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In calcific aortic valve disease (CAVD), activated T lymphocytes localize with osteoclast regions;
however, the functional consequences of this association remain unknown. We hypothesized that
CD8þ T cells modulate calcification in CAVD. CAVD valves (n Z 52) dissected into noncalcified and
calcified portions were subjected to mRNA extraction, real-time quantitative PCR, enzyme-linked
immunosorbent assay, and immunohistochemical analyses. Compared with noncalcified portions,
calcified regions exhibited elevated transcripts for CD8, interferon (IFN)-g, CXCL9, Perforin 1,
Granzyme B, and heat shock protein 60. Osteoclast-associated receptor activator of NK-kB ligand
(RANKL), tartrate-resistant acid phosphatase (TRAP), and osteoclast-associated receptor increased
significantly. The stimulation of tissue with phorbol-12-myristate-13-acetate and ionomycin, reca-
pitulating CAVD microenvironment, resulted in IFN-g release. Real-time quantitative PCR detected
mRNAs for CD8þ T-cell activation (Perforin 1, Granzyme B). In stimulated versus unstimulated
organoid cultures, elevated IFN-g reduced the mRNAs encoding for RANKL, TRAP, and Cathepsin K.
Molecular imaging showed increased calcium signal intensity in stimulated versus unstimulated parts.
CD14þ monocytes treated either with recombinant human IFN-g or with conditioned media-derived
IFN-g exhibited low levels of Cathepsin K, TRAP, RANK, and tumor necrosis factor receptor-
associated factor 6 mRNAs, whereas concentrations of the T-cell co-activators CD80 and CD86
increased in parallel with reduced osteoclast resorptive function, effects abrogated by neutralizing
antieIFN-g antibodies. CD8þ cellederived IFN-g suppresses osteoclast function and may thus favor
calcification in CAVD. (Am J Pathol 2017, 187: 1413e1425; http://dx.doi.org/10.1016/
j.ajpath.2017.02.012)
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Nonrheumatic aortic valve stenosis remains the leading
valvulopathy. Its increasing prevalence in the aged popu-
lation renders the disease the most common indication for
either surgical or percutaneous valve implantation.1,2

Although established cardiovascular risk factors, such as
hyperlipidemia, age, smoking, obesity, diabetes mellitus,
hypertension, sex, and renal failure contribute to the
development both of calcific aortic valve stenosis and
atherosclerosis,3 the therapeutic response to statin treatment
differs substantially between these two diseases, because
stigative Pathology. Published by Elsevier Inc
statins do not consistently retard the progression of aortic
valve stenosis.4 Histologic studies of aortic valves show that
inflammation precedes extracellular matrix remodeling,5

which along with lipid deposition, neovascularization, and
. All rights reserved.
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ectopic mineralization leads to fibrocalcific disease
progression.6e8 Pronounced calcification of the valve char-
acterizes this disease1 and correlates with the stenosis
severity and independently predicts outcome.9 Affected
aortic valves contain numerous activated T lymphocytes6

that express the IL-2 receptor.10 T-cell receptor repertoire
analysis identifies these cells as predominantly clonally
expanded memory-effector CD8þ T cells that display evi-
dence of activation.11,12 The peripheral blood of patients
with aortic valve stenosis also harbors these cells.12 The
presence of shared T-cell clones between tissue and
peripheral blood suggests lymphocyte trafficking from the
circulation into valvular tissue.12 Furthermore, the blood of
patients with calcific aortic valve disease (CAVD) shows
more CD8þ versus CD4þ T cells than unaffected in-
dividuals, as well as an expanded CD4þ CD28� T-cell
population, the latter mostly in patients with concomitant
atherosclerotic disease.12 This observation contrasts with the
composition of atheroma, which contain a polyclonal
lymphocyte population.13,14

Moreover, in calcific aortic valve tissue, both the leu-
kocytes surrounding calcium deposits and approximately
30% of the valvular interstitial cells localized in the fibrosa
and spongiosa layers,15 which display human leukocyte
antigen (HLA)eantigen-D related (DR), a major histo-
compatibility complex (MHC) class II protein. These re-
sults indicate that similar to atherosclerotic lesions,16

activated T cells in stenotic valves secrete interferon
(IFN)-g,17 a major inducer of class II MHC expression,17

which is also expressed by vascular smooth muscle
cells18 and valvular interstitial cells.15 Collectively, these
observations point to the participation of adaptive immu-
nity in CAVD.

IFN-g, the signature T helper 1 cytokine, activates mac-
rophages19 and promotes atherosclerosis by increasing the
antigen-presenting capacity of macrophages, inducing the
expression of numerous key chemokines and chemokine
receptors, facilitates expression of adhesion molecules by
endothelial cells, and induces expression of genes regulating
lipid transport.16 In addition, previous studies show that
CAVD tissue contains increased transcripts that encode heat
shock protein (Hsp) 608 and immunoreactive oxidized low-
density lipoprotein,20 two established candidate auto-
antigens in atherosclerosis that closely correlate with T-cell
infiltrates, calcium deposits,20 and neoangiogenesis.8

Overall, these studies suggest that an adaptive immune
response operates in CAVD through the activation of
circulating CD8þ cells, their clonal expansion and differ-
entiation to the memory-effector subtype, and exchanges of
these T-cell clones between the peripheral blood and
valve.12 In addition, IFN-g production by CD8þCD28�

T cells may drive ectopic calcification.12 The functional
implication of activated effector T lymphocytes and their
cytokine release in the affected valvular tissue may impair
osteoclast function, thus increasing valvular calcium accu-
mulation. Previous observations described the presence of
1414
osteoclasts in CAVD,21,22 yet their functional state and
osteoresorptive potential remains largely unknown. Acti-
vated T cells participate pivotally in inflammatory bone
disease, leading to bone resorption and high turnover
osteopenia.23 In contrast, terminally differentiated activated
CD8þ T cells strongly suppress osteoclastogenesis.24,25

However, the simultaneously highly expressed receptor
activator of nuclear factor-kB ligand (RANKL), released by
activated T cells and osteoblasts, compromises the inhibi-
tory effect of IFN-g and may lead to the formation of
functional osteoclasts, albeit with reduced resorptive
potential.26

We hypothesized that excessive valve calcification arises
in part from compromised osteoclasts function due to IFN-
g released by activated T cells. Although many publica-
tions have reported that valvular interstitial cells can
differentiate into functional osteoblast-like cells, few, if
any, have assessed the role of osteoclasts in CAVD.
Therefore, we focused on the assessment of valvular os-
teoclasts in end-stage CAVD. We examined the functional
role of activated IFN-gesecreting CD8þ T cells residing in
calcific aortic valve tissue and their association with
valvular calcium content. The results support a causal
relation between the presence of activated valvular IFN-
gesecreting CD8þ T cells and increased calcification,
which contributes to the progression of stenosis in human
CAVD.

Materials and Methods

Patients

Explanted calcified aortic valves were obtained from
52 patients (38 men and 14 women; mean age, 69.8 � 10
years) undergoing elective aortic valve replacement surgery
without history of rheumatic valve disease, infective endo-
carditis, recent immunosuppressive therapy, or human
immunodeficiency virus or hepatitis C seropositivity. Five
patients had bicuspid aortic valves. Patients with prosthetic
valve deterioration requiring repeat surgery were excluded
from the study cohort. Of the included patients, 44% had
concomitant obstructive coronary artery disease and
underwent coronary artery bypass grafting surgery concur-
rently with valve replacement, except for one patient who
had elective coronary artery bypass grafting 6 months
before aortic valve replacement.
Table 1 shows patient characteristics. The study was

approved by Brigham and Women’s Hospital Institutional
Review Board protocols (2010P002567; 2011P001703). All
patients gave written informed consent.

Echocardiography

All included patients underwent two-dimensional trans-
thoracic Doppler echocardiographic imaging studies
according to the standard recommendations of the
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Table 1 Patient Characteristics

Characteristic Explanted aortic valves

Patients 52
Male sex 38 (73)
Age, years 70 (45e87)
AVA, cm2 0.8 (0.4e1.1)
AVA/BSA, cm2/m2 0.38 (0.2e0.63)
P-max, mmHg 76 (42e125)
P-mean, mmHg 47 (22e69)
LVEF, % 60 (30e79)
LVEDD, mm 45 (35e68)
Comorbidities
Diabetes mellitus 13 (25)
Presence of obstructive
coronary artery disease

23 (44.2)

Hyperlipidemia 38 (73)
Hypertension 40 (76.9)
Renal dysfunction 4 (7.7)

Serum creatinine, mmol/L 84.86 (47.73e646.2)
Smoker status
Current 1 (1.92)
No smoker 28 (53.8)
Former 23 (44.2)

HbA1c, % 5.75 (4.8e12)
Medication
Acetylsalicylic acid 36 (69.2)
Angiotensin receptor blockade 10 (19.2)
ACE inhibitor 19 (36.5)
b-Blocker 26 (50)
Statin 37 (71.1)
Ca-antagonist 11 (21.1)

Values are n (%) or median (range).
ACE, angiotensin-converting enzyme; AVA, aortic valve area; AVA/BSA,

aortic valve area, indexed for body surface area; LVEF, left ventricle ejection
fraction; HbA1c, glycated hemoglobin; LVEDD, left ventricular end-diastolic
diameter; P-max, maximal transvalvular pressure; P-mean, mean trans-
valvular pressure.

Impaired Osteoclasts in Aortic Valves
European Association of Echocardiography and American
Society of Echocardiography27 (Philips IE33 system;
Philips Medical Systems, Andover, MA) at Brigham and
Women’s Hospital. The quantification of aortic valve ste-
nosis was based on the aortic valve area (in cm2), the aortic
valve area indexed for body surface area (in cm2/m2), and
the calculated maximum and mean transvalvular pressure
gradients, (in mmHg). The left ventricular dimensions and
function were within normal range in all of the included
patients except for one patient who had concomitant
moderate-to-severe aortic valve regurgitation with a left
ventricular ejection fraction of 30% (Table 1).
Macroscopic Dissection and Sample Preparation

Aortic valve leaflets were divided into noncalcified and
calcified portions based on gross morphologic characteris-
tics. The samples were stored in RNA Later solution
(76104; Qiagen, Caldwell, NJ) to preserve RNA. Total
The American Journal of Pathology - ajp.amjpathol.org
RNA from 100 mg of homogenized valve tissue (116
samples from 46 explanted aortic valves; six additional
valves were used for immunohistochemistry) was extracted
using the RNeasy Lipid Tissue Mini kit (74804; Qiagen)
and subjected to first-strand cDNA synthesis from 0.5 mg of
RNA according to the manufacturer’s instructions (High-
capacity cDNA Reverse Transcription Kit, 4368814;
Applied Biosystems, Foster City, CA) after measuring the
RNA concentration spectrophotometrically at 260 nm
(A260/280 nm; NanoDrop 2000/2000c; Thermo Fisher
Scientific Inc., Waltham, MA). In addition, one piece of
each valve specimen was incubated for 24 hours in serum-
free Dulbecco’s modified Eagle’s medium and embedded
into OCT-compound for histologic analysis.

TaqMan Real-Time PCR

Quantitative TaqMan PCR was performed on a 7900HT
Fast Real-Time PCR system (Applied Biosystems) with the
following primers/probes from Applied Biosystems: glyc-
eraldehyde-3-phosphate dehydrogenase, Hs02786624_g1;
IFN-g, Hs00989291_m1; IFN-g receptor 1, Hs00988304_m1;
monokine induced by IFN-g (CXCL9), Hs00171065_m1;
class II MHC transactivator (CIITA), Hs00172094_m1;
CD8A, Hs00233520_m1; CD4, Hs01058407_m1; Perforin 1,
Hs00169473_m1; Granzyme B (GZMB), Hs01554355_m1;
RANKL [tumor necrosis factor superfamily 11 (TNFSF11)],
Hs00243522_m1; forkhead box P3, Hs01085834_m1;
tartrate-resistant acid phosphatase (TRAP; ACP5),
Hs00356261_m1; Cathepsin K, Hs00166156_m1; CXCL10,
Hs01124251_g1; CXCL11, Hs04187682_g1; and CCL2
(monocyte chemoattractant protein 1), Hs00234140_m1.
Primers/probes for osteoclast-associated receptor (OSCAR;
Hs01100185) was from Thermo Fisher Scientific Inc. For
real-time quantitative PCR analyses of the CD14þ cells, the
following primers/probes (Applied Biosystems) were used:
RANK (TNFRSF11A), Hs00921372_m1; TNF receptor-
associated factor 6 (TRAF6), Hs00371512_g1; CD80,
Hs00175478_m1; and CD86, Hs01567026_m1. The reactions
contained 5 mL of TaqMan Fast Universal PCR Master Mix
(4352042; Applied Biosystems). mRNA levels were normal-
ized for the expression levels of glyceraldehyde-3-phosphate
dehydrogenase, which served as a reference message.

Unstimulated Organoid Cultures

Surgically explanted human aortic valve specimens were
transported on ice in cell culture medium from the operating
room and dissected into noncalcified and calcified regions.
One portion of the tissues was incubated for 24 hours at
37�C in serum-free Dulbecco’s modified Eagle’s medium
containing 50 IU/mL penicillin, 100 IU/mL streptomycin,
and 2.5 mg/mL amphotericin B. The concentrations of IFN-
g and RANKL were measured using enzyme immunoassay
kits [Human IFN-g ELISA (enzyme-linked immunosorbent
assay) Kit EHIFNG2; Thermo Scientific and Human
1415
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TNFSF11/RANKL PicoKine ELISA Kit EK0842; Booster,
Pleasanton, CA], according to the manufacturer’s
instructions. The concentrations were normalized for the
protein content measured in each conditioned medium
(Pierce BCA Protein assay kit 23227; Thermo Fisher
Scientific Inc.).

Organoid Cultures Stimulated with Polyclonal
Activators

The second portion of the explanted leaflet was incubated
overnight in serum-free a-minimal essential medium
(M 2279; Sigma-Aldrich, St. Louis, MO) containing anti-
biotics (50 IU/mL penicillin, 100 IU/mL streptomycin, and
2.5 mg/mL amphotericin B) in the presence of phorbol-
12-myristate 13-acetate (PMA) and ionomycin (Cell Acti-
vation Cocktail without Brefeldin A: premixed cocktail with
optimized concentration of PMA and ionomycin; 423301/
100 mL; BioLegend, San Diego, CA) to activate the
T lymphocytes residing in the valve tissue. Before starting
the stimulation, a sample of each conditioned medium was
kept at �20�C for later analysis to obtain the baseline
concentrations of IFN-g and RANKL.

For stimulation, the manufacturer’s recommendation of
2 mL of cell activation cocktail to each milliliter of the cell
culture supernatant fluids was followed and added to the
cell culture medium containing the minced valve tissue as
recommended for activation of isolated T cells. By the end
of each 24 hours of stimulation, the media were collected
at 37�C, centrifuged, filtered through a 0.22-mm filter
(MILLEX GV; Merck Millipore Ltd., Kenilworth, NJ), and
stored at �20�C. The concentrations of IFN-g were
determined by enzyme immunoassay (Human IFN-g
ELISA Kit EHIFNG2; Thermo Fisher Scientific Inc.).
Measurements of RANKL concentration used an ELISA
kit (Human TNFSF11/RANKL PicoKine ELISA Kit
EK0842; Booster).

After an overnight stimulation and measurement of IFN-g
concentrations, the cell-free conditioned medium [diluted to
a final concentration of 0.5 ng/mL and supplemented with
10% heat-inactivated fetal bovine serum (FBS)] was used to
stimulate CD14þ cells in the presence or absence of a
neutralizing antieIFN-g antibody (eBioscience 16-7318;
Affymetrix, San Diego, CA) at 10 mg/mL, a concentration
1000 times in excess of that required for neutralization of
the IFN-g activity.

After the first 24 hours of stimulation, the medium was
harvested by centrifugation, sterilely filtrated, stored at
�20�C, and labeled as After/1. The medium to the minced
valvular tissue was then replenished and supplemented
with an equivalent amount of cell activation cocktail for a
further 24 hours of stimulation, labeled as After/2. By the
end of 2 days of stimulation, the medium and the minced
valvular tissue were collected, and the latter one was stored
in RNA Later (76104; Qiagen) at �80�C for mRNA
extraction.
1416
Molecular Imaging of Mineralization of Unstimulated
and Stimulated Calcified Organoid Culture Systems and
Quantification of Time-Lapse Images

In a subset of explanted calcified valve specimens (n Z 4),
the stimulation protocol was prolonged up to day 3 after a
previous 24 hours of incubation (5 nmol/L) with a near
infrared fluorescence calcium tracer (OsteoSense750 EX,
NEV10053EX; PerkinElmer, Waltham, MA), which binds
to nanocrystals of hydroxyapatite and elaborates fluores-
cence detectable through the near infrared window (excita-
tion/emission: 750/780 nm), as previously described.28

From each calcified valve tissue, two pieces were cut and
used for the unstimulated and stimulated experiments,
whereby cell activation cocktail was added into the condi-
tioned medium at every 24 hours.
To counterbalance the decreasing fluorescent signal in-

tensity over time in the tissue, the conditioned medium of
the unstimulated and the stimulated parts was supplemented
with 1 nmol/L OsteoSense750 EX every 24 hours. In par-
allel with sequential imaging every 24 hours, the condi-
tioned medium was collected and stored at �20�C for
analysis of IFN-g and RANKL concentrations. Images were
taken by Kodak ImageStation 4000M Pro (Kodak,
Rochester, NY). For subsequent quantitative imaging ana-
lyses, at first, the GNU image program (GIMP 2.8) was used
to align the time-series of images. Fluorescence signal in-
tensity measurements were performed within a particular
region of interest on each image, and the distribution of
signal intensity was demonstrated on Image Histograms, an
operation mode converting two-dimensional spatial infor-
mation and therefore used to characterize its content,
defined by a region of interest. All subsequent image ana-
lyses were performed using ImageJ software version 1.49k
(NIH, Bethesda, MD; http://imagej.nih.gov/ij).

Immunofluorescence and Immunohistochemical
Staining

Transversal cryosections (6 mm) oriented from the cusp base
to the free edge were fixed in acetone and subjected to
immunofluorescence staining using monoclonal mouse anti-
human CD8 (dilution 1:50; M 7103; Dako, Glostrup,
Denmark) and polyclonal rabbit anti-human IFN-g antibody
(dilution 1:200; ab9657; Abcam, Cambridge, UK). For
immunohistochemical analysis the following antibodies
were used: polyclonal rabbit anti-human CXCL9 (dilution
1:50; NBP1-31155; Novus Biologicals, Littleton, CO),
monoclonal mouse anti-human Perforin 1 (dilution 1:25;
ab47225; Abcam), polyclonal rabbit anti-human GZMB
(dilution 1:25; ab4059; Abcam), monoclonal mouse anti-
human TRAP (ready-to-use; PA0093; Novocastra Leica,
Nussloch, Germany), polyclonal rabbit anti-human
Cathepsin K (dilution 1:100; ab19027; Abcam), poly-
clonal rabbit anti-human Hsp60 antibody (dilution 1:200;
NBP1-04303; Novus Biologicals), monoclonal mouse
ajp.amjpathol.org - The American Journal of Pathology
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anti-human HLA-DR antibody (dilution 1:200; M 0746;
Dako, Santa Clara, CA), monoclonal mouse anti-
human RANKL (dilution 1:25; NBP100-56512; Novus
Biologicals), and polyclonal rabbit anti-human OSCAR
(dilution 1:100; ab93817; Abcam). Cells were quantified in
five high-power fields for each calcified and noncalcified
regions in five donors.

CD14þ Cell Isolation from Peripheral Blood of Healthy
Individuals

CD14þ monocytes were isolated from the buffy coat from
six healthy individuals using Dynabeads FlowComp Human
CD14 immunomagnetic positive selection Kit (11367D;
Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions, as described previously.29 Briefly, 30 mL of
buffy coat (Research Blood Components) were separated by
lymphocyte separation medium (0850494X-100 mL; MP
Biomedicals, Santa Ana, CA), washed by Hanks’ balanced
salt solution (45001-152; Corning Cellgro, Manassas, VA),
specifically purified by CD14 antibody and yielded 30 to 60
million CD14þ monocytes. These isolated CD14þ mono-
cytes were maintained in a-minimal essential medium
(M 2279; Sigma-Aldrich) supplemented with 10% heat-
inactivated FBS (Life Technologies, Carlsbad, CA); 1%
L-glutamine, penicillin, and streptomycin (Sigma-Aldrich);
and cultured on 6-well plates (2 � 106 cells/well) for mRNA
isolation, Corning Osteo Assay Surface 24-well plates for
bone resorption analysis (0.5 � 106 cells/well; Corning Life
Sciences, Corning, NY), and 96-well plates for TRAP
staining and immunofluorescence. After 4 days of mainte-
nance of the isolated monocytes in differentiation medium,
which contained 25 ng/mL recombinant human macrophage
colony-stimulating factor (M-CSF) and 30 ng/mL human
recombinant RANKL (310-01; PeproTech, Rocky Hill, NJ),
the following treatments were used: i) recombinant human
M-CSF alone with a concentration of 25 ng/mL, served as a
negative control; ii) M-CSF (25 ng/mL) þ soluble RANKL
(30 ng/mL); iii) M-CSF þ RANKL þ recombinant human
IFN-g (rh IFN-g) (0.5 ng/mL; 285-IF; R&D Systems,
McKinley, MN); iv) M-CSF þ RANKL þ rh IFN-g
(0.5 ng/mL) þ Anti-human IFN-g Functional Grade Puri-
fied (10 mg/mL; 16-7318; Affymetrix eBioscience); v)
M-CSF þ RANKL þ natural IFN-g from conditioned
medium (diluted to a final concentration of 0.5 ng/mL
and supplemented with 10% heat-inactivated FBS); vi)
M-CSF þ RANKL þ natural IFN-g from conditioned
medium (diluted to a final concentration of 0.5 ng/mL and
supplemented with 10% heat-inactivated FBS) þ Anti-
human IFN-g Functional Grade Purified (10 mg/mL);
and vii) in the last treatment condition, the osteoclast pre-
cursors were treated with M-CSF þ RANKL þ rh IFN-g
(0.5 ng/mL) þ and a normal rabbit IgG antibody (sc-2027;
Santa Cruz Biotechnology, Dallas, TX), without neutral-
izing the IFN-g effect (data not shown). In three treatment
conditions (iv, vi, and vii), the cell culture supernatant fluids
The American Journal of Pathology - ajp.amjpathol.org
containing either rh IFN-g or natural IFN-g were incubated
with Anti-human IFN-g Functional Grade Purified for
1 hour at room temperature before being added to the cell
cultures. Half the cell culture medium with the cytokines
was changed twice a week, and cells were maintained for
14 days.

TRAP Staining and Quantification

TRAP staining and quantification were performed using the
TRAP staining kit (PMC-AK04F-COS; B-Bridge Interna-
tional, Santa Clara, CA). Briefly, cells on 96-well plates were
washed by phosphate-buffered saline, fixed by 10% formalin
for 5 minutes at room temperature, and stained by chromo-
genic substrate for up to 60 minutes. TRAPþ cells with three
or more nuclei were considered as osteoclasts and counted in
triplicate wells. For detection of actin ring, cells were fixed
and permeabilized with 0.1% Triton X-100 (9002-93-1;
Sigma-Aldrich) and incubated with Rhodamine Phalloidin
(dilution 1:40; R415; Life Technologies, Carlsbad, CA).
Images were captured with a fluorescence confocal micro-
scope (Nikon Eclipse 80i; Nikon, Tokyo, Japan).

Resorption Pit Assay for Functional Osteoclast Analysis

On day 14, cells were removed with 10% bleach for
10 minutes at room temperature. The wells were washed
twice with distilled water and dried for 3 to 5 hours at room
temperature. Afterward, resorption pit images were taken
using a light microscope. Images were converted to black
and white binary images for quantification of pit area using
ImageJ.

Statistical Analysis

Clinical parameters, gene expression, and ELISA data are
expressed as medians and ranges. After Shapiro-Wilk
normality test and equality variance test, single compari-
sons were analyzed by U-test for gene expression parame-
ters and ELISA measurements. For statistical analyses for
comparison of multiple groups, one-way analysis of vari-
ance and for all pairwise multiple comparisons Dunn’s
method was used. P < 0.05 was considered significant.
Analyses were performed with SigmaPlot software version
11 (Systat Software, Inc., San Jose, CA).

Results

Expression Profile of CD8þ T Cells and Osteoclasts in
Human CAVD

The calcified regions of the explanted aortic valve tissue
exhibited transcriptional profiles with significantly elevated
markers for IFN-geproducing CD8þ T cells (CD8A
mRNA: 2.8- � 0.6-fold, P Z 0.028; IFN-g mRNA:
4.35- � 2.1-fold, P Z 0.007) (Figure 1, A and B, and
1417
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Figure 1 Calcified aortic valve cusps contain CD8þ T cells and interferon (IFN)-g. A and B: Relative gene expression (normalized to noncalcified areas of
stenotic valves) of CD8A (A) and IFN-g (B). C: IFN-g enzyme-linked immunosorbent assay (ELISA). D: Double immunofluorescence staining indicating
colocalization of CD8þ T cells (green) and IFN-g (red). The merged image shows colocalization and counterstaining with DAPI for visualization of the nuclei.
E: Representative section of a calcified leaflet (transverse cryosection with a thickness on 6 mm), stained with hematoxylin and eosin to correlate histo-
pathologic changes. The boxed area indicates an area adjacent to a calcified lesion, which is shown in D. n Z 116 cusp portions from 52 valve donors (AeC);
n Z 5 (D and E). *P < 0.05, **P < 0.01. Scale bars: 50 mm (D); 5.632 mm (E). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Supplemental Figure S1, A and B), as affirmed by the
protein pattern (IFN-g protein: 13.1- � 3.6-fold,
P Z 0.009) (Figure 1C). In addition, calcified valve regions
showed accumulation of CD8þ T cells around calcified
regions (Supplemental Figure S1, CeG). Double immuno-
fluorescence staining demonstrated CD8eIFN-g colocali-
zation (Figure 1D) in calcified CAVD leaflets (Figure 1E).
These observations suggest that infiltrating CD8þ T cells
accumulated in calcified regions in an activated state. In
addition, in comparison with the noncalcified regions,
calcified portions showed increased expression of cytotox-
icity markers, such as Perforin 1 (4.3- � 0.8-fold mRNA;
P Z 0.003) and GZMB (6.1- � 1.8-fold mRNA;
P Z 0.003) (Figure 2, AeD, and Supplemental Figure S1,
H and I), two signature proteins with cytolytic functions
produced by activated cytotoxic CD8þ T cells. Moreover,
the heavily mineralized regions of the valve over-
whelmingly expressed Hsp60, a phylogenetically highly
conserved stress protein (3.8- � 1.2-fold mRNA;
P Z 0.013) (Figure 2, E and F, and Supplemental
Figure S1J), which suggested similarities to atherosclerosis
and provided evidence for the presence of an antigen
implicated in driving local adaptive immune responses.

Determination of the valvular expression profiles of the
genes encoding the IFN-geinduced T-celleactivating
CXC chemokines, such as CXCL9, CXCL10, and
CXCL11, followed. Although calcified parts revealed high
levels of CXCL9 (3.9- � 0.9-fold mRNA; P Z 0.015)
1418
(Figure 2, G and H, and Supplemental Figure S1K), the
transcripts of CXCL10 and CXCL11 remained unchanged
(Supplemental Figure S2, A and B). Observations of the
local expression of IFN-geproducing CD8þ T cells were
extended by the findings on the significantly elevated
levels of HLA-DR (Figure 2J and Supplemental
Figure S1L) and its transcriptional co-activator, CIITA
(2.9- � 0.8-fold mRNA; P Z 0.028) (Figure 2I), which the
heavily calcified areas expressed abundantly, a character-
istic associated with ongoing adaptive immune response.
CCL2, another important chemokine also known as
monocyte chemoattractant protein 1, actively participates
in osteoclast differentiation. CCL2 showed only slightly
elevated transcript levels in the calcified regions, yet these
changes did not reach statistical significance (Supplemental
Figure S2C). The osteoclast-associated genes showed dif-
ferential expression patterns with significantly higher pro-
files of RANKL (6.4- � 1.9-fold mRNA, P Z 0.009; 4.5-
� 1.8-fold protein, P Z 0.046) (Figure 3, AeC, and
Supplemental Figure S1M), a cytokine favoring osteo-
clastogenesis, TRAP (8.3- � 2.9-fold mRNA; P Z 0.007)
(Figure 3, D and E, and Supplemental Figure S1N), and
OSCAR (3.5- � 2.3-fold mRNA; P Z 0.017) (Figure 3,
F and G, and Supplemental Figure S1O), whereas that of
Cathepsin K, a cysteine protease that resorbs the organic
component of bone, which remains highly and selectively
expressed by functional human osteoclasts, did not change
(Figure 3H and Supplemental Figure S1P). The
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 T-cellederived and eactivating cytokines in calcified aortic valve
cusps. Relative gene expression (normalized to noncalcified areas of stenotic
valves) of Perforin 1 (A), Granzyme B (C), heat shock protein (Hsp)60 (E), CXCL9
(G), and major histocompatibility complex class II transactivator (CIITA; I).
Immunohistochemical localization of Perforin 1 (B), Granzyme B (D), Hsp60 (F),
CXCL9 (H), and human leukocyte antigen (HLA)-DR (J). All sections were
counterstained with hematoxylin for visualization of the nuclei. n Z 116 cusp
portions (A, C, E, G, and I); n Z 5 (B, D, F, H, and J). *P < 0.05, **P < 0.01.
Scale bars Z 100 mm. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
DR, antigen-D related.

Impaired Osteoclasts in Aortic Valves
combination of a low Cathepsin K, high TRAP and
OSCAR expression suggested that ectopic valvular osteo-
clasts have impaired osteolytic activity, resulting in
osteopetrotic features with subsequent high mineral den-
sity. Neither CD4þ T cells nor mRNA for the regulatory T-
cellespecific transcription factor forkhead box P3 changed
significantly throughout the valve (Supplemental
Figure S2, D and E). Although tissue IFN-g was
increased, the expression of its receptor IFNgR1 remained
unaltered (Supplemental Figure S2F).

Activation of Valve T Cells Induces Reciprocal Changes
of IFN-g and RANKL Levels and Subsequently Promotes
Valvular Calcium Load

The treatment of valve samples with a polyclonal T-cell
activation cocktail containing PMA and ionomycin helped
assess the effect of T cells on valve calcification. Parts of the
specimens remained exposed to medium alone and served as
controls. Stimulated portions had increased mRNA for IFN-
g (82.5- � 27.5-fold; P < 0.001) (Figure 4A), GZMB
(80.7- � 50-fold; PZ 0.019) (Figure 4B), unchanged levels
of CD8A, consistent with in vitro CD8þ T-cell activation
and not proliferation (Figure 4C), and decreased transcripts
of RANKL (0.005- � 0.003-fold; P Z 0.003) (Figure 4D).
Protein measurements corresponded to these transcriptional
changes, showing significant, robust, and prompt reciprocal
changes in the concentrations (measured in the supernatant
The American Journal of Pathology - ajp.amjpathol.org
fluids) of IFN-g (7.4- � 2.5-fold day 1; 19.7- � 9.3-fold day
2) (Figure 4E) and RANKL (0.1- � 0.02-fold day 1;
0.3- � 0.1-fold day 2) (Figure 4F). The net effect of in vitro
CD8þ T-cell activation resulted in significantly decreased
expression levels of TRAP (0.011- � 0.008-fold;
P Z 0.015) (Figure 4G) and Cathepsin K (0.0035- �
0.002-fold; P < 0.001) (Figure 4H), a finding consistent
with defective osteoclast function. Near infrared fluores-
cence imaging helped assess the functional consequences
of the IFN-gemediated response. In the unstimulated
control samples, no significant changes in calcium signal
intensity occurred in the time-lapse images (Figure 5, AeE).
In contrast, in T-cellestimulated valve specimens, the
calcium signal intensity increased gradually with a further
significant rise on day 3 (1.6- � 0.1-fold; P < 0.001),
most likely due to immediate reciprocal changes of the
local IFN-g and RANKL expression on day 1 with
a strong net inhibitory effect on osteoclastogenesis
(Figure 5, FeJ).

IFN-g Treatment Leads to Formation of
Morphologically and Functionally Defective Osteoclasts

The treatment of peripheral blood CD14þ monocytes, iso-
lated from healthy donors (n Z 6), either with recombinant
human IFN-g or with an equivalent dose of endogenous
IFN-g, derived from conditioned medium of stimulated
organoid cultures in the presence or absence of neutralizing
1419
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Figure 3 Osteoclast-related markers in calcified aortic valve cusps. A, D, F, and H: Relative gene expression (normalized to noncalcified areas of
stenotic valves) of receptor activator of nuclear factor-kB ligand (RANKL; A), tartrate-resistant acid phosphatase (TRAP; D), osteoclast-associated receptor
(OSCAR; F), and Cathepsin K (H). B: RANKL enzyme-linked immunosorbent assay (ELISA). C, E, and G: Immunohistochemistry for RANKL (C), TRAP (E), and
OSCAR (G). All sections were counterstained with hematoxylin for visualization of the nuclei. n Z 116 cusp portions (A, D, F, and H); n Z 75 (B); n Z 5
(C, E, and G). *P < 0.05, **P < 0.01. Scale bars Z 100 mm. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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antieIFN-g antibody, helped evaluate the effects of IFN-g
on osteoclast function. Either source of IFN-g consistently
inhibited in vitro osteoclast activity, depicted by TRAP and
morphologic changes, and evaluated by Rhodamine Phal-
loidin staining (Figure 6, AeC). The addition of neutral-
izing antieIFN-g antibody to IFN-getreated cultures
abrogated the inhibitory effect of both forms of IFN-g on
osteoclast function and number (P < 0.001) (Figure 6,
Figure 4 Interferon (IFN)-g and osteoclast-related markers after T-cell activatio
(in stimulated calcified areas of stenotic valves, normalized to unstimulated calcified
factor-kB ligand (RANKL; D), tartrate-resistant acid phosphatase (TRAP; G), and Cat
RANKL (F) in the conditioned medium before adding the cell activation cocktail (C
After/2, respectively. n Z 72 cusp portions (AeD and GeH); n Z 63 (E); n Z 20
phosphate dehydrogenase.

1420
C and D) and the complete restoration of the observed
cytoskeletal alterations. In parallel with these cellular
morphologic alterations, IFN-g triggered the inhibition of
in vitro calcium resorption activity, whereas the addition of
neutralizing antieIFN-g antibody restored it (P < 0.001)
(Figure 6, C and E).
Treatment of osteoclast precursors with IFN-g reduced

expression levels of TRAP (P Z 0.02), Cathepsin K
n in calcific aortic valve disease (CAVD) specimens. Relative gene expression
areas) of IFN-g (A), Granzyme B (B), CD8A (C), receptor activator of nuclear
hepsin K (H). Enzyme-linked immunosorbent assay (ELISA) for IFN-g (E) and
AC), labeled as Before, and after 24 and 48 hours, indicated by After/1 and
(F). *P < 0.05, **P < 0.01, and ***P < 0.001. GAPDH, glyceraldehyde-3-
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Figure 5 Molecular imaging monitoring the temporal and spatial changes in valvular calcium after T-cell activation in calcific aortic valve disease (CAVD)
specimens. AeE: Data from unstimulated calcified areas of stenotic valves. FeJ: Results from stimulated areas. signal intensity (SI) measurements were
followed by quantification (ImageJ) within a region of interest (ROI; labeled with yellow lines, of which the position was aligned on all subsequent images).
Each histogram corresponds to the distribution of SI and demonstrates the image characteristics for unstimulated (A) and stimulated (F) calcified parts.
Quantification analyses show unchanged SI over time in B and significantly elevated SI in G. Near-infrared signal intensity (green) in unstimulated (C) and
stimulated areas (H). Enzyme-linked immunosorbent assay (ELISA) for interferon (IFN)-g and receptor activator of nuclear factor-kB ligand (RANKL), analyzed
in unstimulated (D and E) and stimulated (I and J) supernatant fluids. n Z 4 valve donors (AeJ). *P < 0.05, ***P < 0.001. Scale bars: 200 mm (C and H).
Arb., arbitrary; D1, day 1 after activation; D2, day 2 after activation; D3, day 3 after activation.

Impaired Osteoclasts in Aortic Valves
(P Z 0.007), RANK (P Z 0.024), a surface receptor on
osteoclasts, and TRAF6 (P Z 0.004), an adapter protein to
RANK (Figure 6, FeI), whereas CD80 (P Z 0.012) and
The American Journal of Pathology - ajp.amjpathol.org
CD86 (P Z 0.003) levels rose in response to IFN-g treat-
ment (Figure 6, J and K). The addition of neutralizing
antieIFN-g antibodies eliminated these effects (Figure 6).
1421
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Discussion

These results support the concept that exaggerated IFN-g
release by activated valvular CD8þ T cells impairs calcium
resorption by valvular osteoclasts. The net effect of robust
IFN-g release from cytotoxic T cells activated ex vivo
suppressed osteoclastogenesis with a subsequent increase in
valvular calcium content, a condition that would favor
progression of stenosis, an independent predictor of clinical
outcome.9 The in vitro experiments, which involved
exposing osteoclast precursors to either recombinant human
or endogenous IFN-g from organoid cultureederived
conditioned medium, showed significantly reduced numbers
of TRAPþ osteoclasts exhibiting decreased functionality,
effects fully reversed by adding neutralizing antieIFN-g
antibodies to the cultures. These findings support our
hypothesis that adaptive immune response influences
valvular calcium content through modulation of osteoclast
functionality and thus facilitates CAVD progression.

This study used organoid cultures from surgically
removed human stenotic aortic valves that contain resident
cell populations, preserved in their original microenvi-
ronment. The presence of most of the local factors that may
contribute to structural deterioration of the valve remains
important. In addition, this approach simultaneously al-
lows the close imitation and assessment of perturbations in
the microenvironment at cellular and molecular levels,
similar to the situation in the diseased valve, and may
therefore serve as a useful tool to study CAVD. Because
the isolation of mature osteoclasts from human vascular
tissues presents a technical challenge, their functional state
and ability to resorb bone remains largely unknown.
In vitro studies are commonly performed using precursor
cell populations isolated from peripheral blood. The
extrapolation to in vivo conditions may prove misleading.
Our results illustrate the utility of a combination of the
ex vivoemaintained organoid cultures, suitable for func-
tional assessment, along with complementary mechanistic
cell culture experiments to evaluate pathologic processes at
tissue and cellular levels. This approach permitted the
quantification of osteoclast functionality in direct relation
to the extent of valvular calcification.

The dominant feature of severe aortic valve stenosis is
extensive dystrophic calcification (83%),21 including
microfractures at multiple sites, whereas lamellar bone
Figure 6 Interferon (IFN)-g impairs osteoclastogenesis. Human CD14þ mono
conditioned medium (CM) IFN-g in equivalent concentration (0.5 ng/mL). Neutra
resistant acid phosphatase (TRAP) staining. B: Morphologic changes of osteocla
DAPI. C: Resorption pits (white) on black-and-white binary images (images were
cultures are shown for each condition. D: Numbers of osteoclasts with more than
fication of resorption pit areas (white), assessed as a percentage of the whole are
(H), TRAF6 (I), CD80 (J), and CD86 (K). X-fold changes were calculated relative
**P < 0.01, and ***P < 0.001. Scale bars: 200 mm (AeC). Ab, antibody; GA
stimulating factor at 25 ng/mL; R, receptor activator of nuclear factor-kB lig
receptor-associated factor.
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formation (13%) marginally contributes to valvular
mineralization.21,30 In agreement with previous studies,
heavily mineralized valve tissue harbors osteoclasts21,22

with decreased although not completely silent osteolytic
potential, probably due to low valvular expression levels of
Cathepsin K, which is necessary for a normal resorptive
capacity. These conditions resemble those described for a
rare inherited bone disorder, called pycnodysostosis.31 In
valves, ectopic osteoclasts appear to function inefficiently;
however, their increased numbers and protracted resorption
time may counterbalance this impairment.

The aberrant and prolonged activation of IFN-
gesecreting CD8þ T cells, which surround the calcified
area,8,12 support our concept. These CD8þ T cells prolif-
erate poorly but have strong effector activity and produce
abundant inflammatory cytokines, including IFN-g.32

The coexistence of abundantly expressed Hsp60,8 one of
the candidate autoantigens identified in atherosclerosis,
CXCL9, an important T-cellerelated gene,32 and CIITA, its
transcriptional co-activator that augments class II MHC
expression and consequently facilitates antigen presentation
to T cells,32 indicates ongoing immunomodulation in
advanced stages of the disease. Calcified regions also
exhibited high expression of RANKL, possibly produced by
activated myofibroblasts and T cells,23 yet the local over-
expression of IFN-g may counterbalance RANKL. Similar to
observations in the bone field that not only regulatory
T cells33 but also terminally differentiated effector CD8þ T
cells have a net inhibitory effect on osteoclastogenesis,24,34

the present study provides evidence for an overall suppres-
sive effect of activated CD8þ T cells residing in the valve on
osteoclast functionality. Because of impaired osteoclast
function, the valvular calcium content may gradually increase
in parallel with reciprocal and prompt changes in concen-
trations of IFN-g and RANKL, suggesting that progressive
loss of osteoclast resorptive potential contributes to the
accumulation of valvular calcium.

The present in vitro studies using osteoclast precursor
cells provide further evidence that IFN-g accounts for the
osteoclast-modulating activity in CAVD tissue, because
antieIFN-g antibodies fully neutralized the presumably
IFN-gemediated effects (ie, restored the numbers of func-
tional TRAPþ osteoclasts and their resorptive potential).
The downstream molecular mechanisms by which IFN-g
suppresses osteoclastogenesis may include rapid
cytes were cultured in the presence of Rh IFN-g or endogenous IFN-g from
lizing antieIFN-g Ab was added when indicated (10 mg/mL). A: Tartrate-
sts using Rhodamine Phalloidin staining, nuclei were counterstained with
converted by ImageJ) in each treatment group. Representative areas of the
three nuclei per cell were counted and plotted in each group. E: Quanti-

a. FeK: Relative gene expression data for TRAP (F), Cathepsin K (G), RANK
to MþR-treated wells. n Z 6 human monocyte donors (AeK). *P < 0.05,
PDH, glyceraldehyde-3-phosphate dehydrogenase; M, macrophage colony-
and at 30 ng/mL; Rh, recombinant human; TRAF, tumor necrosis factor
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degradation of RANK and its adapter protein, TRAF6, in
accord with previous reports,35 while increasing the
expression of co-stimulatory molecules (CD80/CD86)
required for T-cell activation by monocytes.32

The present study allowed sampling of several osteoclast
and CD8þ T-cellerelated mediators at the tissue level and
their relation to the osteoclast functionality in the context of
CAVD. Limitations of this study include the relatively small
sample size predicated on the availability of the human
specimens and assessment of tissues obtained from patients
with end-stage CAVD. In addition, we focused on osteo-
clasts and their functional state and not on the role of
osteoblasts in the calcification process, which is reported in
previous publications.5 Therefore, this study cannot resolve
the balance between active bone formation as an effect of
osteoblast activity versus the increased calcification burden
due to decreased osteoclast activity. As a further limitation,
a sex-specific variation could not be excluded, which was
not assessed in the present study.

The results of the present study provide new insight into
the pathologic mechanisms of valvular calcification by
demonstrating that activated infiltrating CD8þ T cells with a
highly altered cytokine profile can change ectopic osteoclast
functions and thus may lead to enhanced valvular calcium
accumulation. Therapeutic agents that selectively silence
pathologic T-cell activation/T-cell response or selectively
block IFN-g may increase the resorptive activity of valvular
osteoclasts and might limit the progression of CAVD.
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