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Abstract

The gut microbiome is an important modulator of the host immune system. Here, we found that
altering the gut microbiome by oral vancomycin increases liver iNKT cell function. Enhanced
iNKT cytokine production and activation marker expression were observed in vancomycin-treated
mice following both antigen-specific and antigen-independent /77 vivo iINKT stimulations, with

a more prominent effect in liver as compared to the spleen. Fecal transplantation studies
demonstrated that the iINKT functional regulation is mediated by altering the gut microbiome
but uncoupled from the modulation of iINKT cell population size. Interestingly, when stimulated
in vitro, INKT cells from vancomycin-treated mice did not show increased activation, suggesting
an indirect regulation. iNKT cells expressed high levels of I1L-18 receptor, and vancomycin
increased the expression of IL-18 in the liver. Blocking IL-18 by neutralizing antibody or using
genetically deficient mice attenuated the enhanced iNKT activation. Liver macrophages were
identified as a major source of IL-18. General macrophage depletion by clodronate abolished
this iINKT activation. Using anti-CSF-1R depletion or LyzC"®xCSF-1RSL-DTR mice identified
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CSF-1R* macrophages as a critical modulator of iNKT function. Vancomycin treatment had no
effect on iINKT cell function /in vivoin 1L-18 KO macrophage reconstituted mice. Together, our
results demonstrate that the gut microbiome controls liver iNKT function via regulating CSF-1R*
macrophages to produce IL-18.

Introduction

The gut microbiome has a significant impact on the host immune system, and plays a
fundamental role in the induction, training, and functional regulation of host immunity (1).
The liver is exposed to the gut microbiome since more than 70% of the blood supply

to the liver is through the portal vein. The portal vein drains blood from the intestine

and not only carries nutrients but also is rich in gut microbial antigens and metabolites

(2). The liver harbors abundant immune cells including a large macrophage population to
defend the continuous threat of gut microbial pathogens. The close cross-talk between the
gut microbiome and local immune environment of the liver, and its implications for liver
diseases and systemic immune regulation are starting be partially understood.

Natural killer T (iNKT) cells are innate-like lymphocytes which recognize lipid antigens
presented on CDIdmolecules (3-7). Unlike conventional T cells recognizing a peptide-
MHC complex, iINKT cells are selectively activated by lipid antigens presented by CD1d
molecules, of which a-galactosylceramide (a-GalCer) is the most well characterized (3,
7, 8). With the capability of initiating diverse immune responses by rapid release of
cytokines after stimulation, iINKT cells are considered as a critical bridge between innate
and adaptive immunity (9). INKT cells are enriched in the liver and are key components
of the liver microenvironment (10). Different studies including a very recent report suggest
that liver iNKT cells are critical for shaping the local immune landscape in the liver (11).
Furthermore, numerous reports have found that iNKT cells play a critical role in various
liver physiopathological processes such as liver regeneration, non-alcoholic fatty liver
disease, autoimmune liver disease, and liver cancer (12-15). Clinical trials of iNKT-based
immunotherapy are also under investigation (16).

Emerging evidence suggests that the gut microbiome regulates iNKT cells (11, 14, 17),
which can recognize bacterial glycolipids (18). Recently, we reported that gut commensal
bacteria modulate liver cancer through recruiting iNKT cells to liver by regulating
chemokine CXCL16 expression in liver sinusoidal endothelial cells (17). Altering gut
bacteria using oral vancomycin is sufficient to increase iINKT frequency in the liver (17).
Here, we extended the work and examined how gut microbes regulate iINKT cell function.
Enhanced iNKT function was observed in mice receiving oral vancomycin. This effect
was caused by altering the gut microbiome and independent of our previously reported
bile acid-mediated mechanism. Interestingly, the gut microbiome-dependent enhancement of
iNKT cell function required the presence of CSF1R* macrophages in the liver where they
were the main source of IL-18. The enhanced iNKT cell activity diminished after blocking
IL-18. Our study reveals that the gut microbiome-liver axis shapes iINKT cell function via
CSF1R* macrophages.

J Immunol. Author manuscript; available in PMC 2024 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Maetal. Page 3

Material and Methods

Mouse strains and reagents

C57BL/6 and BALB/c mice at the age of 6~10 weeks were purchased from Charles River.
CD45.1 C57BL/6 mice (strain#002014), IL-187/~ (strain# 004130), LyzCre (strain# 004781)
and CSF-1RLSL-DTR (strain# 024046) mice were purchased from the Jackson Laboratory
and maintained at NIH Bethesda CRC animal facility. A20 cells (Cat# T1B-208) were
purchased from ATCC, and EL4 cells were used as described(17). Vancomycin (Hospira
Inc) was purchased form NIH veterinary pharmacy. a-galactosylceramide (KRN7000),
concanavalin A (Cat# C2010), diphtheria toxin (Cat# D0564), and brefeldin A (Cat# B6542)
were purchased from Sigma. Clodronate liposome and control liposome were purchased
from LIPOSOMA. /n vivo anti-1L18 neutralizing antibody (clone YIGIF74-1G7) and anti-
CSF-1R depletion antibody (clone AFS98) were purchased from BioXcell. All experiments
were conducted according to local institutional guidelines and approved by the Animal Care
and Use Committee of the National Institutes of Health, Bethesda, USA.

Oral vancomycin treatment

Mice were kept on vancomycin containing drinking water (0.5g/L) or control H20 (17).
Vancomycin treatment was started in adult mice of age between 7 to 10 weeks and lasted for
3 weeks. Vancomycin drinking water was replaced every other day.

iNKT stimulations

Antigen-specific INKT stimulation was performed by using a-GalCer-loaded tumor cells
(17). EL4 or A20 tumor cells were incubated with a-GalCer (0.5ug/ml) in culture medium
overnight, and free a-GalCer was removed by washing cells 3 times with sterile PBS. For
in vivo stimulation, mice were /v. injected with 10® a-GalCer -loaded tumor cells together
with 250 ug brefeldin A in 300 ul PBS(17, 19). Some mice received free a-GalCer (0.5
pg/mouse) i.v. together with 250 pg brefeldin A in 300 pl PBS for in vivo stimulation. Mice
were euthanized 2 hours following /n vivo stimulation. For /n vitro stimulation, 5x10° liver
mononuclear cells or splenocytes were incubated with a-GalCer- loaded tumor cells at 1:1
ratio in V-bottom 96 well plate in complete RPMI culture medium at 37°C. Two hours later
the reaction was stopped by washing cells with PBS and the cells were studied by to flow
cytometry. Antigen non-specific iINKT /n vivo stimulation was performed by /.v. injecting
mice with 50 pg concanavalin A together with 250 pg brefeldin A in total 300 pl PBS. Two
hours later, mice were euthanized for cell preparation.

Germ-free mice and fecal transplantation

Germfree BALB/c and C57BL/6 mice were bred at the Gnotobiotics Facility at the National
Laboratory for Cancer Research (FNLCR). Animal studies were approved by the Animal
Care and Use Committee (ACUC) of the FNLCR. To generate conventionalized mice germ-
free mice, male BALB/c mice were transferred to an SPF facility and housed with bedding
from SPF mice for 4 weeks before antibiotic treatment. Both female BALB/c and C57BL/6
germ-free mice were used for FMT studies. Vanco or control feces were collected from
cecum of SPF mice given 3 weeks of oral vancomycin treatment and mixed with sterile 50%
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glyceryl to store at —80°C until use. Germ free mice were given oral gavage of 150 pl vanco
feces once per day for continuous 4 days. Three weeks after fecal transplantation, mice were
given /v. injection of a-GalCer-loaded tumor cells.

Macrophage depletion

Clodronate liposome (LIPOSOMA) was used to deplete general macrophage population.
Mice were given / v. injection of 200 ul clodronate or control liposome 72 and 24 hours
before in vivo INKT stimulation. Anti-CSF-1R antibody clone AFS98 (BioxCell) was used
to deplete CSF1* macrophage. Mice were given 7 V. injection of 200 ug AFS98 or control
IgG antibody 72 and 24 hours before /in vivo iNKT stimulation. MMPTR mice were used

to selectively remove CSF-1R* macrophage while sparing dendric cells as reported (20).
MMPTR mice were generated by crossing LyzC™ and CSF-1REPL-DTR mice. Mice with
correct genotyping were identified by using service from TransnetY X. To deplete CSF-1R*
macrophage, MM®P7R mice were given s.c. injection of 200 ng diphtheria toxin one day
before /n vivo INKT stimulation. Littermates also received diphtheria toxin to rule out toxin
related effects.

Liver macrophage reconstitution

Female CD45.1 C57BL/6 mice at the age of 6 weeks were exposed to 900 rads irradiation
followed by 7 v. transfer of ~2x107 freshly prepared donor bone marrow cells. Bone marrow
cells were collected by flushing the bone marrow from femur and tibia bones from either
CD45.2 WT or IL-18 KO donor mice (both under C57BL/6 background) followed by
removing RBC cells with ACK lysis buffer. Two weeks after bone marrow cell injection,
mice received 200 pl clodronate liposome / v.. Oral vancomycin treatment was started two
weeks after clodronate treatment and lasted for 3 weeks. At the experimental end point mice
were injected /. v. with 10% a-GalCer-loaded EL4 cells together with 250 pg brefeldin A

in 300 pl PBS. Two hours later, mice were euthanized, and liver mononuclear cells were
prepared for flow cytometry analysis.

Isolation of hepatocyte, macrophage and hepatic stellate cell

Different types of cells from the same liver were isolated (21). Mice were euthanized

with CO2. Then, livers were perfused with 5 mM HEPES and 0.5 mM EDTA in HBSS

at 37°C for 5 mins, followed by perfusion with 0.05% collagenase 1V (Sigma, C5138)

in HBSS supplemented with 5 mM HEPES and 0.5 mM CaCl2 at 37°C for 5 mins.

The livers were excised and homogenized, and then passed through 100 um filter. The
suspension was centrifuged at 50xg for 3 min to separate hepatocytes (pellet) from non-
parenchymal cells (NPC, supernatant). Hepatocytes were further enriched by magnetic bead
depletion of anti-CD45 and anti-CD146 to deplete most immune cells and endothelial cells
respectively. The NPC-fraction was then submitted to a 15% Optiprep density gradient,

and then centrifuged at 1500 x g for 25 min at room temperature. The well-defined
interface of cells was carefully collected, and then centrifuged at 500 x g for 5 mins

at 4°C. The NPCs were submitted to cell staining and cell sorting. Antibodies used for
staining were as follows: anti-CD146-APC (clone ME-9F1, Biolegend), anti-Tie2-PE (clone
TEKA4, Biolegend), anti-F4/80-FITC (clone BM8, Biolegend), anti-CD3-PE/Cy7 (clone
17A2, Biolegend). Macrophages were sorted as F4/80*CD146™Tie2 CD3™ cells, hepatic
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stellate cells were negatively sorted as CD3~ CD146"Tie2"F4/80~CD11b~ cells. Cell sorting
was carried out with a FACS Aria Il (BD Biosciences). All experiments were performed
with 95% yield of purity for each subset.

Flow Cytometry

Mouse livers were collected after euthanasia and homogenized. Large debris were removed
by passing 40 um mesh. After centrifugation, cell pellets were resuspended in 8 ml PBS
containing 5% FCS, and mixed with 4.5 ml Percol and subject to gradient centrifuge at
850xg 25 minutes without deceleration. The red blood cells were lysed by ACK buffer.
Flow cytometry assay was performed using a CytoFLEX LX platform (Beckman Coulter).
Cells were stained with live/dead fixable near-IR dead cells stain kit (ThermoFisher) to gate
out dead cells. Fc block reagent TruStain FcX (biolegend, Cat#101320) was used to reduce
unspecific staining. Cell surface markers were stained at 4°C in dark with the following
antibodies: anti-CD45 (clone 30-F11, biolegend), anti-CD45.1 (clone A20, biolegend), anti-
CD45.2 (clone 104, biolegend), anti-TCRp (clone H57-597, biolegend). CD1d-teramer
(PBS57, NIH tetramer core), anti-CD3 (clone 17A2, biolegend), anti-CD4 (clone GK1.5,
biolegend), anti-CD8 (clone 53-6.7, biolegend), anti-CD11b (clone M1/70, biolegend), anti-
F4/80 (clone BM8, biolegend), anti-CD69 (clone H1.2F3, biolegned), anti-IL18Ra (clone
A17071D, biolegend). Intracellular cytokine staining was performed using the eBioscience
Foxp3/transcription factor staining buffer set (Cat# 00552300, Thermofisher) with the anti-
IFNy (clone XMGL1.2, biolegend), anti-IL-4 (clone 11B11, biolegend).

Real-time PCR

Total RNA was isolated using RNeasy Mini Kit (Cat# 74104, Qiagen) according

to manufacturer’s instructions. cDNA synthesis was performed using iScriptTM

cDNA synthesis kit (Cat# 170-8891, BIO-RAD). RT-PCR was performed using

iQ SYBR Green Supermix (Cat# 1708882, BIO-RAD). The following primers

were used for RT-PCR, IL-18: Forward 5’-GGCTGCCATGTCAGAAGACT-3’,

Reverse 5’-ACAGTGAAGTCGGCCAAAGT-3’; F4/80: Forward, 5’-
TCTGGGGAGCTTACGATGGA-3’, Reverse 5’-GAATCCCGCAATGATGGCAC-3,
GAPDH: Forward 5’-CCTGCACCACCAACTGCTTA-3’, Reverse 5’-
TCATGAGCCCTTCCACAATG-3’. The relative gene expression levels were determined
by 2-*CT methods. GAPDH expression level was used as control.

Statistical analysis

Sample size for animal studies were guided by previous study in our laboratory. Statistical
analysis was performed with GraphPad Prism 8 (GraphPad Software). Significance of the
difference between groups was calculated by Student’s unpaired t-test, one-way or two-way
ANOVA (with Tukey’s and Bonferroni’s multiple comparison test). P<0.05 was considered
as statistically significant.
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Modulating the gut microbiome with oral vancomycin increases liver iNKT activity.

C57BL/6 mice were treated with vancomycin-containing drinking water for 3 weeks to
modulate the gut microbiome. Although the expression of the activation marker CD69

on liver iNKT cells did not change (Fig.S1A), vancomycin treatment reduced the relative
frequency of INKT2 and iNKT17 subsets which led to increased iNKT1/iNKT2 and iNKT1/
iNKT17 ratios (Fig.S1B-E). To assess changes in liver iNKT cell function, antigen-specific
iNKT cell responses were induced by /n vivo challenge with 7 v. injected a-GalCer-loaded
EL4 tumor cells as previously described (17, 22). iNKT cell activity was assessed by
measuring cytokine production and activation marker expression using flow cytometry

2 hours after stimulation (Fig.1A). A distinct IFNvy signal was detected in iNKT cells
(Fig.S1F). Vancomycin-treated mice exhibited a marked increase of IFNy* iNKT cells as
compared to control mice (Fig.1B&C). Consistently, higher median fluorescence intensity
(MFI) of IFN<y in liver iNKT cells was found in the vancomycin-treated group (Fig.S1G).
iNKT cells can produce both Th1 and Th2 cytokines (23) and higher IL-4 production was
also observed in liver INKT cells (Fig.1A&D). Interestingly, almost all 1L-4* iNKT cells
co-expressed IFNy, whereas the majority of IFNy* iNKT cells did not produce IL-4 and
the IFNy*IL4~ iNKT population expanded after vancomycin treatment (Fig.1E, Fig.S1H).
Consistent with a higher cytokine production, vancomycin treatment also increased the
expression of CD69, an activation maker on liver iNKT cells (Fig.1F), supporting a more
activated status. Unlike the liver, only a non-significant increase of IFNy, IL-4 or CD69 was
found in splenic iINKT cells (Fig.S11-K). Similar findings were also found in BALB/c mice
following /.v. injection of a-GalCer-loaded A20 cells (Fig.S1L&M), ruling out a mouse
strain-specific effect.

Antigen-independent iNKT activation has been described upon /. v. injection of a non-
hepatotoxic low-dose of concanavalin (Fig.1G). This protocol has been used to fully
activate iNKT cells but not conventional T cells (24). Again, vancomycin treatment further
increased IFNy and CD69 expression in liver iNKT cells as compared to control mice
following stimulation (Fig.1H&I), but this was not seen in spleen iINKT cells (Fig.SIN&O).
Together, using both antigen-specific and antigen-independent stimulation models, our
results demonstrate that vancomycin enhances iNKT cell function, and the effect is limited
to iINKT cells in the liver.

Altered gut microbiome mediates the enhanced iNKT function.

Orally administered vancomycin is poorly absorbed with bioavailability less than 10%
(25), and its INKT regulatory effect is likely through changing the gut microbiome.

We decided to study the role of gut microbiome by comparing germ-free mice with

mice kept under SPF condition and germ-free mice transferred to a SPF mouse facility
to colonize mice with commensal microbiota. Some of the conventionalized mice were
further treated with oral vancomycin. Liver iNKT cell function was assessed following
1.v. injection of a-GalCer-loaded tumor cells (Fig.2A). Consistent with our prior findings
(17), the frequency of iINKT cells was higher in livers from germ-free mice as compared
to conventionalized mice (Fig.S2A) and oral vancomycin treatment also increased the
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number of liver INKT cells in conventionalized mice (Fig.S2A, Vanco GF->SPF vs H20
GF->SPF). Interestingly, no differences in IFNy or IL-4 expression in liver INKT cells was
found comparing germ-free mice with conventionalized mice (Fig.2B&C). However, oral
vancomycin still enhanced cytokine production by liver iNKT cells in the conventionalized
mice (Fig.2B&C). These results clearly indicates that gut microbiota control iINKT cell
function and frequency in the liver through a different mechanism, and alteration of the

gut microbiota by vancomycin is important for changing iNKT cell function. As expected,
16S rRNA sequencing demonstrated robust changes of fecal bacterial phyla composition
after vancomycin treatment. Oral vancomycin dramatically reduced many bacteria such

as Bacteroidetes (Fig.S2B) and caused a significant increase of other bacteria especially
Proteobacteria and Verrucomicrobia (Fig.S2B). Akkermansia muciniphila is the major
component of the Verrucomicrobia phylum in the human fecal microbiota and has been
shown to be associated with anti-PD1 efficacy in patients with lung and kidney cancer (26).
Consistent with previous reports (27), vancomycin treatment increased the abundance of
Akkermansia muciniphia (Fig.S2C).

To confirm the role of vancomycin- altered gut microbiota in regulating iNKT cell function,
we performed fecal microbial transfer (FMT) studies. Germ-free mice were treated with
oral vancomycin or feces from mice treated with oral vancomycin (Fig.2D). No changes

in the number of iNKT cells in the liver was found in germ-free mice treated with oral
vancomycin or after transplantation of feces from mice treated with vancomycin (Fig.S2D).
In the absence of the gut microbiota, oral vancomycin failed to affect IFN-y production

by liver iINKT cells in germ-free mice upon /n vivo challenge with a-GalCer-loaded

cells (Fig.2E), which confirms that the regulation was not directly caused by vancomycin.
However, as expected, transplantation of feces from SPF mice treated with vancomycin
markedly increased IFNvy and IL-4 production by liver iNKT cells (Fig.2E&F). To rule out
a nonspecific effect of FMT, the experiment was repeated using feces from either control
mice or mice treated with vancomycin (Fig.S2E). Consistent with our previous finding, FMT
control feces but not vanco feces reduced the frequency of liver INKT cells (Fig.S2F&G).
Again, iNKT cells showed higher IFNy and CD69 expression in mice who had been
colonized with feces from vanco treated mice than in mice colonized with control feces
(Fig.S2H&I). These results show that the iINKT cell function is regulated by vancomycin
through altering the gut microbiota.

IL-18 mediates the gut microbiome dependent enhancement of iNKT function in the liver

iNKT cell activity was further assessed /in vitro. Isolated liver mononuclear cells from
vancomycin- or HpO-treated mice were exposed to the same antigen-specific stimulation
using aGalCer-loaded tumor cells. Two hours later, cytokine production by iNKT cells
was measured (Fig.3A). Strikingly, in contrast to the finding following /n vivo challenge,
no increase in IFNvy production was found in liver iNKT cells from vancomycin-treated
mice as compared to control (Fig.3B). Similarly, IL-4 levels of /n vitro stimulated liver
iNKT cells did not increase in vancomycin treated group as compared to the control group
(Fig.3C). These data suggest that the observed iNKT regulation by gut microbiome was
potentially caused by an altered immune environment in the liver which would favor iINKT
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cell activation after vancomycin treatment, rather than an intrinsic change in the iNKT cells
that would persist ex vivo.

The effect of vancomycin treatment on major liver immune cell populations was studied.
Apart from the increase in iNKT cells, oral vancomycin had no notable impact on the
frequency of other immune cell populations including CD4* T cells, CD8* T cells, B
cells, NK, CD11b*F4/80* macrophage and CD11c* dendritic cells (Fig.S3A). iNKT cell
function can be regulated by different cytokines including IL-18 (28). We found that

the majority (60% to 80%) of INKT cells either from liver or spleen express the 1L-18
receptor (IL-18R), and the levels did not change after vancomycin treatment (Fig.3D&E.
Fig.S3C). The expression of 1L-18 receptor was also observed on T lymphocytes and

NK cells (Fig.S3B&D). Following the increase of iNKT cells after vancomycin treatment
(Fig.S3A), the contribution of iNKT cells to IL-18R* liver immune cells increased
(Fig.S3E). Importantly, vancomycin treatment increased IL-18 mRNA expression in the liver
(Fig.3F), indicating its potential role in gut microbiome- mediated regulation of iNKT cell
function.

To confirm the impact of IL-18, we utilized a neutralizing antibody as reported (29).
Vancomycin- or H20-treated mice were injected with 1L-18 neutralizing antibody or
control IgG and iNKT cell function was tested after 7.v. injection of aGalCer-loaded

tumor cells (Fig.3G). Blocking IL-18 signaling had no impact on the effect of vancomycin
on the frequency of liver iNKT cells (Fig.S3F). However, vancomycin-induced IFNy
upregulation was completely blocked (Fig.3H). Similarly, IL-18 neutralization also blocked
IL-4 induction in liver INKT cells (Fig.S3G). To confirm this finding IL-18 knockout mice
were used (Fig.3l). Consistently, oral vancomycin did not enhance IFN-y expression in
liver INKT cells from IL-18 knockout mice upon /n vivo challenge with aGalCer-loaded
tumor cells (Fig.3J). In summary, our results show that IL-18 mediates the gut microbiome-
dependent enhancement of iNKT cell function in the liver.

CSF-1R* macrophages control liver iNKT function.

Different cell types were isolated from the liver to identify the source of IL-18. Oral
vancomycin increased IL-18 expression in both liver macrophages and hepatocytes but not
in hepatic stellate cells (Fig.4A), and the increase was stronger in liver macrophages as
compared to hepatocytes (Fig.4A). Since liver macrophages acts as the critical defense
against microbial pathogens from intestine, we tested their contribution to changes in INKT
cell function. Clodronate liposomes were used to deplete macrophages, and the efficacy was
confirmed (Fig.S4A). Indeed, removing macrophages markedly reduced IL-18 expression
levels in the liver following oral vancomycin treatment (Fig.4B). Next, the impact of
macrophage depletion on iNKT activation was assessed following /. v. injection of aGalCer-
loaded tumor cells. Strikingly, although no effect on the liver INKT population was observed
(Fig.S4B), macrophage depletion completely blocked IFN+y production by liver iNKT cells
(Fig.4C&D). Importantly, in the absence of liver macrophages, oral vancomycin failed

to upregulate IFN7y in liver iINKT cells (Fig.4C&D). Consistently, clodronate treatment
abolished the increase of IL-4 production and CD69 expression in liver INKT cells after
vancomycin, which was seen in control mice after liposome treatment (Fig.S4C&D).
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Clodronate treatment also decreased IFN-y production by splenic iNKT cells, but the effect
was much less as compared to the liver (Fig.S4E). The experiment was repeated using free
aGalCer (Fig.S4F). Similar to what was seen with aGalCer-loaded cells, free aGalCer
enhanced liver iNKT cell activation in vancomycin treated mice (Fig.S4G-I) and clodronate
treatment completely blocked liver iINKT activation induced by free aGalCer injection
(Fig.S4G-1).

Colony-stimulating factor-1 (CSF-1) is well known to stimulate the formation of
macrophage colonies through its receptor CSF-1R(30). The CSF-1R* macrophage subset
can be targeted by anti-CSF-1R antibody AFS98 (31). Although less potent compared

to clodronate, anti-CSF-1R treatment caused a clear reduction of F4/80 expression in
mouse liver (Fig.S4J). Next, we used the anti-CSF-1R antibody to deplete CSF-1R*
macrophages and test the influence on liver INKT activity. Interestingly, anti-CSF-1R
treatment was sufficient to block the vancomycin-enhanced IFNvy production in liver iNKT
cells (Fig.4E&F) without affecting iINKT cell population size following /. v. injection of
aGalCer-loaded tumor cells (Fig.S4K), suggesting the critical role of CSF-1R* macrophage
in iNKT function regulation by gut microbiome.

To confirm the importance of CSF-1R* macrophages in the functional regulation of iNKT
cells, LyzC"®xCSF-1RLSL-DTR (MMPTR) mice were used. CSF-1R and Lysozyme M co-
expressing macrophages in MMPTR mice can be selectively eliminated by diphtheria toxin
(DT) without affecting dendritic cells (20). Again, a drastic reduction of IFNvy production
in liver iNKT cells was found in DT- treated MMPTR mice compared to littermates after

in vivo stimulation (Fig.4G&H). Similarly, in DT- treated MMPTR mice, oral vancomycin
did not enhance IFNvy expression in liver iINKT cells (Fig.4G&H). The depletion of
macrophages in MMPTR mice was assessed by flow cytometry using the general mouse
macrophage marker F4/80. DT treatment effectively removed liver CD11b!°F4/80M cells in
MMPTR mice (Fig.S5A&B). Unexpectedly, an increase of the CD11b*F4/80!° macrophage
population was found (Fig.S5A&C). This result suggests that the MMPTR mouse model
preferably targets the CD11b!°F4/80M and not the CD11b*F4/80!° macrophage subset. The
data also suggests that the CD11b!°F4/80M macrophage subset responsible for regulating
iNKT cell function. Interestingly, in the F4/80 expressing liver macrophages, the CD11b'°
subset has been reported to have a much stronger phagocytic activity compared to the

liver CD11b* subset (32), suggesting that CD11b'° macrophages may be better at sensing
intestinal microbes. Consistently, lower liver IL-18 mRNA expression was found in DT-
treated MMPTR mice (Fig.S5D).

To support our findings, we analyzed published single cell RNA-seq data (33) and looked
at liver macrophages. In the CD45" liver cell compartment, F4/80 expressing cells indeed
contain CD11b'°F4/80M and CD11b*F4/80'° clusters (Fig.SS5E&F). General expression of
CSF-1R and Lysozyme M was found in F4/80 expressing cells, but higher CSF-1R levels
were expressed in CD11b'°F4/80N cluster in contrast to the higher Lysozyme M expression
by CD11b*F4/80'° cluster (Fig.S5G&H). Since DTR is driven by the Csf-1r promoter in
MMPTR mice, the CD11b!°F4/80" population is expected to express more DTR and be
more sensitive to DT-induced cell depletion. We also looked at IL-18 transcripts in this data
set. Interestingly, IL-18-expressing cells mainly belong to the F4/80 expressing cell subset,
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especially the CD11b!°F4/80N cluster (Fig.S51). The single cell RNA-Seq results support
our hypothesis that the CSF-1RNCD11b!°F4/80" macrophage subset was the main target in
the MMPTR mice and in anti-CSF1R depletion and this subset is the major source of IL-18
in the liver.

To corroborate the role of macrophage-derived IL-18 in regulating liver iNKT cell function,
we established a protocol that allowed us to replace host macrophages with IL-18 KO
macrophages. For this we combined bone marrow transplantation using 1L-18 KO or

WT mice with clodronate treatment (Fig.S5J&K). Using this method, we generated mice
reconstituted with either IL-18 KO or WT liver macrophages by transferring CD45.2 I1L-18
KO or WT bone marrow into CD45.1 recipient mice followed by clodronate depletion
(Fig.4l). Mice were kept on vancomycin or control H,O for 3 weeks, and liver INKT
function was measured after /n vivo stimulation. Liver macrophage reconstitution with donor
derived macrophages was confirmed by flow cytometry (Fig.S5L). Vancomycin treatment
failed to enhance IFN-y production and CD69 expression on iNKT cells in IL-18 KO liver
macrophage reconstituted mice but not in WT reconstituted mice (Fig.4J, Fig.S5M&N). This
result confirms that macrophage derived 1L-18 controls iNKT cell function after vancomycin
treatment.

Together, our results demonstrate that CD11b!°F4/80MCSF-1R* macrophages mediate
regulation of liver iNKT function by the gut microbiome. This work suggests that targeting
gut microbiome-liver macrophage axis can be potentially used to shape hepatic immune
environment.

Discussion

In this study, we identified CSF-1R* macrophages as the critical mediators of liver iNKT
cell function. Using antibiotic treatment, germ-free mice, and fecal transplantation, we
demonstrate that altering commensal microbiota can modulate liver iNKT cell function.
Interestingly, in vivoand in vitro challenge using the same stimuli led to differential

iNKT responses showing an indirect regulation in the liver environment rather than an
intrinsic change in the iINKT cells. We also show that liver macrophages mediate gut
microbiome-controlled iNKT function through IL-18 by /n vivo liver macrophage depletion
and reconstitution experiments. The critical role of CD11b!°F4/80M CSF-1R* macrophage
subset was demonstrated by using anti-CSF1R depletion and LyzC®xCSF1R-LSL-DTR mijce,
Together our results suggest that the gut microbiome/CSF1R* macrophage/IL-18 pathway
is important in regulation of liver iINKT function. CSF-1R* macrophages can be potentially
targeted by modulating gut microbiome to influence liver immunity.

It has been well document that the microbiome can control INKT cells (11, 14, 17, 34,

35). Bacterial species and microbial products have been reported to activate iINKT cells (18,
36). Gut commensals have been reported to be necessary for maintaining proper iNKT cell
function by comparing germ-free and SPF mice (34). Interestingly, iINKT cell function was
unchanged in germ-free mice (37). Splenic iINKT cells were used in both studies. In our
study, no change of liver iINKT activation was found either after housing germ-free mice in
a SPF facility or after FMT with control feces, supporting that unaltered gut commensals
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are not important for liver iINKT function. Although seemingly controversial, it should be
recognized that the control SPF mice can be different. Mice from different SPF facility are
known to harbor distinct gut microbiomes. Importantly, these SPF mice can have different
immune function, and the same mouse strain from JAX and Taconic responded differently
to concanavalin A-caused liver injury (38). The discrepancy of iINKT regulation by gut
commensal can be potentially explained by microbial variations among facilities.

Immune cells such as CD8* T cells have been reported to reduce iNKT cell number
through the gut microbiome (39). Macrophages are known to interact with iNKT cells
(40) and sense microbial signals which makes them an interesting candidate in the

context of gut microbiome-dependent regulation of iINKT function. Importantly, Kupffer
cells have been suggested to increase iNKT function by gut microbe changes which
modulates liver regeneration (14). However, the study relies on unselective clodronate
treatment. Our study revealed that the liver CSF-1R*CD11b!°F4/80N subset but not the
CD11b*F4/80!° macrophage subset is important for iNKT function regulation. The presence
of CSF-1R*CD11b~F4/80" macrophages as a major source of IL-18 was confirmed in

the published sc-RNA-seq data of mouse liver cells (33). As antigen presenting cells,
macrophages express CD1d molecules and can present lipid antigen to activate INKT
cells. Although iNKT cells can be fully activated by cytokines in the absence of TCR
engagement (41) and our results show that 1L-18 is critical for iINKT function in this
setting, we did not rule out the potential requirement of TCR signal for the enhanced
iNKT activation, especially when stimulated with aGalCer-loaded tumor cells. Liver
CD11b'°" macrophages have been reported to display higher phagocytic activity compared
to the CD11b*F4/80* counterpart(32), suggesting that they are more likely to uptake and
present microbial lipid antigens to stimulate iNKT cells. It is still unknown whether the
vancomycin-altered gut microbiome affects CD1d-dependent lipid antigen presentation on
macrophages, and subsequently iNKT activation. Mice with selective CD1d deficiency in
CSF-1R*CD11b'°F4/80M macrophages are needed to address this question.

Macrophages are critical in regulation of various immune responses including CD8* T

cell activation (42). Macrophages demonstrate high plasticity and can be polarized to M1
pro-inflammatory or M2 anti-inflammatory phenotypes(43), and the CSF-1/CSF1R axis is
well recognized in contribution to M2 polarization. Targeting CSF1/CSF-1R macrophages
have been shown to reverse suppression of anti-tumor immunity (44). Gut microbiota have
been established as a critical modulator of host immune response and are involved in
progression and treatment of various diseases including tumor immunotherapy (45, 46).

It will be interesting to test whether the observed gut microbiome/CSF-1R*CD11b~F4/80
macrophage axis can affect other immune reactions in various pathological conditions, and
its potential role in immunotherapy.

One interesting finding of our study is that the frequency of liver INKT population and
function are differentially regulated by gut microbiota. We previously found that primary-
to-secondary bile acid conversion by vancomycin-sensitive intestinal bacteria prevents
chemokine CXCL16 expression of liver endothelial cells, thus decreasing accumulation
of CXCR6" iNKT cells in the liver (17). However, here, we found that the absence

of bile acid-metabolizing bacteria in germ-free mice increased the iINKT cell number
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without affecting INKT activity. Reconstitution of GF mice with SPF fecal microbiota,
containing bile processing bacteria reduced the number of iINKT cells whereas reconstitution
with fecal microbiota from vancomycin-treated mice, depleted of bile processing bacteria,
maintained the high number of iNKT in GF mice while increasing their activity. The
dissociation between iNKT cell number and functional regulation was repeatedly observed
in IL-18 inhibition and macrophage depletion studies, where liver iNKT function but not
frequency was affected. These findings show that the gut microbiome plays a complex

role in regulation of INKT cells. Simply changing iNKT population size by targeting bile
acid-metabolizing bacteria may not be enough to interfere with iNKT-mediated biological
processes, and iNKT functional interventions may also be needed.

Fecal transplantation and germ-free mouse studies clearly show that the vancomycin-
altered gut microbiome is responsible for the enhanced liver INKT function. It is also

still not known how the gut microbiome regulates CSF-1R*CD11b~F4/80* macrophages.
Vancomycin is known to reduce immunoregulatory short chain fatty acids (SCFAS).

A recent report suggests that reducing SCFAs contributes to the vancomycin-enhanced
tumor radiation therapy by unleashing a strong anti-tumor T cell response (47). The
potential role of SCFA in regulating iNKT cell functions in our setting needs further
investigation. Microbial metabolites have been found to modulate the host immune system
(48-51). Recently c-di-AMP, a microbial STING agonist, has been shown to regulate
myeloid cell function (48), and Akkermansia muciniphila, a bacteria shown to improve
immunotherapy efficacy, produces c-di-AMP. Interestingly, Akkermansia muciniphilais
known to expand upon oral vancomycin treatment. Further detailed investigation of immune
regulating metabolite-producing bacteria such as Akkermansia muciniphifa will help to
better understand regulation of iINKT function.

The effect of age on iINKT cell function and numbers is another interesting topic. During
early life microbial exposure has been found to have a profound and long-lasting effect on
colon iNKT cells and affects later development of immune mediated diseases such as IBD
and asthma (52). It will be interesting to study the impact of early life gut microbiome
alteration on liver iINKT cells and immune regulation in later life.

In summary, using three approaches to target macrophages, our study identified

IL-18 production by CSF-1R*CD11b~F4/80" macrophages as critical modulators of gut
microbiome-controlled iNKT function. Our study helps to understand the immune regulation
through the gut-liver axis, and suggests that modulating gut microbiota can be potentially
used to modify liver macrophages with the ultimate goal of regulating the liver immune
environment.
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Key points

1 Vancomycin altered gut microbiome enhances liver iINKT cell function.
2. Vancomycin treatment effects IL-18 production by CSF-1R+ macrophages.
3. Liver iNKT cell function is controlled by IL-18 producing CSF-1R+

macrophages.

J Immunol. Author manuscript; available in PMC 2024 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ma et al.

Page 18

a.GalCer loaded cells
(i.v.)

a_

| Oral vanco 3wks } —_—

2hrs  Cell harvest &
Flow cytometry

0.34
w10

w)

B IFNy+
B IFNy+IL4+
Bl L4+

[ negative

IL-4% iNKT

N

CD69 MFI in iNKT

EL,

H20 Vanco H20 Vanco H20 Vanco

ConA H
(i.v.)

?
| Oral vanco 3wks ‘ -_—

IFNy*% iNKT
3

2hrs  Cell harvest &
Flow cytometry

H20 Vanco H20 Vanco

Figure.1. Oral vancomycin treatment increasesliver iINKT activity.
(A-F) C57BL/6 mice (age 7 to 10 weeks) were kept on vancomycin or control H20 for 3

weeks. 10% aGalCer-loaded EL4 cells plus brefeldin A (250ug/mouse) were injected 7 v. in
mice. Two hours after injection, mice were euthanized, and liver mononuclear cells were
prepared for flow cytometry. (A) Experimental setup. (B) Representative IFNy and IL-4
staining of liver iNKT cells gated on TCRB*CD1d-tetramer™. Liver iNKT cells IFNy*%
(C), IL-4*% (D), composition of iNKT cells expressing IFN+y or IL-4 (E), and CD69 MFI
(F) are shown. Results are presented as mean+/— SEM of two independent experiments. n=8,
p<0.05, student t test.

(G-I). Concanavalin A (ConA) 50 ug/mouse plus brefeldin A (250ug/mouse) was injected
into mice kept on vancomycin or H20. Two hours later, liver mononuclear cells were
prepared. (G) Experimental setup. Liver iNKT cells IFNy*% (H) and CD69 MFI (1) are
shown. Results are presented as mean+/— SEM of two independent experiments. n=9,
p<0.05, student t test.
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Figure.2. Vancomycin altered gut microbiota causesthe enhanced iNKT function.
(A-C) Male germ-free BALB/c mice (age ~6 weeks) were kept under germ-free condition

or transferred to a SPF facility to colonize commensal microbiome (GF->SPF). Four

weeks later, the GF->SPF mice received vancomycin or control H20 for 3 weeks. iINKT

cell stimulation was performed by 7 v. injection of 106 aGalCer-loaded A20 cells plus
brefeldin A (250ug/mouse). Two hours later, liver mononuclear cells were prepared for flow
cytometry. (A) Experimental setup. Liver iNKT cells IFNy™* % (B) and IL-4* % (C) are
shown. Results are presented as mean+/— SEM of two independent experiments. n=8 for GF,
8 for GF->SPF H20, 4 for GF->SPF Vanco, p<0.05, one-way ANOVA.

(D-F) Germ-free BALB/c mice (age 7~10 weeks) received vancomycin in their drinking
water or FMT of feces from vancomycin treated SPF mice by oral gavage. Three weeks later
mice were challenged by /. v. injection of 108 a.GalCer-loaded A20 cells plus brefeldin A
(250ug/mouse). (D) Experimental setup. Liver iNKT cells IFNy*% (E) and IL-4%% (F) are
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shown. Results are presented as mean+/— SEM of one experiment. n=5, p<0.05, one-way
ANOVA.
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Figure.3. IL-18 controls gut microbiota dependent increasein liver iNKT cell function.
(A-C) Liver mononuclear cells were prepared from C57BL/6 mice kept on vancomycin or

H20, and incubated with aGalCer-loaded EL4 cells in the present of Brefeldin A for two
hours. Liver iNKT cell IFNy*% (B) and I1L-4*% (C) are shown. Results are presented as
mean+/— SEM of two independent experiments. n=12, p<0.05, student t test.

(D) Representative 1L-18 receptor staining of liver iNKT cells. (E) 1L-18R*% of liver or
spleen iNKT cells. Results are presented as mean+/— SEM of one experiment, n=5. (F) Liver
IL-18 mRNA from mice kept on vancomycin or H20 was measured by RT-PCR. Results

are presented as mean+/— SEM of two independent experiments. n=10, p<0.05, student t
test. (G, H) BALB/c mice (age 7~10 weeks) were kept on vancomycin or H20 for 3 weeks.
Anti-I1L18 or 1gG were given by /7p. injections twice before 7 v. injection of aGalCer-loaded
A20 cells with brefeldin A. (G) Experimental setup. (H) Liver iNKT cell IFNy*% is shown.
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Results are presented as mean+/— SEM from two independent experiments. n=8 for IgG
H20, 9 for IgG vanco, 4 for alL-18 H20, 9 for alL-18 vanco, p<0.05, two-way ANOVA.
(1, J) IL-18KO or Wt C57BL/6 mice (age 7~10 weeks) were kept on vancomycin or H20
for 3 weeks. Then mice were challenged /. v. with aGalCer-loaded EL4 cells plus brefeldin
A. (1) Experimental setup. (J) Liver iNKT cell IFNy*% is shown. Results are presented as
mean+/— SEM of one experiment. n=5, p<0.05, two-way ANOVA.
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Figure.4. CSF-1R* macrophages control liver iNK T cell function.
(A) Hepatocytes, macrophages or stellate cells were isolated from C57BL/6 mice kept on

vancomycin or H20. IL-18 mRNA in each cell type was determined by RT-PCR. Results are
presented as mean+/— SEM of one experiment. n=5, p<0.05, two-way ANOVA.
(B) Vancomycin or H20 treated C57BL/6 mice were treated with clodronate liposomes to
deplete macrophages. One day later, IL-18 mMRNA expression in liver tissue was measured
by RT-PCR. Results are presented as mean+/— SEM from two independent experiments.

n=7, p<0.05, two-way ANOVA.
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(C,D) Vancomycin or H20 treated C57BL/6 mice were treated with clodronate liposome to
deplete macrophages followed by /7.v. injection of aGalCer-loaded EL4 cells plus brefeldin
A. (C) Experimental setup. (D) Liver iNKT cell IFNy*% was measured by flow cytometry.
Results are presented as mean+/— SEM from two independent experiments. n=8, p<0.05,

two-way ANOVA.
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(E,F) BALB/c mice (age 7~10 weeks) were kept on vancomycin or H20 for 3 weeks.

Mice received two doses of aCSF-1R or IgG /.p. injections before /. v. injection of aGalCer-
loaded A20 cells plus brefeldin A. (E) Experimental setup. (F) Liver iNKT cell IFNy*% is
shown. Results are presented as mean+/— SEM of one experiment, n=4 for 1gG H20 and
IgG Vanco, n=5 for aCSF-1R H20 and aCSF-1R Vanco, p<0.05, two-way ANOVA.

(G,H) MMPTR mice or littermates (age 7~10 weeks) were kept on vancomycin or H20 for
3 weeks. Then mice were s.c. injected 200 ng diphtheria toxin (DT) to deplete CSF-1R*
macrophage one day before given /. v. injection of aGalCer-loaded EL4 cells with brefeldin
A. (G) Experimental setup. (H) Liver iNKT cell IFNy*% is shown. Results are presented as
mean+/— SEM from two independent experiment, n=5 for littermate H20, 4 for littermate
Vanco, 7 for MMPTR H20, 8 for MMPTR Vanco, p<0.05, two-way ANOVA.

(I, J) CD45.1 recipient mice (age ~6 weeks) were irradiated with 900 rads followed by
adoptive transfer of donor bone marrow cells from either CD45.2 WT or IL-18 KO mice,
followed by clodronate treatment. Mice were kept on vancomycin or H20 for 3 weeks,

and aGalCer-loaded EL4 cells plus brefeldin A was injected 7.v.. (G) Experimental setup.
(H) Liver iNKT cell IFNy*% is shown. Results are presented as mean+/— SEM from two
independent experiment, n=10, p<0.05, two-way ANOVA.
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