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Th1 effector T cells selectively orchestrate cardiac fibrosis
in nonischemic heart failure
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Despite emerging data indicating a role for T cells in profibrotic cardiac repair and healing after ischemia, little is known about
whether T cells directly impact cardiac fibroblasts (CFBs) to promote cardiac fibrosis (CF) in nonischemic heart failure (HF).
Recently, we reported increased T cell infiltration in the fibrotic myocardium of nonischemic HF patients, as well as the pro-
tection from CF and HF in TCR-a "~ mice. Here, we report that T cells activated in such a context are mainly IFN-y*, adhere
to CFB, and induce their transition into myofibroblasts. Th1 effector cells selectively drive CF both in vitro and in vivo, whereas
adoptive transfer of Th1 cells, opposite to activated IFN-y~/~ Th cells, partially reconstituted CF and HF in TCR-a/~ recipient
mice. Mechanistically, Th1 cells use integrin a4 to adhere to and induce TGF-f in CFB in an IFN-y-dependent manner. Our
findings identify a previously unrecognized role for Th1 cells as integrators of perivascular CF and cardiac dysfunction in non-
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ischemic HF.

INTRODUCTION

Heart failure (HF) is a chronic cardiac syndrome that results
in a mean survival of 5 yr after diagnosis, currently placing
more than 25 million people worldwide at risk of death. HF
arises generally from the process termed pathological cardiac
remodeling, in which the left ventricle (LV) and other car-
diac chambers undergo progressive structural and functional
abnormalities in response to pathological stress (Braunwald,
2013). Cardiac fibrosis (CF) represents one such structural
change that occurs in the remodeled LV. Although originally
thought to represent only a marker of adverse remodeling, CF
has increasingly been identified to contribute to further LV
functional deterioration during cardiac remodeling. CF arises
when cardiac fibroblasts (CFBs), a prevalent resident cell type
in the heart, become activated and transform into myofi-
broblasts, which in turn deposit fibrillary extracellular ma-
trix (ECM) proteins in the myocardium, promoting adverse
effects in cardiac structure and function (Fan et al., 2012).
Further, although HF and cardiac remodeling arise from mul-
tiple and varied stimuli, such as pressure overload, infarction,
autoimmune disease, toxins, and genetic mutations, CF gen-
erally occurs as a common final pathway regardless of the
stimulus. Therefore, understanding the molecular and cellu-
lar triggers contributing to the CFB-myofibroblast transition
may identify important mechanisms regulating pathological
fibrosis in HE T cells in particular have recently emerged as
likely contributing to CF (Travers et al., 2016). However, the
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direct actions of T cells on the CFB are largely unexplored.
Several studies have recently identified a critical role for T
cells in cardiac repair after ischemia, where the fibrotic re-
sponse functions as a protective process to heal and repair the
area of injury. This healing response orchestrated by T cells is
thought to be mediated by various immune cells, including
monocytes, neutrophils, and macrophages, that are recruited
to the site of ischemic injury in the heart (Frangogiannis et
al., 2002; Hofmann et al., 2012), rather than by direct actions
of the T cells on the CFB, the major source of ECM proteins.
In contrast, in nonischemic HE CF develops progressively as
the CFB converts to profibrotic myofibroblasts in a patholog-
ical process to compensate for pressure overload and provokes
changes culminating in cardiac dysfunction and HF (Fan et
al., 2012).We previously reported that end-stage nonischemic
HEF patients have increased LV fibrosis directly associated with
T cell infiltration (Nevers et al., 2015). Despite extensive in-
vestigation into the pathogenesis of T cell-mediated profi-
brotic cardiac repair after ischemia, little is known about the
contribution of T cells to CF once HF is established in a
pressure-overloaded heart, or the specific T cell subsets in-
volved and the mechanisms that regulate CFB transforma-
tion and pathological CE

In an effort to investigate the T cell-mediated mech-
anisms responsible for CF in nonischemic HE we have
adopted the mouse model of thoracic aortic constriction
(TAC), which induces CF and nonischemic HF in response
to LV pressure overload comparable to what is observed
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in patients with HF (Rockman et al., 1991; Patten et al.,
2008; Blanton et al., 2012). In this setting, we and others
have previously reported that CD4" T cells are activated
in the cardiac draining LNs (mediastinal LNs [mLNs]),
are recruited to the LV, and function as potent drivers
of progressive fibrosis, because mice deficient in T cells
(TCR-a’7) and specifically in CD4" T cells (MHC-IT7"7)
do not develop CF in response to TAC (Laroumanie et
al., 2014; Nevers et al., 2015). Thus, these studies point
to CD4" T cells as an important immune cell type in-
fluencing CE However, mechanistically, whether T cells
activated in the setting of pressure overload—induced HF
can directly cross talk with the CFB, the specific CD4" T
cell subset involved in the fibrotic outcome in HE and the
mechanisms by which this may occur, remain unknown.
Thl-mediated immune responses typically involve the
secretion of the cytokines IFN-y, TNF-a, and IL-2. In-
triguingly, the role of Thl cytokines in contributing to
fibrosis is controversial depending on the tissue (Guru-
jeyalakshmi and Giri, 1995; Oldroyd et al., 1999). In the
heart, in the context of ischemia or angiotensin II infusion,
IFN-y—producing T cells have also been shown to regulate
the differentiation and activation of macrophages, subse-
quently leading to inflammation and CF (Han et al., 2012;
Hofmann et al., 2012). In contrast, IFN-y protects from
CF in autoimmunity (Afanasyeva et al., 2004; Fairweather
et al., 2004). We have previously shown that IFN-y and
T-bet, the signature cytokine and transcription factor for
Th1 cells, are significantly increased in the LV after 4
wk of TAC in WT C57BL/6 mice, and these are blunted
in the TCR-a™'~ mice (Nevers et al., 2015), suggesting
that IFN-y—producing T cells play a pathogenic role in
TAC-induced HE Thus, paradoxically, the role of IFN-y
in CF is controversial and seems to depend on the type
of disease modeled, and the mechanisms of action remain
elusive. On the other hand, TGF-p, the best-defined pro-
fibrotic cytokine in HF mainly produced by cardiac my-
ofibroblasts, is also up-regulated in the LV of WT mice
but not TCR -~ mice, but the source of TGF-p and the
mechanisms involved in its release in the context of T cell—
mediated inflammation are unclear. Thus, further investi-
gation is warranted. In the present study, we hypothesized
that IFN-y—producing activated T cells (Th1 cells) per-
petuate the fibrotic response in the setting of LV pressure
overload through direct interaction with and regulation of
CFB, leading to their differentiation into ECM-producing
myofibroblasts. Here we report that nonantigen specific
Th1 cells are sufficient to induce activation of CFB and
release of TGF-f by CFB in vitro. We further demon-
strate that T cell-CFB adhesion mediated by o4 integ-
rin is required to acquire a profibrotic phenotype in vitro
mediated by TGF-p.We also report that Thl cells, but not
activated IFN-y™~ Th cells, can restore LV fibrosis and
partially induce cardiac dysfunction in vivo in adoptively
transferred TCR-a™'~ mice subjected to TAC.
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RESULTS

T cells activated in response to pressure overload induced
by TAC promote fibroblast transition

to myofibroblast in vitro

We and others have previously shown that pressure overload
induced by TAC results in T cell activation in the mLNs, and
this correlates with T cell LV infiltration and the development
of CE Moreover, TCR-o~~ and MHC-II™'~ mice, deficient
in CD3" T cells and CD4" T cells, respectively, do not de-
velop CF or HF in response to TAC (Laroumanie et al.,2014;
Nevers et al., 2015). We therefore sought to explore the role
of T cells induced by TAC on CFB transition to profibrotic
myofibroblasts initially using an in vitro approach. WT mice
were subjected to 4 wk of TAC, a duration sufficient to in-
duce CF and dysfunction, or sham surgery. The frequency of
CDA4" T cells was significantly increased in the mLNs of TAC
but not of sham-operated mice (Fig. 1, A and B). In contrast,
distal LNs such as the inguinal and mesenteric ones did not
show such CD4" increase in response to TAC (Fig. 1, C and
D), indicating that a CD4" T cell immune response is taking
place specifically in the mLNs that drain the heart. Within the
CD4" cells expanded in the mLN, we observed an increase
in IFN-y" cells in TAC mice as compared with sham (Fig. 1,
E and F). IL-17A"CD4" T cell and Foxp3'CD4" T cell fre-
quencies did not change between sham and TAC mice (Fig.
S1). We next evaluated the effects of co-culturing CD4" T
cells isolated from mLN of Sham or TAC mice with isolated
CFB from WT mice. Co-culture of CD4" T cells purified
from these groups with CFB revealed that CD4" T cells from
TAC mice firmly adhered to CFB, in contrast with CD4™ T
cells isolated from sham-operated mice (Fig. 1, G and H).To
evaluate the possibility that T cells were adhering to contami-
nating macrophages in the culture in addition to CFB, we per-
formed staining with CD45, CD11b, and CD64 before (right
after the heart digest and before the initial plating step of the
CFB culture) and after CFBs were ready to be co-cultured
with the T cells as indicated in the Materials and methods
section. We found minimal contamination of CD45"CD-
11b"CD64" cells in the CFB preparation. Whereas the heart
digest showed a mean of 26% of CD45" cells, and 35.8% of
them coexpressing CD11b and CD64, the CFB preparation
had <1% of CD45" cells. Within this minor CD45" cell pop-
ulation present in the CFB cultures, a mean of 70% coex-
pressed CD11b and CD64, but their frequency was minimal
within the whole CFB preparation (Fig. 1 I). In addition, we
found that CFB did not express F4/80, a marker of activated
macrophages, in contrast to bone marrow—derived activated
macrophages, which were used as a positive control (Fig. 1 J).
The observed T cell adhesion to these CEFB cultures negative
for F4/80 and minimally expressing CD45'CD11b"CD64,
quantified in several fields of view, induced the transition
of CFB to myofibroblasts as demonstrated by increased ex-
pression of the contractile protein and myofibroblast marker
a-SMA (Fig. 1, K and L). Thus, CD4" T cells activated in
the mLNs and expressing mainly IFN-y in the setting of
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TAC-induced nonischemic HF adhere to CFB and induce
CFB transition to profibrotic myofibroblasts.

Effector IFN-y-producing Th1 cells promote a4 integrin—
mediated contact-induced fibroblast transition to
myofibroblasts in vitro

We have previously demonstrated that Tbet and IFN-y, the
signature transcription factor and cytokine of Th1 cells, were
both elevated in the LV in response to TAC (Nevers et al.,
2015). We confirmed this finding and additionally found that
IL-4 and IL-5, the signature cytokines of Th2 cells, were not
up-regulated in the LV in response to TAC, and their levels in
the LV were significantly decreased as compared with IFN-y
(Fig. 2 A). Moreover, IFN-y" CD4" cells were elevated in the
mLNs in TAC mice compared with control sham mice (Fig. 1,
E and F). Thus, we hypothesized that Th1 effector cells cross
talk with CFB and promote the transition to myofibroblasts.
We therefore next investigated whether Th1 cells were capa-
ble of inducing CFB-myofibroblast transition in co-culture
experiments. We also co-cultured CFB with naive CD4" T
cells, which lack the properly activated adhesion ligands re-
quired to infiltrate inflamed tissues and are not present in
the heart (Germain, 1994; Alcaide et al., 2012; Burzyn et al.,
2013). Additionally, CFBs were also cultured with IFN-y~'~
CD4" T cells (IFN-y~'~ Th cells), which were activated in
vitro in the same Thl-polarizing conditions as WT cells but
do not differentiate into IFN-y—producing Th1 cells (Fig. S2).
In contrast to naive CD4" T cells, effector Th1 cells added at
a CFB/Th1 ratio of 5:1 (5 CFB per 1 Th1) firmly adhered
to CFB and induced their transition to myofibroblasts ex-
pressing a-SMA (Fig. 2, B, C, and E). Interestingly, within
the same co-culture, those CFBs with many adherent Th1
cells transitioned to a-SMA—expressing myofibroblasts, op-
posite to CFB supporting less or lack of Th1 adhesion, which
expressed only basal levels of aSMA expression (Fig. 2, C-E).
Moreover, when CFBs were co-cultured with increasing
numbers of Th1 cells, regardless of the number of Th1 cells
in the co-culture, those CFBs supporting Th1 cell adhesion
became aSMA—expressing myofibroblasts (Fig. 2 F), and the
higher number of T cells present in the co-culture correlated
with a higher frequency of CFB supporting Th1 cell adhesion
(96 * 2% of CFB supporting Th1 cell adhesion at the CFB/
Th ratio of 5:1 versus 22 + 3.6% doing so at the CFB/Th1
1:5 ratio; Fig. 2, F and G). As expected, Th1 cell adhesion at
the CFB/Th1 5:1 ratio was sufficient to mediate increased ex-
pression of ®-SMA upon contact versus CFB alone express-
ing low but detectable levels of a-SMA. Of note, increased
adhesion of Th1 cells to CFB (CFB/Th1 1:5 ratio resulting
in over 90% of CFB supporting Th1 cell adhesion) resulted in
a further increase in overall ®-SMA in the co-culture com-
pared with the CFB/Th1 5:1 ratio, a condition in which
tewer CFBs support Thl cell adhesion (Fig. 2 H). Thus, in-
creased adhesion of Th1 with CFB results in increased CFB
transformation. In contrast, CFB co-cultured with Th1 cells
in transwells, and therefore exposed to Th1-released cytokines
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and soluble factors in the absence of direct contact, expressed
significantly decreased levels of a-SMA compared with CFB
that had been in direct contact with Th1l cells (Fig. 2, I and
J). Moreover, IFN-y™~ Th cells, which were activated as
depicted by the expression of CD69 (Fig. 2 K) but cannot
differentiate into IFN-y—producing Th1 cells (Fig. S2), only
slightly induced CFB transformation to a-SMA—expressing
myofibroblasts in similar co-culture conditions (Fig. 2, L and
M). Further studies evaluating T cell adhesion to CFB re-
vealed that lower numbers of IFN-y~'~ Th cells adhered to
CFB as compared with WT Th1 cells (Fig. 2, N and O). To
confirm this was a Thl cell-induced phenomenon in CFB
and not in macrophages that are minimally present in the
CFB preparations (Fig. 1, I and J), or that are not detected
by CD45, CD11b, and CD64 costaining or by F4/80, we
performed similar studies in clodronate liposomes—treated
CFB preparations. Our results indicate that Th1 cells induced
similar a-SMA expression upon adhesion to either clodro-
nate-treated CFB (devoid of potential contaminating macro-
phages) or to untreated CFB (Fig. S3). Collectively, these data
indicate that Th1 cells are responsible for CFB transformation
to myofibroblasts upon direct contact, rather than by T cell
cytokine release, and additionally demonstrate that T cell ad-
hesion to CFB and induction of ®a-SMA expression upon
adhesion are both dependent on IFN-y.

‘We next investigated the specificT cell or CFB molecules
adhesion molecules mediating this interaction. We focused on
integrin—integrin ligand-mediated leukocyte adhesion. Func-
tion blocking antibodies to T cell a4 integrin resulted in im-
paired adhesion of Th1 cells to CFB compared with isotype
control—treated Th1 cells. In contrast, intercellular adhesion
molecule 1 (ICAM-1) deficiency in CFB had no effect in
Th1 adhesion to CFB compared with WT CFB (Fig. 3, A
and B). Moreover, blocking of a4 integrin resulted in de-
creased CFB expression of a-SMA, whereas lack of ICAM-1
in CFB had no effect on Thl-induced CFB expression of
a-SMA (Fig. 3, C and D). Collectively, these data support that
Th1 cells induce CFB transition to myofibroblasts through a
mechanism that involves integrin a4—mediated adhesion.

Th1 adhesion induces TGF-f in cardiac fibroblasts and their
transformation into profibrotic myofibroblasts

TGF-P is one of the most extensively studied profibrotic cy-
tokines, and CFB are thought to be the predominant source
of TGF-f in the heart. Numerous studies have demonstrated
that inhibition of the TGF-f pathway attenuates fibrosis
(Nakamura et al., 2000; Fukasawa et al., 2004; Teekakiri-
kul et al., 2010). Thus, we tested the requirement of TGF-§
for Th1 effector T cell adherence to CFB and induction of
CFB-myofibroblast transition. We neutralized TGF-p in
co-cultures of adult CFBs with naive T cells orTh1 cells. Anti—
TGF-p antibody reduced TGF-f concentration in superna-
tants of CFB co-cultured with naive or Th1, as measured by
ELISA (Fig. 4 A).As expected, naive T cells did not adhere to
CFB in either control or anti-TGF-f conditions. However,
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T cells activated in response to TAC are mainly IFN-y*, adhere to CFBs, and induce their transition to a-SMA expressing profibrotic

myofibroblasts. (A) Representative FACS plots and (B) quantification of the percentage of CD4 T cells in the mLNs and (C and D) in the inguinal and mes-
enteric LNs after 4 wk of sham or TAC surgery (n = 5 sham, n = 8 TAC, P < 0.05, Mann-Whitney test). (E) Representative FACS plots and (F) quantification of
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compared with control antibody, TGF-p—neutralizing anti-
body did not reduce Th1 cell adhesion to CFB (Fig. 4, B and
C). TGF-p—neutralizing antibody inhibited Th1-mediated
induction of CFB-myofibroblast transformation as deter-
mined by a-SMA expression (Fig. 4, D and E). To evaluate
the source of TGF-f upon Th1-CFB adhesion, we performed
studies in which adherent Th1 cells were detached from the
CFB with EDTA to disrupt integrin a4 calcium—dependent
interactions, and evaluated TGF-f expression by flow cytom-
etry. Likewise, CFB detached from Th1 cells, and co-cultured
Th1 cells that did not bind to CFB were similarly evaluated
for TGF-P expression. We found that neither Thl cells that
did not adhere to the CFB (washed after the co-culture with
media) nor Thl cells adherent to CFB but detached with
EDTA expressed TGF-f. On the other hand, the population
of CFB washed of adherent Th1 cells by EDTA expressed
TGF- as determined by flow cytometry (Fig. 4 F). More-
over, immunofluorescence staining demonstrated that CFB
expressed TGF-f after co-culture with Th1 cells, but not with
naive T cells (Fig. 4 G). Collectively, these data support that
TGF-P does not mediate adhesion of Th1 cells to CFB, and
demonstrate that TGF-f produced by CFB uponTh1 cell ad-
hesion is responsible for Th1 contact induced CFB transfor-
mation to myofibroblasts.

Adoptive transfer of IFN-y—producing Th1 effector T cells
into recipient TCR-o/~ mice induces LV inflammation,
perivascular CF, and LV TGF-f up-regulation

We and others previously demonstrated that T' cell-deficient
mice do not develop CF in response to TAC, implying a role
for T cells in the development of CF (Laroumanie et al., 2014;
Nevers et al., 2015). Because our in vitro data demonstrated
thatTh1 cells induce the transition of CF to myofibroblasts, we
next tested whether Th1 cells induced CF in vivo. TCR-o™"~
mice were reconstituted with naive control T cells, Th1 cells
generated in vitro from WT mice, or IFN-y~"—activated Th
cells. TCR-o™’~ mice received TAC or sham control surgery,
followed by adoptive transfer (AT) of 10 million naive CD4*
T cells, Th1 effector T cells, or IFN-y™~ Th cells at 48 h and
again at 2 wk after surgery (Fig. 5 A). TCR-a™’
dergoing TAC or sham surgery without T cell reconstitution
were used as controls (no AT). T cell frequency after AT was
measured by flow cytometry in distal LNs and spleen, and
showed a significant increase of peripheral T cells compared
with TCR-a™~ control mice that did not receive any T cells

~ mice un-

(Fig. 5, B-E). Specifically, reconstitution of TAC TCR-a™'~
mice with Th1 cells or with IFN-y™~ Th cells resulted in a
mean of 24.9 + 1.3% versus the basal 1.26 + 0.3% of CD4"
T cells found in TCR-a™’~ control mice (Mombaerts et al.,
1992; Burzyn et al., 2013). Naive CD4" T cell reconstitu-
tion resulted in 5.73 £ 0.8%, significantly less than activated
Th1 and activated IFN-y~'~ Th cells, likely because of lack of
activation in the host.

In contrast to naive T cells, AT of Th1 effector cells after
TAC led to a significant increase in CD4" T cell infiltration
into the LV, predominantly in perivascular areas. Activated
IFN-y~~ Th cells were able to infiltrate the LV but in sig-
nificantly smaller numbers than Th1 cells (Fig. 5, F and G).
Transfer of Th1 effector T cells, but not naive or IFN-y~~ Th
cells, also increased LV expression of the Th1 signature tran-
scription factor Tbet compared with TCR-a~'~ TAC mice
not receiving any T cells (Fig. 5 H), indicating the likely pres-
ence of Tbet" Th1 cells. Thus, AT of Th1 and IFN-y~'~ Th
cells into TCR-a™’~ mice successfully reconstituted CD4" T
cells in lymphoid tissue, but Th1 cells infiltrated the LV in re-
sponse to TAC in higher numbers than naive or IFN-y™~Th
cells. AT of Th1 effector T cells also significantly increased the
LV expression of proinflammatory cytokines IL-6 and IL-1
compared with TAC TCR-a'~ that were not reconstituted
with T cells. In contrast, AT of naive or activated IFEN-y™'~ Th
cells did not result in such increase (Fig. 5,1 and J). Moreover,
only AT of TCR-o~'~ mice with Th1 cells, but not with naive
or activated IFN-y™~ Th cells, induced perivascular fibrosis as
depicted by the observed collagen deposition in perivascular
areas in LV sections (Fig. 6, A and B). Strikingly, transfer of
Th1 cells did not restore interstitial fibrosis in TCR-0~'~ mice
(Fig. 6,A and C), in contrast with WT mice that develop both
interstitial and perivascular fibrosis, as we and others have pre-
viously described (Xia et al., 2009; Nevers et al., 2015). Sys-
temically, Th1 cells, but not naive T cells, induced an increase in
serum circulating levels of TGF-f in TCR-o~ mice, to levels
comparable with those observed in WT TAC mice (Fig. 6 D).
Immunofluorescence of LV tissue demonstrated that TGF-f
expression was increased in the LV at the areas that colocal-
ized with augmented perivascular fibrosis in TCR-o~ mice
transferred with Th1 cells but not with naive cells (Fig. 6 E).
Collectively, these data demonstrate a critical profibrotic and
proinflammatory role for IFN-y produced by Th1 cells and
support that T cell activation in the absence of IFN-y is not
sufficient to induce LV inflammation and fibrosis in vivo.

the percentage of CD4FIFN-y* T cells in the mLNs after 4 wk of sham or TAC surgery. One representative FACS plot is shown from n = 5-8 mice per group
(P < 0.05, Mann-Whitney test). (G) Representative photo micrographs of CD4* T cells purified from mLN of 4-wk sham or TAC mice adhering to CFB after
overnight co-culture. Cells were co-cultured at a 5:1 ratio (CFB/T cells) and pictures were taken before and after washing the culture with media (arrows
indicate T cells that remained adhered to CFB). (H) Quantification of CD4" T cells that adhered to CFB after washing in three to five separate fields of view (n
= 3 separate experiments; P < 0.05, Student t-test). (I and J) Representative FACS with the indicated Abs at the initial and final step of the CFB preparations.
n =3 independent CFB preparations. Activated bone marrow isolated macrophages (Mg, in red) are used as a positive control in J. Numbers in all FACS plots
represent percentage. (K and L) Immunofluorescence staining (K) and quantification of a-SMA expression (L) on resting CFB (control) or CFB after overnight
co-culture with CD4* T cells from sham or TAC mice (arrows indicate T cells adhering to CFB). Bars, 50 um. Error bars represent mean + SD. *, P < 0.05; **, P
= 0.01; ns, not significant; one-way ANOVA test; n = 3 independent experiments.
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AT of Th1 cells partially reverses the LV

functional protection of TCR-a/~ mice

subjected to the TAC model of HF

We next examined cardiac function through echocardiogra-
phy and invasive LV hemodynamic studies in TCR-o™'~ mice
subjected to sham or TAC surgery that had been reconstituted
with either no cells (no AT), naive T cells, Th1 effector cells,
or IFN-y™~ Th cells, as described in Fig. 5 A. We further
evaluated WT sham and TAC mice as a positive control of
TAC-induced LV dysfunction. TAC induced a similar degree
of pressure overload in all groups studied, as measured by peak
LV systolic pressure (Fig. 7 A). Similar to what we had pre-
viously described, TAC resulted in increased LV weight in
WT mice but not in TCR-a™~ compared with sham con-
trols (Nevers et al., 2015). AT of naive, Th1, or IFN-y~'~ Th
cells into TCR-a~’~ TAC mice resulted in increased LV
weight compared with TAC TCR-o™"~ not receiving any T
cells (Fig. 7 B) and LV cardiomyocyte size determined in LV
cross sections was also increased to the level of WT TAC in
all TCR-o~’~ TAC mice receiving T cells (Fig. 7 C). Addi-
tionally, as previously reported, TAC induced increased wall
thickness in WT mice but not in TCR-a™"~ compared with
their respective sham groups. However, only AT of Th1 T
cells in TCR-o™'~ TAC mice specifically resulted in increased
wall thickness that was statistically significant compared with
TCR-a~/~ TAC not receiving any T cells. In contrast, AT
of naive or IFN-y™'~ Th cells only showed a trend to in-
creased wall thickness as compared with TCR-o~'~ TAC mice
(Table 1). LV chamber dimensions determined by echocardi-
ography (end diastolic and end systolic diameter), on the other
hand, remained unchanged upon AT of Thl cells (Table 1).
Further analysis of LV hemodynamics revealed selective effects
of adoptively transferred Th1 effector T cells, but not naive or
activated IFN-y™"~ Th cells, on LV function in the TCR-o™"~
TAC mice. LV end diastolic pressure (LVEDP) increased in
WT TAC mice compared with WT sham as expected, indi-
cating the development of HE TCR-o™~ TAC mice did not

develop elevated LVEDP, consistent with our prior published
results (Nevers et al., 2015). Interestingly, AT of Th1 cells, but
not naive T cells or IFN-y~'~ Th cells, resulted in increased
LVEDP in TCR-o"~ TAC mice to values higher than those
in TCR-a~"~ TAC mice not receiving any T cells, but lower
in magnitude than those achieved by WT mice (Fig. 7 C).
LV contractile function determined by the peak rate of LV
pressure rise (dp/dty,,) was likewise significantly improved in
TCR-o~’~ TAC mice compared with WT TAC, as reported
previously (Nevers et al., 2015), whereas reconstitution of
TCR-o~’~ TAC mice with Th1 cells resulted in reduced dp/
dty,, compared with TCR-o~~ TAC mice that either did not
receive any T cells or were adoptively transferred with naive or
with IFN=y™"~ Th cells (Fig. 7 D). Furthermore, Th1 cells but
not naive T cells or activated IFN-y~'~ Th cells induced an in-
creased ratio of B- over a-myosin heavy chain isoforms in the
LV of TCR-o"~ TAC mice, indicating fetal gene reexpression,
a marker of pathological cardiac myocyte hypertrophy and
remodeling, but not to the extent of the increase observed in
WT mice (Fig. 7 E). In particular, the fetal isoform of myo-
sin heavy chain (MHC), MHC-f, was the most significantly
increased in WT TAC mice (20-fold induction vs. WT sham)
and in TCR-a~'~ TAC mice that received Th1 cells (3.8-fold
induction vs. TCR-o~'~ sham) and remained unchanged in
TCR-o~’~ TAC mice receiving naive or IFN-y~~ Th cells.
MHC-a was not altered in WT TAC versus WT sham, and
also remained unchanged in TCR-o'~ TAC mice AT with
the different T cell types. The expression of other genes as-
sociated with cardiac hypertrophy, but not with cardiac dys-
function, such as atrial natriuretic peptide (ANP) and brain
natriuretic peptide (BNP), were increased in mice AT with
both Th1 cells and IFN-y™~ Th cells but not to the same
extent as in WT TAC mice (Fig. S4). Collectively, these data
demonstrate that although all T cell subsets evaluated induce
LV hypertrophy, only IFN-y—producing Th1 cells contribute
to pathological LV functional decrement as revealed by LVE
DP, dp/dty.y, and fetal gene reexpression of MHC-p.

Figure 2.

Th1 cell adhesion to CFB induces CFB transition to «-SMA expressing profibrotic myofibroblasts. (A) gRT-PCR of IFN-y, IL-4, and IL-5

in the LV of WT mice subjected to TAC or sham surgery (n = 5 sham, n = 8 TAC; P < 0.05; one-way ANOVA test). (B) Quantification of naive and Th1 cell
adhesion to CFB and of (C) a-SMA expression in overnight co-cultures of CFB with naive or effector Th1 cells polarized in vitro. Numbers represent T cells
that remained bound in three to five separate fields of view after washing the co-culture (n = 5 independent experiments; P < 0.05, Student t-test). (D)
Quantification and (E) representative photo micrographs indicating adhesion of CD4"-Alexa Fluor 488-labeled T cells to CFB after overnight co-culture
and washing. Pictures represent immunofluorescence staining of areas of CFB supporting Th1 cell adhesion (Th1 adhered to CFB) versus adjacent CFB not
supporting Th1 adhesion (adjacent CFB indicated with white arrows) next to CFB supporting Th1 adhesion. Quantification represents three to five separate
fields of view in n = 5 independent experiments, P < 0.05 Student t-test. (F) Representative photo micrographs indicating adhesion of the indicated CFB:
CD4*-Alexa Fluor 488-labeled Th1 ratios after overnight co-culture and washing (only CFB supporting Th1 adhesion are shown) and (G) quantification
of CFB supporting Th1 adhesion and (H) «-SMA expression in the different co-culture conditions (including all CFB supporting and not supporting Th1
adhesion). Analysis performed in n = 3-5 fields of view per condition; n = 2 independent experiments; P < 0.05, Student t-test. (I) Quantification and (J)
representative immunofluorescence photo micrographs of a-SMA staining after overnight co-culture of CFB with Th1 cells (5:1) in Transwells to avoid direct
contact. Analysis performed in n = 3-5 fields of view; n = 3 independent experiments; P < 0.05, one-way ANOVA test. (K) Representative FACS histogram
of activated IFN-y™~ Th cell. (L) Representative micrographs of co-cultured CFB with activated IFN-y™'~ Th cell and (M) quantification of a-SMA expression
upon overnight co-culture. (N) Representative pictures of Th1 and IFN-y~~ Th cells (green) adhered to CFB (white arrows) and (0) quantification of T cell
adhesion to CFB. Analysis performed in n = 3-5 fields of view; n = 3 independent experiments; P < 0.05, Student t-test. Bars, 50 um. Error bars represent
mean + SD. *, P < 0.05. ns, not significant.

JEM Vol. 214, No. 11 3317



A Th1 Th1
+
Th1 Isotype Control

5
aCD49d

Figure 3. Th1 cells adhere to CFB through
o4 integrin. (A and B) Representative photo
micrograph (A) and quantification (B) of Th1
cells adhesion to either WT CFB or ICAM-17-
CFB after overnight co-culture. a4 integrin was
blocked with aCD49d antibody on Th1 T cells
or isotype control before culturing with WT
CFB overnight at a 5:1 ratio (CFB/T cells). Iso-

WT CFB

B 159 — 05

el *x

@ *x

T e

» 10

@

o

B s

5 []

S

< ol : :

ICAM-1-
Th1 + + + +

Isotype Control - + -
aCD49d - R +

C Th1 Th1
+ +

Isotype Control aCD49d

a-SMA

Merge

ICAM-1--CFB type-matched antibody was used as a control.
Arrows point to T cells adhering to indicated
WT or ICAM-17~ CFB. Analysis performed
in n = 3-5 fields of view; n = 3 independent
experiments; P < 0.05, one-way ANOVA test.
(C) Immunofluorescence staining of a-SMA
expression after overnight co-culture of adult
WT CFB with Th1 cells, or Th1 cells treated with
a4 integrin blocking antibodies («CD49d) or
isotype control, or Th1 cells co-cultured with
adult ICAM-17"= CFB. (D) Quantification of
a-SMA corrected total cell fluorescence in n=
3-5 fields of view; n = 3 independent exper-
iments; P < 0.05, one-way ANOVA test. Bars,
50 pm. Error bars represent mean + SD. ™, P <
0.01. ns, not significant.

WT CFB

D ns

i

ICAM-1-*-
Th1 + + + +

Isotype Control - + -
aCD49d - - +

®

o

Corrected Total Cell
Fluorescence x 108
N »

o

DISCUSSION

Despite significant advancements in medical therapies for HE
the prognosis of patients remains poor, with >50% mortal-
ity within 5 yr after the first hospital admission, regardless
of whether the etiology is of ischemic or not ischemic or-
igin (Mozaffarian et al., 2016). We and others have recently
identified a critical role for T cells in promoting pathological
cardiac remodeling in both ischemic and nonischemic HF
(Wei, 2011; Hofmann et al., 2012; Laroumanie et al., 2014;
Nevers et al., 2015; Salvador et al., 2016). In this study we in-
vestigated the CF mechanisms regulated by CD4" T cells and
identified the effector IFN-y—producing Th1 cell subset as a
critical driver of CF and contributor to cardiac dysfunction
using a well-established mouse model of nonischemic HE We

3318

ICAM-1--CFB

report that Th1 cell adhesion to CFB through o4 integrin is
required to induce a profibrotic response that is dependent on
TGF-p induction in CFB in vitro. In vivo, CF is primarily
localized to the perivascular areas where Th1 cells selectively
infiltrate the LV in TCR-a™’~ recipient mice in response to
TAC. Only Th1 cells, but not naive T cells or similarly acti-
vated IFN-y~'~ Th cells, partially restore CE cardiac inflam-
mation, fetal gene reexpression, and cardiac dysfunction.
Multiple studies over recent years have identified vari-
ous innate immune cells actively participating in profibrotic
tissue repair and healing in various tissues (Wilson and Wynn,
2009; Costa et al., 2011; Murray et al., 2011; Takemasa et al.,
2012; Walsh et al., 2015) including the heart in response to
ischemic myocardial injury (Frangogiannis et al., 2002; Fran-
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gogiannis, 2004). Less was known about adaptive immunity
until recently, when T cells were identified as critical medi-
ators of profibrotic tissue repair and healing of the ischemic
myocardium through mechanisms involving modulation of
monocytes and macrophages differentiation that actively par-
ticipate in profibrotic scar formation (Hofmann et al., 2012).
In contrast to a profibrotic cardiac healing response, in non-
ischemic HF when the LV senses substantial pressure load,
CF is mainly mediated by CFB, a major resident population
in the heart, and is a pathological progressive process that im-
pairs cardiac function (Fan et al., 2012). Interestingly, the role
of T cells in this response is an emerging area with several un-
knowns. From our own and other investigators’ earlier studies,
we learned that T cells are central players in CF: in humans,
we found an association between CF and cardiac T cell infil-
tration in patients with nonischemic HF (Nevers et al., 2015);
and in mice, we and others demonstrated T cell activation in
the mLNs in response to TAC, and found that two different
mouse models lacking either af T cells (TCR-a™'~ mice) or
CD4" T cells (MHC-II""~ mice) were protected from CF in-
duced by TAC (Laroumanie et al., 2014; Nevers et al., 2015).
This motivated us to consider that CD4" T cells activated in
the setting of TAC could have direct effects in the CFB and
induce their transformation to profibrotic myofibroblast. Our
results provide for the first time evidence that T cells activated
in the context of HF firmly adhere to CFB and, as a result,
induce their transformation to profibrotic myofibroblasts. In
contrast, T' cells from sham mice, which are mostly naive, do
not adhere and activate CFB. Our work indicates that I[FN-y,
the signature cytokine of Th1 cells, is the main cytokine ex-
pressed by mLN CD4* T cells as well as in the LV in response
to TAC. Other cytokines such as IL-5 and IL-4, known to me-
diate the profibrotic effect of Th2 cells (Sandler et al., 2003),
are, in contrast, not enhanced after TAC in the LV,and IL-17A,
also known to be profibrotic in autoimmune-induced dilated
cardiomyopathy (Wu et al., 2014), was not detected in either
the mLNs or the LV. Of note, Th2 and Th17 have recently
been reported to be predominant in the failing hearts in mice
with chronic ischemic HF (8 wk after ischemia) and found
to be mainly expanded in the spleen (Bansal et al., 2017).
Our data position IFN-y—producing Th1 cells expanded in
the mLNs as major contributors to TAC-induced CEF and
highlight important differences about the type and location
of T cell-mediated remodeling responses in ischemic versus
nonischemic HE Our results are in agreement with our previ-
ous work demonstrating that the Th1 signature transcription
factor Tbet is significantly up-regulated in the LV in response
to TAC in WT mice but not in TCR-o™’~ mice (Nevers et

al.,2015). However, the contribution of Th1 cytokines, and in
particular IFN-y, to fibrosis is controversial, with some studies
demonstrating an antifibrotic effect in the context of autoim-
mune-induced CF (Afanasyeva et al., 2004; Fairweather et al.,
2004; Borthwick et al., 2013), and others a profibrotic effect
in the context of hypertension and in healing after ischemia
(Bujak et al., 2009; Han et al., 2012; Marko et al., 2012). Our
in vitro results demonstrate a novel mechanism that positions
IFN-y—producing Th1 cells as profibrotic players in CF by
directly adhering to the CFB rather than exclusively through
Th1 cell cytokine release. This is further supported in our
Th1 titration co-culture studies, in which more Th1 cell ad-
hesion to CFB correlates with increased overall ®-SMA ex-
pression in the co-cultures, whereas those CFBs supporting
Th1 cell adhesion regardless of the CFB/Th1 ratio all ex-
press high levels of a-SMA.

Although our in vitro studies demonstrate that Th1 cy-
tokine release does not induce CFB transformation, extend-
ing this observation in vivo will require further investigation.
Whereas the profibrotic role of TGF-f in CF has been rec-
ognized for many years (Border and Noble, 1994; Bujak and
Frangogiannis, 2007), the fact that Th1 cell adhesion induces
TGF-P in the CFB is novel, and supports that IFN-y—pro-
ducing Th1 cells critically control CFB fate in vitro through
direct cell—cell adhesion. Our data demonstrating that the few
IFN-y™~ Th cells that were able to adhere to CFB did not
induce their transformation as WT Th1 cells did also support
that T cell-produced IFN-y centrally regulates CFB transfor-
mation to profibrotic myofibroblasts.

Cross talk between other T cell subsets, such as CD4"
regulatory cells (Treg), and CFB has been previously reported
in co-culture experiments in which Tregs were found to
inhibit CFB transition to profibrotic myofibroblasts. The in
vivo relevance of this finding was that Treg inhibited patho-
logical postischemic cardiac remodeling acting on CFB in
chronic ischemic HF (Saxena et al., 2014).This is in line with
an antiinflammatory and antifibrotic role for Treg (Kanellakis
et al., 2011), opposite from the proinflammatory and profi-
brotic role we describe for Thl cells here. Whether Treg di-
rect contact with the CFB or the antifibrotic effect observed
involved TGF-p signaling in the CFB was not addressed in
the co-culture or the in vivo studies. Our studies demon-
strate that Tregs remain unchanged in the mLNs after TAC,
and we previously reported that Foxp3 expression is signifi-
cantly reduced in the LV compared with Tbet (Nevers et al.,
2015). Here we also demonstrate that Th1 cells do not trans-
form into TGF-f—producing T cells upon adhesion to CFB,
in line with the literature supporting a lack of plasticity of

3 independent experiments; P < 0.05, one-way ANOVA test. (F) Nonadherent Th1 cells were collected from the Th1-CFB co-culture, adherent Th1 cells were
detached from CFB with EDTA, and CFB detached of Th1 cells were tripsinized and collected for FACS staining. (G) Immunofluorescence staining of TGF- in
CFB alone and CFBs that had supported Th1 adhesion and were detached of Th1 cells. Bars, 50 pm. One representative FACS histogram and representative
pictures from one representative immunofluorescence experiment are shown of a total of three independent experiments performed. Bars, 50 um. Error

bars represent mean + SD. *, P < 0.05; **, P < 0.01. ns, not significant.
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Th1 cells (Hirahara and Nakayama, 2016), although this had
never been evaluated in the context of CFB adhesion. These
results further support that the inhibitor effect of anti-TGF-3
we observe is likely targeting TGF-P released by the CFB. A
limitation of this study and something that will need to be
evaluated in the future is the source of TGF-f and whether it
is induced upon T cell contact in a more complex scenario in
vivo, in which Th1 cells may also establish direct interactions
with heart macrophages and/or endothelial cells and trigger
similar or additional profibrotic mechanisms (Zeisberg et al.,
2007; Chen and Frangogiannis, 2016).

One striking finding from our in vivo AT studies is that
effector Th1 cells sufficiently convert the antifibrotic phe-
notype of TCR-a'~ mice in response to TAC into a pro-
fibrotic phenotype. More striking is the fact that adoptively
transferred Th1 cells, but not equally activated IFN-y~'~ Th
cells, infiltrate mainly in perivascular areas of the LV, and in-
duce perivascular but not interstitial fibrosis, in contrast to
the predominantly interstitial pattern of T cell infiltration and
both perivascular and interstitial fibrosis observed after TAC
in WT mice (Nevers et al., 2015). We suggest that interstitial
fibrosis, classically thought to originate from areas surround-
ing the microvasculature and spreading throughout the myo-
cardium (Anderson et al., 1979;Weber, 1989), depends on the
location of the infiltrated T cells and direct cross talk with
the CFB. Importantly, the AT of Th1 cells on the TCR-o™"~
mice, normally protected from cardiac dysfunction, selectively
impacted LV contractile function, but not diastolic function
or LV chamber dimensions. Although the current paradigm
holds that interstitial fibrosis is the main contributor to me-
chanical stiffness and cardiac dysfunction in HF (Chaturvedi
et al., 2010), some studies have also suggested that perivascular
fibrosis most likely induced by perivascular inflammation de-
creases the supply of oxygen and nutrients to the myocardium
and can induce cardiac pathology (Kai et al., 2006). Our data
suggest the possibility that Th1 cells infiltrating into perivas-
cular areas could reduce coronary flow through reduction of
intracoronary vessel diameters, or, by directing fibrosis, im-
pairing diffusion of oxygen and nutrients to the myocardium.
These vascular abnormalities could potentially account for
the reduction in LV systolic function and resultant increase
in end diastolic pressure. Cytokines such as IL-17A can alter
vascular function this way (Nguyen et al., 2013), and although
our results indicate that IL-17A is not significantly increased
in response to TAC, IFN-y released by Th1 cells could po-
tentially have a similar effect. Alternative possibilities for these
findings are that Th1 cells also induce LV diastolic dysfunc-
tion and chamber dilation but that these only become appar-

ent after durations of pressure overload longer than the time
we studied, or that mechanisms other than those mediated by
Th1 cells induce diastolic dysfunction and chamber dilation.
These possibilities need to be further investigated.

Our studies also demonstrate that transfer of Th1 cells
induces a shift in expression of the LV MHC-a isoform,
normally expressed in the adult heart, to MHC-f, the fetal
isoform only reexpressed in the adult in the setting of patho-
logical cardiac remodeling (Nevers et al., 2015; Salvador et al.,
2016). This is also dependent on IFN-y, as similarly activated
IFN-y™~ Th cells did not have that effect. Our data showing
that other fetal genes such as Nppa and Nppa, which become
reexpressed in pathological hypertrophy, are increased in
TCR-o'~ mice AT with Th1 cells or with IFN-y™~ Th cells,
but not with naive T cells, support a selective role of IFN-y on
T cell-induced cardiomyocyte MHC isoform switching, not
regulating other fetal genes. Although both MHC isoform
switch and expression of Nppa and Nppb serve as markers of
pathological remodeling, fetal isoform switch of MHC, but
not Nppa or Nppb, is also known to contribute to systolic
and diastolic dysfunction in the cardiomyocyte. Our findings
that IFN-y ™~ Th cells do not induce MHC isoform switch in
TCR-a~'~ TAC mice therefore agree with our in vivo find-
ings showing that AT of IFN-y~~ Th cells does not induce
the negative functional effects that WT Th1 cells do after AT.

The lack of TAC-induced cardiac hypertrophy in
TCR-o™’~ mice is striking and also occurs in CD4 " -deficient
mice (MHC-IT"'7), whereas it does not occur in WT mice
depleted of T cells (Laroumanie et al., 2014; Nevers et al.,
2015) or, as we report here, in TCR-a~’~ mice reconstituted
with naive, Th1, or IFN-y™'~ Th cells, suggesting that cardiac
hypertrophy is independent of IFN-y produced by T cells.
IFN-y has been shown to play a role in cardiac hypertro-
phy in a mouse model of hypertension (Marké et al., 2012),
and our data support that such protection may be achieved
by IFN-y from a different cell source other than Thi cells.
Although LV chamber wall thickness only achieved sta-
tistical significance in mice receiving Thl cells, there was a
trend toward increased end diastolic diameter in all the AT
groups compared with the TCR™~ TAC mice. We interpret
these results to support that the hypertrophy observed in
TCR-a~~ TAC mice after AT is a function of both concen-
tric and eccentric hypertrophy.

Our data delving into the mechanism of adhesion of
Th1 cells to the CFB is of significant interest, as one could
speculate that specifically inhibiting such interaction could
reduce the profibrotic effects of activated CFB in pathological
cardiac remodeling and HE Our candidate approach focused

mice per group). *, P < 0.05, ANOVA test. (F) Representative immunohistochemistry staining of CD4* T cells in control (no AT) and TCR-a™'~ mice reconsti-
tuted with the indicated T cells. Arrows point to positive CD4* T cells. (G) Quantification of CD4* cells in the LV of TCR-o”/~ control (no AT) or recipients of
the indicated T cells. Whole LV sections from n = 6-8 mice per group were analyzed for T cell presence. *, P < 0.05, ANOVA test. (H-J) gRT-PCR of Toet (H),
IL-6 (1), and IL-1p (J) in the LV of TCR-a™/~ control (no AT) or recipients of the indicated T cells. n = 6-8 mice per group; * P < 0.05, ANOVA test. Bars, 50 um.
Error bars represent mean + SD. *, P < 0.05. ND, not detected; ns, not significant.
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Figure 6. TCR-o™/~ mice have increased perivascular fibrosis after AT of Th1 cells in response to TAC. (A) Representative picrosirius red staining
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6-8 mice per group are shown. Bars, 50 um. Error bars represent mean + SD. Statistical significance is shown as *, P < 0.05; ™, P < 0.01; ns, not significant.

on classic adhesion molecules that are expressed by CFB
(Turner et al., 2011), and in their integrin ligands expressed
on activated T cells. We interpret our results to identify a4
integrin in Th1 cells as a critical mediator of their adhesion
to CFB and, in contrast, to indicate that CFB ICAM-1 is
dispensable for Th1 CFB adhesion. This is in line with our
previous work indicating a role for ICAM-1 in T cell re-
cruitment to the heart and CF in response to TAC that was

JEM Vol. 214, No. 11

independent of ICAM-1 expression on CFB in vitro (Salva-
dor et al., 2016). Small molecule inhibitors for integrins such
as avp1, expressed on CFB but not implicated in leukocyte
adhesion, are promising in treating liver and pulmonary fi-
brosis (Wipff et al., 2007; Reed et al., 2015). Our data suggest
the intriguing possibility of similarly targeting a4 integrins
in established HE once T cells are infiltrated in the heart, to
prevent the progression of CE
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Figure 7. AT of Th1 cells into TCR-ac ™~ TAC mice partially induces cardiac dysfunction. Hemodynamic analysis showing the (A) maximum pressure.
(B) LV hypertrophy was analyzed by the LV weight which was normalized to the tibia length. (C) Cardiomyocyte size was determined in LV cross sections. (D
and E) Hemodynamic analysis demonstrating the end diastolic pressure (D) and contractile function (E) in WT, TCR-a ™'~ control mice (no AT) or TCR-a ™/ re-
cipients of the indicated T cells, harvested 4 wk after sham or TAC surgery. (F) gRT-PCR of the ratio of MyHCP/at in the LV in the indicated mice. Error bars
represent mean + SD. Statistical significance is shown as *, P < 0.05; **, P < 0.01; ANOVA test. n = 6-8 mice per group. ns, not significant.

Table 1. Characterization of cardiac function in WT, in TCR-a/~, and in TCR-o/~ mice after AT of naive, Th1, or IFN-y‘/‘ Th cells 4 wk after
sham or TAC

Parameters WT sham WT TAC TCR-a/~ Sham TCR-o "~ TAC TCR-a~ TAC AT  TCR-o '~ TAC TCR-a ™~ TAC AT
Naive AT Th1 IFN-y7-Th

Total mouse weight [g)/tibia 1.45 + 0.02 1.43 + 0.02 1.45 + 0.03 1.49 + 0.04 1.46 + 0.04 1.51 £ 0.01 1.48 + 0.03
length (mm)

Lung weight (mg)/tibia 91.77 + 2 123 + 9° 87.33+3 88.11 +0 92.39 + 2 9232 + 1 9241 +2
length (cm)

Fractional shortening (%) 39.54 + 4.036 23.80 + 2.29% 30.92 + 3.22 38.46 + 4.10 31.25 + 3.36 32.24 + 3.87 30.88 + 3.90

Anterior wall thickness (mm) 0.87 + 0.03 1.08 + 0.08° 0.75 + 0.02 0.87 + 0.03 0.83 +0.14 1.10 + 0.112° 0.90 + 0.10

Posterior wall thickness (mm) 0.94 + 0.05 1.3 + 0.07° 0.73 + 0.03 1.01 £+ 0.12 0.83 +0.14 1.02 + 0.07¢ 0.87 + 0.08

End diastolic diameter (mm)  3.49 + 0.08 3.99 + 0.15° 4.01 +0.12 3.9+ 0.22 4.16 + 0.16 3.97 +0.18 4,08 +0.12

End systolic diameter (mm) ~ 2.11 + 0.16 3.04 £ 0.17¢ 2.77 + 0.20 2.60 + 0.28 2.86 +0.23 2.69 + 0.24 282 +0.17

dp/dt min (mm Hg/s) —8.28 + 0.86 —5.61 + 0.68° —7.89 + 0.39 —8.00 + 1.06 —8.76 + 1.06 —6.67+ 0.70 —7.61 +1.12

Values are means + SEM.

%P < 0.05, 4 wk of TAC versus sham.

°P < 0.05, 4 wk TAC AT TCR-o™/~ versus TAC TCR-a ™~
°P < 0.01, 4 wk TAC AT TCR-o/~ versus TAC TCR-a ™~
9P < 0.01, 4 wk of TAC versus sham.
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From the immunological perspective, the prevailing para-
digm holds that T cells become activated in response to antigen
followed by a secondary costimulatory signal (Harding et al.,
1992), but recent emerging evidence suggests that T cells can
also be activated through nonclassic antigen-mediated pathways
(Rahman et al., 2009). Oxidized antigens have been recently
described to induce T cell activation in a model of angiotensin
[I-induced hypertension (Kirabo et al., 2014;Wu et al., 2016),
but, as it occurs in TAC-induced HE the specific nature of the
antigen or antigens remains elusive. Indirect evidence points
toward cardiac Ag-specific T cell activation as OT-II mice, ex-
clusively responding to OVA, and CD28/B7~'~ mice lacking
costimulatory signals, do not develop HF or CF in response to
TAC (Laroumanie et al., 2014; Wang et al., 2016), and this pos-
sibility has also been suggested in later stages of TAC-induced
HF (Wang et al., 2016). Our data demonstrating that nonan-
tigen-specific Th1 cells partially mediate cardiac dysfunction
is in support of this latter mechanism. Additional supporting
evidence comes from the fact that naive T cells do not become
activated or infiltrate the LV in recipient TCR-o/
response to TAC, suggesting naive T cells do not sufficiently
respond to antigen in the host in response to TAC. Our results
document the biological importance of Th1 cells generated in
a nonantigen-specific way, which are sufficient to traffic to the
heart and modulate LV inflammation, perivascular fibrosis and
some aspects of cardiac dysfunction. We can speculate that car-
diac antigens are needed to sustain T cell activation in the heart,
interstitial fibrosis, and the progression of cardiac pathology and
HE This remains an area of current and future investigation.

In summary, our data demonstrate a role for IFN-y—
producing Thl cells in orchestrating CF through mecha-
nisms that involve T cell integrin-mediated adhesion with
CFB and subsequent TGF-f release. Our results, together
with the growing body of literature evaluating the adap-
tive immune response in heart failure, enhance our global
understanding of effector T cell-mediated pathological re-
modeling and HF and help resolve a paradox in the field
for a role of IFN-vy in heart failure, while opening a possi-
bility of interfering with a T cell-specific subset and integ-
rin-mediated adhesion toward a less proinflammatory and
more antifibrotic phenotype.

~ mice in

MATERIALS AND METHODS

Mice

WT (C57BL/6) and TCR-o™~~ mice were bred and main-
tained under pathogen-free conditions. IFN-y™'~ mice were
purchased from the Jackson Laboratory. All procedures con-
formed to the animal welfare regulations of Tufts Univer-
sity and were approved by the Tufts University Institutional
Animal Care and Use Committee. All mice used for exper-
iments were 8—14 wk old.

Animal model

The mouse model of TAC was used to induce pressure over-
load in the LV as previously described (Rockman et al., 1991;
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Patten et al., 2008; Blanton et al., 2012; Salvador et al., 2016).
Sham mice were used as control in all studies and were oper-
ated as TAC mice except for the suture tied around the needle
to constrict the aorta.

Preparation of adult CFBs

Adult WT mice (6-8 wk old) were anesthetized. Hearts were
excised, minced, washed and then subjected to digestion at
37°C for 30 min with agitation in a mixture of 0.25% trypsin
and 5 mg/ml liberase TL (Roche). Digested tissue was then
centrifuged at 1500 rpm for 5 min and the pellet resuspended
into fibroblasts culture media ([FBM] 10% normal bovine
serum and 100 U/ml penicillin/streptomycin) and plated on
1% gelatin coated plates for 2 h at 37°C with 5% CO,. At the
end of this period, the unattached cells were discarded, and
attached cells were grown in fibroblast culture medium. Once
confluent, CFBs were trypsinized but not scrapped, and thus
negatively selecting for potential contaminating macrophages
adhered to the plate, and trypsin detached cells passaged to use
in co-culture experiments. CFB were used between passages
1-2.FACS staining with CD45,CD11b, CD64 was performed
before and after plating to determine the CFB purity (only
0.36% of CD45" T cells in cultured CFB (8 d) compared with
a mean of 36% of CD45" at the day 0 of the culture). F4/80
antibody further determined the lack of contamination by
macrophages in each CFB culture. Bone marrow macrophages
were isolated from mice tibias and femurs, stimulated with LPS
(5 pg/ml) as described (Salvador et al.,2016),and used as a pos-
itive control for F4/80 staining. Where indicated, CFBs were
incubated with clodronate liposomes (50 pul/ml) for 48 h before
the T cell-CFB co-culture was established, using the macro-
phage depletion kit (Encapsula NanoSciences) using spleno-
cytes as a positive control for macrophage deletion (Fig. S3).

Preparation of T cell subsets for in vitro

co-cultures and for in vivo AT

Where indicated, CD4" T cells were isolated from the
mLNs of WT mice 4 wk after sham or TAC surgery by
positive selection with magnetic beads (Milteny) and used
in in vitro co-cultures right after isolation. Naive CD4" T
cells were isolated from the spleen and LNs of 8-12 wk
WT mice and used directly in co-cultures or adoptively
transferred into TCR-a™ recipient mice. Th1 cells were
differentiated from the WT naive T cells by anti-CD3 and
anti-CD28 stimulation in the presence of IL-12, IL-2, and
anti—IL-4, and expanded with IL-2 at day 3 for two ad-
ditional days, as previously described (Alcaide et al., 2012;
Velizquez et al., 2016). IFN-y~'~ Th cells were generated
from IFN-y~~ naive T cells under the same conditions as
WT Th1 cells. Th1 and IFN-y~~ Th were harvested on day
5 after CD4" T cell isolation and used in co-culture exper-
iments or adoptively transferred intraperitoneally at a con-
centration of 107 cells/500 pl PBS into TCR -~ recipient
mice. In the AT experiments, comparisons were established
between TCR-o~'~ TAC mice that did not receive any T
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cells (no AT) and TCR-a~'~ TAC mice receiving the differ-
ent T cell types, unless otherwise indicated.

In vitro co-culture of fibroblasts and CD4 T cells

Fibroblasts were distributed in 6-well plates, glass coverslips,
or in 0.4-pum pore diameter 12-well Transwell plates coated
with 1% gelatin and cultured overnight in FBM supple-
mented with 10% (vol/vol) FCS (500,000 cells in 1 ml of
medium/well). Half the medium was then removed and the
CD4 T cell suspension generated as indicated in the section
above (100,000 cells in 0.5 ml FBM) was added to each well
or to the upper well of the Transwell, where indicated.T cells
and CFB were co-cultured overnight at 37°C with 5% CO,.
Where indicated, T cells were labeled with anti-CD4—Alexa
Fluor 488 Ab, 30 min at room temperature, before being
added to the CFB plates or Transwells. In some experiments,
adherent Th1 cells to the CFB were detached using gentle
EDTA (5 mM) washes. Detached Th1 cells and CFBs de-
tached of T cells were collected and stained with anti-TGF-3
for FACS analysis. Where indicated, CFBs detached of T cells
were stained with anti—-TGF-f by immunofluorescence. Pho-
tomicrographs were taken before and after washing cells. Cells
were fixed for immunofluorescence staining after washing.

Neutralization of TGF-p and a4 integrin

5 pg/ml anti-TGF-f (clone1D11, R&D) was added to adult
CEB cells 1 h before adding Th1 cells at a 5:1 (CEB/T cell)
ratio. CFB/T cell co-culture with or without anti-TGF-§
was incubated overnight. 1D11 is a mouse mAb that specif-
ically neutralizes the biological activity of TGF-p1, TGF-p2,
and TGF-P3 both in vitro and in vivo (Dasch et al., 1989).
A total of 20 pg/ml a4 integrin (CD49d; clone 9C10, Bio-
Legend) was added to Th1 cells for 30 min before overnight
co-culture with CFB. Isotype rat IgG2a was used as control.

Immunofluorescence

CFBs were cultured in FGM, on 1% gelatin-coated glass cov-
erslips within a 6-well plate until confluent. They were then
deprived of serum for 24 h. T cell subsets were labeled with
CD4"—Alexa Fluor 488 or remained unlabeled and added
to the culture medium in concentrations as indicated over-
night. At the end of each treatment, cell layers were washed
twice with PBS and permeabilized in ice-cold acetone for
10 min. Nonspecific binding was prevented by incubation
with DPBS + 0.1 mg/ml salmon DNA, 1% goat serum, and
1% horse serum for 1 h. Cells were incubated with specific
antibodies at 1:250 dilution. The cells were then incubated at
4°C overnight and washed three times with PBS. As negative
controls, parallel slides were incubated with no primary an-
tibody. Alexa Fluor 568—conjugated goat anti-mouse or goat
pAB to o chicken IgY Alexa Fluor 488 was used as a sec-
ondary antibody. Visualization was performed with a Nikon
Ti inverted fluorescent microscope. Quantification of -SMA
fluorescence intensity was performed using National Insti-
tutes of Health Image] software.
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RNA extraction and real-time quantitative PCR

Total RNAs were Trizol-extracted from mouse heart LV tis-
sues or CFB. RNA was reverse-transcribed using the Ther-
moScript RT-PCR system according to the manufacturer’s
instructions (Invitrogen). Real-time quantitative PCR  re-
actions involved use of SYBR Green PCR mix (Applied
Biosystems). Samples were quantified in triplicate using 40
cycles performed at 94°C for 30 s, 60°C for 45 s, and 72°C
for 45 s using the ABI Prism 7900 Sequence Detection Sys-
tem. The housekeeping gene GAPDH was used as control.
The sequences of the primers used were as follows: myh6:
forward 5'-TGAGCCTTGGATTCTCAAACGT-3', reverse
5'-AGGTGGCTCCGAGAAAGGAA-3'; myh7: forward 5'-
GCTGTGCTTTGAGAACTGTG-3', reverse 5'-GTGAGG
TCCTTGCCTACTTG-3'; il1b: forward 5'-TGATGGATG
CTACCAAACTGG-3', reverse 5-TTCATGTACTCC
AGGTAGCTATGG-3'; il6: forward 5'-GCACAGAAAGCA
TGACCCG-3', reverse 5-GCCCCCCATCTTTTGGG-
3’; Tbx21: forward 5'-CAACAACCCCTTTGCCAAAG-3',
reverse 5'-TCCCCCAAGCAGTTGACAGT-3'; Ifng: for-
ward 5'-AACGCTACACACTGCATCTTGG-3', reverse
5'-GCCGTGGCAGTAACAGCC-3'; I14: forward 5'-TCG
GCATTTTGAACGAGGTC-3', reverse 5'-GAAAAGCCC
GAAAGAGTCTC-3'; II5: forward 5'-TCACCGAGCTCT
GTTGACAA-3', reverse 5'-CCACACTTCTCTTTTTGG
CG-3'; nppb: forward 5-GAGAGACGGCAGTGCTTC
TAGGC-3', reverse 5'-CGTGACACACCACAAGGGCTT
AGG -3’; nppa: forward 5'-AAGGGTCCCTCTGGAGAA
CC-3', reverse 5'-TCTAGAGCCAGGGAGACCCA-3'.

Histology

The ventricles were fixed in 10% formalin, embedded in par-
affin, and cut into 5-um sections. Hematoxylin and eosin or
picrosirius red staining was performed as described (Nevers
et al., 2015). Immunohistochemistry was performed in LV
frozen sections that were incubated with primary antibody
against CD4 (1:500 dilution) for 2 h followed with incubation
of secondary antibody goat antirat biotinylated as described
(Nevers et al., 2015; Salvador et al., 2016). In some cases, LV
frozen sections were stained for immunofluorescence using
anti-TGF-f (chicken polyclonal, Abcam). Cardiomyocyte
cross-sectional area was quantified by tracing the outline of
10-15 myocytes in each section (Nevers et al., 2015).

Flow cytometry

Flow cytometry was used to analyze the immune cellular
profile present in lymphoid tissues, to evaluate the presence
of F4/80" macrophages in CFB preparations, to evaluate the
expression of IFN-y by Th cells, and to determine the source
of TGF-P in vitro. The data were acquired on an LSRII (Bec-
ton Dickinson) and analyzed using FlowJo software. All anti-
bodies were from Biolegend: anti-CD4-FITC (clone GK1.5),
anti-IL-17A-APC (clone TC11-18H 10.1), anti-IFN-y-PE
(XMG 1.2), anti-Foxp3-PE (MF14), anti-F4/80-APC (BMS),
anti-TGF-P1 (clone TN7-1B4), anti-CD45.2-brilliant violet
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711 (clone 104), anti-CD64-PE (clone X54-5/7.1) and anti-
CD11b-APC (clone M1/70).

TGF-f ELISA

TGF-P1 protein was quantitated by ELISA according to the
manufacturer’s instructions (R&D Systems), on supernatants
of co-culture of CFB with naive or Th1 cells, with or without
TGF-p blocking antibody. Circulating TGF-§ was also mea-
sured from sham and TAC C57/BL6 mice, TCR-a~’~ mice, or
TCR-o"~ mice adoptively transferred with naive or Th1 cells.

In vivo echocardiography
In vivo transthoracic echocardiography was assessed in
slightly sedated mice as described (Blanton et al., 2012).
M-mode and two-dimensional images were obtained
from the short-axis view (Patten et al., 2008). All analyses
were performed blindly.

Hemodynamics

A pressure volume transducer catheter was introduced into
the LV through the carotid artery of anesthetized mice and
used to assess LV function as previously described (Blanton
et al., 2012). Absolute volume was calibrated by saline injec-
tion parallel conductance method and data evaluated at steady
state (Blanton et al., 2012). Data were digitized and analyzed
using custom software (EMKA version 2.1.10).

Statistics

All results are presented as mean £ SD unless otherwise in-
dicated. Two group comparisons were analyzed by Student
t-test and Mann-Whitney nonparametric test to adjust for
nonequal Gaussian distribution among groups. Multiple
group comparisons were performed by one- or two-way
ANOVA and Bonferroni posttest where indicated. The dif-
ference was considered statistically significant at *, P < 0.05;
** P <0.01;and *** P < 0.005. All statistical analyses were
performed using GraphPad Prism.

Online supplemental information.

Fig. S1 shows FACS staining of IL-17A and Foxp3 in the
mLNs of sham and TAC WT mice. Fig. S2 shows FACS
staining of IFN-y in T cells used in co-cultures and AT. Fig.
S3 shows a-SMA immunofluorescence staining in clodro-
nate-treated CFB co-cultured with Th1 cells. Fig. S4 shows
gene expression of cardiac hypertrophy genes.
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