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LACC1 Regulates TNF and IL-17 in Mouse Models of
Arthritis and Inflammation

Cara Skon-Hegg,""Jr Juan Zhang,jlE Xiumin Wu,iE Meredith Sagolla,§ Naruhisa Ota,dr
Arthur Wuster,*"” Jennifer Tom,§ Emma Doran,’u Nandhini Ramamoorthi,"
Patrick Caplazi,® John Monroe,” Wyne P. Lee,” and Timothy W. Behrens*

Both common and rare genetic variants of laccase domain-containing 1 (LACCI, previously C13orf31) are associated with
inflammatory bowel disease, leprosy, Behcet disease, and systemic juvenile idiopathic arthritis. However, the functional relevance
of these variants is unclear. In this study, we use LACC1-deficient mice to gain insight into the role of LACC1 in regulating
inflammation. Following oral administration of Citrobacter rodentium, LACC1 knockout (KO) mice had more severe colon lesions
compared with wildtype (WT) controls. Immunization with collagen II, a collagen-induced arthritis (CIA) model, resulted in an
accelerated onset of arthritis and significantly worse arthritis and inflammation in LACC1 KO mice. Similar results were obtained
in a mannan-induced arthritis model. Serum and local TNF in CIA paws and C. rodentium colons were significantly increased in
LACC1 KO mice compared with WT controls. The percentage of IL-17A-producing CD4* T cells was elevated in LACC1 KO
mice undergoing CIA as well as aged mice compared with WT controls. Neutralization of IL-17, but not TNF, prevented enhanced
mannan-induced arthritis in LACC1 KO mice. These data provide new mechanistic insight into the function of LACC1 in
regulating TNF and IL-17 during inflammatory responses. We hypothesize that these effects contribute to immune-driven

pathologies observed in individuals carrying LACCI variants.

enetic variants of laccase domain-containing 1 (LACCI,
previously called C13o0rf31), including the common coding
single nucleotide polymorphism Ile254Val (rs3764147),
have been associated with inflammatory bowel disease [Crohn (1-3)
and ulcerative colitis (4)], the mycobacterial disease leprosy (5, 6),
and with Behcet disease (7), a vasculitis of mucosal membranes. In
addition, a rare homozygous coding mutation in LACCI (Cys284Arg)
was recently identified in children with a severe form of systemic
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juvenile idiopathic arthritis (JIA) in consanguineous Saudi Arabian
families (8). Systemic JIA is characterized by arthritis and a variety of
extra-articular features, including daily fevers, macular rash, enlarged
lymph nodes, hepatomegaly, and serositis (9). The children homo-
zygous for LACCI Cys284Arg had the characteristic quotidian fever
and macular rash, symmetrical polyarthritis affecting small and large
joints, leukocytosis, thrombocytosis, and elevated markers of in-
flammation (8).

In a separate Saudi Arabian family, the same Cys284Arg LACCI
mutation resulted in severe pediatric Crohn disease (10). Homozy-
gous truncation mutations in LACCI (frameshift c./28_129delGT)
discovered in a Moroccan family additionally resulted in early onset
systemic JIA (11). These human genetic studies suggest that LACC1
is involved in regulation of inflammation in the setting of infection
and/or autoimmunity.

LACC]1 is named for its sequence similarity to the laccase family of
enzymes, also known as multicopper oxidoreductases. In bacteria and
other lower organisms, laccases catalyze copper-dependent reduction—
oxidation reactions that result in oxidation of a broad range of phe-
nolic substrates (12). Laccases have a type 1 (T1) blue copper and a
trinuclear copper core that comprise the catalytic domain of the en-
zyme (12). The laccase-like domain within LACC1 contains a pu-
tative T1 blue copper site but lacks the canonical trinuclear core; thus,
it is unclear whether LACC1 functions similarly to other laccases.

LACCT shows little homology with other mammalian proteins but
does have structural similarity to the YfiH protein of Shigella flexneri
based on crystal structure (Pfam motif DUF152) (13). Three-
dimensional modeling of LACCI1 based on its homology to the
oxidase YfiH suggests that the rare Cys284Arg mutation may dis-
rupt the catalytic site (at the T1 blue copper site) within the laccase-
like domain of LACC1 (10). The common Ile254Val variant of
LACCI may otherwise negatively alter the stability and/or function
of LACCI protein (10).

To better understand the role of LACC1 in inflammation and to
gain insight into how genetic variants of LACC/ might contribute
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to the pathogenesis of disease, we generated and characterized
LACCI1 knockout (KO) mice. These studies provide new infor-
mation on the inflammatory networks that LACCI1 influences
in vivo.

Materials and Methods
Mice

LACCI1 KO mice were generated from Lacc] ™ OMPWii «gy firgt”
sperm purchased from the Knockout Mouse Project on a C57BL/6 back-
ground. We additionally treated embryos with HTN-CRE to excise the first
translational exon of LACCIl. LACC1 KO mice were maintained at
Genentech under specific pathogen-free conditions. All wildtype (WT)
mice were generated from the same colony and age-matched for all ex-
periments.

Colitis models

For infectious colitis, animals were fasted overnight and the following
morning received oral inoculation of 2 X 10° Citrobacter rodentium. Fresh
stool samples were collected 3X per wk, weighed, and vortexed in PBS
before performing serial dilutions on McConkey plates for fecal bacterial
shedding quantification. On day 13, serum was collected, colons’ weight
and length were recorded, and half the colon went for histology scoring,
whereas the other half went into RNAlater and was frozen at —80°f for
RNA analysis. For chemical colitis, mice drinking water was replaced with
drinking water containing 3% dextran sulfate sodium (DSS, 35-50 kDa;
MP Biomedicals). Mice were weighed daily, and normal water was
replaced on day 5. Animals’ colons and serum were harvested on day 8
post—initial DSS treatment.

For colon lesion severity assessment, histology on formalin-fixed
samples of the colon (four transverse sections per mouse averaged to
give one score per mouse) was scored from 0 to 5. Scoring scheme was as
follows: 0, normal; 1, elevation of crypts from lamina muscularis mucosae
by inflammatory cells, no or minimal crypt separation, crypt epithelium
unaltered; 2, as score 1 but more extensive, may have had slight crypt
hyperplasia; 3, crypt elevation but inflammatory cells generally limited
to lamina propria, occasional foci of crypt epithelium effacement;
4, marked crypt elevation, some submucosal or transmural inflammation,
marked crypt hyperplasia, usually diffuse; 5, as score 4, but submucosal
or transmural inflammation marked, could have had crypt abscess and
herniation.

Arthritis models

Collagen-induced arthritis (CIA): Mice were immunized intradermally on
the side of the back with 200 wg of chick type II collagen (Chondrex
catalog no. 20011) in 100 wl of CFA on day O and day 21. For the
treatment study, starting on day 24 and continuing 3X per wk, mice were
injected i.p. with either 400 pg of anti-ragweed IgG or 200 pg of anti—
IL-17A/200-pg anti-IL-17F IgG2a. Mannan-induced arthritis (MIA): On
day 0, 4, and 8, animals were injected i.p. with 20 mg of mannan (M7504-
5G; Sigma) in 200 wl of PBS. For treatment studies, on day 4, 7, and 9,
mice were injected i.p. with either 400 pg of anti-ragweed IgG, 200 pg of
anti—IL-17A/200-pg anti—IL-17F 1gG2a, or 400 pg of anti-TNFR II IgG2a
(Genentech). All experimental animals were clinically scored for arthritis
3-5X per wk. Clinical arthritis scoring was as follows: each paw scored
0—4. A score of 0 was assigned for normal joint appearance. A score of
1 was assigned cumulatively to each paw for erythema and/or edema in the
tarsal or carpal joints, metatarsal or metacarpal joints, metatarsal phalan-
geal or metacarpal phalangeal joints, or phalanges. A maximal score of
4 indicated erythema, edema, or both, involving the entire paw. The maximal
disease index for each mouse was 16. Additional clinical analysis was car-
ried out by normalizing the arthritis score to onset of animal arthritis (defined
as the time at which at least one paw had an arthritis score of 1 or more) or
normalizing to the onset of each individual paw’s arthritis onset (indepen-
dently obtaining an arthritis score of 1 or more). For the “number of paws
affected” criteria, an affected paw was defined as having an arthritis score of
1 or more.

At day of harvest, serum was collected, and paws with skin removed were
put into either RNAlater or RLT buffer and snap frozen for RNA analysis or
put into formalin for histological scoring. For histological scoring, all four
paws were analyzed on a 0-5 scale for each inflammation, fibroplasia,
cartilage loss, and bone remodeling, and each was equally weighted to give
a total paw lesion score (0-5). The animal average lesion score was cal-
culated by obtaining the average of each mouse’s paw lesion scores with
or without removal of arthritic paws (classified as having a clinical score of
1 or more).

Isolation of primary immune cells

For the isolation of primary mouse cells, single-cell suspensions were
generated from spleen, peritoneal lavage fluid, bone marrow, and lymph
nodes and either sorted for specific subsets or negatively enriched using
Miltenyi kits. Macrophages (F480'", CD1 lbh‘, CD19 ,CDll1c, SiglecF )
were sorted from the peritoneal fluid. Dendritic cells were negatively
enriched from the spleen using Miltenyi’s Pan Dendritic Cell Mouse
Isolation Kit (130-100-875) per manufacturer’s instructions (40-70%
CDI11c* or BST2*, Fig. 1) or additionally sorted (CD11c¢* MHC class 1™
CDI11b* or CD11b™, Supplemental Fig. 1). B cells (CD45" CD19%), CD4*
T cells (CD45" CD3* CD4" CD25"), regulatory T cells (CD45* CD3*
CD4* CD25%), and CD8* T cells (CD45" CD3* CD8") were sorted from
the lymph node. Primary neutrophils were isolated from bone marrow by
negative enrichment using Miltenyi’s Neutrophil Isolation Kit (130-097-
658) per manufacturer’s instructions (93% Ly6g* or greater). All sorted
populations were =90% enriched.

Generation of bone marrow—derived cells

Bone marrow was flushed from the femur of mice, 70 pwm filtered and cultured
in vitro with either conditioned media (DMEM + 10% FBS + 10 U/ml
penicillin-streptomycin + 2 mM L-glutamine + 1 mM sodium pyruvate)
containing 50 ng/ml M-CSF (PeproTech) for bone marrow—derived macro-
phages (BM-macs) or conditioned media (RPMI 1640 + 10% FBS + 10 U/ml
penicillin-streptomycin +2 mM L-glutamine + 0.01 M HEPES + 50 pM
2-ME) containing 1-10 ng/ml GM-CSF (PeproTech) for BM-derived den-
dritic cells (BM-DCs). Six days later, BM-macs were harvested, aliquoted,
and frozen in FBS with 10% DMSO until needed. For analysis, BM-macs
were reseeded for 2 h with M-CSF and then exposed to appropriate treat-
ment. BM-DCs were cultured for 7 d in vitro and assayed fresh. For confocal
analysis of BM-DCs, bone marrow cells were additionally cultured with
10 ng/ml IL-4 (R&D Systems), and positive CD11c* enrichment was per-
formed using Miltenyi’s CD11c* beads (130-097-059). Macrophages from
human blood monocytes were generated by culturing in M-CSF (50 ng/ml) for
7 d before being plated for microscopy. For Western analysis, BM-macs and
BM-DCs were exposed to 100 ng/ml ultra-pure LPS (Invivogen Ultra-pure
LPS-EK) for 24 h. For TLR agonist stimulation, 0.5 pg/ml Pam3CSK4,
10"8 cells per ml HKLM, 1 wg/ml Poly(I:C) high m.w., 100 ng/ml LPS,
1 wg/ml Salmonella typhimurium flagellin (100 ng/ml for BM-DCs), 100 ng/ml
FSL-1, 1 pg/ml ssRNA40, or 5 uM ODN1826 (Invivogen Mouse TLR1-9
Agonist Kit, catalog no. tlrl-kitlmw) were added for 2, 6, or 24 h (only 24 h
for BM-DCs) before cells were suspended in RLT supplemented with 2-ME
(Sigma) for RNA analysis.

LACCI polyclonal Ab generation

A polyclonal rabbit anti-mouseLACC1 Ab was generated by inoculating
rabbits with full-length mouse LACCI1 protein, and serum was affinity
purified using protein A, resulting in a total IgG polyclonal Ab fraction
(Genentech).

Protein analysis

Protein extracts, separated by SDS-PAGE (NuPage Novex 4-12% Bis-Tris)
and transferred onto nitrocellulose membranes, were probed with Abs
against LACC1 (in-house polyclonal Ab, 1:500) or GAPDH (1:4000).
Proteins of interest were detected with donkey anti-mouse or anti-rabbit
IRDye 800CW or 680RD secondary Abs (1:15, 000 Li-Cor). Positive
control was HEK 293 cells transfected with LACC1 (c-terminal Myc-
DDK-tagged) (Origene MR214267, pCMV6-entry vector), and negative
control was mock-transfected HEK 293. Protein was isolated 16 h after
transfection.

For serum cytokine detection, serum was collected, and cytokine titers
were measured by Luminex using a MILLIPLEX MAP Mouse Ig Cytokine/
Chemokine Magnetic Bead Panel (catalog no. MCYTMAG-70K-PX32,
MilliporeSigma). Concentration was depicted as an average fold change
(KO/WT) for each experiment, with a detection threshold of 1.5 pg/ml and
a significance cutoff of p < 0.05. Colored box indicates the degree of fold
change, and gray box signifies cytokine was not detected or did not reach
significant cutoff.

RNA analysis

At time of RNA extraction, colon was removed from RNAlater, put into
RLT buffer supplemented with 2-ME (Sigma-Aldrich), and dissociated
using gentleMACS M Tubes. At time of RNA extraction, paws were put into
RLT + 2-ME and disrupted with 5 mM stainless steel beads (catalog no.
69989; Qiagen) using a Tissue Lyser II. All RNA was then extracted using
an RNAeasy Mini Kit (catalog no. 74104 w) or RNeasy Fibrous Tissue Mini
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Kit (paws only, catalog no. 74704) with DNase step per the manufacturer’s
instructions (Qiagen). cDNA was generated using a qScript cDNA Syn-
thesis Kit per the manufacturer’s instructions (Quanta Biosciences catalog
no. 95047-500). For Fluidigm analysis, sequence-specific preamplification
was performed for 14 cycles, and the resulting cDNA was analyzed in
quadruplicate with TagMan Universal PCR Master Mix (Thermo Fisher
catalog no. 4304437) and TagMan Gene Expression Assays (Applied
Biosystems) in 96.96 Dynamic Arrays on a BioMark System (Fluidigm).
Raw cycle threshold (Ct) values were normalized to the average of
GAPDH/HPRT/RPL19 (or just GAPDH and RPL19 for colon samples)
using the equation 2" —[(gene of interest Ct) — (averaged reference genes
Ct)]. Fold change per experiment was determined using the average nor-
malized Ct values, and a heatmap was constructed with the threshold
criteria of average normalized Ct value >0.0005 (paws) or 0.0001 (colon).
Quantitative PCR of BM-DC and BM-mac LACCI mRNA was performed
using TagMan Universal PCR Master Mix (Thermo Fisher catalog no.
4304437) and TagMan Gene Expression Assays and normalized to HPRT
levels (Fig. 1B). LACCI mRNA from Supplemental Fig. 1E was analyzed
using Fluidigm.

RNA sequencing and pathway analysis

BM-macs were plated at 250,000 cells/1 ml conditioned media without
antibiotics in a 24-well flat-bottom plate and 24 h later infected with log
phase Mycobacterium marinum multiplicity of infection (MOI) 1, con-
taining GFP by centrifugation for 10 min (1000 RPM). Cells were then
washed two times and put back into conditioned media with 20 pg/ml
streptomycin and incubated at 33°C. Bioluminescence, as a readout of the
amount of M. marinum in each well, was read out using a Luminometer.
Twenty-four hours postinfection, RLT buffer with 2-ME was added and
RNA extracted (as above). RNA was quantified using Nanodrop 8000
(Thermo Scientific), and integrity was measured using the Bioanalyzer
RNA 6000 Pico Kit (Agilent). Libraries were prepared using the TruSeq
RNA Library Prep Kit version 2 (Illumina) with 100-500 ng of input and
amplified using 10 cycles of PCR. Libraries were multiplexed and se-
quenced on a HiSeq 2500 System (Illumina), resulting in 15 M single-end
50-bp reads per library. Alignment, feature counting, normalization, and
differential expression analysis were performed similar to as described
previously (14). In brief, HTSeqGenie was used to perform filtering,
alignment to GRCm38, and feature counting. Normalized reads per kilo-
base gene model per million total reads (nRPKM) values were computed
as a measure of gene expression. Pairwise differential expression analysis
was performed using voom and limma. For differential gene expression
analysis, significant genes were filtered and identified as p < 0.02, nRPKM
>2 and fold change >1.2 or <0.8. Pathway analysis was performed with
Ingenuity Pathway Analysis (IPA) software (Qiagen) using the “Diseases
and Disorders” pathway module. Heatmap Euclidean clustering of genes
was performed by plotting log 2—transformed fold change values for each
replicate sample and each gene (log 2 floor set at —3 for heatmap). Col-
ored boxes indicate the degree of fold change.

Confocal microscopy

Fresh BM-DCs and fresh human blood macrophages were added to four-
well chambered slides and allowed to adhere for 2 h. Frozen BM-macs
were reseeded for 2 h with complete media containing M-CSF and then
polarized for 16 h with 50 ng/ml IFN-y and 20 ng/ml LPS. Slides were then
fixed with 2% paraformaldehyde for 15 min. Permeabilization with 0.05%
Triton X-100 was conducted for 5 min followed by washing with PBS.
Nonspecific binding was blocked with 5% BSA, 0.5% gelatin, and 0.05%
Tween 20 for 20 min in PBS followed by incubation with primary Abs in
blocking solution at 4°C overnight. The next morning, slides were washed
with PBS and covered with Image-IT FX for 15 min before incubation
with secondary Ab diluted in blocking solution at room temperature for 30
min. Slides were then washed with PBS and stained with 300 nm of Dapi
before being mounted with no. 1.5 coverslips and ProLong Gold. Fluo-
rescence was visualized with a Nikon AIR confocal microscope.

Primary Abs are as follows: in-house rabbit anti-mLACC1 (1.8 mg/ml,
1:500), mouse anti-hLACC1 (sc-374553 Santa Cruz E7, 200 pg/ml 1:50),
mouse anti-PMP70 (Sigma SAB4200181, 1 mg/ml 1:100), and rat anti-
LAMP1 (0.5 mg/ml 1:200). Secondary Abs: goat anti-rabbit (Fab2) 488
(The Jackson Laboratory 111-545-047, 1:200), goat anti-rat (Fab2) 647
(The Jackson Laboratory 112-605-072, 1:200), and goat anti-mouse (Fab2)
647 (The Jackson Laboratory 115-006-062, 1:200).

Monitoring IL-17 production in T cells and flow cytometry

Lymph nodes and spleen from either 5-mo-old mice (aged mice) or day 20
CIA mice were processed into a single-cell suspension and stimulated with
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50 ng/ml PMA (Sigma) and 500 ng/ml ionomycin (aged mice) or stimulated
with anti-CD3/28 T cell activator Dynabeads at a ratio of 0 (unstimulated)
or 1:1 (Thermo Fisher catalog no. 11452) (day 20 CIA cells) in a 96-well
round-bottom plate at 2 X 10° cells per ml. Two hours later, brefeldin A
(GolgiPlug; BD Biosciences) was added to the culture, and four additional
hours later, cells were surface stained with CD3, CD4, CDS8, and CD45.
Fixation and permeability, using a Foxp3/Transcription Factor Staining
Buffer set (catalog no. 00-5523-00; eBioscience), followed by intracellular
staining for IL-17 and IFN-y, was conducted per the manufacturer’s in-
structions. For the frequency of IL-17-producing CD4* T cells in aged
mice, fold change was determined by dividing each value by the WT mean
value within each experiment. For flow cytometric analysis of immune
subsets from the mesenteric lymph node of day 13 infected C. rodentium
mice, gating strategies included single, live CD45" cells. Additional gating
included CD4" cells defined as CD3*CD4" and subdivided into CD25" or
CD44" versus CD44", CD8" cells as CD3*CD8*, dendritic cells as
CD11b* CD11c*, neutrophils as CD11b* Ly6g*, eosinophils as CD11b*
SiglecF*, and macrophages as CD11b* Ly6g~ CDllc™ SiglecF  and
subdivided based on Ly6c expression.

In all flow cytometry experiments, dead cells were discriminated using
the LIVE/DEAD Fixable NIR-IR Dead Cell Stain Kit (Thermo Fisher
L10119). Flow cytometry was performed using an LSR II (BD), and data
were analyzed using FlowJo (Tree Star) software.

Graphing and statistical analysis

Univariate tests were done using a nonparametric Mann—Whitney U test in
Prism or an ordinal mixed-effects regression controlling for mouse when
analyzing repeated measures data, with the package ordinal in R version
3.3.3.

For longitudinal models, a mixed-effects model using a random intercept
for each animal was fit controlling for time as a fixed effect and testing group
as a predictor. Starting timepoints in which mice all had a score of zero were
removed. The outcome arthritis score was log transformed prior to fit, and
analysis was completed in R using the package nlme using a standard linear
mixed-effects model. Ordinal outcomes (such as the number of paws af-
fected) were fit using an ordinal mixed-effects model. The p values were
considered significant at *p < 0.05, **p < 0.01, ***p < 0.001.

Results
LACCI expression in myeloid cells

Previous RNA sequencing (RNAseq) studies in mouse immune cell
subsets suggested that LACC! transcripts are expressed predomi-
nantly in myeloid cells [(15) and shown in Supplemental Fig. 1A].
To test this, we raised polyclonal Abs against mouse LACCI protein
and found that LACC1 protein was highly expressed in mouse
primary macrophages and dendritic cells sorted from the peri-
toneum or spleen, respectively (Fig. 1A). Confocal microscopy
determined that LACC1 protein was cytoplasmic and nuclear in
myeloid cells and did not colocalize with peroxisomes or lyso-
somes (Supplemental Fig. 1B, 1C). Additionally, highly enriched
neutrophils from the blood also expressed detectable LACCI1
protein (Fig. 1A).

We next isolated cells from LACC1 KO mice and confirmed the
absence of detectable protein or LACCI mRNA expression
(Fig. 1A, 1B). LACCI1 protein was not expressed at high levels in
several other immune cell subsets analyzed (Supplemental Fig.
1D). A faint band close to the m.w. of LACC1 was identified in
LACCI1 KO cells (Fig. 1A and Supplemental Fig. 1D). A band
with similar intensity was also detected in WT LACC1 T cells
and B cells (Supplemental Fig. 1D), cell populations that have no
or very little LACC1 RNA expression (Supplemental Fig. 1A),
suggesting that this band is nonspecific.

Treatment of BM-macs and BM-DCs with LPS resulted in a
robust increase of LACCI1 at both the transcript and protein levels
(Fig. 1B, 1C). BM-macs exposed to other TLR agonists also
showed an increase in LACCI mRNA, albeit less pronounced than
observed with LPS (Supplemental Fig. 1E). The exception to this
was Poly(I:C), whose exposure resulted in a similar increase in
LACCI mRNA as LPS (Supplemental Fig. 1E).
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FIGURE 1.

LACCI is expressed in myeloid cells and is LPS inducible. (A) LACCI1 protein levels in primary mouse macrophages (M®), dendritic cells

(DC), or neutrophils (Neu) isolated from LACC1 KO or WT mice as assessed by Western blotting of total cell lysates (10 wg) with polyclonal Abs to
LACCI or mAbs to GAPDH. (B) LACCI mRNA expression relative to HPRT levels in BM-DCs in WT or LACC1 KO cells untreated or stimulated with
100 ng/ml LPS, 5 uM CPG (ODN1826), or S. typhimurium flagellin (Fla) for 24 h and a time course for BM-mac. Data from two independent experiments
(n = from 6 to 9 mice) or one experiment [BM-DC with CPG/FLA (n = 3) and WT BM-mac with LPS for 2 h/24 h (n = 4)]. Error bars show SD. (C) Protein
levels of LACC1 assessed by Western blotting 24 h after LPS or mock treatment, quantification on the right. Positive control, HEK cells transfected with a
LACCI expression construct (Myc-DDK-tagged); negative control, mock-transfected HEK cells. *p < 0.05, **p < 0.01, ***p < 0.00.

Enhanced colonic inflammation in LACCI KO mice following
C. rodentium infection

As noted above, single nucleotide polymorphisms within LACCI
have been linked to Crohn disease and ulcerative colitis in humans
(1-4); we therefore tested the role of LACC1 in a mouse model of
colitis caused by infection with C. rodentium. LACC1 KO or WT
controls were orally infected with 2 X 10° CFU C. rodentium, and
fecal bacterial clearance was monitored over time. Animals were
sacrificed, and colons were analyzed for weight, length, and his-
tologic changes 13 d postinfection.

LACC1 KO mice did not exhibit significant differences in
bacterial clearance, colon weight, or colon length as compared with
controls (Fig. 2A and data not shown). However, histological
analysis of colons showed that inflammatory lesion scores were
significantly worse in LACC1 KO colons compared with WT
controls (Fig. 2B, 2C). Mesenteric lymph node cells were also
analyzed at day 13 postinfection, and no significant differences
were identified in immune cell subsets (data not shown). In a
separate model of chemical colitis induced by DSS, we found no
significant clinical or histologic differences between LACC1 KO
and control mice (data not shown).

LACCI KO mice exhibit worse CIA

LACC1 KO mice monitored monthly for over 1.5 y did not develop
spontaneous arthritis (n = 34 KO mice, n = 23 WT mice, only
one animal per group reached an arthritis score of 3 or greater),
and serum from 10-mo-old LACC1 KO mice versus WT con-
trols showed no differences in total Ig levels or levels of various

autoantibodies including anti-dsDNA or anti—extractable nuclear
Ag (Supplemental Fig. 2A, 2B).

Based on the observation that a rare coding mutation in LACCI
was associated with severe systemic JIA in children (8), we tested
the role of LACCI in the development of CIA in mice. LACC1
KO and WT controls were immunized intradermally with 200 g
of chick collagen II in 100 pl of CFA on day 0 and day 21 and
monitored over time for arthritis development. LACC1 KO mice
developed significantly more severe arthritis and had a higher
arthritis score over time (Fig. 3A). Histological analysis of paws at
day 48 revealed an increased average lesion score in LACC1 KO
paws as compared with WT controls (Fig. 3B). The percentage of
arthritic paws at day 20 and day 48 after the initial collagen in-
jection was significantly higher in the LACC1 KO mice compared
with WT (Fig. 3C). From analysis of arthritic mice at day 20, it
was clear that LACC1 KO mice exhibited more severe arthritis
compared with WT controls (Fig. 3D).

To decipher the underlying reason for the enhanced arthritis
scores in LACC1 KO mice and to overcome variability in disease
onset in the CIA model (ranging from 2 to 6 wk from initial
collagen immunization), we normalized the arthritis score for each
animal based on the day of arthritis onset (Fig. 3E, 3F). Even after
excluding animals that never developed arthritis (a trend of in-
creased numbers of arthritic animals was observed in the LACC1
KO group, Fig. 3C), LACC1 KO mice showed worse arthritis
compared with WT controls (Fig. 3E). Furthermore, once LACC1
KO mice developed arthritis, a greater number of paws developed
arthritis as compared with WT animals (Fig. 3F). After normalizing
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FIGURE 2. In vivo infection with C. rodentium. LACC1 KO and age-matched WT control mice were orally inoculated with 2 X 10° C. rodentium. (R)
Stools were collected for quantification of bacterial shedding over time. (B and C) On day 13 postinfection, colons were harvested for histologic scoring of
colonic lesion severity. (B) Average lesion score (four transverse sections per mouse averaged to give one score per mouse) for each animal. (C) Rep-
resentative colon histology from LACC1 WT (left) and LACC1 KO (right) colons. Arrow, submucosal infiltration with inflammatory cells. Number in black
rectangle is score for the individual section. Data are presented as mean * SD from two independent experiments (n = 9-19 mice/timepoint). *p < 0.05

the arthritis score of each paw based on arthritis onset in each in-
dividual paw, arthritis progression was not different between groups
(Fig. 3G). Similarly, analysis of each mouse’s average paw lesion
score, after excluding nonarthritic paws, showed no difference be-
tween WT and LACC1 KO (Fig. 3B). Taken together, these data
suggest that LACC1 KO mice show a reduced threshold for de-
veloping arthritis after collagen immunization in the CIA model,
but the progression of arthritis once initiated within a paw was
similar between WT and LACC1 KO.

Exacerbated arthritis and worse psoriasis in LACC1 KO mice
in the MIA model

Because of the variability in disease onset in the CIA model, we
also wanted to test whether LACC1 KO and WT mice differed in
their response to injection with mannan polysaccharide purified
from Saccharomyces cerevisiae (15), a more synchronized model
of arthritis inflammation. LACC1 KO and WT control mice were
injected i.p. with 20 mg of mannan on days 0, 4, and 8, and ar-
thritis scores were monitored over time. Similar to the results
obtained in the CIA model, MIA was also significantly worse in
LACC1 KO mice compared with WT (Fig. 4A). The increased
arthritis score was also mainly driven by the number of paws that
developed arthritis in the MIA model (Fig. 4B, 4C).

Mannan injection also results in psoriatic lesions of the pinnae
and paws that can be scored visually (16). Psoriasis scores were
significantly higher in LACC1 KO as compared with WT mice
following mannan exposure (Fig. 4C).

We also looked for differences between LACC1 KO and WT
mice in the K/BxN model of arthritis. Serum from K/BxN mice
contains high titers of autoantibodies against the self-antigen
glucose-6-phosphate isomerase (GP6PI), and injection of serum
into mice leads to immune complex formation and deposition in
joints, causing joint inflammation in an Arthus-like reaction (17).
Administration of 75 pl of K/BxN serum to LACC1 KO and WT

controls showed no differences in arthritis score or other clinical
features between groups (data not shown).

Increased TNF levels in LACC1 KO mice

To identify putative mechanisms contributing to accelerated ar-
thritis and increased colitis in LACC1 KO mice, we assessed
mRNA levels for 32 cytokines and chemokines at various time-
points across these models. We isolated RNA from CIA and MIA
paws as well as C. rodentium and DSS colons, and specific tran-
scripts were quantified (Supplemental Fig. 2C). Of interest, tran-
scripts for TNF-a were increased in LACC1 KO CIA paws (day
28) and C. rodentium colons (day 8) and showed a similar trend in
MIA paws (day 10) as compared with WT controls (Fig. SA and
Supplemental Fig. 3C). TNF-a mRNA was elevated in both ar-
thritic and nonarthritic CIA LACC1 KO paws compared with WT
paws 28 d after initial collagen immunization (Fig. 5A).

We next measured protein levels of TNF-a and a broader panel
of serum cytokines and chemokines (Supplemental Fig. 2D).
TNF-a protein was significantly increased in the serum of LACC1
KO mice 20 and 28 d after initial collagen immunization (Fig.
5B). CCL4, CCLS5, and G-CSF were also increased in LACC1 KO
serum 13 d after C. rodentium infection, and CCL4 was elevated
in LACC1 KO DSS serum 8 d after administration (Supplemental
Fig. 2D). Lp. LPS challenge (10 mg/kg) of LACC1 KO and WT
mice showed no differences in the tested serum cytokines at any
time point analyzed postchallenge (data not shown).

Higher numbers of IL-17-producing CD4* T cells in LACCI
KO mice

CIA is mediated, at least in part, by IL-17 production (18, 19). We
therefore assessed the frequency of IL-17-producing CD4™ T cells
and observed significantly higher frequency of this cell subset at
day 20 in LACC1 KO mice compared with WT controls (Fig. 5C
and Supplemental Fig. 3A). This was observed in freshly isolated
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FIGURE 3. Enhanced CIA in LACC1 KO mice. LACC1 KO (red) and age-matched WT control (black) mice were immunized with 200 ng of chicken
type II collagen in CFA intradermally on day O and day 21. (A) Paw arthritis scores were monitored over time. Data are presented as mean = SEM from two
independent experiments (n = 29-39 mice per timepoint). (B) At day 40, all paws (left) or arthritic paws (right) were histologically scored for lesion severity
from all the mice in one of the experiments (n =9 WT and 13 LACC1 KO mice). Data are presented as mean £ SD. (C) Number of arthritic animals and
paws at day 20 (top two rows) and day 48 (bottom two rows) after initial collagen immunization. (D) Arthritis score from arthritic mice at day 20 CIA, data
combined from three independent experiments (n = 19 WT and 25 KO). Data presented as mean * SD. (E and F) Arthritis scores and numbers of affected
paws normalized to arthritis onset. Data represent 18-30 mice in each group per timepoint and are presented as mean = SEM. (G) The individual arthritis
score for each paw normalized to the individual paw arthritis onset over time. Data combined from two independent experiments and presented as mean *=

SEM. (n = 55-95 paws per timepoint). *p < 0.05, **p < 0.01.

day 20 CIA splenocytes and following stimulation with anti-CD3/
CD28 Abs.

Of interest, although 10-mo-old LACC1 KO mice did not show
significant differences in cell numbers across the various lymphoid
populations in spleen and lymph node (data not shown), stimulation
of splenocytes from these older mice with PMA and ionomycin
showed an increased percentage of LACC1 KO CD4* T cells
producing IL-17 (Fig. 5D). This was not observed in the CD8"
T splenocyte population (data not shown).

Of note, cytospin analysis of blood immune cell subsets at day 28
or day 48 in the CIA model showed no differences in the percentage
or number of neutrophils, lymphocytes, monocytes, or eosinophils
in LACC1 KO versus WT mice (data not shown). Additionally,
there were no differences in Ab isotype levels or serum anticollagen
Abs between LACC1 KO and WT controls in the CIA model (data
not shown). The numbers of CD25"CD4" regulatory T cells from
inguinal lymph nodes were not altered in CIA LACC1 KO mice
(data not shown).

Neutralization of IL-17, but not TNF, prevented the
exacerbated MIA initiation in LACCI1 KO mice

Following the observation that IL-17A and TNF-a protein levels
were elevated in LACC1 KO mice undergoing the arthritis mod-
els, we tested whether IL-17 or TNF-a was responsible for the

increased MIA arthritis by administering anti—IL-17A/F, anti-
TNFR, or control Abs i.p. to LACC1 KO or WT controls on
day 4, 7, and 9 following the initial mannan injection.

Both anti-IL-17 and anti-TNFR Abs resulted in reduced ar-
thritis scores compared with the control Ab—treated group in both
LACC1 KO and WT mice, indicating that both of these cytokines
contribute to arthritis in the MIA model (Fig. 6A), consistent with
previous data (16, 20). By day 10 after mannan injection, neu-
tralization of IL-17 diminished the differences in arthritis score
observed between LACC1 KO and WT mice receiving the control
Abs (Fig. 6A, solid lines versus dotted lines, and Fig. 6B). LACC1
KO and WT mice receiving control Abs did not show statistically
significant differences in the number of arthritic paws at day 10 of
MIA (Fig. 6C), but neutralization of IL-17 did lessen the differ-
ence in independent paw arthritis scores in the control Ab groups
(Fig. 6E). However, psoriasis scores of LACC1 KO versus WT
mice were not altered following neutralization of IL-17 (Fig. 6F),
suggesting that the psoriatic lesions in LACC1 KO mice in this
model have a distinct mechanism of pathology.

Although neutralization of TNFR diminished the arthritis score
in LACC1 KO mice compared with the control Abs, it did not
lessen the difference in arthritis score between LACC1 KO and WT
mice by day 10 (Fig. 6A, solid lines versus dashed lines). Addi-
tionally, although neutralization of IL-17 diminished the observed
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difference in the percentage of arthritic paws in LACC1 KO
versus WT paws, neutralization of TNF did not lessen the per-
centage of LACCI1 KO arthritic paws versus WT (Fig. 6D).

Neutralization of IL-17 in CIA model

We also administered anti—IL-17A/F or anti-ragweed control Abs
i.p. to either CIA LACC1 KO or WT controls 3X per wk starting
on day 24 of CIA and monitored arthritis development. Neutral-
ization of IL-17 resulted in a decreased arthritis score in WT mice
compared with the WT mice receiving anti-ragweed control
(Supplemental Fig. 3B). However, neutralization of IL-17 did not
diminish the arthritis score in LACC1 KO mice compared with
LACC1 KO mice receiving control Abs, although IL-17 neutral-
ization was observed in the day 28 CIA serum of both LACC1 KO
and WT animals receiving anti—IL-17A/F Abs (Supplemental Fig.
3B, 3C).

M. marinum infection of LACCI1 KO and WT BM-macs

In a final series of experiments, we tested whether the absence of
LACCI altered the control of M. marinum, a bacterium related to
M. leprae that causes human leprosy. Live M. marinum bacteria
were coincubated with BM-macs at various MOIs and for differing
times in vitro, and levels of viable bacteria were measured. No
differences in bacterial burden were observed between LACC1 KO
and WT BM-macs following infection (Supplemental Fig. 4A).

We next performed RNAseq analysis on LACC1 KO versus WT
BM-macs infected in vitro (MOI 1) for 24 h with M. marinum.
Differentially expressed genes were identified by comparing
normalized RPKM between LACC1 KO and WT BM-macs and
applying the following set of statistical criteria: fold change
>1.2 or <0.8, uncorrected p value <0.02, and mean nRPKM
across samples >2.

Following in vitro infection, 139 genes were upregulated, and
140 genes were downregulated in LACC1 KO BM-macs as

compared with controls. Formal pathway analysis identified the
category “inflammatory response” as the most significantly altered
group of genes (56 genes total) within disease and biological
functions (Supplemental Fig. 4B). Of the top 20 genes that showed
the largest fold change differences between the two groups, sev-
eral cytokine transcripts were increased in LACC1 KO BM-macs,
including TNF, IL-1a, CXCL1, CCL3, and CCL4 (Fig. 7A).
Additionally, formal pathway analysis also identified the category
“IL-10 signaling” and “TNFR II signaling” as the two top ca-
nonical pathways most significantly altered between groups (Fig.
7B, Supplemental Fig. 4C). These data support the hypothesis that
LACCI1 is involved in repressing inflammatory responses in in-
fected macrophages.

In conclusion, we have shown that LACC1 KO mice exhibit
enhanced arthritis onset in both the CIA and MIA models as well as
worse colitis with C. rodentium compared with WT controls. We
identified both TNF and IL-17 as increased in LACC1 KO mice
and provide mechanistic data that IL-17 is responsible for the
enhanced arthritis onset in MIA LACC1 KO animals versus WT
controls. In vitro studies of LACC1 KO macrophages suggest that
dysregulated myeloid inflammatory responses may contribute to
the increased TNF levels observed in LACC1 KO mice compared
with controls.

Discussion

To better understand the role for LACC1 in regulating inflam-
mation, we characterized LACC1 KO mice across a series of in vivo
models of inflammation and infection. LACC1 KO mice showed
worse disease in the C. rodentium model of colitis, in both the CIA
and MIA models of inflammatory arthritis, and in the MIA model
of psoriasis. No differences between LACC1 KO and WT were
observed in the DSS model of colitis or the K/BxN model of
arthritis. Thus, these in vivo experiments provide initial evi-
dence that LACCI1 functions to downmodulate infectious and
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inflammatory responses, consistent with the human genetic
associations of LACC! with various autoimmune and inflam-
matory diseases.

Using mRNA and protein cytokine assays, we found that TNF
levels were increased in LACC1 KO mice in both the CIA model
and following C. rodentium infection. Although the importance of
TNF in driving arthritis in the CIA mouse model is known (21), in
our hands, neutralization of TNF, using anti-TNFR II Abs, did not
diminish the differences in arthritis scores between LACC1 KO
and WT mice in the MIA model. Similarly, although at least three
of the diseases that LACCI variants are associated with (systemic
JIA, Behcet vasculitis, and Crohn colitis) are known to be medi-
ated, at least in part, by TNF, the children with systemic JIA
carrying two copies of LACCI Cys284Arg reportedly did not re-
spond well to anti-TNF therapy (8). Based on these data, it is
therefore likely that TNF is not the sole driver of increased in-
flammation in LACC1 KO mice or in humans carrying LACC!
loss of function variants. In contrast, inhibition of IL-17 in the
MIA model diminished differences in arthritis inflammation se-
verity between LACC1 KO and WT, suggesting that IL-17 is a

primary cytokine driving increased arthritis inflammation in the
MIA model in LACC1 KO mice. Notably, this diminishment of
differences was not observed fully until day 10 after mannan
administration, which suggests that other mechanisms besides an
increase in IL-17 production may be driving worse inflammation
in LACC1 KO mice.

Significant dysregulation of innate proinflammatory cytokines,
including IL-1P3, IL-6, and TNF, has previously been shown to
contribute to human systemic JIA (22). Patients with systemic JIA
also have elevated levels of Th17 cells in their peripheral blood
(23), although the precise role of IL-17 in systemic JIA pathology
is not well understood. We show in this study that IL-17—
producing CD4" T cells were enriched in LACC1 KO mice in both
the CIA model and in aged mice. Therefore, it may be that ele-
vated IL-17 is derived from Th17 cells. TNF is a known regulator
of Th17 cell generation (24, 25) and thus may be contributing to
the IL-17 dysregulation observed. Other cells types, including
ST cells, neutrophils, and NK T cells, can also produce IL-17
(26). The elevated IL-17 levels in LACC1 KO mice may derive
from one of these cell types and not Th17 cells. A recent report
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suggested that proinflammatory cytokine environments can drive
IL-17 overexpression by dyT cells in systemic JIA (27). Future
studies are needed to determine the source and mechanism driving
elevated IL-17 in LACC1 KO mice.

In contrast to our results in the MIA model, neutralization of
IL-17 did not diminish differences in arthritis severity between
LACC1 KO and WT mice in the CIA model. The significant
variability in disease onset observed in the CIA model makes it
challenging to determine the appropriate time when neutralization
of IL-17 would be effective. The MIA model provides more
synchronized inflammation that minimizes this variable, which
could account for the differences observed between the two models.

While this work was underway, Cader and colleagues (28, 29)
reported an initial characterization of LACC1 using KO mice and
biochemical approaches. Their data showed that LACC1 KO
macrophages have diminished levels of reactive oxygen species
(ROS) and produce less IL-13 upon various stimuli. Treatment of
LACC1 KO mice and controls with 10 mg/kg LPS i.p. resulted in
worse sepsis scores in the KO mice and a 2-fold increase in serum
IL-1B (29). Cader et al. (29) also presented data suggesting that
LACC1 protein controls fatty acid oxidation of endogenously
synthesized lipids and colocalizes with peroxisomes, organelles
important for lipid metabolism. None of the major findings in the
current report overlap with or conflict with the findings of Cader
et al. with the following two exceptions. In our hands, we did
not observe colocalization of LACC1 protein with peroxisome
markers using the same anti-humanLACC1 Ab (Santa Cruz E7)

and cell type (human macrophages) as reported by Cader et al.
(Supplemental Fig. 1B, 1C). Additionally, in our experiments,
in vivo i.p. LPS challenge (10 mg/kg) of LACC1 KO versus WT
mice did not result in heightened serum cytokines, including
IL-1P3, at any time point analyzed (data not shown).

Recently, Lahiri and colleagues (30) provided evidence that
human LACCI increases innate pattern recognition receptor—
induced responses. They showed that variants in LACC1 were
associated with lower pattern recognition receptor—initiated
polyphenol oxidase activity, mitochondrial and cellular ROS
production, cytokine secretion, and intracellular bacterial clear-
ance. Lahiri et al. (30) identified LACC1 in both the cytoplasmic
and mitochondrial cellular fractions of the cell and report that
LACCI associates with, and is required for, the optimal assembly
of NOD2-signaling intermediates following NOD2 stimulation.
Given that NOD2 loss of function mutations predispose to Crohn
disease (31), these data are consistent with the LACCI1 loss of
function data reported in this paper.

The MIA, CIA, and C. rodentium infection models used in this
study all administer bacterial components to drive inflammation,
whereas DSS administration does not. Unlike DSS treatment of
LACC1 KO mice, which did not result in worse severity of in-
flammation, the other three models all showed significantly worse
disease severity in LACC1 KO mice compared with WT controls.
This suggests that responsiveness to bacterial components is likely
what is dysregulated in LACC1 KO versus WT mice and is
consistent with the data reported by Lahiri et al. (30).
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Currently the connection between LACC1 and dysregulation of
TNF and IL-17 remain unclear. Both Cader et al. (29) and Lahiri
et al. (30) report reduced ROS in myeloid cells either lacking
LACCT1 or in small interfering RNA knockdowns. Accumulation
of ROS has been shown to limit the generation of Th17 cells (32),
and oxidative stress has been reported to inhibit Th17 cell ex-
pression of IL-17A (33). Therefore, lowered ROS levels in
LACC1 KO cells could lead to increased Th17 cells and IL-17.

Our data show that in vitro infection of LACC1 KO macrophages
with M. marinum results in a broad dysregulation of inflammatory
cytokines as compared with WT controls, including increased
TNF and genes involved in TNFR 1I signaling. LACC1 transcripts
and protein are upregulated by LPS and other TLR ligands in
macrophages and dendritic cells (see Fig. 1 and Supplemental
Fig. 1). Because similar in vitro infection experiments with den-
dritic cells did not result in increased inflammatory transcripts
(data not shown), we hypothesize that macrophages are the main
cell type driving enhanced inflammation in LACC1 KO mice
undergoing inflammatory insults.

Taken together, these data indicate that LACC1 regulates in-
flammation, including production of TNF and IL-17, in a variety of
in vivo experimental settings in mice. Additional work using
LACC1 KO animals and other genetically engineered LACC1
mutant mice should lead to a better understanding of the role of
LACCI1 in regulating immunity and the translation of this work into
humans with autoimmune and inflammatory disorders.
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