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Abstract

The extracellular matrix glycosaminoglycan hyaluronan (HA) accumulates in human and mouse islets during
the onset of autoimmune type 1 diabetes (T1D). HA plays a critical role in T1D pathogenesis, as spontaneous
disease is blocked in mice fed the HA synthesis inhibitor 4-methylumbelliferone (4MU). The present study
demonstrates the involvement of HA in T cell-mediated autoimmune responses to transplanted islets and in in
vivo and in vitro T cell activation. Scaffolded islet implants (SIs) loaded with RIP-mOVA mouse islets
expressing chicken ovalbumin (OVA) on their β cells were grafted into T and B cell-deficient RIP-mOVA mice,
which subsequently received CD4+ T cells from DO11.10 transgenic mice bearing OVA peptide-specific T cell
receptors (TcRs), followed by injection of OVA peptide to induce an immune response to the OVA-expressing
islets. By affinity histochemistry (AHC), HA was greatly increased in grafted islets with T cell infiltrates
(compared to islets grafted into mice lacking T cells) and a portion of this HA co-localized with the infiltrating T
cells. Transferred T cells underwent HA synthase (HAS) isoform switching – T cells isolated from the SI grafts
strongly upregulated HAS1 and HAS2 mRNAs and downregulated HAS3 mRNA, in contrast to T cells from
graft-draining mesenteric lymph nodes, which expressed HAS3 mRNA only. Expression of HAS1 and HAS2
proteins by T cells in SI infiltrates was confirmed by immunohistochemistry (IHC). DO11.10 mice fed 4MU had
suppressed in vivo T cell immune priming (measured as a reduced recall response to OVA peptide) compared
to T cells from control mice fed a normal diet. In co-cultures of naïve DO11.10 T cells and OVA peptide-loaded
antigen-presenting cells (APCs), pre-exposure of the T cells (but not pre-exposure of APCs) to 4MU inhibited
early T cell activation (CD69 expression). In addition, T cells exposed to 4MU during activation in vitro with
anti-CD3/CD28 antibodies had inhibited phosphorylation of the CD3ζ subunit of the TcR, a very early event in
TcR signaling. Collectively, our results demonstrate that T cell-derived HA plays a significant role in T cell
immune responses, and that expression of T cell HAS isoforms changes in a locale-specific manner during in
vivo priming and functional phases of the T cell response.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The glycosaminoglycan hyaluronan (HA) is a long,
non-branching polymer made up of repeating disac-
charides of N-acetylglucosamine and glucuronic
acid. HA is an important structural component of
the extracellular matrix of many tissues. HA regu-
lates tissue hydration and osmotic balance in
thors. Published by Elsevier B.V. This is
ses/by-nc-nd/4.0/).
extracellular compartments [1] and serves as a
scaffold for support of HA-binding proteins and
proteoglycans (hyaladherins) [2], which interact
with HA to form supramolecular assemblies that
exert a variety of biological effects [3–5].
In addition to its structural role, HA interacts with

cells via receptor-mediated signaling to regulate a
variety of cell behaviors (e.g., proliferation, motility,
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Fig. 1. A) Diagram of SI design. En face view shows the 8-mm diameter PVA sponge scaffold (SS – light gray) with five,
2-mm diameter chambers (e.g., arrow), each filled with collagen hydrogel (dark gray) containing suspended islets (black
dots). Side view shows cylindrical shape of the chambers and collagen gels (dark gray) within the sponge scaffold (light
gray). Islets are omitted for clarity. B) Photo of sponge scaffold (SS). Arrow indicates a chamber. C) Diagram illustrating
placement of the SI in a mesenteric pocket. D) Summary of the RIP-mOVA/DO11.10 T cell transfer model of T1D
autoimmunity. IFA = incomplete Freund's adjuvant. Scale bars in A and B = 4 mm.
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adhesion) involved in such processes as angiogene-
sis, wound repair, tumor metastasis, and inflammation
[4,6,7]. HA is made by hyaluronan synthases (HASes)
which, in mammals, exist in three isoforms (HAS1, -2,
and -3) [8]. In healthy tissues, HA is present in high
molecularweight forms (>~1000 kDa)whichhaveanti-
inflammatory properties [7,9]; however, during inflam-
mation or infection, HA is degraded by hyaluronidases,
mechanical forces, andoxidation [10,11] into fragments
of lower molecular weight (< 500–700 kDa), which are
considered to be generally pro-inflammatory
[4,7,12,13].
There is increasing evidence that HA is involved in

immune dysfunction, which includes a spectrum of
autoimmune diseases, including type 1 diabetes
(T1D) [14]. In normally-functioning human and
mouse pancreatic islets, HA is found in basement
membranes of peri-islet and intra-islet vasculature
[15–17]. However, during the development of T1D in
humans and in mice that model this autoimmune
disease (e.g., non-obese diabetic [NOD] and
DO11.10 x RIP-mOVA [DORmO] mice), there is a
substantial increase in HA around peri- and intra-
islet microvessels and accumulation of HA in
leukocytic infiltrates [16–18]. The cellular source of
the increased HA is largely unknown. Remarkably,
dietary administration of an inhibitor of HA synthesis,
4-methylumbelliferone (4MU), to NOD or DORmO
mice halts the progression of diabetes even after the
onset of insulitis [18], pointing to a critical role for HA
as a mediator of autoimmunity in the setting of T1D.
Immune-mediated rejection is of critical concern in

islet transplantation therapies to replace pancreatic
islets lost during T1D progression. Islet transplant
patients typically receive lifelong immunosuppres-
sive drugs, which are effective at controlling acute
post-transplantation rejection; however, transplants
can be lost from later-term allorejection and reoccur-
ring autoimmunity (i.e., a lack of durable tolerance to
the graft) [19–21]. In the context of islet replacement
therapy, we have developed scaffolded islet implant
(SI) test-beds to evaluate strategies to improve
survival and function of transplanted islets in non-
hepatic (mesenteric or subcutaneous) graft sites.
The SIs consist of a disk-shaped, polyvinyl alcohol
(PVA) sponge scaffold with collagen gel-filled
chambers that retain the islets. SIs loaded with
400–500 syngeneic islets and implanted on the gut
mesentery of mice with streptozotocin-induced
diabetes (one SI per mouse) became vascularized
within 1–2 weeks and reversed diabetes in experi-
ments lasting 54 days [22] to over 200 days (un-
published data). Our recent studies have
demonstrated that controlled release of vascular
endothelial growth factor [23] and immunomodula-
tory monoclonal antibodies (mAbs) [24] within SIs
have beneficial effects on the survival and function of
transplanted islets.
The present study combines SIs with a mouse

model of T1D to evaluate the involvement of HA in
the rejection of transplanted islets. Here, we focus on
the T cell – the cell type central to autoimmune
responses. Like many cell types, T cells can
synthesize HA [25,26], but the function of T cell-
derived HA has received relatively little attention.
The results of our study demonstrate: 1) a significant
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Fig. 2. Association of HA with T cells invading transplanted islets. RIP-mOVA islets in SIs were implanted into RIP-
mOVA mice. After 13 days, the SIs were explanted, FFPE/sectioned, and stained for HA (green) and T cell-associated
CD3 (red). Nuclei were stained with DAPI (blue). A) An islet (dashed outline) implanted in a control mouse that did not
receive DO11.10 T cells and OVA peptide priming has no CD3 staining and only a small amount of HA associated with
interior microvessels (arrows). The islet is surrounded by HA of host-derived fibrovascular stroma (FS). B, C) Single islet
(dashed outline) in a mouse that received DO11.10 T cells and OVA peptide priming contains high levels of cell-
associated HA (B). Many of the HA-positive cells also show a punctate expression of CD3 (C) – examples of double-
stained cells are indicated by arrows in B and C. A merge of B and C (D) shows areas of yellow (e.g., arrows) where the HA
and CD3 signals of T cells are mutually strong and closely overlapped. A–D are equal magnifications. Scale bar in A =
50 μm.
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and unexpected modulation of HAS isoform expres-
sion in T cells during the immune response to
transplanted islets, and 2) that suppression of HA
synthesis in T cells suppresses early events in the T
cell receptor (TcR) activation cascade and immune
priming that occur during engagement of T cells with
antigen-presenting cells (APCs).
Results

Islet transplantation experiments were conducted
using SIs with disk-shaped PVA sponge scaffolds of
8 mm diameter and 2 mm thickness. Each scaffold
incorporated five cylindrical chambers (each 2 mm
in diameter and 2 mm deep) which were filled with
type I collagen hydrogel containing suspended islets
(Fig. 1A–C). The SIs were used in conjunction with
the RIP-mOVA/DO11.10 T cell transfer model of
T1D autoimmunity [27] (Fig. 1D). In this model, CD4+

T cells from transgenic DO11.10/Rag2−/− mice,
which have TcRs that recognize amino acids
323–339 within chicken ovalbumin (OVA), are
infused intravenously into RIP-mOVA/Rag2−/−

(RIP-mOVA) mice, which lack endogenous T and
B cells and express a membrane-bound form of OVA
(mOVA) on islet β cells, driven by the rat insulin
promoter (RIP) [28]. Subsequent to the T cell
infusion, the mice are injected with OVA323–339
peptide, which stimulates (primes) the immune
system, activating the T cells to attack islet β cells
in the pancreas. If these mice are transplanted with
SIs containing RIP-mOVA islets, as in the present
study, the activated T cells will also attack the β cells
in the transplant. Experiments using this model are
described below.
Thirteen days after SI grafting (11 days after OVA

peptide priming) the grafted mice had become
hyperglycemic due to autoimmune destruction of
their native and transplanted islets. At this point, the
SIs were explanted, formalin-fixed/paraffin-embed-
ded (FFPE), thin-sectioned, and subjected to affinity
histochemistry (AHC) to detect HA, using purified
HA-binding protein (HABP). The sections were also
labeled by immunohistochemistry (IHC) for CD3 (a
component of the TcR) to identify T cells that had
migrated into the SIs. AHC detected a small amount
of HA within transplanted islets frommice that did not
receive T cells and priming with OVA peptide. This
HA was associated with islet microvessels (Fig. 2A).
In contrast, there was a substantial accumulation of
HA within islets transplanted into mice that had
received T cells and OVA peptide priming (Fig. 2B).
These islets contained T cells, as indicated by
punctate staining for CD3 (Fig. 2C). A substantial
proportion of these T cells had HA in close proximity
to the cell (Fig. 2B–D).
AHC alone did not indicate whether the T cell-

associated HA was a product of the T cells
themselves, or might have come from other cell
sources. In this context, we showed that activated
DO11.10 T cells cultured for 4 days in the absence
of other cell types could express HA on their
surfaces (Fig. 3A), which could be removed by
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Fig. 3. HA is present on the T cell surface. A–E) CD4+ T cells isolated from DO11.10 mice were cultured 3–4 days with
anti-CD3/CD28 mAbs and then stained for surface HA using bHABP and streptavidin-phycoerythrin (SA-PE), followed by
analysis by flow cytometry. A) Plot shows substantial increase in HA signal of 4-day-cultured T cells stained with bHABP +
SA-PE vs. controls stained with SA-PE only or not stained. B) T cells cultured 3 days, then exposed to 20 U/mL of
hyaluronidase (Hyal) for 2 h at 37 °C showed a significant reduction of HA signal compared to untreated controls. Bar (“HA
+ gate”) indicates cells scored as HA-positive. C) Percentage of HA+ cells within control vs. Hyal-treated T cell populations
in 3 replicate experiments, conducted as described in “B”. *P < 0.01. D) T cells cultured 4 days with 100 μg/mL of 4MU
present continuously (96 h), present on day 3–4 only (24 h), or not added to the cultures (No 4MU). Numbers of HA+ T
cells diminished with increased exposure time to 4MU (arrows). E) Percentage of HA+ cells within control vs. 4MU-treated
T cell populations in 5 replicate experiments, conducted as described in “D”. **P < 0.001.
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treatment with hyaluronidase (Fig. 3B, C). Moreover,
a graded increase in exposure of cultured, activated
T cells to the HA synthesis inhibitor 4MU corre-
sponded to a graded reduction in expression of
surface HA on the cells (Fig. 3D, E).
In subsequent experiments in vivo, we assayed for

HAS1–3 mRNAs in CD3+/CD4+ T cells isolated from
SIs explanted from RIP-mOVA mice 16 days after
grafting. As a comparison, we measured these
mRNAs in CD3+/CD4+ T cells from the mesenteric
lymph nodes (MLNs) draining the SI grafts. T cells
that had infiltrated the SIs expressed high levels (for
HASes) of HAS1 mRNA (avg. copy number [CN] of
452.0; Fig. 4A), but substantially lower levels of
HAS2 mRNA (avg. CN of 33.1; Fig. 4B). HAS3
mRNA expression was negligible (avg. CN of 0.33;
Fig. 4C). In contrast, HAS1 and -2 mRNAs were not
expressed by T cells from the MLNs (Fig. 4A, B), but
HAS3 mRNA was detectable, albeit at low levels
(avg. CN of 5.4; Fig. 4C). IHC performed on FFPE/
sectioned SIs bearing islets confirmed HAS1 and -2
protein expression by CD3+ T cells infiltrating the SIs
(Fig. 4D–I). In contrast to the HAS mRNAs, the
expression of mRNAs for the HA-degrading en-
zymes hyaluronidase 1 and -2 (Fig. 4J, K) was either
undetectable or uniformly very low (for hyaluroni-
dases) in T cells from SIs and MLNs. When mRNA
levels of each hyaluronidase isoform were compared
in T cells from SIs vs. MLNs, no significant
differences in expression were observed.
Dietary administration of 4MU halts the progres-

sion of diabetes in NOD and DORmO mice [18] by
mechanisms that are not fully understood. As T cell
priming (i.e., the initial activation of naïve T cells by
antigen) is central to immune responses, we
examined the effect of 4MU on T cell priming in
vivo. DO11.10 mice were fed a diet containing 4MU
for two weeks, then primed by a subcutaneous
injection of OVA peptide and subsequently switched
to a control diet lacking 4MU to remove the 4MU from
the environment (4MU has a short half-life in vivo
[~5 h]), the intent being to limit the influence of the
4MU to the initial priming events and avoid the
potential for off-target effects of the 4MU on
downstream behaviors (e.g., proliferation/survival)
by the activated T cells. A group of control mice were
fed only the control diet for the entire duration of the
experiment. Two weeks after OVA priming, T cells
were isolated from the inguinal lymph nodes (ILNs)
that drained the injection site and evaluated for a
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Fig. 4. A–C) Expression of T cell HAS and hyaluronidase (Hyal) mRNAs in SIs vs. MLNs. SIs containing RIP-mOVA
islets were implanted into RIP-mOVAmice, followed by T cell transfer and OVA priming. Sixteen days after grafting, the SIs
and MLNs were removed, the CD3+/CD4+ T cells were isolated, and mRNA measured. T cells that infiltrated SIs
expressed high levels of HAS1 mRNA (A), substantially lower levels of HAS2 mRNA (B), and negligible HAS3 mRNA (C).
In contrast, HAS1 and -2 mRNAs were not expressed by MLN T cells, but HAS3 mRNA was expressed at low levels. *P <
0.05. n = 3mice. D–I) SIs like those in A–Cwere explanted, FFPE/sectioned, and stained by IHC for CD3 and HAS1 and -2
proteins. CD3+ T cells within the SI (D, green) express HAS1 (E, red). D-E merge shows co-localization of CD3 and HAS1
(F, yellow). CD3+ T cells also express HAS2 (G, H), with the merged image showing co-localization (I, yellow). In F and I,
cell nuclei are stained with DAPI (blue). Scale bars in D–I = 50 μm. T cells isolated from SIs and MLNs like those in A–C
had levels of Hyal1 (J) and Hyal2 (K) mRNAs that were low or undetectable. n = 3 mice.
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creases priming of T cells in vivo
DO11.10 mice were fed a diet containing
5% 4MU for 2 weeks or a control die
lacking 4MU. Subsequently, both groups
of mice received a normal diet and were
injected with OVA peptide. Two weeks later
T cells from the ILNs were isolated and
assayed for proliferation in response to
graded OVA peptide exposure in vitro
Compared to T cells from the control mice
ILN T cells from the 4MU-fed mice exhibited
significantly suppressed proliferation (A). T
cells from both groups of mice responded
similarly in vitro to strong stimulation with
anti-CD3/CD28 mAbs (B). Reduced T cel
priming in the 4MU-fed mice relative to the
control mice was correlated with lower
immune cell numbers (cellularity) in ILNs
(C), but not spleens (D). *P < 0.05, **P <
0.01. n = 3 mice in each group.
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recall (proliferative) response to graded concentra-
tions of OVA peptide in vitro. Consistent with a
suppressive effect of 4MU exposure on T cell
priming, the recall response of the ILN T cells from
the 4MU-fed mice was significantly lower than the
response of corresponding T cells from the control
mice (Fig. 5A). Proliferation in vitro in response to
strong stimulation by anti-CD3/CD28 mAbs was not
significantly different between the 4MU and control
groups of T cells (Fig. 5B), indicating that 4MU did
not inhibit the intrinsic capacity of T cells to divide.
Inhibition of priming by 4MU was also indicated by a
significantly reduced number of immune cells in the
ILNs (i.e., reduced ILN cellularity) of the 4MU-fed
mice relative to control mice (Fig. 5C), indicating a
4MU-mediated suppression of T cell proliferation in
vivo in response to OVA peptide. 4MU-mediated
reductions in ILN cellularity did not indicate systemic
lymphopenia (e.g., as a result of a toxic effect of 4MU
on T cells), as the cellularity of the spleens of the
4MU-fed and control mice was not significantly
different (Fig. 5D).
As T cell priming involves interaction of T cells with

APCs, we sought to determine the relative effect of
inhibition of HA synthesis by T cells vs. APCs on the
priming event. Experiments were performed in vitro.
Purified naïve DO11.10 CD4+ T cells and adherent
APCs were separately cultured for 24 h in the
presence of 0, 20, 50, or 100 μg/mL of 4MU, then
washed, combined, and co-cultured for 24 h in the
presence of OVA peptide. Subsequently, the T cells
were assayed for priming by flow cytometry for
expression of the early activation cell surface
marker CD69. As a positive control, we observed
that in the absence of 4MU pre-exposure, addition of
.

t

,

.
,

l

OVA peptide to co-cultures resulted in a character-
istic CD69 upregulation by the T cells, compared to
co-cultures not exposed to the peptide (Fig. 6A).
OVA peptide-induced CD69 upregulation by T cells
within the co-cultures was inhibited when the T cells
were pre-exposed to 4MU (Fig. 6B, C). This
inhibition was dose-dependent – pre-exposure of
the T cells to increasing concentrations of 4MU
resulted in decreasing expression of CD69 (Fig. 6B).
In contrast, CD69 upregulation by T cells was not
inhibited when the APCs were pre-exposed to 4MU
(Fig. 6B, C).
Having shown that expression of CD69 was

influenced by T cell-derived HA, we examined
whether T cell-derived HA might be involved in
earlier signaling events in T cells. Accordingly, we
evaluated the effect of 4MU on phosphorylation of
the CD3ζ subunit of the TcR (CD247), which can be
measured in vitro within a few minutes to an hour
after engagement of the TcR with ligand [29]. For
these experiments, we cultured purified, naïve
DO11.10 CD4+ T cells of confirmed viability (Fig.
7A) in medium with or without 100 μg/mL of 4MU for
20 h, followed by direct stimulation of the TcR
complex with anti-CD3/CD28 mAbs, which provide
stimulation of sufficient strength for CD3ζ phosphor-
ylation to be measured by flow cytometry [29]. We
found that in the absence of 4MU, CD3ζ phosphor-
ylation could be measured within 5 min of anti-CD3/
CD28 mAb exposure (Fig. 7B). This phosphorylation
was inhibited by 4MU (Fig. 7B, C). Collectively, the
results from the CD69 expression and CD3ζ
phosphorylation experiments underscored the im-
portance of T cell-associated HA in the T cell
activation process.
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4MU-mediated inhibition of diabetes in mice is
associated with suppressed penetration of pancreatic
islets by immune cells [18]. Based on this observation
and our finding that 4MU suppresses T cell activation,
weaskedwhether dietary administration of 4MUmight
influence T cell infiltration into SIs. To determine if
there was a differential effect of 4MU on T cells vs.
other leukocytes (B cells, neutrophils), these studies
were performed using mice with fully intact immune
systems in an allotransplant setting (i.e., islets from
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differences in the numbers of neutrophils or B cells
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Fig. 8. 4MU inhibits T cell activation and infiltration of SIs. A) C57BL/6 mice were fed a diet containing 5% 4MU for
6 weeks or a diet lacking 4MU (controls). Subsequently, both groups of mice received BALB/c islets in SIs. After 7 days,
the SIs were explanted, sectioned, and the infiltrating neutrophils (Neut), B cells, and T cells quantitated by IHC. *P < 0.03.
n = 3 mice per group. B) Similar experiment to “A”, but SIs were explanted at 14 days and the infiltrates isolated and
analyzed by flow cytometry for CD69 expression. Proliferation of splenocytes from these mice was measured in allo-
MLR assays (C) and CD4+/CD25+ T cells from MLNs were analyzed for Foxp3 expression by flow cytometry (D). In B
and D, *P < 0.05. n = 3 mice per group.
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within SIs from the 4MU-fed vs. control mice.
However, SIs from the 4MU-fed mice had significantly
(> 2.5-fold) lower numbers of T cells relative to the
control mice (Fig. 8A). Moreover, flow cytometry
showed that T cells isolated from SI allografts
explanted from 4MU-fed mice had a significantly
lower level of activation (CD69 expression) than did
corresponding T cells from the control mice (Fig. 8B).
This difference in activation corresponded to a lower
proliferative response (P = 0.056) by splenocytes from
the 4MU-fed mice vs. those from the control mice in
allo-mixed lymphocyte reaction (MLR) assays (Fig.
8C). Moreover, there was a significantly higher
proportion of CD4+/CD25+/Foxp3+ regulatory T cells
among the T cells isolated from MLNs from the 4MU-
fed mice vs. the control mice (Fig. 8D).
Discussion

With the onset of T1D in humans andmice, there is
a substantial accumulation of HA in association with
the leukocytes that infiltrate the pancreatic islets, as
shown by IHC [16–18]. Although these studies
clearly show quantitative increases in intra-islet HA
as T1D develops, the source(s) of this HA remain
unclear. In the present study, we demonstrated that
T1D immune responses elicit an accumulation of HA
within transplanted islets that resembles HA depo-
sition in native pancreatic islets. At least a portion of
this newly-deposited intra-islet HA is directly asso-
ciated with infiltrating T cells as shown by AHC/IHC,
although histochemical staining alone does not allow
us to discern whether the T cells are the source of
this HA, or have merely bound and/or internalized
HA produced by other cell types.
Activated T cells bind exogenous HA via CD44

[13], but there is also evidence that T cells
synthesize HA. Mummert et al. [25] showed, in
vitro, that: 1) mRNAs for HASes 1–3 were expressed
by both non-activated and concanavalin A (ConA)-
activated murine splenic CD3+ T cells, 2) HA was
detectable on the surfaces of ConA-activated (but
not naïve) T cells, and 3) HA-binding moieties, such
as Pep-1 and HABP, blocked the capability of ConA
or anti-CD3/CD28 mAbs to stimulate T cell prolifer-
ation in the absence of antigen presentation by
APCs. There is additional evidence the HA produced
by T cells under mitogen stimulation has a direct
effect on the T cells themselves, promoting the
autocrine production of interleukin (IL)-2 that, in turn,
mediates proliferation [26].
In the context of autologous production of HA by T

cells, the present study showed that activated
DO11.10 T cells cultured for an extended period in
the absence of other cell types expressed HA on their
surfaces – expression which could be inhibited by
4MU. Of note, DO11.10 T cells isolated from SI grafts
expressed HAS1 mRNA at very high levels (for
HASes). HAS2 mRNA was expressed at a substan-
tially lower (but potentially biologically significant) level,
but HAS3 mRNA expression was negligible. These
results were in sharp contrast to HASmRNAprofiles of
T cells from MLNs, where HAS3 mRNA was
expressed at low levels, but HAS1 and HAS2
mRNAs were not detected. This profile of HAS
mRNA expression by CD4+ T cells from MLNs
resembles that reported by others for mouse LN and
splenic CD4+ T cells activated in vitro by anti-CD3/
CD28mAbs [30]. Interestingly, levels of hyaluronidase
1 and -2 mRNAs in T cells from both SIs and MLNs
were either undetectable or very low (as compared to
levels of these mRNAs in other cell types), indicating
that T cell-derived classical hyaluronidases are unlike-
ly to be major factors in HA degradation.
Our observation that T cells can switch their

expression of HAS mRNA between the HAS3 and
HAS1/HAS2 isoforms (depending on tissue locale)
is novel, as there are no previous reports of
significant expression of HAS1 or HAS2 in T cells

Image of Fig. 8
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or of HAS isoform switching in T cells – perhaps
because previous studies of T cell-associated
HASes were performed on cells isolated from
lymphoid organs only, where HAS3 seems to
prevail. In non-T cell types, environment-specific,
differential regulation of HAS1 and HAS3 mRNAs
has been reported. For example, in human synovio-
cyte cultures, transforming growth factor (TGF)-β
strongly upregulates HAS1 mRNA, but suppresses
HAS3 mRNA [31]. With respect to HAS2, elevated
hexosamine biosynthesis associated with hypergly-
cemic environments leads to elevated transcription
of HAS2 (but not HAS1 or -3) as a result of increased
expression of the HAS2 natural antisense transcript
HAS2-AS1 [32,33]. Collectively, a variety of studies
demonstrate that regulation of the HAS isoforms is
complex, operating at the transcriptional and post-
translational levels via an interplay of metabolic
pathways, growth factors, cytokines, and other
signaling molecules [34]. In accordance with this
theme, our future studies will attempt to identify
locale-specific agents that contribute to HAS isoform
switching by T cells.
The capability of T cells to express high levels of

HAS1 mRNA (CN > 450) is remarkable. Of the three
HAS isoforms, HAS1 has been studied the least –
there have been relatively few reports on its
regulation, potential function, and association with
disease and only a single comprehensive review of
the enzyme [35]. HAS1 is expressed by a variety of
non-immune cell types (e.g., fibroblasts, synovio-
cytes, keratinocytes, vascular smooth muscle cells,
and tumor cells) where it is upregulated by growth
factors (e.g., TGF-β), pro-inflammatory cytokines
such as tumor necrosis factor (TNF)-α and IL-1β
[31,36–38], and prostaglandins [39]. In tissues,
HAS1 is upregulated under conditions of inflamma-
tion, such as atherosclerosis, osteoarthritis, infec-
tious lung disease, and dermal wound repair [35].
Compared to HAS2 and -3, HAS1 has a lower affinity
for the HA synthetic substrates UDP-glucuronic acid
and UDP-N-acetylglucosamine, which renders HA
synthesis by HAS1 more susceptible to substrate
availability [35,40]. In this context, the high CN of
HAS1 mRNA in T cells might compensate for a
relatively low rate of HA synthesis per HAS1
molecule. However, the production of HA-rich cell
coats by HAS1-transfected MCF-7 cells is dramat-
ically increased by high glucose media [38] suggest-
ing that T1D-associated hyperglycemia could
facilitate HA synthesis by HAS1.
Why T cells would use different HAS isoforms in

different environments to produce HA is not known.
Cell lines (COS-1, MCF-7) and primary arterial
smooth muscle cells transfected to overexpress the
three different HAS isoforms produce HA coats with
distinctly different, isoform-specific densities and
structures [35,41,42]. Accordingly, HAS isoform
switching by T cells might allow the cells to tailor
their HA coats to meet specific functional or
environmental requirements in peripheral tissues
vs. secondary lymphoid organs.
4MU is thought to inhibit HA synthesis by depleting

cellular pools of UDP-glucuronic acid [43,44], which is
accompanied by a reduction in expression of HAS
mRNA in some cell types [45]. In animal models, 4MU
suppresses inflammation andautoimmunedisease in a
variety of settings (reviewed by Nagy et al. [46]). In this
context, we found that 4MU substantially suppressed
infiltration of T cells (but not neutrophils or B cells) into
SI allografts, which was accompanied by a lower level
of T cell activation. Suppression was also observed in
antigen-primed mice among CD4+ T cells from
secondary lymphoid organs, as indicated by a reduced
antigen recall response and an increase in the
proportion of Foxp3+ regulatory T cells.
Studies in vitro haveshown thatmousedendritic cells

constitutively expressHASmRNA [25] andaccumulate
HA on their surfaces. Human dendritic cells are
reported to express HA after exposure to activating
cytokines (e.g., TNF-α, IL-2, and interferon-γ) and their
binding to T cells is suppressed by pre-treatment of the
dendritic cells with 50 μg/mL of 4MU [47]. Although
these observations demonstrate a role for APC-derived
HA in interactions between T cells and APCs, the
present study indicates that T cell activation is also
influenced by T cell-derived HA. We observed that
CD69 upregulation by DO11.10 T cells 24 h after co-
culture with APCs and OVA peptide was inhibited by
pre-exposure of the T cells to 20–100 μg/mL of 4MU,
but was not inhibited by pre-exposure of the APCs to
4MU. Interestingly, somewhat different results with
respect toCD69expressionwere reported byMahaffey
and Mummert [26], who observed that while 4MU at
100 μg/mL inhibited HA production and proliferation of
T cells in vitro in response to activation by ConA, 4MU
did not inhibit CD69 upregulation 24 h after this
activation. This discrepancy with our observations
might reflect differences in the choice of activation
agent (i.e., ConA vs. APC-mediated stimulation of the
TcR by OVA peptide) and suggests that specific
components of the T cell activation process might be
differentially influenced by T cell-derived HA. This
notion is underscored by our findings that suggest a
role for T cell-derived HA at different points of the T cell
activation timeline, including early (CD3ζ phosphoryla-
tion) and downstream (CD69 expression) events.
Collectively, our observations that: 1) inhibition of HA

synthesis suppresses T cell auto- (and allo-) immune
responses in vivo, 2) there are robust changes in
expression levels of HAS1–3 mRNAs by T cells in
peripheral tissue vs. secondary lymphoid organs, and
3) there is direct involvement of T cell-derived HA in T
cell signaling and activation, support the idea that
production of this extracellular matrix molecule by T
cells themselvesmight be critical to T cell function. Our
future studieswill continue to explore the roles of T cell-
derived HA in autoimmunity.
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Experimental procedures

Mouse models

One day after implantation of SIs containing RIP-
mOVA islets into RIP-mOVA/Rag2−/− mice, OVA-
directed immune responses were initiated in the
mice by a retro-orbital injection (under isoflurane
anesthesia) of 100 μL of PBS containing 1 × 105

CD3+/CD4+ T cells from transgenic DO11.10/
Rag2−/− mice (isolated from mixed splenocytic and
LN suspensions by magnetic column, Product 130-
104-454, MiltenyiBiotec Inc., Auburn, CA). One day
after T cell transfer, the mice were given a
subcutaneous injection of 100 μg of OVA323–339
peptide (Product 27025, AnaSpec Inc., Fremont,
CA) in incomplete Freund's adjuvant to prime the
immune system. Additional experiments utilized islet
allotransplants – SIs loaded with BALB/c mouse
islets were transplanted into C57BL/6 mice.
To evaluate the effects of systemic inhibition of HA

synthesis on T cell behavior in vivo, mice were fed
with mouse chow supplemented with 5% 4MU by
weight (TestDiet, St. Louis, MO) [18,48], or the same
formulation of chow lacking 4MU (control chow) for 2
to 6 weeks prior to the start of experiments.
All work with mice was performed in the Benaroya

Research Institute vivarum under a protocol approved
by the Benaroya Research Institute Animal Care and
Use Committee. This vivarium is accredited by the
Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC) International.

Isolation of islets

Islets for transplantion were isolated from 12 to 24-
week-old RIP-mOVA/Rag2−/− or standard BALB/c
mice by digestion of the pancreata with collagenase
P (Product 11249002001, Roche Diagnostics, Indi-
anapolis, IN) and centrifugation of the digests
through a culture medium-Histopaque®-1077 (Milli-
poreSigma, Burlington, MA) interface, as described
previously [22–24]. Immediately after all islets were
isolated, they were hand-picked once, cultured
overnight in an incubator (37 °C/5% CO2/100%
humidity), and then hand-picked a second time.
Yields averaged 125–175 islets per mouse. Total
time of islet culture (i.e., from isolation to surgical
implantation) was approximately 24 h.

Fabrication of PVA scaffolds for SIs

Biopsy punches (Sklar Surgical Instruments, West
Chester, PA) were used to cut 8-mm diameter disks
from 2-mm thick sheets of medical-grade Merocel®
CF90 PVA sponge (500 μm average pore size with
no surfactant treatment – a generous gift from
Merocel/Medtronic, Inc., Minneapolis, MN). Subse-
quently, each disk was through-punched with five, 2-
mm diameter holes (chambers) in a pentagonal
pattern. The punched disks were washed on a
rocker in 50 mL centrifuge tubes filled with 40 mL of
sterile distilled water (10 min per wash, repeated five
times), then air-dried on sterile gauze, transferred to
60-mm petri dishes, exposed to γ-irradiation, and
stored until needed for SI assembly.

Preparation of type I collagen solution for SIs

One volume of a stock solution of rat tail native type I
collagen in dilute acetic acid (Product 354236, Corn-
ing/Discovery Labware, Bedford, MA) was combined
with 1/9 volume of 10-strength Medium 199 (Gibco/
ThermoFisher,Waltham,MA) saturatedwithNaHCO3,
and sufficient Dulbecco's Modified Eagle Medium
(DMEM; Gibco), normal mouse serum (NMS), and
1 N NaOH to yield a pH 7.4 solution containing
2.5 mg/mL collagen and 10% NMS [22,49]. The
collagen solution was prepared just prior to SI
assembly and maintained on ice until needed.

Assembly of SIs

Dry PVA sponge scaffolds were expanded for
5 min in sterile, deionized water, then blotted on
sterile gauze, transferred to inverted 60-mm plastic
tissue culture dish tops lined with UV-sterilized
hydrophobic Parafilm™ “M” (Pechiney Plastic Pack-
aging, Chicago, IL), and infused with 75 μL of type I
collagen solution containing suspended islets. With-
in a given experiment, each SI received an identical
number of islets (approximately 250). The PVA
sponge absorbed the collagen solution, with the
majority of the islets entering the five, 2-mm diameter
chambers. Subsequently, the dish tops were cov-
ered with 60-mm dish bottoms that were lined with
moist filter paper and incubated for 30 min at 37 °C/
5% CO2/100% humidity to gel the collagen. The
completed SIs were transferred to a 24-well tissue
culture plate filled with 500 μL/well of pre-
equilibrated DMEM supplemented with 10% NMS
and 100 μg/mL penicillin/100 U/mL streptomycin
(pen/strep), and maintained briefly in a tissue culture
incubator prior to implantation into mice.

Implantation of SIs

Recipient mice were given buprenorphine
(0.05–0.1 mg/kg) 30 min prior to surgery, which
was performed under isoflurane. A 1-cm vertical,
mid-line incision was made in the skin and peritone-
um, a loop of the small intestine was extracted, and
the SI placed on the intestinal mesentery [22,24].
Subsequently, the intestinal loop was folded over the
SI and returned to the peritoneal cavity. The incision
was closed with absorbable sutures for the perito-
neum and staples for the skin. A subcutaneous
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injection of meloxicam (5 mg/kg) was administered
immediately after surgery and additional analgesics
(buprenorphine) were given as needed. Blood
glucose levels of RIP-mOVA mice that received
transplanted islets were monitored daily as de-
scribed previously [22–24]. The mice were eutha-
nized and SIs removed after 13 days, a time when
blood glucose levels exceeded 250 mg/dL, which
indicated that autoimmune destruction of both native
and transplanted islets was fully underway. C57BL/6
mice that received BALB/c islet allotransplants in SIs
were euthanized and the SIs removed after 7 or 14
days, times representing a well-developed rejection
response to the transplanted islets.

AHC/IHC analyses

SIs were explanted and fixed in 10% neutral-
buffered formalin, dehydrated, embedded in paraffin,
and sectioned at 8 μm en face across the entire
diameter of the SI disk. Sections were deparaffi-
nized, blocked in PBS/2% normal goat serum, and
exposed overnight to PBS/2% normal goat serum
containing 5 μg/mL of primary mAbs or polyclonal
antibodies (pAbs) identifying mouse T cells (rabbit
anti-CD3 mAb SP7, Product ab16669, Abcam, San
Francisco, CA), B cells (rat anti-B220 mAb RA3-6B2,
Product ab64100, Abcam), and neutrophils (rabbit
anti-myeloperoxidase pAb, Product ab9535,
Abcam). In selected experiments, anti-CD3 mAb-
stained specimens were also stained with rabbit
pAbs to HAS1 or HAS2 (Products 5-50674 and 5-
25593, ThermoFisher). Bound primary Abs were
visualized with goat anti-rabbit or anti-rat secondary
Abs conjugated to Alexa-Fluor 488 or -546 (Thermo-
Fisher). HA in the sections was labeled by AHC with
biotinylated HABP (bHABP, Product 385911, Cal-
biochem®/MilliporeSigma) in conjunction with
Alexa-Fluor 488-streptavidin (ThermoFisher). Im-
ages were recorded with a Leica TCS SP5 II
scanning confocal microscope. In conjunction with
AHC/IHC staining, islets were identified in confocal
views of sections by use of differential interference
contrast optics. The appearance of islets is quite
distinctive using this viewing mode.
To quantify infiltration of cells into SIs using IHC,

sections were labeled with a single Ab recognizing
either T cells, B cells, or neutrophils, as described
above. For each cell type, six sections (each
separated by 100 μm) were evaluated for each SI.
Each entire section was imaged by collecting 40–50
digital images with a 20× objective (each image
covered a 1 mm2 field) and the total number of each
cell type present in the total cellularized area of the
section was determined (the cellularized areas
occupied the chambers, pores, and pore throats of
the sponge – the acellular areas occupied by the
PVA sponge proper were not included). Results
were recorded as average cell number per mm2 of
cellularized area. Data were collected from three
mice each within the control and 4MU-fed groups.

Isolation of cellular infiltrates from SIs and
analytical flow cytometry

Cellular infiltrates were removed from explanted
SIs by incubating each SI in a covered 60-mm tissue
culture dish containing 2 mL of 37 °C “DMEM-10”
(DMEM supplemented with 10% fetal bovine serum,
50 μM 2-mercaptoethanol, 2 mM glutamine, 1 mM
sodium pyruvate, and pen/strep) containing 1 mg/
mL collagenase P. During the incubation, the dishes
were swirled gently in a 37 °C water bath and the
sponge scaffolds of the SIs were squeezed at
10 min intervals with a sterile, 1 mL syringe plunger
to expel all of the infiltrating cells. The expelled cells
were centrifuged for 10 min at 270 × g and then
incubated for 5 min in 1 mL of 37 °C ammonium
chloride/potassium (ACK) buffer [50] to lyse red
blood cells.
For flow cytometry, 1–5 × 106 cells were incubat-

ed 15 min on ice in 50 μL of “stain buffer” (PBS, 2%
fetal bovine serum, 0.05% NaN3) containing 2 μg of
Fc-blocking mAb 2.4G2 (Mouse BD Fc Block™,
Product 553141, BD Biosciences, San Jose, CA).
Subsequently, a 50 μL mixture of chromophore-
tagged mAbs was added and incubated for an
additional 30 min on ice. The mixture included mAbs
145-2C11, RM4-5, M5/114.15.2 and H1.2F3 (BioLe-
gend/ThermoFisher) recognizing CD3, CD4, MHC
class II, and CD69, respectively. Cells were washed
with 1 mL of stain buffer and then labeled for nuclear
Foxp3 using a Foxp3 staining buffer kit (Product 00-
5523-00, eBioscience/ThermoFisher) with anti-
Foxp3 mAb FJK-16s (eBioscience/ThermoFisher).
Samples were fixed with 2% formaldehyde in PBS,
run on an LSR II flow cytometer (BD Biosciences),
and analyzed with FlowJo cytometric software
(FlowJo LLC, Ashland, OR).

In vitro T cell proliferation assays

To assess DO11.10 T cell antigen recall (prolifer-
ation) in vitro, mice were immunized at the base of
the tail by a subcutaneous injection of 50 μg of OVA
peptide in 100 μL of 50% incomplete Freund's
adjuvant (Product A7642, MilliporeSigma) in PBS.
Two weeks later, the ILNs and spleens were
explanted and the cells isolated by gently pressing
the tissue through 40 μm cell strainers (Product
22363547, ThermoFisher). LN cells were washed in
DMEM-10. Splenocytes were exposed to ACK buffer
to lyse red blood cells prior to resuspension in
DMEM-10. For assays, 1 × 105 LN cells or 5 × 105

splenocytes were plated in round-bottom 96-well
plates in 150 μL of DMEM-10 containing graded
concentrations of OVA peptide (0–5 μg/mL) or a
mixture of 2 μg/mL of anti-CD3 mAb 145-2C11 and
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0.4 μg/mL of anti-CD28 mAb 37.51 (eBioscience/
ThermoFisher). After 72 h of culture, 1 μCi of [3H]-
thymidine (Moravek Inc., Brea, CA) was added to
each well in 25 μL of DMEM-10 and incorporation of
the radiolabel measured 24 h later with a 1450
Microbeta® TriLux microplate scintillation counter
(Wallac-PerkinElmer Inc., Waltham, MA).
Allo-MLR assays were performed in flat-bottomed

96-well plates to assess T cell alloantigen recall
(proliferation) in vitro. Splenocytes (5 × 105) from
C57BL/6 mice transplanted with BALB/c islets were
isolated and co-cultured for 84 h with 5 × 105

irradiated BALB/c splenocytes (3000 rads from
137Cs). Subsequently, the cultures received [3H]-
thymidine and incorporation of the radiolabel mea-
sured 24 h later.
To evaluate the involvement of HA associated

with either T cells or APCs in T cell activation,
DO11.10 CD4+ T cells and MHC class II+ APCs
were isolated from combined spleen and LN
suspensions using magnetic columns (Products
130-104-454 and 130-052-401, MiltenyiBiotec Inc.)
and separately cultured for 24 h in the presence of
4MU at 0, 20, 50, or 100 μg/mL. Subsequently, the
T cells and APCs were washed in DMEM-10 and
co-cultured in the presence of OVA peptide at 0,
0.8, 4, or 20 μg/mL. After 24 h of OVA stimulation,
expression of the early activation marker CD69 on
CD3+/CD4+/CD44med gated cells was determined
by flow cytometry.

mRNA analyses

Infiltrating cells removed from explanted SIs were
first enriched for CD4+ T cells using magnetic
columns as described above. Cells were then flow-
sorted on a FACS Aria II to obtain a high-purity T cell
(CD3+/CD4+/MHC class II−) fraction. To preserve
cell integrity, cells were suspended in DMEM for
FACS staining and sorting. The isolated T cells
(50–200 × 103) were lysed in 0.5 mL TRIzol®
Reagent (ThermoFisher) followed by the addition of
0.1 mL chloroform and vigorous mixing. The solution
was incubated at room temperature for 5 min and
spun at 14,000 × g for 10 min at 4 °C. The aqueous
phase was collected, mixed with an equal volume of
70% ethanol, and purified using EconoSpin™
columns (Epoch Life Science, Missouri City, TX).
cDNA was prepared from the isolated RNA with a
High Capacity cDNA Reverse Transcription Kit
(ThermoFisher) according to the manufacturer's
instructions. Real-time PCR was carried out with
SYBR Select Master Mix or TaqMan® Gene
Expression Master Mix (ThermoFisher), as directed
by the manufacturer, on an Applied Biosystems
7900HT Fast Real-Time PCR System. For each
sample, assays were run as technical duplicates.
cDNA levels were then expressed as estimated CN
of mRNA relative to 105 18S rRNA using the master-
template approach [51]. Taqman probes (Thermo-
Fisher) were for murine HAS1 (Mm00468496_m1),
HAS2 (Mm00515089_m1),HAS3 (Mm00515092_m1),
hyaluronidase 1 (Mm00476206_m1), hyaluronidase 2
(Mm01230689_g1), and 18S rRNA (Product 4318839).
Identical assays were performed on T cells isolated
from MLNs.

Assessment of HA on the T cell surface

Naïve splenic DO11.10 CD4+ T cells were isolated
by magnetic column and stimulated for 3–4 days in
DMEM-10 containing anti-CD3/CD28 mAbs at 2/
0.4 μg/mL. To demonstrate presence of cell surface
HA, T cells were labeled for 1 h at 4 °C with bHABP
(10 μg/mL) and Fc-Block (10 μg/mL), washed, stained
with streptavidin-phycoerythrin (SA-PE, Product 12-
4317-87, eBioscience/ThermoFisher) and
allophycocyanin-tagged anti-CD4 mAb (clone RM4-
5, eBioscience/ThermoFisher), and analyzed on a
FACS Caliber flow cytometer. Controls consisted of
cells exposed to SA-PE only, or no stain. The effect of
hyaluronidase digestion on expression of HA by 3-day
cultures of anti-CD3/CD28 mAb-activated T cells was
examined by a 2-h, 37 °C incubation of the cells in
20 U/mL of Streptomyces hyalurolyticus hyaluroni-
dase (Product H1136, Millipore-Sigma) added directly
to the culture medium, followed by a washing step and
bHABP/SA-PE flow cytometry as described above.
The effect of 4MU onHA expression was evaluated by
culturing the T cells for 4 days in anti-CD3/CD28 mAb
activation medium supplemented with 100 μg/mL of
4MUonday1 (for a 96-h exposure), or day 3 (for a 24-h
exposure). Cells cultured 4 days in activation medium
lacking 4MU served as controls.

In vitro T cell signaling assays

To determine the effects of pre-exposure of T cells
to 4MU on early signaling in the TcR, naïve DO11.10
CD4+ T cells (isolated by magnetic column and
checked for purity and viability by flow cytometry)
were separately cultured for 20 h with or without
100 μg/mL of 4MU, washed, allowed to rest for 1 h in
4MU-free medium, and then stimulated for 5 min
with anti-CD3/CD28 mAbs at 2/0.4 μg/mL. Stimula-
tion was immediately followed by fixation and
permeabilization (Intracellular Fixation & Perme-
abilization Buffer Set, Product 88-8824-00,
eBioscience/ThermoFisher), labeling with mAbs
against CD4 (clone RM4-5) and phospho- (p)CD3ζ
(clone K25-407.69, BD Biosciences), and analysis
by flow cytometry [29].

Statistical analyses

P values were calculated with Prism® (GraphPad
Software, Inc.) using two-tailed t-tests (unpaired or
paired, as applicable).
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IHC immunohistochemistry
ILNs and MLNs inguinal and mesenteric lymph
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MLR mixed lymphocyte reaction
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T1D type 1 diabetes
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