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Non-standard Abbreviations and Acronyms
ECM - extracellular matrix

HA - hyaluronan

HAS - hyaluronan synthase

HF- heart failure

I/R - ischemia reperfusion

IHD - ischemic heart disease

LAD - left anterior descending artery

LVEYV - left ventricular ejection fraction
LVESV - left ventricular endsystolic volume
LVEDV - left ventricular enddiastolic volume

STEMI - ST-elevation myocardial infarction

Highlights

¢ Mice with systemic deletion of hyaluronan synthase 3 (Has3) exhibit adverse
cardiac remodeling and impaired heart function in a model of acute myocardial
infarction

e Detrimental post-infarct outcome in Has3 deficient mice is associated with
reduced numbers of cardiac T helper 1 and regulatory T cells

e Targeting hyaluronan-matrix to preserve T cell function may be beneficial for
patients with myocardial infarction
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ABSTRACT

Dysregulated extracellular matrix (ECM) is a hallmark of adverse cardiac remodeling
after myocardial infarction (MI). Previous work from our laboratory suggests that
synthesis of the major ECM component hyaluronan (HA) may be beneficial for post-
infarct healing. Here, we aimed to investigate the mechanisms of hyaluronan
synthase 3 (HAS3) in cardiac healing after MIl. Mice with genetic deletion of Has3
(Has3 KO) and wildtype mice (WT) underwent 45 minutes of ischemia with subsequent
reperfusion (I/R), followed by monitoring of heart function and analysis of tissue
remodeling for up to three weeks. Has3 KO mice exhibited impaired cardiac function
as evidenced by a reduced ejection fraction. Accordingly, Has3 deficiency also resulted
in an increased scar size. Cardiac fibroblast activation and CD68* macrophage counts
were similar between genotypes. However, we found a significant decrease in CD4 T
cells in the hearts of Has3 KO mice seven days post-Ml, in particular reduced numbers
of CD4*CXCR3* Thl and CD4*CD25* Treg cells. Furthermore, Has3 deficient cardiac
T cells were less activated and more apoptotic as shown by decreased CD69* and
increased annexin V* cells, respectively. In vitro assays using activated splenic CD3 T
cells demonstrated that Has3 deficiency resulted in reduced expression of the main
HA receptor CD44 and diminished T cell proliferation. T cell transendothelial migration
was similar between genotypes. Of note, analysis of peripheral blood from patients
with ST-elevation myocardial infarction (STEMI) revealed that HAS3 is the
predominant HAS isoenzyme also in human T cells. In conclusion, our data suggest
that HAS3 is required for mounting a physiological T cell response after MI to support
cardiac healing. Therefore, our study may serve as a foundation for the development

of novel strategies targeting HA-matrix to preserve T cell function after Ml.

Keywords: Extracellular matrix, hyaluronan synthase 3, myocardial infarction, T cells
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INTRODUCTION

Ischemic heart disease (IHD) is a major global health burden estimated to affect over
120 million people worldwidel. As its most severe clinical manifestation, myocardial
infarction (M) is a leading cause of heart failure (HF), a syndrome defined by signs of
structural and/or functional cardiac abnormalities such as hypertrophy and fibrosis? 2.
While the success of current pharmacological and device-based measures is
undisputed® °, clinical outcome after Ml remains highly variable, with 20-30% of
patients developing HF at one year after Ml hospitalization®.

Driven by the medical need to identify novel targets for prevention of HF, our laboratory
has put a focus on defining early mechanisms of cardiac remodeling. In this context,
the extracellular matrix component hyaluronan (HA) is an interesting candidate
molecule. HA is a highly hygroscopic glycosaminoglycan synthesized by three
membrane-bound HA synthases (HAS1-3) at the inner surface of the plasma
membrane, with the HA chains being extruded through pore-like structures into the
extracellular space’. In addition to its role in maintaining tissue integrity, HA has potent
immunoregulatory properties mediated by binding to a variety of HA receptors,
foremost CD44 and RHAMM?: . Using genetic ablation of HAS expression in a model
of MI, we have previously shown that HAS2 is critical for cardiac healing by promoting
cardiac fibroblast activation and macrophage survival®. Of note, infarcted Hasl
deficient mice had no overt phenotype®, while the effects of HAS3 were not
investigated.

We and others have addressed the role of HAS3 in human pathology in several non-
infarct models, revealing both protective and pathogenic functions of HAS3, depending
on the type of disease and the cell types affected®!4. For example, while being
protective in a model of periphery artery disease through promoting arteriogenesis?*?,
HAS3 expression was detrimental in models of inflammatory bowel disease'? 1> and
atherosclerosis: 4. In ApoE knockout mice, we showed that Has3 deficiency
decreased atherosclerotic plaque burden and ameliorated the response of
proinflammatory T helper 1 (Th1) cells'!. Since T cells, in particular the CD4 subsets
Thl1 and regulatory T cells (Tregs), have emerged as important determinants of cardiac
outcome after infarction!® , we hypothesized that HAS3 may affect cardiac remodeling

by modulating the T cell response.
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RESULTS

Impaired cardiac healing and function in Has3 KO mice

To investigate the role of HAS3 in acute myocardial infarction, we subjected WT and
Has3 deficient micel to 45 min of ischemia followed by reperfusion and monitoring of
cardiac function and remodeling. Gomori trichrome staining of hearts 3 weeks post-I/R
showed significantly increased scar sizes in Has3 deficient mice (Figure 1 A, B), along
with increased collagen content as revealed by picrosirius red (PSR) staining (Figure
1 C, D). In contrast, collagen density as analyzed by visualization of PSR staining
under polarized light was similar between genotypes (Figure 1 E, F). Further,
hemodynamic function was analyzed by echocardiography. A significantly reduced left
ventricular ejection fraction (LVEF) was measured in Has3 deficient mice 2 and 3
weeks after I/R (Figure 1 G). This was accompanied by a lower fractional area change
(Figure 1 H) and an elevated left ventricular endsystolic volume (LVESV), while the left
ventricular enddiastolic volume (LVEDV) was not significantly altered (Online Table ).
Additional parameters including cardiac output, stroke volume and baseline heart
function were unchanged between genotypes (Online Table 1). In addition, we
observed signs of increased cardiac hypertrophy in the Has3 KO mice: heart weight
and left ventricular mass were increased 3 weeks post-I/R as compared to WT. Further
analysis of hypertrophic markers ANP and BNP in the remote myocardium showed
increased MRNA expression of BNP in Has3 deficient mice while ANP expression was
highly variable and not significantly changed. Cardiac hypertrophy was confirmed by
WGA-stained heart sections revealing significantly larger cardiomyocytes in Has3 KO
mice (Online Figure I). Taken together, these data show that Has3 deficiency worsens
the outcome after I/R.

Similar fibroblast and macrophage response in WT and Has3 KO mice

Since we have previously shown that post-infarct fibroblast activation is impaired in
Has?2 deficient mice®, we were interested whether lack of Has3 would also impact the
fibroblast response. To profile fibroblast activation, we evaluated markers of activated
cardiac fibroblasts, alpha-smooth muscle actin (a-SMA)’, periostin (POSTN)® and

collagen triple helix repeat containing 1 (CTHRC1)*® with IHC. At day 3, we found a
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decrease in a-SMA* cells in Has3 KO mice (Figure 2 A, B) but no difference in POSTN
and CTHRCL1 (Figure 2 C-F). At day 7, expression of all three markers were similar
between genotypes (Figure 2 B, D, F). Fibroblast proliferation was also unchanged as
determined by flow cytometric analysis of cardiac CD45 CD31ITGA7 MEFSK4*BrdU*
cells, and so was expression of Tgfb1, the dominant driver of myofibroblast activation
(Online Figure II). Notably, we also detected similar amounts of HA in the hearts of WT
and Has3 KO mice (Online Figure Ill). Together, these data indicate that Has3

deficiency does not significantly alter fibroblast activation after I/R.

Evaluating cardiac macrophages by CD68 staining of heart sections did not reveal
differences between the WT and the Has3 KO animals (Figure 2 G, H). This result was
confirmed by flow-cytometric analysis of total CD11b*CD64"9" cardiac macrophages
(Figure 2 1). Further, a more detailed subtype analysis of tissue resident versus
monocyte derived macrophages based on expression of CCR2 and MHCII?® did not
show differences between the genotypes either (Online Figure IV and V). In summary,
Has3 deficiency did not affect the macrophage phenotype in our model of I/R. Together
with the absence of major changes in the fibroblast response, these data suggest

differential roles of HAS2 and HASS in cardiac remodeling.

Decreased cardiac CD4 T cell numbers in infarcted Has3 KO mice

In addition to innate immune responses early after infarction, it has become clear that
activation of the adaptive immune system is also critical for cardiac healing 16 2% 22,
Mainly two subsets of CD4 T cells were found to influence post-infarct outcome:
Proinflammatory IFN-y producing T helper 1 (Th1) cells contributed to increased infarct
sizes?3, whereas CD4 regulatory T cells (Tregs) were shown to improve healing after
MI?4. We hypothesized that Has3 may impact cardiac outcome post-IR due to
modulation of the T cell phenotype. Therefore, we analyzed T cell subsets in the blood,
the spleen, the mediastinal lymph nodes and the heart of WT and Has3 KO mice at
day 3 and day 7 post-1/R using flow cytometry. Specifically, we aimed for the detection
of CD8 T cells, Treg cells and the CD4 T helper cell subsets Thl, Th2 and Th17. Due
to the limited number of cardiac T cells, we refrained from intracellular cytokine staining
and instead used chemokine receptor expression as surrogate for CD4 lineage
definition: CXCRS3 for Th1, CCR4 for Th2 and CCR6 for Th17 cells?®. Treg cells were
defined as CD4*CD25* T cells?® (Figure 3A).
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At day 3, T cell counts in blood, mediastinal lymph nodes and cardiac tissue were
similar between WT and Has3 KO mice. Splenic CD4 and CD8 T cell numbers were
significantly decreased in mice lacking Has3, however, this decrease was rather
transient as it was not observed at day 7 (Online Figure VI and VII). At day 7,
differences between the genotypes became apparent in changes of cardiac T cell
counts. Although leukocyte and total CD3 T cell numbers were similar (Figure 3 B, C),
CD4 T cells were significantly decreased in Has3 KO mice (Figure 3 D). CD8 and CD4"
CD8" double negative (DN) T cells were not significantly changed (Figure 3 E, F).
Notably, within the CD4 T cells, the decrease was significant for Thl and Treg cells
but not for Th17 cells (Figure 3 G-I). Th2 cells were hardly detected (data not shown).
In addition to flow cytometry, we used immunofluorescent staining of heart sections to
identify Treg cells by expression of transcription factor FoxP3. As shown in Online
Figure VIII, we counted fewer cardiac FoxP3™ cells in the Has3 deficient mice, although
statistical significance was not reached (p = 0.15). Potential reasons for this
discrepancy between our flow cytometric and immunofluorescence analysis are

addressed in the Discussion section.

Surprisingly, reduced counts of cardiac T cells in the Has3 KO mice were accompanied
by increased numbers of Th17 and Treg cells in the blood (Online Figure VII). Other
immune cell populations including monocytes, neutrophils and B cells were unchanged
between the genotypes at any timepoint (Online Figures II, 1X and X). In summary,
these data show that Has3 deficiency modulates the T cell response post I/R.

Reduced numbers of activated T cells and increased T cell apoptosis in infarcted
hearts of Has3 KO

To gain insight into the underlying mechanisms of the altered T cell response in Has3
deficient mice, we asked whether T cell activation might be different between the
genotypes. Interleukin-2 (IL-2) is a cytokine released by CD4 and CD8 T cells in
response to T cell receptor (TCR)- activation through their cognate antigens. It is
critically involved in many aspects of T cell biology including T cell homeostasis,
proliferation and differentiation?”. A first indication that T cell activation might be
dysregulated in Has3 KO mice was obtained from cytokine plasma analyses showing
significantly reduced IL-2 concentrations at day 3 post-I/R as compared to the WT
(Figure 4 A). This led us to assess the activation status of cardiac T cells at day 7, the

7
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timepoint where T cell counts were reduced compared to the controls. Choosing CD69
as a marker for early T cell activation?8, we found a significant decrease in activated
total CD3 as well as CD4 and CDS8 T cells (Figure 4 B-D). Unfortunately, calculation of
percent activated CD69* cells proofed challenging due to the low number of recorded
T cells in some samples. We hypothesized that impaired activation of Has3 deficient T
cells might result in increased T cell apoptosis, similar to the known effects of IL-2
withdrawal?®. In fact, we detected a highly significant increase in the percentage of
annexin V* total CD3 as well as CD4 and CD8 T cells in the heart of Has3 KO mice as
compared to WT mice (Figure 4 E-G). Interestingly, there were differences within the
CD4 subsets, reflected by a profound increase in apoptotic Thl but not Th17 or Treg
cells (Figure 4 H-J). While this result seems surprising, itis in line with the differential
IL-2 requirements for survival of T cell helper subsets which will be discussed later.
Further, we investigated whether the observed changes in T cells would, alter cytokine
concentrations in the left ventricle. There were no significant differences in single
cytokines between WT and Has3 KO mice, however there were subtle shifts towards
reduced IL-2 and regulatory cytokines (IL-4, iL-10, IL-13) in Has3 deficient mice, while
the pleiotropic cytokine IL-6 was increased (Online figure Xl). In conclusion, these
results demonstrate that at day 7 post-I/R, cardiac T cells of Has3 deficient mice are
less activated and more apoptotic than WT T cells.

Diminished HA synthesis and CD44 protein abundance in T cells from Has3 KO

mice associates with decreased T cell proliferation

To better understand the impact of T cell- expressed Has3 for T cell function, we
performed in vitro proliferation and transendothelial migration assays using purified
splenic CD3 T cells from infarcted WT and Has3 KO mice. First, we measured Has
expression using qPCR. Has3 was the only detected HAS isoform in T cells from WT
mice at day 7 post-I/R (Figure 5 A). As expected, we did not detect Has3 transcript in
Has3 deficient T cells and of note, other Has isoforms were not upregulated (data not
shown). Interestingly, HAS3 was also the predominant isoenzyme in T cells from
patients with acute myocardial infarction (Figure 5 B). Immunofluorescent staining of
anti-CD3/CD28 activated murine T cells plated on collagen-coated slides, revealed that
T cells lacking Has3 not only displayed significantly less HA but also less CD44, the

principal HA receptor required for CD44-HA mediated T cell adhesion and diapedesis®°
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(Fig. 5 C-E). Interestingly, we also observed profoundly reduced CD44 staining after
activated T cells were treated with hyaluronidase. This suggests that CD44 is held near
the T cell surface by a pericellular HA network and not only by integration into the cell
membrane (Online figure XII). Strikingly, induction of Cd44, 112 and Ifny mRNA
expression following TCR activation was similar between genotypes (Online Figure
XIIl). Given the role of CD44 in T cell extravasation3°, we next set up a transmigration
assay using splenic T cells from infarcted WT and Has3 KO mice allowing them to
migrate through a layer of murine endothelial cells in response to CXCL12, a potent T
cell chemoattractant®'. However, despite strong induction of T cell transmigration by
CXCL12, no difference in T cell migration between the genotypes was detected (Online
Figure XIV). Since TCR signal strength is linked to expansion of both CD4 and CD8 T
cells®?, we next asked whether the suspected impairment of Has3 deficient T cells to
become activated would translate into compromised cell proliferation. Indeed, using
activated CD3 T cells in a CFSE-based assay, we found a significant decrease in
proliferation of T cells from Has3 KO mice (Figure 5 F). T cells from uninfarcted Has3
deficient mice also exhibited reduced proliferation compared to the WT. No differences
in splenic T cell abundance or CD69 expression were detected in uninfarcted mice

prior to in vitro activation (Online  Figures XV and XVI).

Altogether, our data suggest that expression of HAS3 is required for adaptive cardiac
healing by ensuring adequate T cell activation after myocardial infarction. We provide
evidence that reduced courits of cardiac CD4 T helper and regulatory T cells in the
infarcted heart of Has3 KO mice are due to compromised activation and increased
apoptosis, leading to reduced T cell proliferation and survival and ultimately, adverse

cardiac remodeling. The main findings of our study are summarized in Figure 6.
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DISCUSSION

Targeting early events in adverse cardiac remodeling is an unmet medical need to
reduce the incidence of heart failure post MI. Changes in the ECM occur within minutes
after infarction and continue throughout all phases of cardiac healing®3. Increasing
evidence suggests a critical role for hyaluronan (HA) in supporting adaptive

remodeling.

Here, we show that mice deficient for the HA synthase 3, Has3, have a significantly
worse outcome after I/R compared to WT animals, as evident by impaired left
ventricular function and increased scar size. We further demonstrate that this
phenotype is associated with reduced cardiac CD4 T cells at day 7 post-infarction and
that these T cells are characterized by reduced activation and increased apoptosis.
Moreover, we found decreased CD44 protein abundance in T cells from Has3 KO mice,
which were less able to proliferate in vitro than WT cells. Finally, we show that HAS3
is the predominant isoform in human T cells from patients with STEMI. To the best of
our knowledge, this study is the first to demonstrate a critical role of HA in regulating
the T cell response after myocardial infarction.

Interestingly, we observed that the total myocardial HA content was unchanged and
that there were no major differences in the fibroblast and macrophage response
between WT and Has3 KO mice, despite significantly impaired left ventricular function
and increased scar size in the infarcted Has3 KO animals on day 21. This is in contrast
to our observations using Has2 KO mice, which exhibited less HA, fewer cardiac
macrophages and reduced fibroblast activation®. We believe the difference in these
phenotypes is due to the fact Has isoform expression is cell type specific. We have
previously shown that Has2 is the most highly expressed Has isoform in murine cardiac
fibroblasts, with Has3 levels being orders of magnitude lower in comparison®.
Moreover, in contrast to Has1 and Has2, we found Has3 insensitive to upregulation by
TGF-B1°, the most critical factor for conversion of fibroblasts into myofibroblasts34.
Since the large majority of HA in the post-infarct environment is produced by
fibroblasts, it is likely that the proportion of HAS3-produced HA in the infarcted heart is
very small. Therefore, Has3 deficiency will not result in detectable changes in gross
HA content, but rather alters the HA abundance in the T cell niche. However, we cannot
exclude the possibility that also Has compensation plays a role. Although we did not
see such a mechanism in isolated Has3 deficient T cells, Has1/3 double deficient skin

10
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fibroblasts, for example, expressed higher levels of Has2 and produced more HA than
WT fibroblasts®. Besides increased Has2 mRNA, the authors discuss a potential role
for the formation of HAS2 homo- and heterodimers: HAS2 enzymatic activity was found
to be inhibited by the formation of HAS2/HAS3 heterodimers®®, so while in WT cells
such dimers will be generated, Has1/3 null cells will only form HAS2 homodimers with
enhanced activity. Hence, it is conceivable that also in Has3 deficient cells, the
proportion of HAS2 homodimers is increased compared to the WT. Future studies may

address this question.

Our data suggest that unlike Has2, which promotes fibroblast activation and
macrophage survival®, the beneficial role of Has3 in myocardial infarction is promoting
the activation and survival of cardiac T cells. CD4 and CD8 T cells as well as
unconventional T cells like yd T cells and Natural Killer T (NKT) cells gradually infiltrate
the infarcted heart, following neutrophils and macrophages and peaking at day 3 or
day 7 post-MlI, depending on the model used®’. The relevance of CD4 T cells was
highlighted in several studies employing genetic or antibody-mediated T cell
depletion'®. It became clear that cardiac outcome was largely determined by two CD4
T cell subsets with opposing roles: IFN-y producing T helper 1 (Th1) cells promoting
inflammation and contributing to increased infarct sizes?3, and regulatory T cells
(Tregs) supporting adaptive cardiac healing. Natural Treg cells are best defined as
CD4*FoxP3*CD25* T cells suppressing inflammation by cell-cell contact and the
release of regulatory cytokines including I1L-10 and IL-35%8. In our study, we provide
evidence that both cardiac Thl and Treg cells are decreased in Has3 KO mice at day
7 post-I/R. With respect to FoxP3, which was not significantly reduced in heart sections
of the Has3 KO, we think that methodological differences need to be considered. In
contrast to flow cytometric analysis of CD4*CD25" cells in whole heart homogenates,
Foxp3* cells were counted manually in selected heart tissue section, potentially not
capturing areas of uneven Treg cell distribution. Moreover, considering that Treg cells
can lose FoxP3 expression under inflammatory conditions resulting in so-called
‘exTregs®?, even subtle differences in cytokine concentrations in the infarcted hearts
of WT and Has3 KO mice may have impacted FoxP3* cell counts. Although lineage
tracing of Treg cells would be needed to study the fate of Treg cells in more detail in
our model, we believe our data strongly suggests reduced Treg cell abundance in the

infarcted hearts of Has3 deficient mice.

11
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Irrespective of the Th1/Treg ratio, which was unchanged compared to the WT (data
not shown), this decrease in absolute T cell numbers was associated with a detrimental
outcome, indicating the outstanding role of Tregs for cardiac healing?* 4% 4, In fact,
using mice with genetic or CD25-antibody mediated ablation of Treg cells, Weirather
et al. showed that Treg cell deficiency led to exacerbated cardiac inflammation with
increased infiltrates of neutrophils and M1-polarized macrophages. Conversely, in vivo
expansion of Treg cells by administration of superagonistic CD28 (CD28-SA) antibody
two days post MI induced regulatory M2 macrophages and resulted in improved
survival?*. Although the mechanisms of how Tregs exert their cardioprotective function
are still incompletely understood, Tregs were reported to alleviate cardiac hypertrophy
and fibrosis under conditions of pressure overload, possibly by suppressing TGF-3
mediated myofibroblast activation*?. This idea of Treg cell function is in line with our

findings of increased hypertrophy and reduced cardiac Tregs in the Has3 KO mice.

Our results indicated that Has3 deficient T cells may have a compromised capacity to
activate upon antigen stimulation. Classical T cell activation occurs through T cell
receptor (TCR) recognition of peptide antigens presented by major histocompatibility
complex (MHC) molecules on antigen-presenting cells (APC), typically dendritic cells
(DCs)*. T cell activation can be measured by different means including cytokine
release, upregulation of activation markers and cell proliferation. A critical cytokine for
T cell survival and proliferation is IL-2, which is produced by activated CD8 and CD4 T
cells, with the exception of Tregs. Tregs are unique in that they do not secrete IL-2 but
constitutively express high levels of CD25, the IL-2Ra chain, enabling them to respond
to very low IL-2 concentrations*4. Reduced IL-2 plasma concentrations in the Has3 KO
mice at day 3 after infarction led us to evaluate T cell activation in the heart. At day 7
post-1/R, we found significantly decreased numbers of CD69* CD4 and CD8 T cells in
cardiac tissue of Has3 deficient mice compared to WT mice, indicating impaired
activation of the two major T cell populations. Interestingly, with regard to Treg cell
function, a subset of CD4*Foxp3*CD69* Tregs was shown to have enhanced
immunosuppressive capacity by increased release of IL-10*°. Hence, whether Has3
deficient Tregs are functionally compromised, is an intriguing question that may be
addressed in future studies.

Suboptimal T cell activation, for example by cytokine deprivation or insufficient

engagement of costimulatory molecules like CD28 can result in apoptosis*®. Therefore,

12
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we stained cardiac T cells with annexin-V and indeed detected an increased
percentage of annexin-V* CD4 and CD8 T cells in the Has3 KO mice. Of note, the most
affected CD4 subset were the Th1l cells while apoptosis in Tregs and Th17 cells was
not significantly altered compared to the WT. This may be explained, at least in part,
by distinct cytokine requirements of the T helper subsets for survival. As mentioned
above, Tregs are viable in the presence of very low IL-2 concentrations due to high
CD25 expression. In contrast, Th17 cells are dependent on IL-23, with IL-2 inhibiting

Th17 cell development?’.

We used immunocytochemical analysis of purified splenic T cells to assess HA
synthesis and CD44 expression. Remarkably, activated WT T cells showed an intense
HA staining which was almost entirely due to Has3 expression since no Hasl1 and only
minute amounts of Has2 in a few samples were detected. Has3 deficient T cells did
not compensate for the lack of Has3 by upregulation of other Has isoforms and
accordingly, showed profoundly reduced HA staining. Interestingly, this reduction in
HA was matched by decreased CD44 protein, despite unchanged Cd44 transcript
levels between WT and Has3 deficient T cells. Moreover, treatment of WT cells with
hyaluronidase removed CD44, suggesting that HA stabilizes CD44 at the T cell
surface. The underlying mechanisms are unclear; however, it is possible that CD44 is
caught and held inside the HA matrix by HA itself or a binding partner, free from the
cell membrane, but close enough that it increases its chances of being re-attached to
the cell and activating it's signaling cascade. It is also conceivable that HA stabilizes
CD44 by protecting the ectodomain from proteolytic shedding. Like many cell surface
proteins, the ectodomain of CD44 can be cleaved by the action of proteinases to
release a soluble form of CD44. Specifically, membrane type 1 matrix
metalloproteinase (MT1-MMP) and a disintegrin and metalloproteinase-10 (ADAM10),
both of which are expressed on T cells, have been shown to mediate CD44 shedding*®

49, Future studies are needed to address these questions in more detail.

Because CD44 binding to HA on endothelial cells mediates T cell adhesion and
extravasation®, we performed in vitro transendothelial migration assays. Although WT
and Has3 deficient T cells behaved similarly, we cannot exclude the possibility that in
mice with global Has3 deficiency T cell extravasation was impaired, considering that
lack of endothelial Has3 can cause endothelial dysfunction!2. Future experiments using

13
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Has3 deficient endothelial cells or a mouse model of CD4 T cell specific Has3 KO may

help clarify this question.

Impaired antibody-induced in vitro proliferation of Has3 deficient T cells from both
uninfarcted and infarcted mice indicated a T cell intrinsic lack of activation capacity.
The question of how HA and CD44 contribute to T cell activation has been addressed
in several studies. In seminal work, Bollyky et al showed that Th1l cytokines induce HA
synthesis in DCs, which promotes T cell-DC binding at the immune synapse®°. Further,
the beneficial effects of 4-Methylumbelliferone (4-MU)-mediated blockade of HA
synthesis in a mouse model of multiple sclerosis could be attributed to reduced Thl
cell polarization and increased regulatory T cells®. Notably, T cell intrinsic HA
synthesis was also shown to affect T cell activation. For instance, Mummert et al.
found that T cells pre-treated with a peptide inhibitor of HA showed reduced mitogen-
triggered IL-2 production and proliferation, indicating an autocrine mechanism by which
T cells assist their own activation through synthesis of HA%. Reduced T cell
proliferation was also seen by 4-MU inhibition of HA synthesis®® and recently, Gebe et
al. showed in a model of type 1 diabetes that 4-MU treated naive T cells, specific for
an antigen expressed in the insulin-producing beta cells of the pancreas, have a
priming defect resulting in reduced CD69 expression and diminished T cell infiltration

into the pancreas®*.

The impact of CD44 on cell motility and proliferation has mostly been studied in the
context of cancer® *°, In agreement with published data®3, blockade of CD44’s HA
binding site using a neutralizing antibody did not alter T cell proliferation (data not
shown). One possible explanation may be that CD44 has been shown to exert its
effects on proliferation through interaction with epidermal growth factor receptor
(EGFR)>’. While Treg cells express EGFR under inflammatory conditions, the receptor
is generally absent in conventional CD3 T cells®®. However, CD44 has an important
role in T helper and Treg cell function. For instance, Baaten et al. showed that CD44
was required for generation of memory Th1 cells by promoting effector cell survival. In
the same study, the authors also demonstrated that CD44 protected Thl cells against
apoptosis®®. These results are in line with our finding of increased apoptotic T cells in
the infarcted heart of Has3 KO mice. In addition, CD44 has been shown to impact Treg

cell function: Bollyky et. al found that CD44 acts as a co-stimulatory molecule in Treg
14
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cells to promote FoxP3 expression and that Tregs from CD44” mice had impaired
suppressive function®. Similar results were obtained by Liu et al®!. Interestingly, high-
molecular weight HA was also found to increase FoxP3 expression via CD44
crosslinking®. Taken together, it is likely that the observed phenotype of reduced Th1
and Treg cells in the infarcted hearts of Has3 deficient mice is associated with changes

in CD44 surface expression.

In conclusion, our study provides evidence for the requirement of HAS3-mediated HA
synthesis to induce a physiological T cell response after myocardial infarction. Our
results are in line with the mentioned reports on the role of HA in T cell activation in
non-infarct models and support the notion that Tregs are critical for adaptive cardiac
healing. Having identified HAS3 as the major isoform also in human T cells, it is
conceivable that HAS3 also shapes human T cell responses.

EXPERIMENTAL PROCEDURES

The data that support the findings of this study are available from the corresponding
author upon reasonable request. A detailed description of methods is provided in the

online supplement.
Mice

Mice lacking the murine hyaluronan synthase 3 (Has3) were generated by genOway
(Lyon Cedex, France) as described before by Kiene et al.1°. Wildtype mice served as
control. 10-13-week-old male control or Has3 deficient mice were used for
experiments. Food and water were accessible ad libitum and mice were kept in a 12-
hour dark/light cycle. All animal experiments were performed in accordance with
“‘Deutsches Tierschutzgesetz” and were permitted by Landesamt fur Natur, Umwelt
und Verbraucherschutz (LANUV) Nordrhein-Westfalen, Bezirksregierung Dusseldorf,
Aktenzeichen 81-02.04.2018.A079 and 84-02.04.2019.A012.

Closed chest cardiac ischemia/reperfusion

Cardiac ischemia and reperfusion were induced as described before® 7. 18, Mice were

anesthetized by intraperitoneal injection of 90 mg ketamine and 15 mg xylazine per kg
15
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bodyweight. Body temperature was constantly measured and kept at 38 °C with a
heated plate. After lateral thoracotomy, 7-0 suture was placed 1 mm from the tip of left
auricle around left anterior ascending artery (LAD). Suture was led through a 1 mm
piece of a PE-tube and to the outside of the thorax, building a loose snare around the
LAD. The ends of the suture were placed subcutaneously and the skin was closed.
Three days later, mice were anesthetized with air containing 40% oxygen and 2%
isoflurane. Temperature was kept at 38 °C. Subsequently, the skin was opened and
the suture was led to both sides of the mouse. By hanging 5 g weights per side,
coronary artery was occluded and ischemia was induced for 45 min. Occurrence of

myocardial ischemia was controlled by ST-elevation via echocardiography.

Echocardiography

Echocardiography (ECG) was performed using high-resolution ultrasound with a 18-
38 MHz transducer. During measurements, mice were anaesthetized with 2%
isoflurane (Forene®, Abbott GmbH, Germany) and heart rate as well as ECG were
monitored. Long and short axis were measured parasternal and hemodynamic
parameters were calculated using VevolLab Software (FUJIFILM Visual Sonics,
Toronto, Canada) as described beforel’. Ejection fraction, fractional area change,
cardiac output, stroke volume, fractional shortening, endsystolic volume and
enddiastolic volume were calculated in VevoLab according to Simpson’s protocol
based on 3 measurement locations in short-axis. Peak velocity and velocity time

integral from PW Doppler mode in long axis, heart rate from long-axis measurement.

Histology

Hearts were fixed in solution of 4% paraformaldehyde (Histofix 4%, Roth, Karslruhe,
Germany) for 24 hours. Starting from the apex, hearts were cut into 10 levels of 5 um
sections (100 um per level), discarding 250 um between each level. For gomori
trichrome and picrosirius red stainings, levels 1-10 were used. For wheat germ
agglutinin staining, levels 3-10 and for all other immunohistochemical stainings, level

5 was used.
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Gomori trichrome staining was performed as described in a protocol from Sigma
Aldrich (St. Louis, MO, USA; Procedure Number HT10). Collagen maturation was
evaluated by picrosirius red staining and cardiomyocyte staining was performed using
Alexa fluor 488 conjugated wheat germ agglutinin (Invitrogen, Carlsbad, CA, USA; Cat.
-No.: W11261). Macrophages were detected with anti-CD68 antibody (ab125212,
Abcam) and myofibroblasts with anti-aSMA (ab5694, Abcam), anti-POSTN (ab14041,
Abcam) and anti-CTHRC1 (MABT889, Sigma Aldrich) antibodies, all followed by Alexa
fluor 647 goat anti-rabbit IgG (H+L) secondary antibody (A-21245 Life technologies).
For regulatory T-cells, cells were permeabilized using 0,1% Triton X100 and stained
with anti-FOXP3 (Clone FJK-16s, 14-5773-80, eBioscience) antibody, followed by
Alexa fluor 647 goat anti-rat 1gG (H+L) secondary  antibody (A-21247 Life
technologies). For HA staining, slides were blocked with Avidin and Biotin.
Subsequently, biotinylated HA binding protein (HABbp, 385911, Calbiochem) was
applied, followed by Streptavidin-Cy3 (SA1010, Invitrogen). Isotype controls were run
in all experiments. All immunohistochemically stained sections were mounted using
Roti-Mount FluorCare DAPI (Roth, Karlsruhe, Germany).

Images were taken with a Zeiss AxioObserver.Z1 microscope with subsequent
stitching in Zen2 software (Carl Zeiss Microscopy GmbH). Planimetric scar size
analysis in gomori stained hearts was carried out using Diskus view Software (Hilgers,
Konigswinter, Germany) as described previously!®. For determination of
cardiomyocyte size in WGA stained hearts, 50 round shaped cardiomyocytes with
centrally localized nuclei in the remote area of the left ventricular septum were
analyzed in each level. Cell area was measured using ImageJ software (NIH) and the
mean of all analyzed levels was calculated. Area fraction quantification for all antibody-

stainings was done using ImageJ.

Flow cytometric analyses

Quantification of immune cells was performed by flow cytometric analysis of cardiac

blood, cardiac tissue, spleen and mediastinal lymph nodes. Blood, spleen and cardiac
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tissue were processed as described before® 2° to achieve single cell suspensions.
Lymph nodes were homogenized with gentle MACS Dissociator (Miltenyi Biotec,
Bergisch Gladbach, Germany). Absolute cell concentrations were calculated using
Flow-Count Fluorospheres (Beckmann Coulter, Krefeld, Germany). After Fc-receptor
blockage with anti-mouse CD16/32 antibody, single cell suspensions were stained with
LIVE/DEAD Fixable Aqua dead cell stain kit (Life technologies) and different panels of
antibodies. Subsets of cardiac monocytes and macrophages were defined as
described before® 2 22: monocytes: CD45* CD11b* CD64™ MHCII™Y CCR2*,
monocyte-derived macrophages: CD45* CD11b* CD64* MHCIIM9" CCR2* and resident
macrophages: CD45* CD11b* CD64* MHCIINS" CCR2- and CD45* CD11b* CD64*
MHCII'®" CCR2". Lymphocyte subsets were defined as: B-lymphocytes: CD45* CD19+,
cytotoxic T-lymphocytes: CD45* CD3*" CD8*, Thl cells: CD45* CD3" CD4* CXCR3",
Th17 cells: CD45* CD3*CD4* CCR6%, Treg cells: CD45* CD3* CD4* CD25*. Apoptotic
cells were defined by binding of annexin V, proliferating cells by BrdU incorporation.
For BrdU identification, cells were stained for surface markers, followed by
permeabilization (Fix & Perm Medium, Life Technologies), incubation with DNase |
(1200U/mL, Sigma Aldrich) for 1 hour and staining with BrdU antibody. A list of all
antibodies is provided in Supplemental Table 2. LSRII Fortessa flow cytometer (BD
Bioscience, San Jose, CA, USA) was used for all measurements. Data analysis was
done using FlowJo software (Treestar, San Carlos, CA, USA). Gating schemes for flow
cytometric analysis are provided in Figure 3 and Online Figure IV.
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FIGURES AND FIGURE LEGENDS

Figure 1. Has3 deficiency results in adverse remodeling and
impaired cardiac function
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Figure 1. Has3 deficiency results in adverse remodeling and impaired cardiac
function. WT and Has3 deficient mice underwent I/R injury. Scar size and
hemodynamic function were determined by histology and echocardiography. A.
Representative pictures of gomori trichrome staining 21 days post I/R. B. Scar size
guantification in whole heart (WH), n=9,8. Statistical test. Unpaired t-test. C.
Representative brightfield pictures of picrosirius red staining 21 days post I/R. D. Total
collagen quantification in whole heart (WH), n=9,8. Statistical test: Unpaired t-test. E.
Representative pictures of picrosirius red staining in polarized light 21 days post I/R.
Red indicates dense collagen fibres, green loosely packed collagen. F. Collagen
density analysis in whole heart (WH), n=9,8. Statistical test: Unpaired t-test. G, H. Left
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ventricular ejection fraction and fractional area change determined by short-axis
echocardiography at baseline (BL), 1 day, 7 days, 14 days and 21 days post I/R, n=9,8.
Statistical test: Two-way ANOVA. P-value above the graphs indicates genotype effect
over all timepoints as determined by Two-way ANOVA. Scale bar is 1000um. Data
represent mean = SD.

Figure 2. Cardiac fibroblast and macrophage responses are
similar between WT and Has3 KO mice
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Figure 2. Cardiac fibroblast and macrophage responses are similar between WT
and Has3 KO mice. Heart sections were immunohistochemically stained for aSMA,
periostin and CTHRC1 at day 3 and day 7 post I/R. In addition, heart sections were
stained for CD68* macrophages 3 days post I/R, and macrophages were analyzed in
digested heart tissue using flow cytometry. A. Representative pictures of aSMA

staining. B. Quantification of a-SMA* area in whole heart 3 days post I/R, n=8,7 and 7
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days post I/R, n=8,8. Statistical test: Mann-Whitney-U (3 d), Unpaired t-test (7 d). C.
Representative pictures of periostin staining. D. Quantification of POSTN* area in
whole heart 3 days post I/R, n=8,8 and 7 days post I/R, n=8,8. Statistical test: Unpaired
t-test. E. Representative pictures of CTHRC1* staining. F. Quantification of CTHRC1 *
area in whole heart 3 days post I/R, n=8,8 and 7 days post I/R, n=8,8. Statistical test:
Unpaired t-test. G. Representative pictures of heart sections stained for CD68. H.
Histological quantification of CD68* monocytes/macrophages 3 days post I/R, n=8,8.
Statistical test: Unpaired t-test. I. Flow-cytometric quantification of CD11b* CD64*
macrophages per mg cardiac tissue 3 days post I/R, n=9,10. Statistical test: Unpaired
t-test. Scale bar is 100um. Data represent mean + SD.

Figure 3. Reduced CD4 T cells in cardiac tissue of Has3 KO mice
on day 7 after MIl
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Figure 3. Reduced CD4 T cells in cardiac tissue of Has3 KO mice on day 7 after
MI. WT and Has3 deficient mice underwent I/R injury. 7 days post I/R, cardiac tissue
was analyzed by flow cytometry and cells per mg cardiac tissue were quantified. A.
Gating scheme for T-helper cell subsets. B. Leukocytes, C. T-lymphocytes, D. CD4 T
cells, E. CD8 T cells, statistical tests: Unpaired t-tests, F. CD4:CD8" T cells, statistical
test: Mann-Whitney-U, G. Th1l cells, statistical test: Welch’s t-test, H. Th17 cells and I.
regulatory T cells, statistical tests: Unpaired t-tests. n=8,8 (B-H). Data represent mean
+ SD.

Figure 4. Decrease in CD69"* T cells and increased T cell apoptosis
in hearts of Has3 KO mice
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Figure 4. Decrease in CD69* T cells and increased T cell apoptosis in hearts of
Has3 KO mice. WT and Has3 deficient mice underwent I/R injury. 7 days post I/R,

cardiac tissue was analyzed by flow cytometry. A. Quantification of IL-2 in plasma of
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mice 3 days post I/R. n=4,6. Statistical test: Unpaired t-test. B-D. Quantification of
activated CD3, CD4, and CD8 cells as cells per mg cardiac tissue. n=8,8. Statistical
tests: Unpaired t-tests E. Proportion of apoptotic CD3 T cells. n=9,10. Statistical test:
Unpaired t-test F, G. Proportion of apoptotic cells in CD4 and CD8 T cells, statistical
tests: Mann-Whitney-U (F) and Unpaired t-test (G). n=8,10. H-J. Proportion of
apoptotic Thl, regulatory and Th17 cells, n=9,10. Statistical tests: Welch’s t-tests. Data
represent mean + SD.

Figure 5. Reduced HA and CD44 protein expression in Has3
deficient T cells associates with reduced proliferation
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Figure 5. Reduced HA and CD44 protein in T cells from Has3 KO mice associates
with reduced proliferation. WT and Has3 deficient mice underwent I/R injury. 7 days
post I/R, splenic CD3 T cells were isolated and further investigated. For mRNA

analysis, cells were processed directly after isolation. Human CD3 T cells were isolated
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from peripheral blood of patients 5 days after STEMI. For ICC, cells were cultured in
the presence of CD3/CD28 (1/5 pg/mL) antibodies for 24 hours. To monitor
proliferation, cells were labeled with CFSE and incubated in the presence of CD3/CD28
(10/1 pg/mL) antibodies for 5 days. For transmigration, T cells were seeded on a
monolayer of endothelial cells and were allowed to migrate for 24 hours. A. mMRNA
expression of HAS isoenzymes in splenic T cells of mice 7 days post I/R. n=9. n.d.
indicates not detected. B. mMRNA expression of HAS isoenzymes in T cells from
patients with STEMI. n =9. C. Representative pictures of HA and CD44 co-staining in
mouse splenic T cells. D, E. Quantification of fluorescence intensity of HA and CD44
stainings. n=5,5. Statistical test: Mann-Whitney-U. F. Representative histogram of
CFSE labeled T cells illustrating proliferation after 5 days of culture. Division index of
cells calculated using proliferation modeling in FlowJo. n=12,12. Statistical test:

Unpaired t-test. Data represent mean + SD.
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Figure 6. Schematic of compromised T cell activation in the
infarcted heart of Has3 KO mice
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Figure 6. Schematic of compromised T cell activation in the infarcted heart of
Has3 KO mice. T cells play an important role in cardiac healing after myocardial
infarction. Studies of the kinetics of T cell accumulation in the infarcted heart have
shown that T cell numbers peak between day 3 and day 7 post-infarct®”. In our model
of acute myocardial infarction, adverse cardiac remodeling and impaired heart function
in Has3 deficient mice was associated with significantly reduced numbers of cardiac
CDA4 T cells at day 7 post-infarct, in particular fewer Thl and Treg cells. Lack of Has3
in T cells was not compensated for by expression of other Has isoenzymes, and Has3
deficient T cells were less activated and more apoptotic as indicated by reduced
expression of CD69 and increased numbers of annexin V positive cells, respectively.
In line with these results, in vitro proliferation of splenic T cells lacking Has3 was

decreased. Altogether, the current study provides evidence for a critical role of Has3
30
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in mounting a physiological T cell response that ensures adaptive cardiac healing after
M.
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