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Abstract

Inflammation contributes to the development of heart failure (HF) through multiple mechanisms
including regulating extracellular matrix (ECM) degradation and deposition. Interactions between
cells in the myocardium orchestrates the magnitude and duration of inflammatory cell recruitment
and ECM remodeling events associated with HF. More recently, studies have shown T-cells have
signficant roles in post-MI wound healing. T-cell biology in HF illustrates the complexity of cross-
talk between inflammatory cell types and resident fibroblasts. This review will focus on T-cell
recruitment to the myocardium and T-cell specific factors that might influence cardiac wound
healing and fibrosis in the heart with consideration of age and sex as important factors in T-cell
activity.
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Introduction

Fibrosis is the generic term for accumulation of extracellular matrix (ECM). Excessive ECM
accumulation in the heart can result in negative consequences leading to increased morbidity
and mortality [1]. An excessive degradation of normal ECM or accumulation of abnormal
ECM can also impair ventricular physiology contributing to heart failure (HF) [2-6]. ECM
is more than an accumulation of fibrillar collagen but a major reservoir for sequestering
signaling molecules, such as inflammatory cytokines and growth factors that not only induce
modifications in the ECM, but also influence the overall structure and physiology of the
myocardium [7-9].

The cellular and molecular basis for the development and progression of HF are
multifactorial and specific to etiology. Inflammation has been proposed as a fundamental
mechanism contributing to the development of HF in general and ECM fibrosis in particular.
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Activation

[10-13] However, inflammation after a myocardial infarction (MI) is fluid and therefore
difficult to define. The inflammatory environment of the M1 left ventricle (LV) at day one is
much different from the inflammatory environment seen one week after MI [14]. Key
inflammatory cells such as lymphocytes (i.e. T-cells and B-cells), monocytes, and
macrophages require precise characterization and definitions to more precisely describe their
contribution to the progression to HF in each of its forms.

Importantly specific interactions between types of immune cell in the myocardium likely
plays a key role in regulating the magnitude and duration of inflammatory cell recruitment
and ECM remodeling events associated with HF. In response to myocardial antigens,
recruitment of T-cells can initiate the acute and or propogate the chronic inflammatory
processes leading to an impairment of cardiac function by direct cytotoxicity or by
enhancing the activity of other cardiac cell types, such as macrophages and fibroblasts [15-
17]. As cardiac fibroblasts are the central cell type expressing and depositing fibrillar ECM,
an understanding of the interaction of immune cells with cardiac fibroblasts is essential for
defining molecular pathways in ECM assembly and/or remodeling. This review will focus
on T-cell recruitment to the myocardium and T-cell specific factors that might influence
macrophage and fibroblast activity in fibrosis in the heart.

of T-cells Post-Ml

T-cells have been shown to play a central role in the immune response in cardiovascular
diseases. T-cells are grouped into a series of subsets based on their function and on their
protein expression patterns (e.g. CD4 vs CD8). T-cells begin as bone marrow-derived
haematopoietic stem cells before circulating to the thymus where they engraft and develop
into naive T-cells [18]. In the periphery, CD4+ and CD8+ T-cells undergo further
differentiation to specialized cells such as CD4+ helper T-cells (Th1, Th2, and Th17), CD4+
Tregs, and CD8+ (cytotoxic) T-cells further diversifying T-cell specific functional responses
(Figure 1).

Multiple studies have shown that T-cell infiltration of the myocardium is both necessary and
sufficient to produce LV fibrosis and dysfunction indicating a functional role for T-cells in
cardiac fibrosis [15]. However, the complex nature of T-cell types and context-dependent
activity render the task of a concise summary of T-cell function in the heart a difficult one.
T-cell biology in HF illustrates the complexity of cross-talk between inflammatory cell types
and resident fibroblasts (Table 1). A growing consensus is that T-cells are involved in
induction of cardiac fibrosis and can act through direct adhesion and actions on cardiac
fibroblasts [15]. T-cells can also synthesize and export a variety of inflammatory molecules
(e.g. tumor necrosis factor (Tnf)a and IL-1B) suggesting they have an indirect role in the
regulation of fibroblast ECM deposition and proliferation by facilitating polarization of
macrophages as well as fibroblast activation [22, 23]. Below we discuss the activation of T-
cells post-MI and the role they play on cardiac fibrosis.

Antigen-presenting cells:

Antigen-presenting cells such as monocytes and dendritic cells are potent key
immunoregulators that direct specification of multiple types of inflammatory cells including
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T-cells. After necrotic injury, antigen-presenting cells internalize damage-associated
molecular patterns released from the necrotic tissue and migrate into the lymph nodes [30].
In the lymph nodes, antigen-presenting cells activate T-cells into tissue-homing effector cells
via a multistep activation process that includes upregulation of major histocompatibility
complexes class | and 1l to display cognate peptides to T-cell receptors, surface expression
of co-stimulatory signals (e.g CD28, CD80/86), and production of cytokines (e.g. interferon
(IFN)~y) for effector T-cell activation and polarization [40-42].

Hofmann et al. demonstrated that antigen-mediated activation was vital for the protective
function of CD4+ T-cells after MI using a transgenic mouse model (OT-11) [40]. OT-1I mice
have CD4+ T cells that primarily recognize an irrelevant chicken ovalbumin-derived peptide
via their T-cell receptor thus inhibiting T-cell receptor-ligand interactions, cross-presentation
of antigens, and central and peripheral T-cell tolerance and induction [43]. The OT-II mice
had more loosely distributed and disarrayed collagen on post-MI day 7 compared to WT
mice. Interestingly, no differences compared to WT mice were observed in terms of collagen
mMRNA expression or metalloproteinase (MMP) activity indicating impaired post-
transcriptional processing of matrix proteins most likely accounts for the observed
phenotype [40].

Memory T-cells:

Thi:

A subset of the effector T-cells differentiate into memory T-cells, which are defined by their
re-circulation characteristics [44]. In addition to circulating memory T-cells, cardiac resident
memory T-cells have been identified under-steady state conditions (e.g. with increased age)
[45]. In patients with acute MI (59410 years; 75% males), circulating effector and memory
T-cells decreased 90 min after reperfusion returning to levels comparable to pre reperfusion
by 24 hours [46]. The initial loss in peripheral blood CD8+ memory T-cell subsets has been
suggested to be caused by entrapment in the coronary microcirculation and possible be due
to infiltration of cells into the reperfused myocardium [17]. In addition, expansion of splenic
memory CD4+ T-cells has been detected in mice 8 weeks after permanent occlusion.
Although the biological significance of memory T-cells in myocardial homeostasis and
disease is not fully understood, changes in levels and distribution suggest an active role for
this subset in cardiac remodeling [19].

Th1 cells increase in the circulation of patients with acute MI (26 men/7 women) and
unstable angina (17 men/5 women) within 24 hours after the onset of symptoms [47]. In
patients with unstable angina, levels of Thl cells returned to baseline after 1 week, whereas
in post-MI patients Th1 cells remained elevated 1 month after hospitalization. This
prolonged Th1 response after MI was also observed in a mouse model where Th1 cells
remained elevated in the LV and in the circulation 8 weeks post-MI [14, 19].

Th1 polarization is associated with increased cardiomyocyte apoptosis, imbalanced ECM
turnover and decreased myofibroblast differentiation leading to cardiac rupture [30].
Activation of Th1 cells through T-cell receptor peptide administration increased pro-fibrotic
signals leading to an increase in interstitial LV fibrosis.[28] IFN is one of the primary
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Th17:

Th2:

markers of Th1l-mediated inflammation and has been shown to inhibit fibrosis by blocking
the pro-fibrotic activity of transforming growth factor-g (TGF-g) [24]. IFNvy can also
directly inhibit fibroblast proliferation and expression of collagen-1 and -111 mRNA. In
addition, IFNvy inhibits Th2-mediated fibroblast activation and indirectly regulates fibrosis
through activation of macrophages [25, 26, 29]. The secretome of macrophages from post-
MI day 3 hearts suppressed TGF- induced a-smooth muscle actin (aSMA) expression, a
marker of activated fibroblasts, in cultured cells [30]. Addition of an IFN-y neutralizing
antibody reversed the TGF-B induction of a-SMA expression demonstrating Th1 cells may
be indirectly regulating fibrosis through macrophage-dependent fibroblast activation.

The Th1 ligand, Cxcl10, increases in the LV during the first 24 hours post-MI and inhibits
disproportionate fibrotic remodeling most likely through proteoglycan signaling [48]. /n
vitro, Cxcl10 did not modulate cardiac fibroblast proliferation and apoptosis, but
significantly inhibited basic fibroblast growth factor-induced fibroblast migration and
enhanced growth factor-mediated wound contraction in fibroblast-populated collagen lattices
[27]. Overall, the presence of Thl cells in the post-MI heart is predicted to dampen
fibroblast activation and limit fibrosis through both direct and indirect mechanisms.

Little is known about the post-MI role of Th17 cells nevertheless, 8 weeks after occlusion
Th17 cells become one of the predominant T-cell phenotypes in the LV implying they may
have a major role in the chronic cardiac remodeling process [19]. Deletion of IL17, a
primary Th17 secreted factor, improved survival and attenuated LV dilation at post-MI day
28 by reducing cardiomyocyte apoptosis and neutrophil infiltration [49]. It must be noted
however, Th17 cells are not the only source of IL-17 in the post-MI setting and therefore this
study may not truly describe the effect of Th17 cells [49, 50].

In a mouse model of M, the expression levels of Th2-related transcriptional factor GATA3
does not increase in the LV acutely (first 7 days) however, 8 weeks after occlusion Th2 cells
become the predominant T-cell phenotype in the LV and are key in regulation cardiac
fibrosis and hypertrophy [14, 19]. Patients at baseline (no previous cardiovascular events;
65+1 years old; 53% men) with elevated numbers of circulating Th2 cells also showed
reduced risk of future coronary events (log rank test P for trend=0.004) [51].

Th2 cells counteract the Thl response by secreting several cytokines including IL-10, IL-4,
IL-5, and IL-13. IL-4 induces the expression of GATA-3 in a STAT-6-dependent mechanism,
which leads to a further increase in IL-4 and IL-5, and inhibits the production of IFN-y [52].
Secretion of Th2 cytokines IL-4 and IL13 also promote recruitment of monocyte-derived
M2 macrophages thus indirectly regulating cardiac fibroblasts [31-33]. While data suggests
that Th2 cells are pro-fibrotic, our understanding of the role of this cell type requires further
evaluation.
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Tregs:

CDS8:

Myocardial regulatory T (Treg) cells increase gradually over the first week following MI.
Tregs co-cultured with cardiac fibroblasts led to decreased a SMA and MMP-3 expression
and attenuated fibroblast mediated-contraction of collagen pads. This data suggests direct
contact may be necessary for Tregs to stimulate fibroblast and preserve the matrix [38].
Tregs potentially have a dual role in contributing to cardiac fibrosis by releasing the pro-
fibrotic molecule TGF- and by inhibiting Th17-mediated fibrosis through IL-10 secretion
[36, 37].

Treg activation also induces an M2-like macrophage differentiation within the healing
myocardium, associated with fibroblast activation, and increased expression of macrophage-
derived proteins fostering wound healing [38, 41]. Depletion of Tregs increased pro-
inflammatory M1 macrophages and impaired M2-like differentiation [41]. Treg expansion
induced by CD28 antibodies significantly improved survival and fewer cardiac ruptures
during the first 7 days after MI. This was primarily due to decreased MMP-mediated
degradation of collagen within the infarct [41]. /n vitro, co-culture experiments of Tregs
with macrophages support the notion that Tregs facilitate cardiac fibrosis by increasing the
expression of genes associated with healing such as osteopontin and arginase-1 [41]. Hence,
increases in Tregs after Ml is likely to promote ECM deposition and scar formation.

In a mouse model of permanent ischemia, levels of CD8+ T-cell increase as early as day 1
and remain elevated at day 14 post-MlI [14, 40]. Plasma levels of Granzyme B, a CD8+ T-
cell secreted protein, correlated with left ventricular end-diastolic diameter, suggesting
CDB8+ T-cells may be involved in adverse post-MI LV remodeling [53]. In contrast, a drop in
circulating CD8+ T-cells within an hour following percutaneous coronary intervention was
associated with poor prognosis suggesting effects from CD8+ T-cells are temporally-
dependent [46].

Mice lacking functional CD8+ T-cells exhibit improved cardiac physiology and less
mortality compared to wild-type animals 7 days post-MI [21]. Despite better overall
survival, animals that died did so due to cardiac rupture. This was linked to delayed removal
of the necrotic debris. In contrast, depletion of CD8+ T-cells by administration of
monoclonal antibodies markedly increased both wound-breaking strength and collagen
synthesis [23]. One difference between the two studies is the genetic knockdown of CD8+ T-
cell activation resulted in an increase in CD4+ T-cells whereas antibody depletion of CD8+
cells resulted in only a slight decrease in CD4+ T-cells. These observations suggest that
CD8+ T-cell regulation of CD4+ T-cell recruitment might be a critical player in collagen
scar formation.

The frequency of CD8+CD57+ T-cells, a T-cell subset involved in replicative senescence,
correlated with cardiovascular mortality 6 months after acute M1 [54]. CD57+ T-cells fail to
proliferate after /n vitro antigen-specific stimulation and are highly vulnerable to activation-
induced apoptosis [55]. This specific subset of CD8+ T-cells most likely regulates acute
coronary events via their pro-inflammatory and high cytotoxic capacities. In contrast, a
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subset of CD8+ T-cells expressing the angiotensin type 2 receptor (AT2R) has been shown
to have no cytotoxic activity and are believed to have a cardioprotective effect after Ml by
infiltrating the peri-infarct zone and downregulating pro-inflammatory cytokine expression
[39]. These studies suggest that a balance in the CD8+ T-cell response is needed for
beneficial cardiac wound healing and highlight the complexity of CD8+ T-cell biology in
post-MI remodeling.

Effect of Confounding Variables on T-cell function

Sex:

Age:

After menopause, women lose the protective effect of female hormones and experience
increased risk of adverse cardiac remodeling following MI. Hormone replacement therapy
(HRT) was initially thought to lower cardiac death incidence however, two randomized
trials, the Women’s Health Initiative and the Heart and Estrogen/Progestin Replacement
Study, showed that HRT may actually increase the risk and events of cardiovascular disease
in postmenopausal women [56-58]. Interestingly, secondary analysis of the Women’s Health
Initiative data set indicated that when HRT was started closer to start of menopause, risk of
cardiovascular disease was reduced [59]. One possible reason why the timing of HRT is
crucial may be due to changes in the immune system with menopause [60].

Hormonal changes during menopause results in stimulation of the pro-inflammatory and T-
cell-dependent responses [61]. In a study that screened for circulating T-cell populations in
patients between 63-68 years (mean age 65) without previous cardiovascular events, Thl
and Th2 cells were significantly higher in women (9301720 Th1 cells/uL; 54+47 Th2 cells/
pL) compared with men (710+640 Th1 cells/uL and 41+£38 Th2 cells/uL) [51]. In women,
elevated Th2 cells were also independently associated with a reduced risk of MI (hazard
ratio, 0.19; 95% confidence interval, 0.06-0.56; p=0.002 for the highest versus the lowest
tertile of Th2 cells) [51]. In mice, old females post Ml (23.3 £ 0.1 months) had an increase
in acute phase response and a decrease in the Th1/Th2 and the liver X receptors/retinoid X
receptor (LXR/RXR) pathways compared to young female mice (5.4 £ 0.1 months) [62]. /n
vitro stimulation of LXR/RXR in T-cells enhanced Tregs and attenuated Th1l and Th17
differentiation denoting the loss of LXR/RXR signaling in old females may be facilitating
adverse remodeling through T-cell mediated mechanisms [63, 64].

In addition to hormonal regulation, genes expressed by the X-chromosomes also affect T-
cell activity. /n vitro studies have shown in mammalian female T-cells, the inactive X-
chromosome is predisposed to reactivate, resulting in the overexpression of immune-related
genes including CD40LG, Cxcr3, and Foxp3 [65, 66]. In a mouse model of stroke, the X
chromosome exacerbates ischemic injury in old but not young females [67, 68]. In addition,
a novel population of memory T cells increase with age in the brain and appear to be primed
to potentiate inflammation and leukocyte recruitment following ischemic injury [66].

The incidence and severity of cardiovascular disease are heightened with advanced age.
Studies have shown with increased age, both animals and humans present increased
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afterload and impaired vasodilation, which increased wall stress in the LV and led to
cardiomyocyte hypertrophy [69]. After ischemia/reperfusion, mice greater than 2 years old
have: 1) impaired phagocytosis of dead cardiomyocytes, 2) decreased neutrophil infiltration,
3) delayed macrophage recruitment, and 4) markedly decreased collagen deposition in the
scar compared to young mice (2-3 months old) [70]. Beyond macrophage quantity,
increased M1 and decreased M2 macrophage polarization correlated with age in mice [71].

T-cells become senescent with increased age resulting in a decrease in the number of naive
T-cells along with an expansion of memory and effector subpopulations [72, 73]. The
functional capacity of senescent T-cells is linked to decreased responsiveness to stimuli and
impaired differentiation [74]. Old mice (12-15 month old) have more T-cells that exhibit
cardiotropism compared to cells isolated from 2—3 month old mice [45]. Adoptive transfer of
T-cells from old mice into young (2-3 months old) Rag™~ mice (mice lacking mature B and
T lymphocytes) resulted in a slight yet significant decrease in cardiac function signifying
with age there may be a heart-directed immune responses even in the absence of myocardial
tissue damage [45].

Tserel et al. showed that older patients (73-84 years) have more DNA methylation changes
in both CD8+ and CD4+ T-cells compared to young patients (age 22—-34), with increased
methylation variation in CD8+ T-cells compared to CD4+ T-cells [75]. Methylation status
was negatively correlated with expression levels in genes associated with T-cell mediated
immune response and differentiation. For example, in older patients (73-84 years) there was
hypermethylation of central genes that regulated CD8+ T-cell differentiation such as
SATB-1 (special AT-rich sequence-binding protein-1) that resulted in terminally
differentiated effector CD8+ T cells and increased expression of galectin 1 gene (LGALSJ),
interferon gamma, CCL5, and granzyme H [75]. The study suggested impaired age-
dependent function in T-cell activity, particularly in CD8+ cells. However, this study did not
mention the sex of the patients nor were the subsets separated by memory vs. naive T-cells,
which may be contributing to some of the differences observed as methylation status may
vary depending on sex or T-cell phenotype.

Conclusion

The role of T-cells in cardiovascular pathology is a new emerging field with much more to
learn. Clearly, T-cells contribute both directly and indirectly to post-MI ECM remodeling
and fibrosis (Figure 2). Direct binding of T-cells to cardiac fibroblasts and secretion of
cytokines, such as the potent fibroblast activation factor TGF-B, undoubtedly play a role in
production and degradation of myocardial ECM.

The complexity of T-cell subsets combined with injury and time-dependent effects of T-cell
activity complicate simple categorical conclusions about whether T-cells might be beneficial
and/or detrimental in different cardiac milieus. Nonetheless, some patterns are emerging that
suggest, for example, that CD4+ Th1 cells are recruited earlier to the MI myocardium
whereas the Th2 population emerges at later time points to overtake the Th1l cells. Thl
secreted factors are implicated in matrix remodeling and pro-inflammatory responses.
Factors secreted by Th2, on the other hand, favor ECM deposition and wound repair. CD8+
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cells recruited at both early times after Ml and at later time points facilitate clearance of
cellular debris and aid in ECM remodeling and repair thus necessitating activity both during
the initial inflammatory wound healing phase and during scar formation. Clearly, both age
and sex influence T-cell function and activity and represent important areas of research for
future studies. Future work should also focus on characterizing both naive and memory T-
cells in patients with Ml to determine how these cells contribute to post-ischemic heart
dilation and dysfunction. Therapeutic strategies targeting the adaptive immune system by
either stimulating protective immune functions or attenuating the activity of immune
pathogenic effectors should be assessed.
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Highlights
. T-cells contribute both directly and indirectly to ECM remodeling and fibrosis
. T-cell activity influences monocyte recruitment and macrophage activation

. Direct binding of T-cells to cardiac fibroblasts can lead to activation of
collagen producing fibroblasts

. Secretion of T-cell related cytokines play a role in production and degradation
of myocardial ECM
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Figure 1: The post-MI myocardial environment facilitates in T-cell activation and phenotype.
A) Antigen-presenting cells such as dendritic cells (DC) activate T-cells via presentation of

cognate peptides expressed on major histocompatibility complex (MHC) to T-cell receptors
(TCR), surface expression of co-stimulatory signals (i.e. CD28, CD80, CD86), and
production of cytokines (IFN+y, etc.). B) T-cell populations change over time. In the acute
post-MI environment Th1l and CD8+ are the predominant T-cells whereby in the chronic
post-MI environment Th2, Th17, and Treg become the predominant phenotype. The circle
charts reflect averages of T-cell populations (%) reported at acute (7 days) and chronic (8
weeks) post-MI remodeling time points.[14, 19-21]
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Figure 2: T-cells regulate fibrosis through direct and indirect mechanisms.
CD4+ T-cells produce multiple factors that influence macrophage (M1 versus M2)

polarization which in turn influence fibroblast activity and fibrotic deposition of collagen. T-
reg cells influence fibroblast activity through direct cellular interaction in tissues. CD8+
cells are critical at early and late times after ischemic injury. T-cell activity with known age-
dependent changes in activity are shown in purple. /L- interleukin, TGFpB- tissue growth
factor B.
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Table 1:

Summary of T-cell subsets involved in myocardial infarction (MI).

T-cell
classification

Secretion profile

Function

Thl

Th2

Th17

Treg

Cytotoxic

Cxcl10, Ifny, IL-2,
Tnfp

IL-4, IL-5, IL-6, IL-9,
IL-10, IL-13,

IL-17, IL-21, 1L-22,
Ccl20

Tgfp, IL-10

Performin, Granzyme
B

Inhibit fibroblast proliferation, decrease expression of collagen-1 and -111 [24-26]
Inhibit bFGF-induced fibroblast migration and wound contraction [27, 28]

Indirectly regulate fibrosis through activation of macrophages [29, 30]

Negatively regulate production of pro-inflammatory cytokines in macrophages
[31-33]

Indirectly regulate fibrosis through recruitment of neutrophils and macrophages
[34, 35]

Secrete pro-fibrotic molecule TGF-0 [36, 37]

Inhibit Th17-mediated fibrosis through 1L-10 [36, 37]

Direct contact stimulates fibroblast, decreases MMP-3, and preserves the matrix
[38]

Induce an M2-like macrophage differentiation [21, 38]

Decrease cardiac rupture and increases collagen cross-linking [21]
Decrease wound-breaking strength and collagen synthesis [39]
Increase myofibroblast [21]

Activate macrophage-mediated phagocytosis [21]

bFGF- basic fibroblast growth factor; IFN-interferon; IL-interleukin; MCP- monocyte chemotactic protein; TGF-transforming growth factor; TNF-

tumor necrosis factor
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