 protein negatively regulates HBV-specific
CD8(+) T lymphocyte functions in humans. Mol. Immunol. 2015, 64, 204-209. [CrossRef] [PubMed]

13.  Jakobshagen, K.; Ward, B.; Baschuk, N.; Huss, S.; Brunn, A.; Malecki, M.; Fiolka, M.; Rappl, G.; Corogeanu, D.; Karow, U.; et al.
Endogenous I110 alleviates the systemic antiviral cellular immune response and T cell-mediated immunopathology in select
organs of acutely LCMV-infected mice. Am. J. Pathol 2015, 185, 3025-3038. [CrossRef] [PubMed]

14. Dennis, E.A.; Norris, P.C. Eicosanoid storm in infection and inflammation. Nat. Reviews. Immunol. 2015, 15, 511-523. [CrossRef]
[PubMed]

15.  Serhan, C.N. Pro-resolving lipid mediators are leads for resolution physiology. Nature 2014, 510, 92-101. [CrossRef]

16. Mills, E.L.; Ryan, D.G.; Prag, H.A.; Dikovskaya, D.; Menon, D.; Zaslona, Z.; Jedrychowski, M.P.; Costa, A.S.H.; Higgins, M.;
Hams, E.; et al. Itaconate is an anti-inflammatory metabolite that activates Nrf2 via alkylation of KEAP1. Nature 2018, 556, 113-117.
[CrossRef]

17. Liu, PS,; Wang, H.; Li, X.; Chao, T.; Teav, T.; Christen, S.; Di Conza, G.; Cheng, W.C.; Chou, C.H.; Vavakova, M.; et al. alpha-
ketoglutarate orchestrates macrophage activation through metabolic and epigenetic reprogramming. Nat. Immunol. 2017,
18, 985-994. [CrossRef]

18. Guijas, C.; Meana, C.; Astudillo, A.M.; Balboa, M. A ; Balsinde, ]. Foamy Monocytes Are Enriched in cis-7-Hexadecenoic Fatty
Acid (16:1n-9), a Possible Biomarker for Early Detection of Cardiovascular Disease. Cell Chem. Biol. 2016, 23, 689-699. [CrossRef]

19. Geiger, R.; Rieckmann, J.C.; Wolf, T.; Basso, C.; Feng, Y.; Fuhrer, T.; Kogadeeva, M.; Picotti, P.; Meissner, F.; Mann, M.; et al.
L-Arginine Modulates T Cell Metabolism and Enhances Survival and Anti-tumor Activity. Cell 2016, 167, 829-842.e813. [CrossRef]

20. Cronin, S.J.E; Seehus, C.; Weidinger, A ; Talbot, S.; Reissig, S.; Seifert, M.; Pierson, Y.; McNeill, E.; Longhi, M.S.; Turnes, B.L.; et al.
The metabolite BH4 controls T cell proliferation in autoimmunity and cancer. Nature 2018, 563, 564-568. [CrossRef]

21. Guijas, C.; Montenegro-Burke, J.R.; Warth, B.; Spilker, M.E.; Siuzdak, G. Metabolomics activity screening for identifying
metabolites that modulate phenotype. Nat. Biotechnol. 2018, 36, 316-320. [CrossRef]

22. Rinschen, M.M,; Ivanisevic, J.; Giera, M.; Siuzdak, G. Identification of bioactive metabolites using activity metabolomics. Nat. Rev.
Mol. Cell Biol. 2019, 20, 353-367. [CrossRef] [PubMed]

23. Warth, B.; Spangler, S.; Fang, M.; Johnson, C.H.; Forsberg, E.M.; Granados, A.; Martin, R.L.; Domingo-Almenara, X.; Huan, T.;
Rinehart, D.; et al. Exposome-Scale Investigations Guided by Global Metabolomics, Pathway Analysis, and Cognitive Computing.
Anal. Chem. 2017, 89, 11505-11513. [CrossRef] [PubMed]

24. Chen, Y.; Elenee Argentinis, ].D.; Weber, G. IBM Watson: How Cognitive Computing Can Be Applied to Big Data Challenges in

Life Sciences Research. Clin. Ther. 2016, 38, 688-701. [CrossRef]


http://doi.org/10.1073/pnas.0812874106
http://www.ncbi.nlm.nih.gov/pubmed/19234110
http://doi.org/10.3390/ijms23031222
http://www.ncbi.nlm.nih.gov/pubmed/35163143
http://doi.org/10.1038/ni.2035
http://www.ncbi.nlm.nih.gov/pubmed/21739672
http://doi.org/10.1073/pnas.1804674115
http://www.ncbi.nlm.nih.gov/pubmed/30061383
http://doi.org/10.1084/jem.188.12.2205
http://www.ncbi.nlm.nih.gov/pubmed/9858507
http://doi.org/10.1038/nature04444
http://www.ncbi.nlm.nih.gov/pubmed/16382236
http://doi.org/10.1200/JCO.2009.26.7609
http://www.ncbi.nlm.nih.gov/pubmed/20516446
http://doi.org/10.3390/ijms18112413
http://doi.org/10.3389/fimmu.2019.00111
http://www.ncbi.nlm.nih.gov/pubmed/30761152
http://doi.org/10.1073/pnas.1408148111
http://www.ncbi.nlm.nih.gov/pubmed/24889626
http://doi.org/10.1073/pnas.1712107115
http://doi.org/10.1016/j.molimm.2014.11.019
http://www.ncbi.nlm.nih.gov/pubmed/25499447
http://doi.org/10.1016/j.ajpath.2015.07.019
http://www.ncbi.nlm.nih.gov/pubmed/26506472
http://doi.org/10.1038/nri3859
http://www.ncbi.nlm.nih.gov/pubmed/26139350
http://doi.org/10.1038/nature13479
http://doi.org/10.1038/nature25986
http://doi.org/10.1038/ni.3796
http://doi.org/10.1016/j.chembiol.2016.04.012
http://doi.org/10.1016/j.cell.2016.09.031
http://doi.org/10.1038/s41586-018-0701-2
http://doi.org/10.1038/nbt.4101
http://doi.org/10.1038/s41580-019-0108-4
http://www.ncbi.nlm.nih.gov/pubmed/30814649
http://doi.org/10.1021/acs.analchem.7b02759
http://www.ncbi.nlm.nih.gov/pubmed/28945073
http://doi.org/10.1016/j.clinthera.2015.12.001

Metabolites 2022, 12, 645 15 of 15

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.
41.

42.

Forsberg, E.M.; Huan, T.; Rinehart, D.; Benton, H.P.; Warth, B.; Hilmers, B.; Siuzdak, G. Data Processing, Pathway Mapping and
Multi-Omic Systems Analysis using XCMS Online. Nat. Protoc. 2018, 13, 633-651. [CrossRef] [PubMed]

Huan, T.; Forsberg, E.M.; Rinehart, D.; Johnson, C.H.; Ivanisevic, J.; Benton, H.P; Fang, M.; Aisporna, A.; Hilmers, B,;
Poole, EL.; et al. Systems biology guided by XCMS Online metabolomics. Nat. Methods 2017, 14, 461-462. [CrossRef]

Stylianou, LM.; Langley, S.R.; Walsh, K.; Chen, Y.; Revenu, C.; Paigen, B. Differences in DBA /1] and DBA /2] reveal lipid QTL
genes. |. Lipid Res. 2008, 49, 2402-2413. [CrossRef]

Wade, C.M.; Daly, M.J. Genetic variation in laboratory mice. Nat. Genet. 2005, 37, 1175-1180. [CrossRef]

Yanovsky, Y.; Brankack, J.; Haas, H.L. Differences of CA3 bursting in DBA /1 and DBA /2 inbred mouse strains with divergent
shuttle box performance. Neuroscience 1995, 64, 319-325. [CrossRef]

Matthys, P; Lories, R.J.; De Klerck, B.; Heremans, H.; Luyten, EP.; Billiau, A. Dependence on interferon-gamma for the
spontaneous occurrence of arthritis in DBA /1 mice. Arthritis Rheum. 2003, 48, 2983-2988. [CrossRef]

Kayashima, Y.; Makhanova, N.; Maeda, N. DBA /2] Haplotype on Distal Chromosome 2 Reduces Mertk Expression, Restricts
Efferocytosis, and Increases Susceptibility to Atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2017, 37, e82. [CrossRef] [PubMed]
Feng, H.J.; Faingold, C.L. Abnormalities of serotonergic neurotransmission in animal models of SUDEP. Epilepsy Behav. 2017,
71,174-180. [CrossRef] [PubMed]

Faingold, C.L.; Randall, M.; Mhaskar, Y.; Uteshev, V.V. Differences in serotonin receptor expression in the brainstem may explain
the differential ability of a serotonin agonist to block seizure-induced sudden death in DBA /2 vs. DBA /1 mice. Brain Res. 2011,
1418, 104-110. [CrossRef] [PubMed]

Ivanisevic, J.; Elias, D.; Deguchi, H.; Averell, PM.; Kurczy, M.; Johnson, C.H.; Tautenhahn, R.; Zhu, Z.; Watrous, ].; Jain, M.; et al.
Arteriovenous Blood Metabolomics: A Readout of Intra-Tissue Metabostasis. Sci. Rep. 2015, 5, 12757. [CrossRef] [PubMed]
Domingo-Almenara, X.; Montenegro-Burke, J.R.; Benton, H.P; Siuzdak, G. Annotation: A Computational Solution for Streamlin-
ing Metabolomics Analysis. Anal. Chem. 2018, 90, 480-489. [CrossRef] [PubMed]

Domingo-Almenara, X.; Montenegro-Burke, ].R.; Guijas, C.; Majumder, E.L.; Benton, H.P.; Siuzdak, G. Autonomous METLIN-
Guided In-source Fragment Annotation for Untargeted Metabolomics. Anal. Chem. 2019, 91, 3246-3253. [CrossRef]

Guijas, C.; Montenegro-Burke, ].R.; Domingo-Almenara, X.; Palermo, A.; Warth, B.; Hermann, G.; Koellensperger, G.; Huan, T,;
Uritboonthai, W.; Aisporna, A.E.; et al. METLIN: A Technology Platform for Identifying Knowns and Unknowns. Anal. Chem.
2018, 90, 3156-3164. [CrossRef]

Choi, B.K.; Dayaram, T.; Parikh, N.; Wilkins, A.D.; Nagarajan, M.; Novikov, I.B.; Bachman, B.J.; Jung, S.Y,; Haas, PJ;
Labrie, J.L.; et al. Literature-based automated discovery of tumor suppressor p53 phosphorylation and inhibition by NEK2. Proc.
Natl. Acad. Sci. USA 2018, 115, 10666-10671. [CrossRef]

Cekic, C.; Linden, J. Purinergic regulation of the immune system. Nat. Reviews. Immunol. 2016, 16, 177-192. [CrossRef]

Braga, T.T.; Forni, M.F,; Correa-Costa, M.; Ramos, R.N.; Barbuto, J.A.; Branco, P.; Castoldi, A.; Hiyane, M.I.; Davanso, M.R;
Latz, E.; et al. Soluble Uric Acid Activates the NLRP3 Inflammasome. Sci. Rep. 2017, 7, 39884. [CrossRef]

Oldstone, M.B.; Tishon, A.; Eddleston, M.; de la Torre, ].C.; McKee, T.; Whitton, J.L. Vaccination to prevent persistent viral
infection. J. Virol 1993, 67, 4372-4378. [CrossRef] [PubMed]

Serger, E.; Luengo-Gutierrez, L.; Chadwick, J.S.; Kong, G.; Zhou, L.; Crawford, G.; Danzi, M.C.; Myridakis, A.; Brandis, A.;
Bello, A.T; etal. The gut metabolite indole-3 propionate promotes nerve regeneration and repair. Nature 2022. [CrossRef]
[PubMed]


http://doi.org/10.1038/nprot.2017.151
http://www.ncbi.nlm.nih.gov/pubmed/29494574
http://doi.org/10.1038/nmeth.4260
http://doi.org/10.1194/jlr.M800244-JLR200
http://doi.org/10.1038/ng1666
http://doi.org/10.1016/0306-4522(94)00400-Y
http://doi.org/10.1002/art.11273
http://doi.org/10.1161/ATVBAHA.117.309522
http://www.ncbi.nlm.nih.gov/pubmed/28473436
http://doi.org/10.1016/j.yebeh.2015.06.008
http://www.ncbi.nlm.nih.gov/pubmed/26272185
http://doi.org/10.1016/j.brainres.2011.08.043
http://www.ncbi.nlm.nih.gov/pubmed/21920504
http://doi.org/10.1038/srep12757
http://www.ncbi.nlm.nih.gov/pubmed/26244428
http://doi.org/10.1021/acs.analchem.7b03929
http://www.ncbi.nlm.nih.gov/pubmed/29039932
http://doi.org/10.1021/acs.analchem.8b03126
http://doi.org/10.1021/acs.analchem.7b04424
http://doi.org/10.1073/pnas.1806643115
http://doi.org/10.1038/nri.2016.4
http://doi.org/10.1038/srep39884
http://doi.org/10.1128/jvi.67.7.4372-4378.1993
http://www.ncbi.nlm.nih.gov/pubmed/8510226
http://doi.org/10.1038/s41586-022-04884-x
http://www.ncbi.nlm.nih.gov/pubmed/35732737

	Introduction 
	Results and Discussion 
	Global Metabolomics Shows Differential Responses of Mice to LCMV Cl13 Infection 
	3-IPA and Purines Are Candidates to Modulate Response to LCMV CL13 Infection 
	3-IPA Increased Mice Survival upon Fatal Infection with LCMV Cl13 
	3-IPA Suppressed Cytotoxic T-Lymphocytes Responses 

	Materials and Methods 
	Mice and Viruses 
	Proliferation Assay 
	CTL Assay 
	Flow Cytometry and Data Analysis 
	Untargeted Metabolomics 
	Mass Spectrometry Data Analysis 
	Bioinformatics 

	Conclusions 
	References

