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hpoptotic cell, situated between bile duct and venule, TUNEL stain: 240x magnification.
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Abstract

Apoptosis is involved in aspects of viral infection from the anti-viral response to virus
replication and pathogenesis. This thesis examines the effect of a single antiapoptotic
factor on apoplosis and pathogenesis in a natural virus infection of mice. The p28 gene
of ectromelia virus (EV) 15 required for virus replication in A strain but not Bé6 mice. A
p28 mutant EV (EVAp2E) has reduced growth in A strain macrophages, leading to the
hypothesis that p28 is a strain specific replication factor. Recently, it has also been
discovered that p28 also enables EV to prevent apoptosis induced through CD40 or the
p75 TWF receptor in some cell lines. Thus the hypotheses that p28 enhances virulence
as a strain specific replication factor, and that p28 is an inhibitor of apoptosis in vivo,
were investigated. The effect of p28 on EV virulence and pathogenesis was found to
form a spectrum, ranging from necessity for vinulence in EV-susceptible mouse strains
to no effect on virulence in EV-resistant strains, Unexpectedly, this was independent of
both the presence of macrophages and levels of apoptosis during the critical period of
infection (d3-9 p.i.). However, expression of p28 was associated with reduced levels of
apoptosis in response to EV infection specifically in B6 mice from d3-d9 p.i.
Interestingly, the effect of p28 on apoptosis in B6é mice was readily detectable by only
3d poa., yet was dependent on the presence of CD8+ T cells corresponding with data in
other mouse strains suggesting interactions between p28 and celiular antiviral
responses.  These data suggested that the role of p28 duning in vive infection was not
directly attributable to a role as a strain-specific replication factor, or preventing

apoptosis during d3-9 p.i.

A role for apoptosis early in infection in the priming of the immune response has been
suggested by a nomber of authors. Based on the apoptotic profile in B6 mice, it was
hypothesised that p28 may increase EV vinulence through preventing 3poptosis prior to
d3 pi. It was discoversd that the apoptotie response to acute EV infection consists of
two distinet, differentially regulated phases. In addition to the response from d3-9 pi.,
an additional increase in apoptosis was observed in the livers and ovanes of infected
mice within 6h of infection, despite the fact that virus was not yet detectable in these
nrgans. The response was TNF-dependent and only cccurred in mice infected with

EVAp2E, suggesting that it may be blocked by p28. Apoptosis was dependent on the






Chapter 1

General Introduction















Figure 1.2 Pathways to apoptosis

Apoptosis initiated by a diverse range of stimuli converge on common pathways:
caspase activation, mitochondrial events, and nuclear events. The cytotoxic T cell
response can cause lytic death through insertion of perforin as shown. It may have
additional roles in disruption of cytoplasmic calcium levels, and regulation of granzyme

function (see text for details).
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Table 1.1 Mechanisms of viral inhibition of apoptosis

Pathway Mechanism Gene 1 Virus Reference
Cell-mediated cytotoxicity ‘ , .-
! Recognition of infected | Blocking MHC EI9 Adenovirus (Andersson et al., 1985)
cells: The MHC transport through US3 HCMV (Jones et al., 1996)
Golgi ml152 MCMV (Ziegler et al., 1997)
Blocking TAP ICP47 HSV (Hill et al., 1995)
function | US6 HCMV (Ahn et al., 1997)
Recognition of infected | MHC class I mimics ULI8 ‘ HCMV (Reyburn ez al., 1997)
cells by NK cells ml44 MCMV (Kubota et al., 1999)
Granule-mediated Pseudosubstrate of CrmA Cowpox (Quan ez al., 1995)
apoptosis granzyme B
Receptor-mediated cytotoxicity
‘ TNF-mediated TNF receptor CrmB, C | Cowpox (Alcami et al., 1999)
apoptosis homologues Cm D EV (Alcami et al., 1999)
12 Myxomavirus | (Macen ef al., 1996)
cIAP homologues p35 Baculovirus (Clem and Miller, 1993)
A224L ASFV (Chacon et al., 1995)
| Blocking of caspase 8 | E8 EHV-2 (Wang et al., 1997a)
binding through DED | K13 HHV-8 (Wang et al., 1997a)
BORFE2 | BHV-4 (Wang ef al., 1997a)
MC160L | Molluscum (Hu et al., 1997) (Bertin
contagiosum et al., 1997)
Cell-Cycle Progression and Apoptosis
| The p53 pathway Inhibition of p53 T antigen i SV40 McCarthy et al. (1994)
transcriptional
activity
P53 degradation E6 HPV-16, -18 (Scheffner er al., 1990)
(Wemess et al., 1990) |
Bel-2 family members Bel-2 homologue E1B-19K | Adenovirus (Rao et al., 1992) ‘
|
Al79L ASFV (Brun ef al., 1996) ‘




























Figure 1.3 Pathways of TNF receptor superfamily signalling

Adapted from ( Darnay ez al., 1997) and (Wallach, 1999).
























Figure 1.4 Progression of mousepox

A. Spread of virus during the acute phase of infection after cutaneous or subcutaneous
inoculation with ectromelia virus, analogous to natural infection. The positions of

early external lesions appearing around d10 to d11 p.i. are marked as shaded areas.

B. Kinetics of the cellular response to ectromelia virus infection.

C. Detection of virus at the site of infection (footpad), in the blood and in a target of

infection (spleen) during ectromelia virus infection.

Fig. 1A and 1C adapted from Fenner et al. 1949. Fig. 1B adapted from Gardner et al.

(1974), and G. Karupiah (pers. comm.).
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Fig.1.5 The p28 protein.

A. The sequence of the EV protein p28, (Senkevich et al., 1994 ; D. Smith,

unpublished data).

B. The predicted topology of the zinc RING finger, comprising 8 cysteine/histidine
residues binding 2 Zn> ions. The RING is likely to be a scaffolding motif; to enable

effective folding of the active domains of the protein .
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Chapter 2

Materials and Methods
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Maserials and Methods 37

2.1 CellCulture

BS-C-1 cells (African green monkey kidney: ATCC CCL-26) were cultured in MEM
supplemented with 5% FCS, 10mM HEPES pH7.4, 2mM L-glutamine, 10ug/ml
penicillin and 10pg/ml streptomycin (MEMS). Primary chick epithelial cells were
prepared from 13 day old chicken embryos by Allison Condie and cultured in MEM
containing 10% FCS and otherwise supplemented as above. WEHI 164 cells (ATCC
CRL-1751) were cultured in DMEM supplemented with 10% FCS, (DMEM10) and

otherwise supplemented as above (MEMS5).
2.22 Viruses

The p28 disruption mutant EV (EVAp28) was created by Tania Senkevich and is a gpt
disruption mutant of ectromelia virus (EV), derived from the replacement of the RING
finger of p28 with the bacterial enzyme, xanthine-guanine phosphoribosyltransferase
(gpt) (Senkevich et al., 1994). The p28 mutant virus used is functionally
indistinguishable from two independently derived p28 mutant viruses and can be
reverted to wt phenotype by re-introducing the original segment of p28 (Senkevich ez

al., 1994).

Stocks of Moscow strain EV and the Moscow strain-derived EVAp28 were prepared as
crude lysates of infected primary chick epithelial cells or BS-C-1 African green monkey
kidney cells. The presence of gpt in EVAp28 allowed periodic testing of virus stock
purity by growth in gpt selection medium (MEMS + 25 pg/ml mycophenolic acid, 250
mg/ml xanthine and 15mg/ml hypoxanthine) (Falkner and Moss, 1988). At the same
time as harvest of virus stocks, crude lysates of identical uninfected cells were prepared, :
aliquoted and stored for use in mock-infection (Section 2.5). All viruses and control

lysates were stored in small aliquots at =70°C until use.
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Table 2.1 Primers for genotyping of cytokine deficient mouse strains

Target Primer Sequence Annealing Ref
Temperature
CD40 CD40UpG 5-GGCAGT AAGACGATGTGACAA CAGA-Y 64C A
CD40 CD40Holo S-GAGATGAGA AGGAAGAATGGGAAA ACE 64C A
CD40 (inserted CD40low2T S TATTGG CTGCAGGGT CGCTOGGTGTT-3 64C A
nep cassette)
p55 peO-B 5-GGATIGTCACGGTGCCGTTGA AG3 64C B
p55 PoO-E 5-TGA CAA GGACACGGT GIGTGGC3 64C B
pS5 pilkspe S TGCTGA TGGGGATACATCCATC3’ 64C B
PSYPTS (inserted peks™-66 S-CCGGTGGATGIG GAA TGT GTG-3’ 64°C B
Neo cassette)
p75 P8+ 5-AACGGGCCAGACCICGGGT-3’ 64C B
p75 p30-Kas 5-AGA GCT OCA GGC ACA AGGGG3’ 64C B
IFNR [FNR sense 5-GATCCTACATACGAA ACATACGGT -3’ 60°C @
[FNR IFNYR antisense S-GICATCATGGAA AGG AGGGAT ACAG-3 60C C
IFNR (inserted Neo 5-CCTGOGTGCAATCCATCTTG-3’ 60°C (€
1160 Cassetfe)
A: (Peschon er al., 1998) B: (Kawabe et al., 1994) C: (Huang et al., 1993)
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Chapter 3.

Ectromelia Virus Differentially Affects the Host
Apoptotic Response Dependent on Host Strain

and the Virulence Factor p28




























































contrast, B6.2m-/- mice responded to both EV and EVAp28 with low levels of apoptosis
at 3d p.i. which increased during the course of the infection. The magnitude of the
difference in apoptosis levels between EV and EVAp28-infected mice was strikingly
decreased in B6.f2m-/- mice compared to B6, although it remained significant at d6 p.i.
(P<0.05) and became significant at d9 p.i. (P<0.01; Fig. 3.6). This reflected the similarity
of the kinetics of apoptosis in B6.32m-/- mice to those observed in Swiss nude mice (Fig.

3.2) rather than the parent B6 strain (Figs. 3.2 and 3.6).

A qualitative examination of apoptosis in B6 and B6.p2m-/- mice showed that the
differences in levels of apoptosis detected were mirrored by differences in the pathogenesis
of EV and EVAp28. As previously, B6 mice displayed predominantly scattered apoptosis
in response to both EV and EVAp28 (Fig. 3.7B), with some apoptosis associated with foci
of leukocytes, as illustrated in Fig. 4.2F. This was consistent from d3-9 p.i., and
qualitatively indistinguishable between EV and EVAp28 infections. Inflammation of the
livers as indicated by increased numbers of leukocytes, increased inflammatory foci and
some distension of sinusoids was also indistinguishable between the two virus infections
(see Fig. 42E, F). B6.p2m-/- mice displayed very different patterns of apoptosis,
associated with differences in hepatic necrosis and leukocyte infiltration. Like B6 mice,
B6.02m-/- mice had a significant infiltration of inflammatory cells evident from d3 p.i.
which appeared to form foci throughout the hepatic tissue. However, this was associated
with extensive necrosis not observed in B6 mice (Fig. 3.7C). Apoptosis in B6.2m-/- mice
was similarly strongly associated with necrosis, in contrast to the scattered apoptotic cells

of B6 mice.

Hence the difference in levels of apoptosis between EV and EVAp28 infection in B6 mice

was dependent on a functional CD8+ T cell response.















Y An28 i susceptible sind resistant mice S

puzzling, as virus replication and leukocyte infiltration into the liver (including NK cells)
was low at this stage. The effect of p28 on the apoptotic response to EV infection prior to

d3 p.i. was thus examined more closely in B6 mice.






Table 3.1 Mortality in response to infection with EV or EVAp28
Mouse Intection Mice per
EV* EVAp28*
Strain group
Mortality (%) MTD (days); Mortality (%)  MTD (days)
A/] 100 9.0+ 0.0 0 - 6
Balb/c 100 8.6 +0.5 0 - 5
Swiss Nude 100 T 2= = (0 100 9.0+=0.7 5
B6 (0] - 0 = 5
129 0 - 0 < 5
B6/129 0 - 0 - 5

*#Sex-matched 8-12 week old mice of each genotype were infected with Sx 10* pfu of either
EV or EVAp28 in the right hind footpad and observed for 25 days at 24h intervals for signs

of morbidity and mortality.

IMTD, mean time to death + SD. MTD analysed for statistically significant differences
with the Student’s t-test. MTD found to be significantly different between EV and EVAp28

infected Swiss nude mice (P<0.05).

a. 2 ot 5 EV infected Balb/c sacrificed at 8d p.i. for humane reasons.



Table 3.2 Indicators of morbidity in EV infection of various mouse strains

Mouse strain and infection®

Symptom A/l Balb/c Swiss nude 129 B6/129 B6
BN EVAp28 EV* EVAp28 EV* EVAp28 EV EVAp28 BN EVAp28 EV EVAp28
Weight loss” - - - 57 o i = 3 ] = 2 x
Facial lesions® - = 4k + - - - - 1 2 s -
Intestinal lesions* - s ++ b ++++ A+ = = = g 5 =
Hepatic lesions® el - Ee=ts +/- et -+ = = i 2 +/- +/-
Splenic lesions' S S -+ + et e = . - : S i
LN destruction® - - = = = : . - & 3 - L
Hepatomegaly" - o + + - + - - + + + +
Splenomegaly' + ++ 4+ +ie + ++ 4 + e bt -+ B s
Footpad swelling! - 3k +/- - = - e s eCEr 1 SR o







Table 3.3 Effects of CI2MDP treatment on resistance of mice to infection with EV
and EVAp28.

Infection *

Mouse strain EV EVAp28 Mice per
and Treatment | Mortality MTD Mortality MTD group
(%) (days)t (%) (days)
AlJ |
+ PBS 100 9.8 +0.8 0 = 5
+ liposomes 100 8.8 +0.8 80 15.0'+ 5.0 5
B6
+EBS 0 = 0 = 5
+ Liposomes 100 8.0 £0.0 100 8.0+ 0.0 5

“Female mice of each strain were treated with 150ul CI2MDP liposomes i.v. and
50ul liposomes s.c. into the right hand hind footpad. 48h later they were infected
with 5x 107 pfu of either EV or EVAp28 in the same footpad and observed for 25

days at 24h intervals for signs of morbidity and mortality.

IMTD, mean time to death = SD. MTD was not statistically different between EV-
infected A/] mice treated with PBS or liposomes (P=0.10), liposome-treated A/J
mice infected with EV or EVAp28 (P=0.09), or liposome treated B6 mice infected

with EV or EVAp28 using the Student’s t-test.






a:

Levels of necrosis were semi-quantitated by counting necrotic foci in at least 10 fields of view per section from 2 sections per sample. Size of each
necrosis was measured using a micrometer, and the total area per field of view was calculated. All samples were assessed blind. Data represents um”
necrotic tissue per field of view = SD

Levels of inflammatory cell foci were semi-quantitated by observing foci in at least 10 fields of view per section from 2 sections per sample. The number
of cells per focus and the total number of foci per field of view were counted. Cells per focus x number of foci were calculated to give the number of

cells within foci in each field of view. All samples were assessed blind. Data represent cells within foci per field of view = SD

Inflammatory cell infiltration was estimated by comparing the ratio of lymphocytes to hepatocytes present in at least 10 fields of view per section from 2

sections per sample. Lymphocytes present within foci were excluded from the ratio. All samples were assessed blind.

T = not assessed due to death of mice.









Figure 3.1 EV and EVAp28 replication in the acute phase of infection

Groups of 5 female mice of each strain were infected with 5 x 10’ pfu EV or EVAp28 in
the right hind footpad and sacrificed at the times indicated. Liver, spleen and the
popliteal lymph node draining the infected footpad (DLN) were titrated as described in
Karupiah et al. (1993). Titres and levels of apoptosis were analysed for statistical
significance with the Student’s t-test (*P<0.05, **P<0.01). Data is representative of two
experiments. Limit of detection for titration: 10" pfu/g. Titres and apoptotic counts are
not available for EV-infected Swiss nude and A/J mice at 9d p.i. due to death of the mice

(see Table 3.1). Data represents virus titre = SD.

na; not applicable. DLN were often destroyed during the process of infection and so

could not be titrated in B6 mice. or in 129 mice infected with EV at d9 p.i..

nd: not determined.
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Figure 3.2 Apoptosis in response to EV and EVAp28 infection

Groups of 5 female mice of each strain were infected with 5 x 10° pfu EV or EVAp28 in
the right hind footpad and sacrificed at the times indicated. Liver samples were fixed in
10% NBF for sectioning and staining for apoptotic cells using the TUNEL method
(Section 2.10: A). Hepatic virus titres from figure 3.1 are also shown for comparison
with apoptosis (B). Virus titres and levels of apoptosis were analysed for statistical
significance with the Student’s t-test (¥*P<0.03, **P<0.01). Data is representative of two
experiments for A/J, B6, Swiss nude and B6/129 mice, and one experiment for 129
mice. Limit of detection for titration: 10"” pfu/g. Data are not available for Swiss nude
and A/J mice at 9d p.1. with EV due to death of the mice (see table 3.1).

Error bars represent SD of collated data.






Figure 3.3 Hepatic morphology of Swiss nude mice infected with EV or

EVAp28

Livers were harvested 6d p.i. from 5 female mice mock-infected, or infected with 5 x 10
pfu EV or EVAp28 as previously. Formalin-fixed sections were stained with the H&E
as per materials and methods. Representative sections are shown. Mock-infected mice
displayed healthy liver morphology (A). Mice infected for 6d with EV showed necrotic
changes and severe vacuolisation of cells throughout the tissue (black arrows; compare
to portal inflammation in A/J and B6 mice, Figs. 3.4, 3.5). However, inflammatory
changes were minimal (B). [n EVAp28 infected mice, necrosis also occurred throughout
the tissue (C). No inflammatory infiltrates were seen in either EV or EVAp28-infected
Swiss nude mice, although ballooning necrosis was prominent (white arrows).

Magnification: 20x.
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Figure 3.4 Hepatic morphology of A/J mice infected with EV or EVAp28

Livers were harvested 6d p.i. from 5 female mice mock-infected, or infected with 5 x 10>
pfu EV or EVAp28 as previously. Formalin-fixed sections were stained with the H&E
as per materials and methods. Representative sections are shown. Mock-infected mice
displayed healthy liver morphology (A). Mice infected for 6d with EV showed
predominantly periportal necrosis, associated with minimal inflammatory changes (B).
Necrotic cells resembled those seen in Swiss Nude mice infected with EVAp28 (white
arrows; see also Fig. 3.3). In EVAp28 infected A/J mice, hepatic changes were obvious
despite the extremely low levels of virus present (C). In particular, foci of inflammatory

cells could be seen. These were predominantly near venules. Magnification: 20x.
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Figure 3.5 Hepatic morphology of B6 mice infected with EV or EVAp28

Livers were harvested 6d p.i. from S female mice mock-infected, or infected with 5 x 10
pfu EV or EVAp28 as previously. Formalin-fixed sections were stained with the H&E
as per materials and methods. Representative sections are shown. Mock-infected mice
displayed healthy liver morphology (A). Mice infected for 6d with EV showed
inflammatory changes including distended sinusoids and an increase in the number of
inflammatory cells (B). Pathology was very similar in EVAp28 infected mice.

Inflammatory infiltrates highlighted by black arrows (B, C). Magnification: 20x (A, B):

40x (C).
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Figure 3.6 Virus growth and apoptosis in B6 and B6.2m-/- mice

Groups of 5 female mice of each strain were infected with 5 x 103 pfu EV or
EVAp28 in the right hind footpad and sacrificed at the times indicated.
Samples of liver were harvested for virus titration as described by Karupiah
et al. (1993) or snap-frozen in liquid nitrogen for cryosectioning and TUNEL
staining as described in Sections 2.5 and 2.10 . Virus titres and levels of
apoptosis were analysed for statistical significance using the Student's t-test
(*P<0.05, **P<0.01). The limit of detection for virus titration was S0 pfu/g

(10" pfu/g), as indicated by the dashed line. Error bars represent SD.
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Chapter 4

A Novel Apoptotic Response to EV Infection
is Suppressed By Expression of p28 In Vivo









s asecond phase of apoptosis R

consistent effect on apoptotic profiles was observed from d3 to d9 p.i. Given the
potential importance of early events in the oucome of infection, it was possible that p28
and/or apoptosis played an important role in EV infection prior to the timepoints

chosen.

Thus, in this chapter apoptosis in EV infection and the effects of p28 are examined prior

to d3 p.i.
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at 24h p.i. Further, changes in cytokine mRNA levels in non-draining [ymph nodes and
spleens of infected animals were found within 24h p.i. This supports the concept of a
systemic response during the very early stages of viral infection, potentially triggered by

events at the site of infection.

The early phase of apoptosis did not appear to depend on CD40. Two lines of evidence
indicated that the apoptotic response was instead critically dependent on TNF. Firstly,
neutralisation of TNF using specific mAb significantly reduced levels of apoptosis 6h
after infection. Secondly, no early apoptotic response to infection with EVAp28 was
observed in mice lacking the p55 TNF receptor, with or without the presence of p75. A
rapid, short-lived increase in TNF levels has been noted during a similar timeframe in
other viral infections (Grieder et al., 1997; Lieber er al., 1997) although these studies
have not examined apoptosis. Hence, the hypothesis that the peracute apoptotic
response to EVAp28 infection is mediated by a transient increase in TNF levels is
supported directly by the data in this chapter and indirectly by work in similar models of
infection apoptosis noted in EV infection (Grieder et al., 1997; Lieber et al., 1997).
While the reason for the transience of the response has not been investigated in this
study. it is possible that the downregulation of TNF may occur rapidly at a
transcriptional level as has been found in vitro (Sinha ez al., 1998). It is also known that
release of cellular and poxviral soluble TNFRs is capable of blocking TNF activity
(Loparev ef al., 1998), suggesting further potential mechanisms for downregulation of

the response.

In vitro studies in our laboratory suggest a mechanism by which EV might be blocking
the early phase of apoptosis. At the initiation of these studies it was known only that
p28 was required for EV to block in vitro cell death stimulated by CD40 or p75. It is
now known that one pathway by which these two receptors cause apoptosis is the
upregulation of TNF mRNA. The TNF produced can cause autocrine or juxtacrine
stimulation of the p55 TNF receptor, resulting in cell death (Grell ef al, 1999). A

recent study by Steve Turner and Janet Ruby has shown that prevention of p75 or












mouse model, the onset of experimental autoimmune encephalomyelitis was delayed in
TNF-deficient mice. The delay correlated with defective migration of inflammatory
leukocytes into the central nervous system parenchyma (Korner ez al., 1997). Hence, a
transient increase in TNF may prime the immune response, resulting in a more effective

antiviral response and more efficient virus clearance.

Thus these studies had found that TNF was required for a transient apoptotic response
that could be blocked by the presence of p28. This led to a further question: did p28
manipulate TNF-mediated apoptosis — or other TNF mediated events — later in

infection?
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4.4 Tables and Figures
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Figure 4.2 Hepatic morphology differs between the early and later phases

of apoptosis. (D - F)

Groups of 5 female B6 mice infected with 5 x 10° pfu EV or EVAp28 in the footpad or
inoculated with diluted tissue culture lysate. [Livers were then harvested at 6d p.i..
Formalin-fixed liver sections were stained with the TUNEL procedure. Representative
sections are shown. At 6d p.i., no observable changes were present in livers of mock-
infected mice (D). Apoptosis 6d p.i. with EV or EVAp28 was associated with
inflammatory changes such as distension of sinusoids (E, F), and areas of hepatic
damage (F) Apoptotic cells indicated by white arrows. Magnification: x 40. Samples

shown were collected from mice also indicated in Fig. 4.1.
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Figure 4.4 The early phase of apoptosis is present in CD40-/- mice
Groups of 5 female 10-14 week old B6/129 or CD40-/- mice on a B6/129 back-
ground were infected with 5 x 103 pfu EV ox EVAp28 in the right hind footpad
and sacrificed at the times indicated. Additionally, S control mice of each geno-
type were mock-infected with tissue culture lysate and sacrificed at 6h p.i. to
control for stress and the presence of tissue culture material in the innoculum.
Liver sections were stained for apoptotic cells using the TUNEL procedure
described in Section 2.10, and data analysed for statistical significance using
Student’s t-test (*P<0.05, **P<0.01). Data represent mean TUNEL-positive
cell numbers + SD. Mock-infection led to negligible apoptosis. The number of
TUNEL-positive cells was found to be significantly higher in EVAp28 infected
mice at 6h p.i. in both the wt B6/129 and CD40-/- mice (£<0.01).
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Figure 4.7 Apoptosis occurs during follicular development in the ovaries

Apoptosis occurs in both infected and uninfected ovaries during the normal development
of follicles (A B; white arrows). Shown are three follicles from the ovary of an
uninfected mouse. During development of the follicle, granulosa cells initially
proliferate to form a thick layer of cells around the ovum (see also Fig. 4.8B and D).
This is followed by the formation of the thecal layer around the developing follicle, and
the apoptosis of granulosa cells to form the antrum (shown in A, B). More advanced
antrum formation can be seen in the secondary follicles in Fig. 4.8F, which also display
a well developed thecal layer. Apoptosis is not seen in the theca surrounding the follicles

or in stromal cells.

Ovary shown was harvested from a healthy 12 week old B6/129 mouse, fixed in 10%

NBF and TUNEL stained as per materials and methods. Magnification 40x.






Figure 4.8 (A-C) The early phase of apoptosis occurs in the ovaries and is

distinct from the later phase of apoptosis

Ovaries were harvested from groups of 5 female mice infected with 5 x 10° pfu EV or
EVAp28 in the footpad and sacrificed at 6h or 6d p.i. (see also Table 4.1). Formalin-
fixed sections were stained with the TUNEL procedure as per materials and methods.
Representative sections from p75-/- mice are shown. Apoptosis occurs in both infected
and uninfected ovaries during normal development of follicles (A). An increase in
apoptosis was seen in the stroma of EV infected mice 6h p.i. (B), but this was
significantly less than the apoptotic response noted in mice infected with EVAp28 for 6h

p-1. (C). Magnification: 40x






Figure 4.8 (D-F) The early phase of apoptosis occurs in the ovaries and is

distinct from the later phase of apoptosis

Ovaries were harvested from groups of 5 female mice infected with 5 x 10° pfu EV or
EVApP28 in the footpad and sacrificed at 6h or 6d p.i. (see also Table 4.1). Formalin-
lixed sections were stained with the TUNEL procedure as per materials and methods.
Representative sections from p75-/- mice are shown. Apoptosis occurs in both infected
and uninfected ovaries during normal development of follicles (D). This was increased
in the stroma of mice infected with either EV (E) or EVAp28 (F) 6d p.i. Apoptosis
occurred in all sections of the stroma examined, including thecal layers (F).

Magnification: D. F: 40x; E 16x
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Chapter 5

p28 Contributes to EV Virulence Through Both
Cyvtokine-Dependent and Cytokine-Independent
Mechanisms
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5.4 Tables and Figures









Levels of necrosis were semi-quantitated by counting necrotic foci in at least 10 fields of view per section from 2 sections per sample. The
size of each necrosis was measured using a micrometer, and the total area of necrosis per field of view calculated. All samples were assessed

blind. Data represents um’ necrotic tissue per field of view + SD

Levels of inflammatory cell foci were semi-quantitated by observing foci in at least 10 fields of view per section from 2 sections per sample.
The number of cells per focus and the total number of foci per field of view were counted. Cells per focus x number of foci were calculated

to give the number of cells within foci in each field of view. All samples were assessed blind. Data represent cells within foci per field of

view = SD

Inflammatory cell infiltration was estimated by comparing the ratio of lymphocytes to hepatocytes present in at least 10 fields of view per

section from 2 sections per sample. Lymphocytes present within foci were excluded from the ratio. All samples were assessed blind.






Table 5.4 Effects of CD40 mutation on resistance of B6/129 and Balb/c mice to
infection with EV and EVAp28.

Infection
Mouse Strain EV EVAp28 Mice
per

Mortality (%) MTD (days) Mortality (%) MTD (days) | group
B6/129 0 - 0 5
CD40-/- 66 89 =13 0 6
Balb/c 100 8.6+0.5 0 - S
Balb/c.CD40-/- 100 8.0=0.0 20 21.0+0.0 S

*8-12 week old sex-matched mice of each genotype were infected with 5x 10°pfu of
either EV or EVAp28 in the right hind footpad and observed for 25 days at 24h

intervals for signs of morbidity and mortality.
IMTD, mean time to death = SD.

MTD between EV infected CD40-/-, Balb/c and Balb/c.CD40-/- mice not significantly
different as tested by Student’s t-test. MTD of Balb/c.CD40-/- infected with EVAp28
not compared to EV-infected mice statistically, as only one mouse was lethally infected

with EVAp28.



Table 5.5 Effects of [ENYR or IL.-6 mutation on resistance of mice to infection with EV

and EVAp28.
Infection*
Mouse Strain 1Y EVAp28 Mice
Mortality (%)  MTD i (days) | Mortality (%)  MTD % (days) glI‘)Oelllp
129 0 = 0 - 5
129. IL6-/- 50 14.0+2.0 0 - 6
129.JFENyR-/- 100 11.4%1.1 0 - 7

#8-12 week old sex-matched mice of each genotype were infected with Sx 10° pfu of

either EV or EVAp28 in the right hind footpad and observed for 25 days at 24h

intervals for signs of morbidity and mortality.

iMTD, mean time to death + SD.



















Figure 5.5 Normal hepatic morphology in TNF receptor deficient mice

S female mice of each genotype between 10 and 16 weeks old were mock-infected with
tissue culture lysate and livers harvested 6d p.i.. Formalin-fixed sections were stained
with H&E as per materials and methods. Representative sections are shown from
B6/129 (A). p75-/- (B) and p55-/-p75-/- mice (C) mice. In each case, mock-infection

did not lead to observable pathology. Magnification: 20x.
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Figure 5.6 Necrotic foci in EV-infected TNF receptor deficient mice

5 10-16 week old female mice of each genotype were infected with EV as previously
and livers harvested 9d p.i.. Formalin-fixed sections were stained with H&E as per
materials and methods. Representative sections are shown. B6/129 (A, B) and p55-/-
p75-/- mice (E, F) displayed necrosis associated with foci of inflammatory cells.
However, infection of p75-/- mice with EV led to the presence of necroses associated
with little or no inflammatory infiltrate (C, D). Apoptosis was evident in the vicinity of
necroses from all three mouse strains, but appeared more prevalent in those seen in EV-

infected p75-/- mice (B, D, F). Magnification: A, C, E : 20x, B, D, F : 64x.






Figure 5.7 Necrotic foci in EVAp28-infected TNF receptor deficient mice

5 10-16 week old female mice of each genotype were infected with EVAp28 as
previously and livers harvested 9d p.i.. Formalin-fixed sections were stained with
H&E as per materials and methods. Representative sections are shown. B6/129 (A,
B) p75-/- (C.D) and p55-/-p75-/- mice (E, F) displayed necrosis associated with foci

of inflammatory cells. Magnification: A, C, E : 20x, B, D, F : 64x.
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Figure 5.8 Hepatic apoptosis in EV or EVAp28-infected TNF receptor
deficient mice

8-10 week old female mice of each genotype were infected with 5x 103 pfu of either
EV or EVAp28 in the footpad and livers harvested at indicated time-points as
described in Section 2.5. Sections were stained for apoptotic cells using the TUNEL
procedure. Data indicates mean number of TUNEIL-positive cells + SD for 5 to 7

individual mice. Levels of apoptosis were significantly increased in p55-/~-p75-/-

[=test.



Figure 5.9 The apoptotic response of B6/129 mice to infection with EV or
EVAp28

Livers were harvested 6d p.i. from 5 10-16 week old female mice mock-infected, or
infected with 5 x 10° pfu EV or EVAp28 as previously. Formalin-fixed sections were
stained with the TUNEL procedure as per materials and methods. Representative
sections are shown. Apoptotic cells were evident as strongly FITC-positive cells with
apoptotic morphology (white arrow). Mock-infected B6/129 mice displayed low to
undetectable levels of hepatic apoptosis (A). Apoptosis became more evident during the
infection and by d6 p.i.. could be detected as individual apoptotic cells and apoptotic
cells in contact with inflammatory infiltrates. This occurred equally in both EV (B) and

EVAp28-infected mice (C). Magnification: (A, B) 40x, (C) 60x.






Figure 5.10 The apoptotic response of p75-/- mice to infection with EV or
EVAp28

Livers were harvested 6d p.i. from 5 10-16 week old female mice mock-infected, or
infected with 5 x 10° pfu EV or EVAp28 as previously. Formalin-fixed sections were
stained with the TUNEI. procedure. Representative sections are shown. Mock-infected
p75-/- mice suffered negligible levels of apoptosis (A). This increased in EVAp28-
infected mice, in the form of scattered apoptotic cells (C) or small clusters of apoptosis.
Apoptosis was marginally higher in EV-infected mice (B), in which necroses associated

with significant apoptosis appeared more prevalent. Magnification: 60x.






Figure 5.11 The apoptotic response of p55-/-p75-/- mice to infection with
EV or EVAp28

Livers were harvested 6d p.i. from 5 female mice of each genotype mock-infected, or
infected with 5 x 10° pfu EV or EVAp28 as previously. Formalin-fixed sections were
stained with the TUNEL procedure as described in Section 2.10. Representative sections
are shown. While mock-infected p55-/-p75-/- mice had low levels of hepatic apoptosis
(A). apoptosis was highly increased in EV infection, mainly as single apoptosing cells
(B). This was also increased in EVAp28 infected mice (C) although to a much lower
level See also Fig. 4.8. High counts of apoptosis in EV-infected-p55-/-p75-/- mice are
likely to be due in part to the presence of apoptotic dust in these livers (white arrow)

Magnification: A, 40; B, C, 60x.






Figure 5.12 Morbidity of CD40 deficient mice in response to infection with

EV or EVAp28

Groups of 5 female 8-10 week old CD40-/- mice on a B6/129 (A, B) or Balb/c (C, D)
hackground were infected with 5 x 10° pfu EV or EVAp28 as previously, and morbidity

examined at 24h intervals for up to 25d p.i.

(A, C) Swelling at the site of infection was assessed visually and scored according to
the following scale: O — healthy footpad, 1- slight swelling of footpad, 2- bones of foot
obscured by swelling, 3- feet approximately 3mm in diameter, restricted to foot below
hock, 4- extremely swollen, restricted to foot below hock, 5- extremely swollen

including hock.

(B. D) Clinical score based on presence of facial lesions, lethargy, and coat ruffling.
Lesions scored | to 3 (L-lesions just detectable, 3- confluent lesions across face and
muzzle), and added to lethargy (0-not present, 0.5-present) and coat ruffling (0-not

present. 0.5- present).
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Discussion
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