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Abstract

Roquin is an E3 ligase that regulates mRNA stability. Mice with a mutation in the Rc3h1 gene and
Roquin protein, referred to as Roquin®7sa7 or sanroque mice, develop broad-spectrum chronic
inflammatory conditions and autoimmune pathologies. Our laboratory recently reported that
sanroque mice also develop extensive inflammation that is localized in the small intestine but is
rare in the colon. Here, we demonstrate that small intestinal intraepithelial lymphocytes (IELs) are
present in the epithelium of sanroque mice but that cell recoverability is low using standard
extraction techniques even though lamina propria lymphocytes (LPLSs) can be recovered in normal
numbers. In studies aimed at characterizing T cell costimulatory markers and activation molecules
on LPLs in sanroque mice, we identified Ly6C and 4-1BB (CD137) as being expressed at elevated
levels on sanroque small intestinal LPLs, and we show that both of those subsets, in conjunction
with cells expressing the KLRG1 T cell activation molecule, are sources of IL-17A, IFN-, and
TNFa. TNFa was primarily produced by 4-1BB+, KLRG1- cells, but was also made by some
4-1BB-, KLRG1- cells, and 4-1BB-, KLRG1+ cells. These findings collectively suggest that the
small intestinal inflammatory response in sanroque mice is driven, at least in part, by LPL
activation through Ly6C and 4-1BB signaling, and they provide further evidence in support of
using the sanrogue mouse as an animal model of chronic small intestinal inflammation.

Keywords
Costimulation; Inflammation; Intestine; Proinflammatory cytokine; Roquin

1. Introduction

Roquin is an E3 ubiquitin ligase that binds to target mMRNAs and regulates post-translational
protein expression [1,2,3,4]. A mutation in the Rc3h1 gene for roquin of C57BL/6 mice
made by treating animals with A-ethyl- A-nitrosourea resulted in a methionine to arginine
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substitution at position 199 of the roquin protein. Those animals, referred to as Roquins7san
or sanroque mice [5], have extensive autoimmune and chronic inflammatory responses that
include antibodies to double-stranded DNA, IgG immune complexes, glomerulonephritis,
anemia, necrotizing hepatitis, splenomegaly and lymphadenopathy, and thrombocytopenia
and plasmocytosis [5]. Germinal center dysorganization with large numbers of follicular T
helper cells are a hallmark of the immunological perturbation in sanroque mice [5,6].
Additionally, sanroque mice have increased expression of inducible costimulator (ICQOS),
regulated upon activation, normal T-cell expressed (RANTES), CXCR5, and Programmed
cell Death-1 (PD-1) [7,8,9].

Studies in our laboratory demonstrated that sanroque mice develop chronic inflammation at
high penetrance (91.3% after 8 wk of age) that is manifest throughout the small intestine, but
not in the colon [8]. Similar changes occur in mice in which the Rc3h1 gene has been
deleted [8]. Mesenteric lymph node T cells in sanroque mice express ICOS, OX40, and the
KLRG1 activation molecules [8]. Interestingly, although we have been able to recover LPLs
from sanroque mice, IELs have been consistently difficult to recover using standard
extraction techniques, an observation that is addressed in the present study.

Documentation that intestinal inflammation in sanroque mice is driven by leukocytes and is
not a systemic defect was shown in studies in which bone marrow from Rc3h1-deficient
mice was adoptively transferred to irradiated control mice [10], which resulted in chronic
small intestinal inflammation similar to that of sanroque mice. Moreover, lamina propria
lymphocytes (LPLS) in mice that receive Rc3h1-deficient bone marrow had elevated levels
of IL-17A, IFN-y, and TNFa, although the specific effector subsets responsible for the
production of those cytokines was not determined. Those cells expressed an effector-
memory T cell phenotype [11].

To further understand the basis for the inflammatory response in the small intestine of
sanrogue mice, we have examined the functional involvement of three activation molecules,
Ly6C, 4-1BB, and KLRG1, with regard to proinflammatory cytokine synthesis. Our findings
indicate that all three molecules contribute, either collectively or individually, to that
response. These findings have implications for understanding chronic small intestinal
inflammation in a natural setting that does not require the administration of toxic substances
or by transfer of effector T cells.

Materials and methods

2.1. Animals

Mating pairs of Roquins®* mice were obtained from the Mutant Mouse Regional Resource
Center at the University of California, Davis, CA. Heterozygous Roquins@”* mice were
intercrossed to produce homozygous Roquin®@7527 (sanroque) mice. A mutagenically-
separated PCR protocol [8] was used to determine zygosity in which a PCR product of 190
bp indicated the wild type allele while a product of approximately 215 bp denoted the
presence of the Roquin san mutation; both products were present in Roquin®®7* mice.
Experimental procedures using animals were approved by the Institutional Animal Care and
Use Committee permit No. HSC-AWC-12-039.
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2.2. Cell isolation and enumeration, staining, and flow cytometry

IELs and LPLs were isolated using standard procedures for disruption of the epithelium, and
digestion of the basement membrane using collagenase, respectively, as described by our
laboratory [8,10]. Cells were filtered through nylon wool, collected, and centrifuged at 400g
through a 40%/70% Percoll gradient. Viable cells were collected from the interface.

For flow cytometry, cells were stained using appropriate combinations of the following
antibodies: PE- and FITC-anti-CD3e (145-2C11); PE- and FITC-anti-CD4 (GK1.5); PE-
and FITC-anti-CD8a (53.6); FITC-anti-CD45.2 LCA (104); PE-anti-4-1BB (17B5); APC-
KLRG1 (2F1); FITC-anti-IFNy (YMG1.2); FITC-anti-IL17 (17B7); FITC-anti-TNFa
(MP6-XT22); streptavidin APC (17-5317-82) (eBioscience, San Diego, all reagents). Biotin-
anti-Ly6C (HK1.4, Southern Biotech, Birmingham, AL). Control staining was done with
labeled IgG-matched antibodies (eBioscience and Southern Biotechnology). Surface and
intracellular staining was done as previously described [8,12]. Fluorescence was assessed
using a FACSCalibur flow cytometer with CellQuest software (BD Bioscience, San Jose,
CA).

Tissue staining for CD3 was done using representative formalin-fixed paraffin-embedded
tissue sections after deparaffinization, rehydration, and antigen retrieval in Target Antigen
Retrieval Solution (Target Retrieval solution 10x Concentrate, Dako, Santa Cruz, CA)
according to the manufacturer’s instructions. Endogenous peroxidase activity was quenched
by incubating the tissue section with 3% H,0, in methanol for 30 min. Mouse-on-mouse
non-specific binding sites were blocked by incubating the sections in MOM mouse Ig
blocking solution (Vector Laboratories, Burlingame, CA) for 1 hr. A second non-specific
blocking step was performed using 15 pL/mL horse serum diluted in Tris-HCL with 1%
BSA for 5 min. Tissues were reacted with rabbit anti-mouse CD3e antibody (SP7,
ThermoFisher Scientific, Waltham, MA), followed by biotinylated linking to a peroxidase
(LSAB2 System-RP) (Dako) according to the manufacturer’s instructions.
Immunoperoxidase reactive sites in tissue sections were visualized using a DAB substrate kit
(\Vector Laboratories) for chromogenic detection.

2.3. Enzyme-linked assays (EIAS)

Sanroque LPLs were stimulated using plate-bound anti-CD3 antibody, or anti-CD3 antibody
plus anti-Ly6C for 24 hrs. Cell-free supernatants were assayed for secreted IL-17, IFN-v,
and TNFa using commercial Ready-SET-Go EIA kits (eBioscience).

3. Results

3.1. Low recoverability of small intestinal IELs but not LPLs from sanroque mice

During the course of our studies into the inflammatory response in the small intestine of
sanroque mice, we have been consistently unable to recover significant numbers of IELs
from the small intestine, although LPLs were recovered at normal levels relative to WT
mice. To explore this in greater detail, we have conducted as series of IEL isolates from
sanroque and WT mice. Out of seven isolates from sanroque mice, no IELs were recovered
from five animals; two mice had extremely low numbers (<10) of cells, collectively
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averaging ~1 x 10° cells/animal (Fig. 1A). In contrast, 15.2 +1.5 x 108 IELs were recovered
from nine WT mice (Fig. 1A). Unlike IELs, LPLs were present in equivalent numbers in
sanroque and WT mice (Fig. 1A). Based on immunocytochemical staining of small
intestinal tissues sections, CD3+ IELs were present in equivalent numbers in both sanroque
and WT mice (Fig. 1B-E). Although the reason for the low recoverability of IELs from
sanroque mice is unclear, it is possible that cell adhesion molecules and their ligands are
upregulated on IELs and epithelial cells in sanroque mice, thus causing IELS to be retained
in the epithelial layer. Considerably more work will be needed to address this.

3.2. Ly6C upregulation on LPLs of sanroque mice is linked to the expression of three
proinflammatory cytokines

Due to the inability to recover IELs from sanroque mice and the presence of sufficient
numbers of LPLs, experiments were conducted to assess the expression of activation
markers on LPLs. Our previous studies demonstrated that CD43 [13,14], Ly6C (CD59) [15],
CD69 [15], OX40 (CD134) [16], 4-1BB (CD137) [17], By55 (CD160) [18], ICOS (CD278)
[12,19], and IL-18 and the IL-18R [20] are expressed in the small intestinal mucosa. Two of
the most interesting of those, and the least studied to the present, are Ly6C and 4-1BB. Work
in our laboratory demonstrated that Ly6C is expressed on a small proportion of normal small
intestinal IELs [15], and that activation of IELs via CD3 triggering resulted in upregulation
of Ly6C, as well as other costimulatory molecules such as OX40 [21]. Interestingly, trigger
via CD43 independent of CD3 stimulation also lead to a high percent of IELs expressing
Ly6C [21], thus suggesting that multiple routes of activation may influence the expression of
Ly6C on small intestinal T cells.

Based on those observations [15,21,22], we were interested in examining the role of Ly6C
on LPLs in the small intestine of sanroque mice. To that end, we characterized the
expression of Ly6C on total leukocytes (CD45+), total T cells (CD3+), CD4+ T cells, and
CD8+ LPLs in WT (Fig. 2A) and sanroque (Fig. 2B) mice, which indicated a marked
increase in Ly6C expression on all cell subsets of LPLs in sanroque mice compared to WT
mice. This included an increase in both the overall proportion of Ly6C+ cells (Fig. 2C), but
also the density of surface expression of Ly6C as determined by the mean fluorescence
intensity (MFI) (Fig. 2D). LPLs isolated from sanroque and WT mice were stained for
expression of Ly6C and intracellular IL-17A, IFN-y, and TNFa. All three proinflammatory
cytokines were expressed at higher levels in Ly6C+ cells from sanroque mice (Fig. 2E).
Additionally, LPLs were cultured with anti-CD3 antibody + anti-Ly6C costimulation.
Twenty-four hr later cells were stained for secretion of IL-17, IFN-y, and TNFa by EIA.
Ly6C costimulation resulted in elevated responses of all three cytokines (Fig. 2F). These
findings point to a direct role for Ly6C on sanroque T cells in driving the small intestinal
inflammatory response.

3.3. 4-1BBis expressed on CD4+ LPLs in sanroque mice, and 4-1BB+ cells co-express

KLRGL1.

4-1BB is expressed at very low levels on normal small intestinal T cells, both CD4+ (Fig.
3A) and CD8a+ (Fig. 3B) cells, but is rapidly acquired during activation as shown in
cultures of non-stimulated (Fig. 3C) vs. CD3-stimulated T cells (Fig. 3D). LPLs isolated
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from sanroque mice had more 4-1BB+ cells (Fig. 3, bottom row) compared to WT animals
(Fig. 3, middle row). The majority of the 4-1BB+ cells were CD4+, and about half the
4-1BB+ cells expressed KLRGL1 (Fig. 3, bottom row).

3.4. A population of 4-1BB+ KLRG1- cells is the dominant source of TNFa by sanroque

LPLs.

To further refine our understand the source of the IL-17A, IFN+y, and TNFa
proinflammatory cytokines on activated LPLs from sanroque mice, LPLs were stimulated in
vitro with plate bound anti-CD3 antibody. Non-stimulated cells had undetectable
intracellular cytokine production (data not shown). The most significant observation from
these studies was the high proportion of cells (12.7%) that produced TNFa among the
4-1BB+ KLRG1- subset (Fig. 4C). Additionally, TNFa was made by 3.3% of the 4-1BB-
KLRG1+ cells, and 5.9% of the 4-1BB- KLRG1- cells. (Fig. 4C). In contrast, neither 4-1BB
+ nor KLRG1+ were producers of IL-17A (Fig. 4A) or IFNy (Fig. 4B), although some
4-1BB- KLRG1- cells produced IL-17A and IFNy.

4. Discussion

At present, few animal models exist that resemble the pathological features of Crohn’s
disease in the small intestine. We recently reported that sanroque mice develop chronic small
intestinal inflammation in all regions of the small intestine (duodenum, jejunum, and ileum)
as well as in the cecum, but do not develop colonic inflammation [8,10]. During the course
of those studies, there was extremely low recoverability of IELs, but not LPLs, from
sanroque mice. There were two possible explanations for this. The first is that the small
intestinal epithelium is devoid of IELs in sanroque mice. The second is that although the
cells are present, they are retained in the epithelium more effectively than in WT mice. Both
of those would have functional explanations for the intestinal inflammatory response in
sanroque mice. In the present study, in a series of cell isolates from the small intestine, we
confirmed our prior observations of low recoverability. Importantly, however, by
immunocytochemical staining we observed that IELs were present in the epithelium of
sanrogue mice, thus pointing to a situation in which IELs are not released from the
epithelium. Although the reason for this is unclear at this point, there are several potential
causes. It is conceivable that adhesion molecules and their ligands are upregulated and
expressed in the small intestinal epithelium in sanroque mice, thereby promoting the
inflammatory response. This could include changes in P-selectin glycoprotein ligand-1, P-
selectin and/or E-selectin, a4p7, CCR9, CCL25, LFA-1, very late antigen-4 of epithelial
cells, MAdCAM-1, among others, all of which have been shown to be expressed at varying
levels in the intestinal epithelium [23,24,25,26,27,28]. Of these, we have demonstrated that
CCL25 is elevated in the ileum of sanroque mice [8].

Additionally, we were interested in better understanding the basis for the inflammatory
response in the small intestine of sanroque mice, primarily through the analyses and
functional characterization of two T cells costimulatory molecules, Ly6C and 4-1BB. Ly6C
has been shown to enhance the lytic activity and cytokine production of CD8+ T cells
[29,30,31]. As reported here, Ly6C was expressed on both CD4+ and CD8+ LPLs in
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sanroque mice, with more than half of the CD8+ cells being Ly6C+. The upregulated
expression of Ly6C and the synthesis of IL-17A, IFN-y, and TNFa by Ly6C+ LPLs
identifies Ly6C as an activator of inflammatory responses in the intestinal mucosa of
sanrogue mice.

The expression of 4-1BB differed from that of Ly6C in that it was primarily expressed on
CDA4+ T cells. Interaction of 4-1BB with its ligand 4-1BBL on antigen presenting cells leads
to T cells proliferation and cytokine production, which can be blocked by anti-4-1BB
antibody [32,33]. Moreover, human ileal and colonic tissues from Crohn’s disease patients
have been shown to express higher levels of 4-1BB [34]. Our findings in sanrogque mice
parallel that observation. Additionally, we demonstrated that the majority of 4-1BB+ cells
expressed the T cell activation molecule, KLRG1, thereby further defining the T cell
activation phenotype in the small intestine of sanroque mice within a subset primarily
consisting of 4-1BB+, KLRG1- cells, though some TNFa was also produced by 4-1BB-,
KLRG-1- cells and 4-1BB-, KLRGL1 cells.

In summary, this study has provided new information into the mechanisms through which
chronic inflammatory response is maintained in the small intestine of sanrogue mice.
Because few animal models of small intestinal Crohn’s-like disease exist, this work lends
additional credence to the utility of using sanroque mice for this purpose.
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Fig. 1. T cell recoverability and cell dispersal in the sanroque intestinal mucosa.
(A) Numbers of IELs and LPLs recovered from nine WT and seven sanroque mice. (B-C)

Representative small intestinal tissues stained for CD3 expression in WT mice. 200x and
400x original magnification, respectively. (D-E) Representative small intestinal tissues
stained for CD3 expression in sanroque mice. 200x and 400x original magnification,
respectively. Yellow arrows identify CD3+ cells 400x tissue sections in the epithelium and
lamina propria of (C) WT and (E) sanrogque mice.
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Fig. 2. Elevated Ly6C expression is linked to proinflammatory cytokine production.
(A) Expression of Ly6C on CD45LCA+, Cd3+, CD4+, and CD8+ LPLs from WT mice. (B)

Expression of Ly6C on CD45LCA+, CD3+, CD4+, and CD8+ LPLs from sanrogue mice.
(C) Percent Ly6C+ cells on WT and sanroque LPLs; mean values + sem of two mice each.
(D) Mean fluorescence intensity of Ly6C expression on LPLs from WT and sanroque LPLs;
mean values + sem of two mice each. (E) Production of IL-17A, IFN-y, and TNFa in Ly6C-
and Ly6C+ LPLs from WT and sanroque mice; mean values + sem of two mice each. (F)
Fold change in proinflammatory cytokine production of LPLs from sanroque mice of
CD3stimulation with Ly6C costimulation relative to CD3 stimulation alone; mean values +
sem of two mice.
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Fig. 3. 4-1BB expression on LPLs of WT and sanroque mice.
Resting (A) CD4+, (B) CD8+ T cells, and (C) Total T cells are devoid of 4-1BB expression,

but (D) upregulate 4-1BB expression by 24 hr of CD3 stimulation. (E) Neither CD4+ nor
CD8+ LPLs from WT mice express 4-1BB, whereas (F) some CD4+ LPLs from sanroque
mice express 4-1BB. (F) 4-1BB expression on sanroque LPLs is linked to KLRG1
expression.
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Fig. 4. Three color analyses of proinflammatory cytokine expression by sanroque LPLs based on
4-1BB and KLRG1 expression.

(A) IL-17A production by sanroque LPLs is not linked to 4-1BB or KLRGL1 expression. (B)
IFN-v is produced by a subset of 4-1BB-, KLRG1- LPLs. (C) TNFa production is produced
by three subsets of sanroque LPLs, 4-1BB+, KLRG1- cells, 4-1BB-, KLRG1- cells, and

4-1BB-, KLRG1+ cells.
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