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The Inflammatory Infiltrate in Calcific Aortic
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of T Cells and is Associated with Elevated
Proportions of Circulating Activated and
Effector Memory CD8 T Cells

Robert Winchester and Susheel Kodali
Columbia University, College of Physicians and Surgeons
USA

1. Introduction

For some time, calcific aortic stenosis (CAS) had been considered as a “senile” or
“degenerative” response to chronic hemodynamic stress and “wear and tear” on the valve
(Pomerance 1972). The concept of inflammation in CAS was etched by Olssen and Otto and
their colleagues who were among the first to clearly demonstrate a variable, but often quite
appreciable T lymphocyte infiltration in this disease (Olsson, Dalsgaard, et al. 1994, Otto et
al. 1994). Further work showed that most T cells infiltrating the valve are concentrated in
regions of calcification or arrayed around newly appearing blood vessels that express VEGF,
VEGF receptors, ICAM-1 and VCAM-1 (Mazzone et al. 2004, Soini et al. 2003, Wallby et al.
2002). The T cells within the valve tissue exhibit evidence of activation, including expression
of CD25 and HLA-DR, while cells in the surrounding valvular mesenchymal tissues also
strongly express HLA-DR, consistent with the release of inflammatory mediators such as
interferon-y from activated lymphocytes (Olsson, Dalsgaard, et al. 1994, Olsson, Rosenqvist,
et al. 1994). The modified valve mesenchymal cells also express genes characteristic of
osteoblasts suggesting that calcification results from an active, regulated osteogenic process
(Mazzone et al. 2004, Rajamannan et al. 2003). Since CAS is more prevalent in anatomically
variant bileaflet aortic valves and occurs at younger ages in this population, the finding of
similar T lymphocyte infiltration in biscupid valves further emphasized the importance of
this inflammation in the pathogenesis of CAS (Wallby et al. 2002). However questions
regarding the immunologic nature of the T cell infiltrate in the valve, its significance and
whether it is part of a broader systemic immune response remain unanswered.

Two principal immune scenarios could account for the conspicuous presence of T cells
within CAS valve lesions. One possibility is that the infiltrating T cells consist of large
numbers of unexpanded but clonally different lymphocytes that are recruited as a
secondary consequence of attractive chemokines released by events such as valvular injury,
atherosclerosis or non-antigen specific innate immune system activation of macrophages.
This polyclonal T cell infiltration would be analogous to that found in stable atherosclerotic
plaques (Li et al. 2005, Oksenberg et al. 1997, Stemme et al. 1991, Swanson et al. 1994). A
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second possibility is that the infiltrating T cells are made up by small numbers of highly
expanded T cell clones. This would favor the interpretation that some features of an
adaptive immune response occur within the valve characterized by selective expansion of
certain clones possibly driven by a newly expressed antigen on the valve. This subsequently
has the potential for enhanced T cell activation and mediator release associated with clonal
expansion resulting in further valve injury.

These two primary scenarios can readily be distinguished by TCR repertoire analysis, which
can delineate the clonal composition of the T cell infiltrate in the valve leaflet through
structural features of the clonally specific B-chain T cell TCR. This would help determine
whether the inflammatory infiltrate in the valve leaflet was primarily polyclonal, suggesting
it was a secondary response to injury, or whether the infiltrate contained expanded T cell
clones that would imply features of an adaptive immune response occurring within the
valve leaflets (Wu et al. 2007).

1.1 T cell repertoire analysis background

T cells of either CD8 or CD4 lineage sets are distinguished by different clonally specific T
cell receptors (TCRs) that define the T cell’s clonotype and determine the clone’s specific
recognition of the peptide (p)-major histocompatibility complex (MHC). This recognition is
the heart of the adaptive immune response. Ligation of a clonal TCR by the appropriate p-
MHC complex initiates clonal proliferation of the T cells along with production of cytokines
such as y-interferon. The proliferating clonal progeny all share the same TCR clonotype.

The TCR consists of two chains, designated o and . Each chain contains a variable and a
constant region. In the case of the TCR B-chain, the variable region is composed of three
recombined gene elements, the variable (V), diversity (D), and junctional (J) gene segments.
The combination of these three segments form a hypervariable region, designated CDR3
that exhibits a clonotypically unique sequence of nucleotides. The amino acids encoded by
these nucleotides are responsible for the specificity of the clone’s TCR for a particular p-
MHC complex.

The clonal proliferation that results from triggering the clone’s TCR by this particular p-
MHC increases the proportional representation of the responding T cell clones found in that
site. The proportional representation of different clones in a T cell repertoire is determined
by analysis of the nucleotide structure of the TCR B-chain using PCR analysis. This can be
done by sequencing the PCR product and placing identical sequences into groups. The size
of each group reflects the extent of clonal expansion and predominance as measured by the
frequency distribution of the TCR B-chains from each clone, figure 1. For technical details of
this methodology, see (Wu et al. 2007). Since the molecular events underlying the
recombination of V, D, and ] segments involve exonuclease nibbling from the ends of the
joining segments, as well as the incorporation of additional non-germline nucleotides, the
overall length of the B-chain is usually randomly altered by some dozens of nucleotides. The
distribution of the B-chain lengths, plotted as a histogram, is a technically simpler
characterization of the repertoire than detailed sequencing and provides a lower resolution
sketch of the composition of an inflammatory repertoire or a given T cell population, figure
1. In this type of length-distribution analysis, sometimes called “spectratyping”, a polyclonal
repertoire without major clonal expansions exhibits a Gaussian-type of B-chain length
distribution, while a repertoire containing a clonal expansion is characterized by a large
peak at a particular B-chain length. The form of the plot can be either a histogram
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constructed in a spread-sheet program from the experimental results or a direct tracing of
the distribution of the fluorescently-labeled PCR product from the machine performing the
gel electrophoresis.
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The spectratype peak distribution reflects the CDR3 length of the T cell receptor B chains:

-- may be polyclonal (normally distributed)

-- may be oligoclonal (several peaks, size is not normally distributed): antigen skew is suggested
-- may be monoclonal (single peak): strong antigen selection is suggested

-- no product amplified for that BV family

Fig. 1. An outline of the methods used to analyze the clonality of a T cell population.

The spectratype approach demonstrates the polyclonal characteristics of a CD4 T cell
population in peripheral blood, left frame. This distribution of B-chain lengths would be
similar to that given by the entrance of T cells into tissue that is a secondary consequence of
chemokines released by non-specific inflammation. The right frame illustrates a highly
oligoclonal pattern exhibited by the memory-effector T cell subset (CD8*CD28-) in blood.
This antigen-driven pattern is composed of two major clones found at 522 and 528
nucleotides. Often the nucleotide size is converted to the length in amino acids of the
hypervariable region of the CDR3 between two benchmarks in the V and ] segments. The V
segment gene elements are grouped into 24 BV families and typically a panel of 24 primers,
each specific for a BV family, is used to assess repertoire complexity. Figure 1 shows the BV8
family distribution of B-chain lengths.

2. The inflammatory infiltrate in bicuspid and tricuspid valve calcific aortic
stenosis is characterized by clonal expansions of T cells

These methods of repertoire analysis can be used to characterize the inflammatory infiltrate in
the aortic valve. The TCR B-chain CDR3 length distribution in valves removed at surgery was
found to be highly restricted, with skewed length spectra indicating the presence of a
considerable number of oligoclonal expansions, (Wu et al. 2007) as illustrated below in Figure
2. Despite considerable heterogeneity, the majority of the infiltrating T cells in most valves and
in most BV families consist of oligoclonal expansions, as shown by patterns containing one,
two, or three peaks similar to those illustrated. The mean Hamming distance (mHD) is a
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statistical measure of the departure of the observed pattern of the valve repertoire from a
reference polyclonal repertoire of control CD4 T cells from healthy individuals. The distance
would be zero if the valve repertoire was identical to the reference, and 100 if it was
completely different. The mHD across all expressed BV families was 60, range 45-80,
illustrating the marked difference of the tricuspid aortic valve repertoire from the polyclonal
reference repertoire (p < 0.001) and emphasizing the overall oligoclonal character of the T cell
infiltrate in CAS valves (Winchester et al. 2011). Interestingly, some valves also had variable
degree of polyclonal infiltration correlating with calcification severity. This same pattern of
extensive oligoclonality and variable polyclonality was seen in bicuspid valves and their
repertoire characteristics were indistinguishable from those of the tricuspid valves, Figure 2.

BICUSPID TRICUSPID
I
BV1 BvV6B
_J‘w{\._,__, L PN, W
10 12 14
BV9 BV15 }UL
T 11 12 9 1N 15
BV23 BV23
A—'o— B———

CDR3 Length (AA)

Fig. 2. Spectratype B-chain length distribution images illustrating the extensive
oligoclonality in 3 BV families in a representative bicuspid (A) and tricuspid (B) CAS valve.

This counters the hypothesis that the repertoire of T cells infiltrating the valve leaflets is
polyclonal and simply is a result of the presence of antecedent injury and inflammation. The
presence of numerous clonal expansions in combination with a lesser, but variable degree of
polyclonal infiltration argues for the interpretation that specific clonal expansions, likely
induced by an adaptive immune response, are a component of CAS.

Since a few clones exhibited sequence homologies to clones previously identified in various
inflammatory sites, such as multiple sclerosis lesions and HTLV-1 infection, (Wu et al. 2007),
this suggests that a minority of CAS clones may be considered as bystander clones (McNally
& Welsh 2002) related to the non antigen specific component of inflammation. However, the
minor proportion of polyclonal, non-expanded T cells in many CAS samples compared to
other inflammatory sites such as atherosclerotic plaques of inflamed synovia (Curran et al.
2004, Oksenberg et al. 1997, Stemme et al. 1991, Swanson et al. 1994), argues that
inflammation-mediated T cell recruitment is not a general feature of CAS.
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3. The inflammatory infiltrate in bicuspid and tricuspid valve calcific aortic
stenosis is primarily associated with elevated proportions of circulating
activated and effector memory CD8 T cells

The finding of clonal expansion in CAS valve leaflets raises the question of whether features
of an ongoing systemic immune response would be present and be demonstrable in
peripherally circulating T cells, implying that CAS had a systemic component. The alteration
in T cell phenotype during an immune response, especially evident in the CD8 T cells,
usually includes the transient expression of activation molecules, such as HLA-DR(Yu et al.
1980) and/or CD69, and the development of memory-effector cells particularly in sustained
responses, defined by the loss of co-stimulatory CD28 molecules and acquisition of
structures including natural killer receptors, e.g. CD57 (Brenchley et al. 2003, Hsu et al. 2006,
Sallusto et al. 2004, Speiser et al. 1999). The presence of these features was studied by using
flow cytometry to determine the expression of activation markers on the peripheral blood T
cells and their subsets (Winchester et al. 2011). The combination of markers present can
distinguish between naive (CD28* and CD57-) and memory effector (CD28- and CD57+) T
cells. Figure 3, next page, depicts four examples. Bicuspid valve sample B63 exhibits intense
CD3 T cell activation as shown by the high proportion of T cells expressing HLA-DR,
compared with a lower level in sample B48. The CD8 T cells of sample T54 exhibit extensive
differentiation to CD28- memory effector status as shown by loss of CD28, versus a lesser
degree of differentiation in sample T55.
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Fig. 3. Flow cytometry study of peripheral blood T lymphocytes from 4 CAS cases illustrates
four different combinations of markers that identify activation (HLA-DR+) or varying
degrees of differentiation to the CD28null memory-effector phenotype (CD28-).
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The proportion of circulating CD3+ T cells expressing HLA-DR in CAS was considerably
increased in the peripheral T cell compartment, range 4.7 to 32.9%, mean 16.1% and 16.3% in
cases with tricuspid and bicuspid CAS valves, respectively, compared to the expected
frequency of < 5% in healthy controls (Winchester et al. 2011). The proportion of activated
HLA-DR+ T cells correlated with a semiquantitative calcification score ranging from 1
through 8, correlation, p = 0.530, p = 0.024. Interestingly the percentage of the CD8*CD57+ T
cell subset expressing HLA-DR ranged up to 49.9% and was greater than that found on the
entire CD8 T cell subset in 11 of 14 CAS cases, indicating the CD8 T cells that have
differentiated to a memory-effector phenotype continue to be strongly activated.

The proportion of circulating CD8* T cells that extinguished expression of CD28, one of the
main markers of differentiation to the memory-effector phenotype, was substantially
increased in tricuspid CAS, range 36.6 to 96%, mean 69.7% of CD8 T cells, and similarly in
bicuspid CAS, range 20 to 85.5%, mean 65.8% (Winchester et al. 2011). Among tricuspid CAS
cases the percentage of CD8+CD28null T cells correlated with valve calcification severity (p =
0.666, p = 0.003). In the much younger bicuspid CAS patients, mean age 56+ 18 years, the
proportion of CD8+*CD28null T cells was more than double the level expected in normal age-
matched individuals (Hsu et al. 2006). For all valve types, a greater proportion of
CD8+CD28null T cells was seen in cases where the valve calcification severity score was >4 (p
= 0.0006), and the correlation with calcification score was p = 0.590, p = 0.001.

Because some of the findings of differentiation to memory effector phenotype are associated
with physiologic aging and have been used to argue for immunologic senescence,
immunosenescence, it was critical to study CAS occurring in bicuspid aortic valve cases,
which occurs in individuals that are several decades younger. The results in those with
bicuspid aortic valves were entirely similar to those in tricuspid aortic valve stenosis,
indicating that this immune response was an intrinsic feature of CAS, and not likely a
consequence of aging of the immune system.

The marked elevations in the level of activated CD8 T cells (HLA-DR* CD69*) and extensive
differentiation to memory effector phenotype (CD28-CD57*) are features indicative of an
intense systemic immune response. These elevations generally parallel the infiltration of the
valve by clonally expanded T cell populations. Furthermore, the extent of activation and
expansion of the memory effector subsets in CAS cases was directly and strongly correlated
with CAS severity (Winchester et al. 2011). Taken together with the elevated proportion of
cells exhibiting differentiation to memory effector phenotype, these findings imply that a
systemic immune response accompanies CAS.

In approximately half of the cases a lesser degree of activation and differentiation to the
memory effector phenotype was found in the circulating CD4 T cell subset. The
percentage of CD4+CD28null T cells was moderately elevated, mean = 14.8%, range 2.6 to
50.5%, with a significant difference in mean frequency of the CD4+CD28- T cell subset
between the atherosclerotic positive (19.36%) and negative (6.94%) subsets, p= 0.0074.
(Winchester et al. 2011). Implicating this subset in the process of CAS, the number of
CD4+CD28null T cells was increased among cases with extensive valvular calcification,
CAS score >4 (p = 0.007).

3.1 Immunostaining of CAS valves
Immunostaining of the valves was performed to define the phenotype and distribution of
infiltrating T cells to aid in the interpretation of the repertoire analyses and relating the
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findings in the valve T cell infiltration to the phenotype found in blood (Winchester et al.
2011, Wu et al. 2007). The valve illustrated in figure 4 had a moderate level of polyclonality
found by repertoire analysis, however upon staining, the large proportion of the infiltrating
T cells exhibit the phenotype CD8+*CD28-in the region of neovascularization. This is near a
region of calcification at the lower left. There is considerable heterogeneity among different
valves in terms of the number of infiltrating T cells and their immunophenotype found on
immunostaining. Valves with multi or polyclonal T cell infiltration usually exhibited many
regions of very abundant infiltration by CD8 and CD4 T cells. In contrast more oligoclonal
samples had more sparse regions of T cell infiltration that predominantly stained for CD8.
In all valves, the majority of CD8 T cells either lacked detectable expression of CD28 or
staining was very dim, as shown in Figure 3. These CD28null or CD28dimCD8* T cells were
often found in proximity to sites of calcification or neovascularization, Figure 4.
Reciprocally, in valves with greater proportions of polyclonal T cells, and with higher
percentages of CD4+*CD3+ T cells, more were CD28btCD8- (Winchester et al. 2011).

Fig. 4. An area of a tricuspid aortic valve exhibiting extensive neovascularization. It is
stained for the expression of CD8 (green), CD28 (red-orange) and nuclei (Blue). The large
proportion of the infiltrating T cells stain brightly for only the green fluorescence and have
the phenotype CD8+*CD28-.

4. Trafficking of the same T cell clones found expanded in the valve and
T cell subsets in peripheral blood undergoing expansion

Trafficking of a subset of clones between the peripheral blood CD8 T cell subset and the
infiltrate in a CAS valve is illustrated in figure 5 for three BV families. The darkened
rectangles indicate that the same clone is found in the blood CD8 subset and in the valve.
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Fig. 5. An example of sharing of some clones expanded in the valve with the CD8 T cell
subset. The repertoire analysis has been done by sequencing the TCR B-chain, and
assembling the results into distribution histograms. The size of the rectangle denotes the
clone size, with single sequence clones predominating in the CD4 subset.

In the initial study identifying clonal expansions in the valve, 24 of the valve-infiltrating T
cell clones also had the same clone identified in blood. Importantly, 22 of these 24 shared
clones were CDS8 in lineage (p=1.5x10-12) (Wu et al. 2007). As is seen in figure 5, in the valve,
of the 9 expanded clones in the three examples, only three of these clones had clonal
precursors identified in the blood, indicating evident clonal trafficking between the blood
and the valve. Reciprocally a large number of clones are seen in the peripheral blood CD4
and CD8 subsets, of which only these 3 are found in the valve. This is an indication of the
specificity of clonal entrance, and argues against passive streaming of clones from blood into
the valve.

Further analysis and separation of the CD8 compartment of peripheral blood into the
CD28+ naive subset and the CD28- memory effector subset showed the large majority of T
cell clones that were shared between the valve and the peripheral blood CD8 compartment
were found in the memory effector CD8+CD28null subset (Winchester et al. 2011), Table 1.
Some clones were also shared with the CD8+CD28+ subset, and in each of these instances
the clone was found expanded, indicating that it was proliferating and presumably in the
process of differentiating to a memory effector phenotype. The clone with the clonotype
sequence CASLALAFNEQEFF, is an example of a clone in the process of this differentiation,
and is found in both the CD8+CD28+ subset and the CD8+*CD28null subset (Winchester et al.
2011). These observations provide direct evidence supporting the association between the
elevation in proportion of the CD8+CD28null subset in blood and CAS severity. They show
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that the systemic immune response associated with CAS is an intrinsic part of the valve
inflammation.

Additionally, one shared, but not expanded, clone in the CD4 blood subset was found with
the clonotypic sequence CASSSKRLAGESGELFF, in a case that also had atherosclerotic
disease. This instance of a minimally expanded clone that is shared between blood and the
valve might reflect participation of the atherosclerotic process.

Case  TRBV-CDR3 Clonotypic CDR3 sequence Valve Blood Blood
clone Subset clone
size size
T13 TRBV7-10 CASSQAPGKAFF 8  CD28+ CD8* 4
T13 TRBV7-12 CASSLDTRGDTQYF 4  CD28null CD8* 38
T13 TRBV7-15 CASSSKRLAGESGELFF 1 CD4+ 1
T13 TRBV12-13 ~ CASSRTSGVYNEQFF 11 CD28null CD8* 22
T14 TRBV11-12  CASSLALAFNEQFF 18  CD28null and 3
CD28+ CD8* 4
T14 TRBV11-17  CASSLNDRGVGLSSYEQYF 2 CD28+ CD8* 11

CDR3 length, number of amino acids in CDR3 loop according to IMGT nomenclature
Clone size refers to number of sequence of this clonotype recovered in a set of 40 sequences

Table 1. Shared T cell clonotypes recovered from aortic valve and peripheral blood

5. Discussion

Three central findings emerged from these studies on the immunological nature and
significance of the T lymphocytes that infiltrate the valve leaflets in CAS: First, as shown by
TCR B—chain sequencing and spectratype analysis, the T cell infiltrate in the CAS valves
predominantly consists of expanded aff TCR clones, with a varying component polyclonal T
cell infiltration. This finding suggests that a major component of the T cell infiltrate in the
leaflets in CAS appears to be due to antigen-induced proliferation of T cells. The extent of
the clonal expansions correlated with the severity of CAS. Immunostaining revealed a large,
but variable proportion of the infiltrating T cells were CD8 in lineage and exhibited the
memory effector phenotype of extinguishing expression of CD28, supporting the
interpretation of antigen-induced differentiation. In addition to the clones some tissues
exhibited a polyclonal infiltration of non-clonally expanded T cells indicative of non-
antigen-specific inflammation and likely chemokine driven recruitment.

The second main finding was that the peripheral blood of CAS cases had greatly elevated
levels of activated CD8 T cells (HLA-DR* and/or CD69+) and extensive differentiation to
memory effector phenotype (CD28-CD57+). These features in peripheral blood indicate an
intense ongoing systemic immune response. The extent of activation and expansion of the
peripheral blood memory effector subsets in CAS cases was directly and strongly correlated
with CAS severity. The results in those with bicuspid CAS were entirely similar to those
found in tricuspid CAS, indicating that this immune response was an intrinsic feature of
CAS and not likely to be secondary to immunosenescence. It is possible that the significant
elevations of CRP reported in CAS cases (Galante et al. 2001, Jeevanantham et al. 2007) is a
constitutive component of the CD8 T cell activation and differentiation to a memory-effector
phenotype, together reflecting the presence of a systemic adaptive immune response. A
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lesser degree of activation and differentiation to the memory effector phenotype was found
in the CD4 T cell subset in approximately half of the cases. This was highly correlated with
the presence of atherosclerotic disease regardless of whether it appeared stable or not.

The third central finding was the demonstration that particular T cell clones found
expanded within the valve were also expanded in peripheral blood, especially in the
memory effector CD8 subset. This evidence of clonal trafficking between the blood and
valve provides direct evidence linking events in blood to those in the valve and supports the
association of the activation and expansion of the memory effector T cell subset in blood
with the severity of CAS.

Several findings point to an important role of CD8 T cells and in particular the CD8+*CD28null
T cells in CAS. They include identification of large numbers of T cells with this phenotype in
the valve on immunostaining; activation and differentiation to memory-effector status
among circulating lymphocytes, which strongly predominated in the CD8 T cell subset; as
well as 8 instances of sharing of the same T cell clones expanded both in the valve and in the
peripheral blood memory-effector CD8+CD28null T cells (Winchester et al. 2011) Moreover,
HLA-DR expression was particularly increased on the CD8+*CD57+ T cell subset, indicating
their continued activation. Together with the earlier findings where 23 of 24 clones
identified both among the circulating lymphocytes and in the valve were CD8 lineage T cells
(Wu et al. 2007) these data suggest the interpretation that the peptides driving this aspect of
the immune response in CAS likely have a cytoplasmic origin, are presented in the context
of class | MHC molecules and are recognized by CD8 T cells.

The selectivity of the process underlying the presence of the expanded T cells infiltrating the
valve is supported by the absence of T cells from certain BV families in valve tissue
(Winchester et al. 2011, Wu et al. 2007), the highly significant predominance of the CD8
subset among the clones shared with blood, the large proportion of clonal expansion in both
blood CD4 and CDS8 repertoires that were not identified in the valve and vice verse, the
elevated proportion of expanded clones to unexpanded clones found in the valve, the
structural homologies evident between CDR3 regions of unrelated clones as well as the
frequent representation of the same CDR3 length in the valve (Wu et al. 2007). This
selectivity is consistent with the operation of cognitive adaptive immune recognition events
in the formation of the inflammatory infiltrate of the valve.

5.1 Atherosclerosis and CAS

CAS shares some risk factors with atherosclerosis and apoE knockout mice develop CAS
(Ortlepp et al. 2003, Stewart et al. 1997, Tanaka et al. 2005). However, as emphasized by Otto
et al.,(Otto & O'Brien 2001) CAS and atherosclerosis are not synonymous, given that only
half of the patients with CAS have concomitant coronary artery disease, while the large
majority of those with atherosclerosis do not develop CAS (Ortlepp et al. 2003).
Additionally, bicuspid aortic valves are disproportionally affected with CAS further
suggesting that factors distinct from atherosclerosis account for the development of CAS
(Otto 2002). Moreover, the lack of clear efficacy of intensive lipid lowering therapy by statins
in halting the progression of CAS (Cowell et al. 2005) suggests that processes other than
those involved in atherosclerosis may be at play in CAS.

These facts notwithstanding, there is indirect evidence from our work that in CAS cases
with evident atherosclerosis that the atherosclerotic process interacts with mechanisms
responsible for CAS. Elevations in the CD28null CD4 T cell subset are well recognized in
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unstable atherosclerotic disease (Liuzzo et al. 2000). In CAS peripheral blood, as discussed
there was a significant difference in mean frequency of the CD4+CD28- T cell subset
between the atherosclerotic positive (19.36%) and negative (6.94%) subsets, p= 0.0074.
(Winchester et al. 2011). Implicating this subset in the process of CAS, the number of
CD4+CD28null T cells was increased among cases with extensive valvular calcification.
Additionally, one instance of a shared, but not detectably expanded, clone between the CD4
blood subset was found (Table 1), in a case that also had atherosclerotic disease. It is
possible this instance of a shared T cell clone reflects the contribution of the co-morbid
atherosclerotic process (Oksenberg et al. 1997, Stemme et al. 1991). However, overt unstable
atherosclerotic disease was not present in the CAS cases studied by us, suggesting that if the
CD4+CD28null T cell elevations in the subset of CAS cases with atherosclerotic is
mechanistically linked to the atherosclerotic process, the role of this cellular subset in CAS
differs from that proposed in unstable atherosclerosis. Moreover, as emphasized by Wu et
al. (Wu et al. 2007), the overall oligoclonal nature and CD8 lineage of valve-infiltrating T
cells and those expanded in blood that predominate in CAS contrast sharply with the
findings reported in atherosclerosis (Oksenberg et al. 1997, Stemme et al. 1991). This
underlines the fact that the predominant immune mechanism underlying the lymphocytic
infiltration in CAS centered on CD8 T cells is distinct from that implicated in atherosclerosis.

5.2 Immunosenescence

In normal chronologic aging the prevalence of CD28nullCD57+ T cells increases in the CD8*
and, to a much lesser extent, in the CD4* compartment (Effros et al. 1994) along with large
clonal expansions in this subset (Bandres et al. 2000, Posnett et al. 1994, Vallejo 2006). These
expansions have been attributed in part to the sustained proliferation of CD8* T cells
involved in maintaining viral latency to EBV and in responding to CMV. Effros and
colleagues advanced the concept that CD8*CD28ull T cells are immunosenescent and that
their expansion primarily down modulates both immune and non-immune functions and
contributes to various age-related pathologies. Intriguingly in one sense, the present
findings in tricuspid CAS are generally consistent with the association noted by Effros et al.,
especially given the advanced age of the tricuspid CAS cases, and in this respect tricuspid
CAS can be added to conditions characterized by expansions of memory-effector T cells.
(Effros et al. 2005, Goronzy & Weyand 2003, Hadrup et al. 2006, Hamann et al. 1999, Morley
et al. 1995, Posnett et al. 1999, Posnett et al. 1994).

However, these data can be interpreted differently and studies presented in this chapter
support the viewpoint that the mechanism differs from that proposed by Effros et al. in that
CAS is not a secondary consequence of immunosenescence. The recent studies discussed in
this chapter are consistent with the opposite possibility that a specific immune response
involving the valve leaflets drives the activation and expansion of CD8 T cells and their
maturation to CD28null phenotype. Accordingly we envision the expansion of the memory-
effector subset to be a consequence of and a component of the immune response directed to
the valve. This interpretation is supported by: a) The high expression of HLA-DR and CD69
on CD8*CD28null T cells in CAS that distinguishes this condition from the CD8+CD28null T
cell populations in aging; b) The extent of the expansion of the CD28nullCD8*subset that was
directly and significantly correlated with the CAS severity score (p=0.003), but was
independent of chronologic age; and c) Perhaps most consequentially, the complete
resemblance of the findings in blood and in the valve between the much younger bicuspid
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valve CAS cases and the older tricuspid valve cases, emphasizing the importance of
studying the much younger individuals who develop CAS in bicuspid aortic valves.

6. Conclusion

The results suggest that an ongoing systemic adaptive immune response is occurring in
cases with bicuspid and tricuspid CAS, involving circulating CD8 T cell activation, clonal
expansion and differentiation to a memory-effector phenotype, with trafficking of T cells in
expanded clones between blood and the valve. The character of the immune response and
the primary involvement of CD8 T cells suggests the T cell response is likely driven by a
cellularly expressed antigen present in the valve leaflet, likely present in the cytoplasm of
leaflet mesenchymal cells. The present studies raise several additional questions.

The first major question arises of what immune recognition event might be driving these
immune events. Because CAS occurs in the setting of different clinical situations of bicuspid
and tricuspid aortic valves and co morbidities including hypertension and atherosclerosis
that have in common enhanced hemodynamic strain and diminished valvular compliance,
one unifying hypothesis is that valve mesenchymal cells alter their transcriptional
phenotype in response to enhanced strain, resulting in the cellular expression of stress-
induced molecules. Peptides from these stress-induced molecules, to which the individual
may not be fully tolerized, may be expressed in the context of class I MHC inducing an
idiosyncratic autoimmune-like CD8 T cell immune response. This results in infiltration of
the valve by expanding and activated T cell clones that recognize the stress neoantigen. Of
course as in all autoimmune diseases the adaptive immune response to a self-antigen is not
appreciably different from one to a pathogen, and the present studies leave open a range of
possibilities as to the source and nature of the peptides driving this immune response. For
several reasons, identification of the peptides recognized by the infiltrating T cell clones
would be a central advance.

Since this hypothesis considers the expression of stress induced antigens in the valve as the
driver of the systemic immune response identified in CAS cases, one approach to testing the
hypothesis is to examine the effects of valve replacement surgery on the extent of the
circulating CD8 T cell activation and differentiation to memory effector status. The
hypothesis suggests that the level of activation and differentiation should return towards
more normal levels. These studies are currently underway.

A second major question is what is the relevance of this immune response to CAS? It is
possible these proliferating T cells release cytokines that alter the pattern of gene expression
in the valve mesenchymal cells and recruit additional lymphocytes into the wvalve,
suggesting that at a minimum one consequence of this inflammation is a further and
potentially reversible decrease in valvular compliance. Support for this possibility comes in
part from preliminary data in 8 cases where significant production of y-interferon was found
in the CD8+*CD28null T cell subset and from the earlier reports identifying HLA-DR
expression on valve mesenchymal cells (Olsson, Rosenqvist, et al. 1994). This would be a
positive feedback situation where the consequence of diminished valve compliance would
presumably enhance the stress response of the mesenchymal cell leading to enhanced
expression of stress antigens. It is also possible that the activated memory-effector CD8 T
cells directly injure target valve cells and may additionally drive the development of
heterotopic calcification, and neovascularization with precedent for development of
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analogous heterotopic calcification in the setting of the autoimmune CD8*CD28null T cell
response in diseases like psoriatic arthritis or ankylosing spondylitis.

Another major question is whether the extent of immune reactivity in blood could be a
marker for the rate of progression of CAS, since both the extent of the changes in the blood
and the infiltration in the valve vary considerably. However, the cross sectional nature of
this study that demonstrated a correlation between intensity of CD8 T cell activation and
differentiation to memory effector phenotype with calcification severity does not allow
assessment of the predictive value of these measurements for the development of severe
CAS. It is possible that low levels of CD8 T cell activation and differentiation to memory
effector phenotype could be found to be a biomarker favoring slow progression of
calcification and other features of the process. The use of tetramer technology with
knowledge of the nature of the driving peptide would be the ideal way to specifically assess
the intensity of this immune response and distinguish it from other CD8 T cell responses.
This line of immunologically oriented research work should add impetus to changing the
view of CAS as an irreversible degenerative process, set the stage for identification of the
target antigens driving this process, and give hope to the possibility of designing specific
immunomodulatory therapy directed towards inhibiting the T cell clonal expansions or
lymphocyte recruitment to diminish the relentless progression of this serious disease, for
which currently valve replacement is the only treatment.
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