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Abstract

Apoptosis can initiate innate immune responses in the artery, which could
lead to atherosclerotic plaque progression and vascular occlusion, the cause
for heart attacks and strokes. T lymphocytes secrete granzyme B and
perforin, which induce intra-cellular caspase activity. Two viral intra-cellular
serine protease inhibitors (serpins), Serp-2 and CrmA, have cysteine
protease inhibitory activity targeting granzyme B and caspases. The capacity
for cross-class serpins to bind granzyme B indicates a potential extracellular
anti-apoptotic function. We have assessed the effects of Serp-2 and CrmA
in animal models of atherosclerosis and in human endothelial, monocyte and
T lymphocyte cells. Serp-2 markedly reduced inflammation and plaque
growth, whereas CrmA and two reactive center mutants did not. Serp-2
bound the T cell surface membrane, blocking up-regulation of caspase
activity and increasing expression of anti-apoptotic genes. This work defines
previously unknown extra-cellular granzyme B- and perforin-dependent anti-
inflammatory and anti-apoptotic activities for the intracellular myxoma virus
cross-class serpin, Serp-2.
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Introduction

The vasculature acts as the first line of defense in innate immune responses.
Monocyte and T cell invasion from the circulating blood and endothelial cell
dysfunction along the arterial lumen are closely associated with
atherosclerotic plaque growth, scarring and vessel occlusion, leading causes
for heart attack, stroke and sudden death'. Apoptosis, also termed
programmed cell death, can lead to microparticle formation with increased
expression of inflammatory mediators®”’. In endothelial cells, apoptosis leads
to a prothrombotic, inflammatory state3'7, while in monocytes and smooth
muscle cells®” apoptosis has been implicated in plaque rupture3’4’7. Plaque
rupture exposes the collagenous, fatty plaque core causing clot formation
and vascular occlusion. Increased numbers of cytotoxic, perforin-positive T
lymphocytes are present in acute unstable coronary syndromes and in the
accelerated vasculopathy of transplanted hearts®'®. Interference with T cell
apoptosis in rats’ leads to a tolerant state and granzyme B deficiency in
mice'? reduces transplant vasculopathy. Cellular apoptosis thus contributes
to accelerated plaque development and progression to plaque rupture3’14.
Two key pathways to cellular apoptosis are mediated by serine and cysteine
proteases”’”. Caspases are cysteine proteases that initiate intracellular
apoptotic pathways while granzyme B is a serine protease released by T
cells into the surrounding medium, initiating extracellular apoptotic
responses either via interaction with perforin or through cellular uptake via
less well-defined pathways?"14’17. Poxviruses encode cross-class inhibitory
serpins (serine proteinase inhibitors) that target granzyme B and caspases'”
% Serp-2 from Myxoma virus and CrmA (Cytokine response modifier A)
from cowpox virus are two such viral cross class inhibitors. CrmA is a more
potent inhibitor, binding caspase 1 (Interleukin-13 Converting Enzyme, ICE),
caspase 8 and granzyme B, with greater inhibition of inflammation in chicken
chorioallantoic membranes®?*?° whereas Serp-2 binds ICE and Granzyme
B with lower affinity in vitro'®'*"?*?* and has greater effects on myxoma
virulence in rabbits®"?°. We present here a series of studies in rat and mouse
models of accelerated atherosclerotic plaque growthzs'29 demonstrating
significant differential effects of two intracellular viral cross class serpins,
Serp-2 and CrmA, on apoptosis, mononuclear cell invasion and
vasculopathy development, in vivo, and specific cellular anti-apoptotic
activities, in vitro.

Methods
Animal Models
Effects of each serpin on cellular invasion and plaque growth were assessed

in three animal models, the first being angioplasty injury in 250-300 g male
Sprague Dawley (SD) rats?*% (Charles River, Wilmington, Mass USA).
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Figure 1. Hematoxylin and eosin stained sections of rat iliofemoral arterial sections at 4 weeks
demonstrate reduced plaque growth with Serp-2 treatment at doses = 30 ng (A, 300 ng Serp-2,
P<0.006). CrmA at similar or higher doses (B, 3000 ng CrmA, P=0.612), the Serp-2 reactive
center loop mutant D294E (C, 3000 ng D294E, P=0.567) and saline treatment (D) did not inhibit
plaque growth. Arrows bracket intimal plaque limits. Magnification 50X. A clear dose response
to Serp-2 treatment with reduced plaque growth at doses greater than 30 ng is seen in the
titration curve (E). CrmA (F) and the two Serp-2 active center loop mutants, D294A (G) and
D294E (H) did not display a reduction in plaque growth, although a non-significant decrease
was seen at 0.3-30 ng (P=not significant at all concentrations). Reductions in plaque area were
also detected in the ACI to Lewis aortic allograft transplant model with Serp-2 treatment, but not
with CrmA (1) with associated inhibition of mean mononuclear cell counts per area (J).
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The second model was the aortic allograft transplant from inbred 250-300 g
ACI to Lewis rats®’? (Charles River Laboratories) and third, we used a
model of spontaneous atherosclerosis in the aortic root and of collar-induced
carotid artery atherosclerosis in 12-14 week old western type diet fed ApoE'/'
mice®® (obtained from the local animal facility, Gorlaeus Laboratories,
Leiden, the Netherlands) with all surgeries performed as previously
described®®*®. All research protocols and general animal care were
approved by University laboratory animal ethics and conformed to national
guidelines. All surgeries were performed under general anesthetic, 6.5 mg
per 100 g body weight Somnotrol (MTC Pharmaceuticals, Cambridge,
Canada) intra-muscular injection for rats and subcutaneous 60 mg/kg
ketamine (Eurovet Animal Health), 1.26 mg/kg Fentanyl, and 2.0 mg/kg
fluanisone (Janssen Animal Health) for carotid collar placement in ApoE™
mice®. Viral serpins were infused intravenously (i.v.) immediately after
surgery in rats at doses of 0.3 ng—3000 ng (0.001-10 ng/g), with follow up at
4 weeks (Table 1). Daily subcutaneous injections of PBS, CrmA (240
ng/mouse/day, 12 ng/g/day) and Serp-2 (1800 ng/mouse/day, 90 ng/g/day)
were started two weeks after collar placement in ApoE'/' mice and continued
for 4 weeks until sacrifice. '?| labelled CrmA and Serp-2 were injected on
the first day and the last two days in two ApoE'/' mice detecting serum
concentrations of 0.16 nM for CrmA and 1.72 nM for Serp-2. A separate
group of 120 rats had angioplasty injury with 300 ng by i.v. injection of 300
ng of each serpin for early follow up at 0.12, or 72 hours to assess early
apoptotic pathway enzyme activity (6 animals/treatment group). Body weight
was measured weekly.

Table 1. Animal models

Strain Number Treatment Strain Number Treatment
STUDY 1 - Rat lliofemoral angioplasty - 28days STUDY 2 — Rat Aortic transplant
SD 6 Saline A/L 6 Saline

SD 6 Serp-2 3ng A/L 6 Serp-2 12ng
SD 6 Serp-2 30ng A/L 6 Serp-2 12ug
SD 6 Serp-2 300ng A/L 6 CrmA 12ng
SD 6 Serp-2 3000ng A/L 6 CrmA12ug
SD 6 CrmA 0.3ng A/L 6 D294A 12ng
SD 6 CrmA 0.03ng A/L 6 D294A 12ug
SD 12 CrmA 3ng A/L 6 D294E 12ng
SD 12 CrmA 30ng A/L 6 294E 12ug
SD 12 CrmA 300ng L/L 6 Saline

SD 6 CrmA 3000ng Total 60

SD 6 D294A 0.3ng

SD 6 D294A 30ng

SD 6 D294A 3000ng STUDY 3 — ApoE™ Mice

SD 6 D294E 0.3ng ApoEKO 11 saline
SD 6 D294E 30ng ApoEKO 11 Serp-2
SD 6 D294E 3000ng ApoEKO 11 _CrmA
Total 120 Total 33

* (L/L) Lewis to Lewis isograft, (A/L) ACI to Lewis allograft, SD — Sprague Dawley rat, NZW —
New Zealand white rabbit
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Histological, Morphometric and Fluorescence Analysis

At the designated study end, 4 weeks for plaque analysis and 0-72 hours for
enzyme activity analysis, rats and mice were sacrificed with Euthanyl
(Bimenda MTC animal Health company, Cambridge, Ontario, Canada). For
rat models, arterial sections were fixed, processed, paraffin embedded, and
cut into 5 uym sections (2-3 sections per site) for histological analysis. For the
ApoE'/' mice, the aortic valve area (10 uym sections throughout the valve
area) and the carotid artery from the bifurcation through the site of collar
placement (5 ym sections at 25 ym intervals) were assessed. Sections were
stained with hematoxylin/eosin, trichrome and Oil-red-O for analysis of
plaque area, thickness and invading monocuclear cells as previously
described”®®.

For spectroscopic analysis of Serp-2 and CrmA binding to cells, 1*10°
cells/mL were treated with 1 pg/mL of FITC labeled protein for two hours,
lysed with cell lysis buffer and fluorescence emission at 527 nm quantified
during excitation at 485 nm. For fluorescence microscopy, cells were fixed
with 2% formaldehyde, mounted with 10% glycerol mounting solution and
viewed with a Zeiss fluorescence microscope. For FACS analysis, 1*10°
cells/mL were treated with 1 ug/mL of FITC labelled Serp-2 or CrmA for two
hours and analyzed using FACS (fluorescence activated cell sorting,
FACScalibur, BD Falcon), acquiring data for 20,000 events with three
replicates (CellQuest data analysis program).

Cell culture

Human umbilical vein endothelial cells (HUVEC, CC-2519 Clonetics,
Walkersville, MD, passages 2-5), THP-1 cells (American Type Culture
Collection, Rockville, MD, USA, ATCC TIB-202), or Jurkat cells (E6.1 clone,
ATCC TIB-152) (0.5-1.0 *10° cells/mL) were incubated with saline control,
one of the apoptosis inducing agents (3 ng/mL membrane bound Fas ligand,
0.5 uM staurosporine, or 2-10 uM camptothecin) together with individual
serpins (500 ng/mL). Medium was supplemented with 10% Fetal Bovine
Serum (Invitrogen Canada Inc., Burlington, ON), Penicillin (100 units/mL)
and Streptomycin (100 pg/ml, Gibco BRL).

Source and Purification of Serp-2, CrmA, D294A and D294E

All serpins were His-tagged at the amino-terminus, expressed in vaccinia/T7
vector in HelLa cells, and purified by immobilized metal affinity using His-
Bind resin (Novagen)25. The D294A protein is a site-directed mutant of Serp-
2 with P1 Asp 294 changed to Alanine to inactivate the serpin, while the
D294E protein has P1 Asp 294 replaced by Glutamic acid to alter the
inhibition spectrum25. Eluted proteins were judged 290% pure by SDS-12%
PAGE, silver staining and immunoblotting. Serp-2 and CrmA were tested for
ICE and granzyme B inhibitory activity, CrmA displaying greater (=5-6 fold)
caspase 1 inhibition than Serp-2 (data not shown), as previously reportedzs.

65



Chapter 3

Serp-2 and CrmA were labeled with Fluorescein Isothiocyanate (Fluorotag
FITC conjugation kit, Sigma-Aldrich Canda Ltd., Mississauga, Ontario) and
passed through streptavidin column to separate unbound FITC. The F/P
(FITC/protein) ratio was 2.8 and 2.1, for Serp-2 and CrmA respectively. The
caspase 1 inhibitory activity of FITC labeled proteins was assayed,
displaying normal activity.

Enzyme activity and messenger RNA expression analyses

For whole arterial lysates, Serp-2, CrmA, 294A, or 294E treated rat femoral
arteries (2-3 cm length) were excised at 0, 12 and 72 hours after angioplasty
injury. The tissues were homogenized, lysed and extracted in PBS
containing 1 mM EDTA buffer, centrifuged at 10,000 rpm for 10 min (8°C) to
remove undissolved solids and supernatant stored at -80°C. For cell
lysates, 1*10° cells per mL (HUVEC, THP-1, or T-cells) were treated with
saline, apoptosis inducers (2 yM camptothecin for THP-1 and 10 uyM for T
cells, 0.5 yM staurosporine from Sigma, Oakville, ON, Canada, or FasL (3
ng/mL) from Upstate solutions, Charlottesville, VA, U.S.A.), and each
inducer in combination with either Serp-2, CrmA, 294A or 294E (500 ng/mL).
Cells were collected at 6 hours, washed with cold PBS and treated with 60
uL lysis buffer (150 mM NaCl, 20 mM Tris base, 1% (v/v) Triton-X 100 at pH
7.2, for 10 min, 4°C) followed by centrifugation at 10,000 rpm for 10 min
(8°C). Supernatant was collected and stored at -80°C until use. Protein
concentration was measured (Bio-Rad Protein assay, Bio-Rad Laboratories,
Hercules, CA, U.S.A)).

A subset of T cell cultures were treated with phorbol myristic acid (PMA, 1
pg/mL) and lonophore A23187 (1 pg/mL)) to induce a cytotoxic T
lymphocyte (CTL) state. Medium from treated T cell cultures containing
granzyme B and perforin was removed after 2 hours incubation and applied
to fresh, untreated T cell cultures together with Serp-2, CrmA, D294A or E
with and without antibody to granzyme B or perforin (Sigma) for 12 or 24
hours.

For mRNA expression, total cellular RNA was extracted from cultured THP-1
and Jurkat T cells (treated for 6 hours with saline, 2 yM camptothecin or
camptothecin with 500 ng/mL Serp-2 or CrmA) using TRIzol reagent
(Invitrogen Canada Inc., Burlington, ON) and purified using the RNeasy kit
(Qiagen Inc., Mississauga, ON). Semi-quantitative RT-PCR analysis was
performed using Superscript one-step RT-PCR with platinum Taq (Invitrogen
Canada Inc.), as previously described (primers listed in Table 2)27 in an
Eppendorf Scientific Inc. thermocycler (Westbury, NY). Bands run on 1.5%
Agarose gel containing ethidium bromide were quantified (Molecular analyst
program 2.1.2, Bio-Rad laboratories Canada, Ltd., Mississauga, ON). For
the cell death ELISA assay, fragmented nucleosomes were determined
using quantitative sandwich-enzyme immunoassay (Cell Death ELISA Kkit,
Roche Diagnostics, Germany) with conjugated peroxidase measured
photometrically at 405 nm with ABTS (2,2’-azino-di[3-ethylbenzthiazoline
sulfonate) as substrate using a Multiscan Ascent Spectrophotometer
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(Thermo labsystems Oy Inc., Beverly, MA, US).

For the DEVDase, 10 pL of the cell/tissue lysate was incubated at 37°C for
one hour in 90 pL of reaction buffer (100 mM Acetyl-DEVD-AFC (Bachem,
Torrance, CA, U.S.A.), 100 mM HEPES, 0.5 mM EDTA, 20% (v/v) Glycerol
and 5 mM DTT, pH 7.5). for IEPDase, 90 pL of reaction buffer (100 mM
Acetyl-IEPD-AFC (Kamia biomedical company, Seattle, WA), 50 mM
HEPES, 0.05% (w/v) CHAPS, 10% (w/v) sucrose and 5 mM DTT, pH 7.5)".
For the cathepsin K, S, L, and V assays, 10 pL of the cell/tissue lysate was
incubated in 90 pyL of reaction buffer (5 mM Rhodamine 110, bisCBZ-L-
Phenylalanyl-L-arginine amide, 50 mM Sodium acetate, 1 mM EDTA and 4
mM DTT, pH 5.5 (Bachem, Torrance, CA, U.S.A.). For DEVDase and
IEPDase hydrolysed fluorochrome, 7-amino-4-trifluoromethyl Coumarin was
measured using a Spectrofluorometer (Fluoroskan; excitation 405 nm,
emission 527 nm) Thermolabsystems, Oy, (Thermolabsystems Inc., Beverly,
MA, US). For the cathepsin assay, hydrolysed fluorochrome Rhodamine110
was measured using excitation 485 nm, emission at 527 nm). Final values
were corrected for protein concentration.

Table 2. Primer sequences for RT-PCR analysis.

. Product
Genes Primer sequence I
ength
5 —CCACCCATGGCAAATTCCATGGCA
GAPDH 3 _TCTAGACGGCAGGTCAGGTCCACC 598
Bol-2 5 —CGACGACTTCTCCCGCCGCTACCGC 373
3 —-CCGCATGCTGGGGCCGTACAGTTCC
NFKB 5 —TAACCAACCACCACCACCAC 306
3 _CAGGTCACTGGCATTCTTAG
CELIP 5 _CAGAGTGAGGCGATTTGACC 363
3 —CTTGTCCCTGCTCCTTGAAC
Mcl-1 5 —-TAACCAACCACCACCACCAC 304
3’ —CAGGTCACTGGCATTCTTAG
XIAP 5 —_CTTGCATACTGTCTTTCTGAGC 818
3’ —ACACCATATACCCGAGGAAC
BalXL 5 —_CATGGCAGCAGTAAAGCAAG 356
3 —CTGCTGCATTGTTCCCATAG
Statistical Analysis

Significance was assessed by a 2-tailed Student’s t-test or Mann-Whitney
analysis®. Mean plaque area or cell count for experimental animals was
used for all analyses®®®; P values < 0.05 considered significant.

Results

Reduced plaque growth in rat vascular surgery models

Infusion of a single dose of Serp-2 immediately after angioplasty injury
significantly reduced plaque growth (Figure 1A). Treatment with CrmA
(Figure 1B) and the two active site mutations of Serp-2, D294A and D294E
(Figure 1C), conversely, did not reduce plaque growth when compared to
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saline control (Figure 1D) treatment. There was a clear dose-dependent,
titrated response with reduced plaque at doses of 30 ng or higher of Serp-2
(P=0.006, Figure 1E). CrmA (Figure 1F), D294A (Figure 1G) and D294E
(Figure 1H) produced non-significant trends toward plaque reduction at 0.3-
30 ng (0.001 to 0.1 ng/g). Testing of increased numbers of animals (12
animals per dose tested) did not alter the overall significance of inhibitory
effects of CrmA on plaque growth. Glutamic acid substitution at the P1 site in
the reactive center loop (RCL, D294E) was predicted to increase inhibitory
activity due to a preserved negative charge with P1 glutamic acid
substitution. However, no anti-atherogenic activity was detected with either
D294E or D294A where P1 is substituted by alanine.

The rat aortic allograft model exhibits an extensive inflammatory response
with mononuclear cell invasion in intimal and adventitial arterial layers. The
aortic transplant model was used as a rigorous test of anti-inflammatory
activity. Serp-2 again reduced plaque growth in the aortic allograft transplant
model (P<0.05), while CrmA did not (Figure 1I). Mononuclear cell invasion
was reduced after Serp-2 treatment, when compared to CrmA treatment, in
both intimal (P<0.0001) and adventitial layers in the rat aortic transplant
(Figure 1J) and angioplasty (data not shown) models.

Reduced plaque development in Apolipoprotein E deficient mice

The effects of each cross class serpin on atherosclerotic lesion development
was also independently assessed in Western type diet fed ApoE'/' mice, both
at the aortic root and after collar placement at both carotid arteries. Serp-2
significantly reduced plaque area in the atherosclerotic aortic root (P=0.001,
Figures 2A and D) and also tended to inhibit plaque development at sites of
collar-induced carotid artery atherosclerosis (P<0.06, Figure 2E), 42%
versus 44%, respectively, when compared to PBS control (Figures 2C, D
and E). CrmA treatment had no effect on plaque development in ApoE'/'mice
(Figure 2B, D and E). Lipid content of collar-induced atherosclerotic plaques
was significantly reduced on Oil-Red-O stained sections with Serp-2
treatment (P=0.01, Figure 2F), while CrmA again had no effect when
compared to PBS control infusions. Neither CrmA, nor Serp-2, infusion
altered body weight or plasma triglyceride levels (data not shown), however
cholesterol levels were slightly reduced at six weeks after collar placement
(P=0.03, data not shown).
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Figure 2. Cross sections of arteries from ApoE™ mice taken at the aortic valve level (Oil-red-O
staining) demonstrate a reduction in plaque area with Serp-2 (A), but not with CrmA treatment
(B) when compared to PBS treated controls (C). Morphometric analysis of plaque area at the
aortic root in ApoE” mice demonstrated that Serp-2 inhibited spontaneous aortic plaque
development (P=0.001) (D) as well as collar-induced atherosclerotic plaque formation in this
mouse model (P=0.06) (E). Oil-red-O staining confirmed a reduction in fatty plaque in the
carotid artery plaques (P=0.01) (F), indicating a reduction in foam cell formation. Arrows indicate
intimal plaque limits; Magnification - 50X. Error bars represent SEM.

Apoptotic responses with serpin treatment

At early times post angioplasty injury in rats, caspase 3, 7 and 8 and
granzyme B enzyme activity were increased at 12 hours for whole arterial
section extracts after saline treatment (P<0.0001). Treatment with individual
serpins Serp-2, CrmA, D294A or D294E reduced caspase and granzyme B
activity (P<0.017, P<0.0001, P<0.037 and P<0.008 for caspase 3/7 activity,
respectively, data not shown) with no detectable significant differences
between the proteins. Effects of Serp-2 and CrmA on apoptotic responses in
individual cells, Jurkat T lymphocyte, THP-1 monocyte and HUVEC cultures
were assessed. Apoptotic responses were induced through three differing
pathways using Fas ligand (extrinsic pathway), staurosporine (intrinsic
pathway) and camptothecin (topoisomerase). In T cells, caspase 3 and 7
activity (as measured by DEVDase assay) were significantly increased after
treatment with camptothecin (P<0.001, Figure 3A) and staurosporine
(P<0.0001, Figure 3B). Granzyme B and caspase 8 activity (as measured by
IEPDase assay) were significantly increased by staurosporine and by Fas
ligand (P<0.0001, data not shown). Serp-2 reduced the levels of caspases 3
and 7 in T cells after camptothecin (P<0.013, Figure 3A) and after
staurosporine induced apoptosis (P<0.033, Figure 3B), while CrmA did not
significantly block activation of these apoptotic pathways in T cells. Serp-2
however, did not significantly alter granzyme B and caspase 8 activity in T
cells after inducing apoptosis with camptothecin, staurosporine or Fas ligand
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(data not shown). Serp-2 also reduced apoptosis measured by cell death
ELISA assay in T cells after camptothecin treatment (data not shown). In
THP-1 monocytes, camptothecin (Figure 3C, P<0.001) and staurosporine
(P<0.0009, data not shown) both significantly increased caspase 3 and 7
activity, but had little effect on caspase 8 and granzyme B activity (not
shown).
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Figure 3. Serp-2, but not CrmA nor D294A (and D294E) treatment of Jurkat T cells reduced
caspase 3 and 7 activity (DEVDase) after camptothecin (A) or staurosporine (B) apoptosis
actuator treatment. Serp-2 and CrmA both significantly reduced camptothecin induced
elevations in caspase 3 and 7 activity in monocytes (C). Semi-quantitative RT-PCR analysis
demonstrated increased cFLIP (D) and NFkB (E) gene expression in Serp-2 treated Jurkat T
cells with camptothecin induced apoptosis, but CrmA had no effect. In THP-1 monocytes,
camptothecin treatment significantly reduced Bcl2 (F) and increased NFkB (G) mRNA
expression. CrmA and Serp-2 both significantly increased Bcl2 levels (F) whereas neither CrmA
nor Serp-2 significantly altered NFkB levels in THP-1 cells (G).
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In monocytes, caspase 3 and 7 activity was significantly reduced by both
CrmA (P<0.0001) and Serp-2 (P<0.035) after camptothecin treatment
(Figure 3C); CrmA producing greater inhibition. Neither Serp-2 nor CrmA
reduced caspase activity in THP-1 after staurosporine treatment (data not
shown).

The Serp-2 RCL mutants, D294A and E, did not alter caspase activity in T
cells after camptothecin treatment (Figure 3A, P=0.11), but D294E (not
D294A) did reduce caspase 3,7,8 and granzyme B activity after
staurosporine treatment (P<0.016, Figure 3B), indicating that this RCL
mutant retained some anti-apoptotic activity that differed from Serp-2. The
RCL mutants, D294A and D294E had no inhibitory activity when tested in
THP-1 monocytes after camptothecin or staurosporine treatment (Figure 3C,
P=0.104).

In HUVEC cultures, serum deprivation, staurosporine and camptothecin all
increased caspase 3, 7, 8 and granzyme B activity (P<0.0012, data not
shown). Serp-2 and CrmA both significantly reduced caspase 8 and
granzyme B activity after treatment with camptothecin (P<0.0001) in
HUVEC, but had no effect on caspase 3 and 7 activity (data not shown).
Staurosprine induced apoptosis was not altered by Serp-2, CrmA, D294A or
D294E in HUVEC (data not shown). In all cell lines tested after Fas ligand
treatment CrmA, Serp-2 and D294A had no inhibitory activity (data not
shown). The Serp-2 RCL mutant, D294E did, however, reduce caspase 3, 7,
8 and granzyme B activity after Fas ligand treatment of T cells (P<0.0005,
data not shown). Cathepsins K, S, L and V activity in T cells was not affected
by Serp-2, CrmA, D294A or E treatment (P = 0.386, data not shown).

Differential effects of Serp-2 and CrmA on gene expression

Based upon the differential effects of Serp-2 and CrmA on human T cell
apoptotic responses, expression of genes that regulate apoptosis was
measured in camptothecin treated T lymphocyte and monocytic cell lines.
Camptothecin significantly reduced Bcl2 gene expression, but had no
significant effect on cFLIP, NFkB and Mcl1 expression (Figures 3D and E).
In camptothecin treated T cells Serp-2 increased cFLIP (Figure 3E, P<0.018)
and NFkB (Figure 3F, P<0.005) expression while CrmA had no effect on
cFLIP or NFkB (Figures 3D, E). Expression of Mc11, Bcl2, Bcl-XL and XIAP
(data not shown) were not altered in T cells with Serp-2 or CrmA treatment
(data not shown). Camptothecin markedly reduced the expression of Bcl2
(P<0.002, Figure 3F) and increased expression of NFkB (P<0.001, Figure
3G) in THP-1 monocytes. In THP-1 cells, CrmA significantly increased Bcl2
gene expression (P<0.003, Figure 3F), whereas Serp-2 produced a
borderline increase (P=0.061). Neither CrmA nor Serp-2 significantly altered
expression of NFkB in camptothecin treated THP-1 cells, although Serp-2
caused a non-significant decrease (Figure 3G).
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Differential Effects of Serp-2 and CrmA on activated T cell responses
Treatment of Jurkat T cells in culture with phorbol myristic acid (PMA) and
ionophore induces an activated, cytotoxic T lymphocyte (CTL) state with
release of granzyme B and perforin. Naive T cell cultures were treated with
medium from PMA and ionophore treated T cells, inducing a significant
increase in caspase 3 and 7 activity (P<0.0001, DEVDase assay, Figure 4A)
and caspase 8 and granzyme B activity (P<0.0001, IEPDase activity, Figure
4B)3°. Serp-2 reduced CTL mediated increases in caspase 3/7 (P=0.064)
and caspase 8/granzyme B (P=0.0009, Figures 4A and B) activity.
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Figure 4. Medium from PMA and ionophore treated Jurkat T cell cultures with increased
granzyme B and perforin when applied to naive T cells in culture increased caspase 3 and 7 (A,
DEVDase) and caspase 8 and granzyme B (B, |IEPDase) activity. Treatment with Serp-2
reduced both caspase 3/7 (A) and caspase 8/granzyme B (B) activity. This inhibition was
blocked by incubation of cells with antibody to granzyme B and perforin. Fluorescence
microscopy (C, Magnification 65X) and FACS analysis (D) demonstrated that FITC labeled
Serp-2 bound to T cells. Treatment with antibody to granzyme B or perforin partially blocked
Serp-2 binding (E, P<0.007 and P<0.008 respectively).

Concomitant treatment with antibody to granzyme B and perforin blocked
Serp-2 inhibition of caspase 8/granzyme B (P=0.0009) and caspase 3/7
(P=0.0004) activity (Figures 4A and B) at 24 hours, but not at 12 hours. FITC
labelled Serp-2 (Figure 4C) and CrmA (not shown) bound to T cells in
culture (fluorescence emission microscopic examination). Binding of Serp-2
and CrmA was further confirmed by FACS analysis of mouse peritoneal
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lymphocytes (Figures 4D) and Jurkat T cells (not shown) and as well as
spectroscopic analysis (Figure 4E) indicating that cross class viral serpins
have the capacity to bind the T cell plasma membrane. Fluorescence
emission from FITC labeled Serp-2 associated with Jurkat cells was reduced
after treatment with antibody to granzyme B (P<0.007) and perforin
(P<0.008, Figure 4E), further supporting an association between Serp-2
mediated inhibition of T cell apoptotic responses and granzyme B.

Discussion

Infusion of Serp-2, an intracellular viral cross class serine and cysteine
protease inhibitor, effectively inhibited atherosclerotic plaque growth in a
wide range of animal models, markedly reducing plaque growth at sites of
vascular surgery in rats and significantly reducing both spontaneous diet-
induced atherosclerosis in the aortic root as well as collar-induced plaque
development in the carotid arteries of ApoE"' mice. CrmA and two RCL
mutants of Serp-2 did not effectively block plaque growth, indicating the
specificity of Serp-2 anti-atherogenic activity. Serp-2 bound to the T cell
surface, also selectively inhibited caspase 3 and 7 activity in Jurkat T cells
with associated increase in cFLIP and NFkB gene expression, Serp-2
binding and inhibitory activity was blocked by antibodies to granzyme B and
perforin. We have postulated that Serp-2 selectively binds to and inhibits T
cell apoptosis, effecting a generalized reduction in arterial inflammation
through a granzyme B/perforin dependent pathway.

The detectable capacity of Serp-2 to block camptothecin and staurosporine
induced apoptosis in T cells, suggests a central role for T cells in Serp-2
mediated anti-inflammatory and anti-atherogenic actions. Serp-2 mediated
inhibition of T cell apoptosis may prolong T cell function, allowing subsets of
T cells to provide anti-inflammatory actions or may initiate apoptotic
responses in macrophages and smooth muscle cells*"". Serp-2 also
inhibited camptothecin induced apoptosis in monocytes, but to a lesser
extent than CrmA. Thus Serp-2 mediated inhibition of camptothecin induced
apoptosis in both T cells and monocytes may further reduce inflammation.
The lack of differential functions for Serp-2 and CrmA in monocytes further
suggests that blockade of monocyte/macrophage apoptosis is not sufficient
to alter vascular inflammation and plaque growth. A generalized non-specific
reduction in apoptotic responses in the vessel wall was detected with all
serpins tested, however, whole arterial extracts represent an average of all
cells in the arterial wall and are thus not representative of individual cellular
responses as evidenced by the studies in cell cultures (Figures 3, 4).
Camptothecin binds to topoisomerase |, an enzgme class that alters DNA
topography, and interferes with DNA re-IigationB, creating persistent DNA
breaks. Resistance to camptothecin activity has been linked to
topoisomerase mutations and to altered expression of p53, Bax and Bcl2.
Inhibition of topoisomerase by camptothecin also leads to caspase activation
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while caspase 3 can cleave topoisomerase providing feedback control®'
Inhibition of camptothecin-induced apoptosis implies that Serp-2 blocks
initiation of apoptosis in T lymphocytes at a very basic level, potentially
through altered expression of cFLIP, NFkB, Bcl-2 or caspase activity.
Unexpected dual functions for intracellular proteins displaying extracellular
actions have been previously reported for numerous mammalian and viral
proteins including calreticulin  with caIC|um binding, chaperone, anti-
thrombotic and anti-atherogenic activities™ cathepsms chymases and
granzymes that alter apoptosis and cellular adhesion®, histatidyl tRNA
synthetase interaction with CCR5 chemokine receptor 36 and myxoma viral,
M-T7, with interferon y and chemokine binding act|V|ty 628" Given the
economy and potency of function of these viral anti-inflammatory proteins, a
secondary extra-cellular function for these intracellular viral cross-class
serpins is proposed after release from infected cells. The inhibitory effects of
Serp-2 on generallzed atherosclerotic plaque growth in the aorta of
hyperlipidemic ApoE mice and at sites of collar-induced atherosclerosis
indicate potentially broader applications for Serp-2 in treatment of vascular
disease.
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