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1 | INTRODUCTION

Abstract

Peste des petits ruminants (PPR) is a severe disease of goats and sheep that is wide-
spread in Africa, the Middle East and Asia. The disease is caused by peste des petits
ruminants virus (PPRV); cell culture-attenuated strains of PPRV have been shown,
both experimentally and by extensive use in the field, to be effective vaccines and
are widely used. We have previously demonstrated that these vaccines elicit both
serological (PPRV-specific antibody) and cell-based (PPRV-specific CD4* and CD8*
T cells) immune responses. However, it is not known which of these responses are
required for protection from PPRYV, information that would be useful in the evalua-
tion of new vaccines that are being developed to provide the capability to differenti-
ate infected and vaccinated animals (DIVA capability). To begin to address this issue,
we have used a complement-fixing monoclonal antibody recognizing caprine CD8 to
deplete >99.9% of circulating CD8" T cells from vaccinated goats. Animals were then
infected with wild-type PPRV. Despite the absence of the CD8" T-cell component
of the vaccine-induced immune response, the vaccinated animals were almost fully
protected, showing no pyrexia or viraemia, and almost no clinical signs. These data
suggest that a virus-specific CD8" T-cell response is not critical for protection against
PPRV and that virus-specific antibody and/or CD4" T cells are the main mediators of
protection. We have also shown that the leucopenia caused by infection with wild-

type PPRYV affects all major classes of circulating leucocytes.
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historically a much feared pathogen of cattle and buffalo, although
the disease is now eradicated in nature (FAO & OIE, 2011), the sec-

The members of the genus Morbillivirus, family Paramyxoviridae, are
aclosely related group of viruses that cause disease in distinct groups
of mammals. Measles virus (MeV) is the type virus of the genus
and causes disease in humans, while rinderpest virus (RPV) was
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ond viral disease to be eradicated. The genus also includes canine
distemper virus (CDV), a common pathogen of domestic and wild
dogs which has also been found in mustelids such as mink and in the
freshwater seals of Lake Baikal, and peste des petits ruminants virus
(PPRV) (species name Small ruminant morbillivirus) which causes a
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severe disease (PPR) in small ruminants, particularly sheep and goats
but also several species of wild antelope (Baron et al., 2016), includ-
ing the endangered Siberian saiga (Aguilar et al., 2018). Attenuated
forms of several morbilliviruses have been derived by serial passage
in cell culture and/or eggs (e.g. the Plowright strain of RPV [Plowright
& Ferris, 1962], the Edmonston strain of MeV [Enders et al., 1960]
and the Nigeria/75 strain of PPRV [Diallo et al., 1989]), and these
attenuated viruses have proven to be safe and effective vaccines
which have allowed the eradication of rinderpest (FAO & OIE, 2011)
and a major worldwide reduction in cases of measles (Moss, 2017).
PPR is now the target of a global control and eradication programme
co-ordinated by the Food and Agriculture Organisation of the United
Nations (FAO) and the World Organisation for Animal Health (OIE)
(FAO & OIE, 2015).

While experience has shown that these vaccines have broad spec-
trum efficacy, the exact nature of the protective immune response is
not known. We have previously shown that vaccination with either
of two live attenuated PPRV vaccines, those derived from PPRV/
Nigeria/75/1 (N75) and PPRV/India/Sungri/96 (S96), elicited both
PPRV-specific antibody and CD8" T-cell responses, while S96 also
elicited a significant PPRV-specific CD4" T-cell response (Hodgson
et al., 2018). The protection from challenge provided by the vaccines
may be due to any or all of these immune responses. Determination
of these immune correlates of protection is important in the case of
the PPR control programme as the current vaccines do not allow the
differentiation of previously infected animals from those that have
been vaccinated, the so-called DIVA (Differentiation of Infected and
Vaccinated Animals) capability. This capability will be in demand during
the closing stages of the PPR eradication campaign, and after eradi-
cation, when use of live PPRV vaccines is likely to be banned (Baron
etal.,, 2017). Work is therefore ongoing in several laboratories to create
a new anti-PPRV vaccine that can function as a DIVA vaccine (Caufour
et al., 2014; Diallo et al., 2002; Fakri et al., 2018; Herbert et al., 2014;
Qin et al., 2012; Rojas et al., 2014; Wang et al., 2013), and the require-
ment to test new vaccines by exposing animals to wild-type PPRYV, a
procedure requiring high containment facilities in most countries,
could be minimized if it was possible to demonstrate that the new vac-
cine elicited an immune response known to be protective.

For studies in mice or other in-bred animals, information on the
relative contribution to protection made by antibodies, CD4" T cells
and CD8" T cells has been obtained by passive/adoptive transfer of
specific components from vaccinated animals to naive. In the case of
outbred animals such as goats, sheep and cattle, adoptive transfer
of immune cells is not possible, or at the very least problematic, due
to the immune response of the recipient animals to alloantigens on
cells from the (genetically distinct) donors. An alternative approach
has been to use the infusion of complement-fixing monoclonal an-
tibodies (mAbs) to cause the lysis of specific T-cell subsets to de-
plete them from the experimental animal to see whether they play a
role in protection from disease in either naive or vaccinated animals
(Naessens et al., 1998). Examples of such studies are the finding that
removal of CD4" T cells from sheep and goats immunized against

the nematode parasite Haemonchus contortus partially abrogated
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protection (Karanu et al., 1997) and that depletion of CD8* T cells
from macaques vaccinated with a recombinant adenovirus express-
ing Ebola virus glycoprotein GP abrogated protection against Ebola
virus (Sullivan et al., 2011).

We show here that depletion of CD8" T cells from $96-vaccinated
goats has no effect on protection from challenge with wild-type
PPRYV, indicating that the primary protection is provided by antibody
and/or CD4" T cells.

2 | MATERIALS AND METHODS
2.1 | Viruses, including vaccines

All viruses used in this study were as previously described (Hodgson
et al., 2018).

2.2 | Monoclonal antibodies

Two mAbs were used in CD8 T-cell depletion studies: (a) CC63, which
recognizes the alpha chain of bovine CD8 (MacHugh et al., 1991) and
cross-reacts with caprine CD8 (Davis & Ellis, 1991); (b) TRT3 (Cook
et al., 1993), which recognizes a turkey rhinotracheitis virus protein
and was used as an isotype-matched control antibody. CC63 for the
pilot study was purified in-house: hybridoma culture supernatant
from clone CC63 (IgG2a) was prepared in the institute's Monoclonal
Antibody Unit and IgG purified by chromatography on a 5 ml Protein
G column (GE Healthcare) according to the manufacturer's instruc-
tions. The eluted IgG was dialysed overnight against PBS and the
protein content determined using a Coomassie (Bradford) Protein
Assay kit (Thermo Fisher). The larger stocks of CC63 and TRT3 re-
quired for the main experiment were prepared commercially under
contract with Antibody Production Services Ltd.

For labelling different leucocyte subsets in whole blood, the
mAbs used were as follows: anti-ovine CD4 clone 17D (Mackay
et al., 1988) (cell line ECACC 91060551 obtained from European
Collection of Authenticated Cell Cultures); anti-ovine WC1 clone
197 (McClure & Hein, 1989); anti-ovine MHC class Il (MHCII) clone
H42A (Washington State Monoclonal Antibody Center); anti-bovine
CD8 clone CC58 (MacHugh & Sopp, 1991); and anti-bovine CD21
clone CC21 (Naessens et al., 1990). CC58 recognizes the beta chain
of CD8 (MacHugh et al., 1991) and is not competed by CC63 (Hope
et al., 2002; Juleff et al., 2009). CC58 and CC21 cross-react with
caprine CD8 and CD21, respectively (Davis & Ellis, 1991).

Mouse mAbs were conjugated to Alexa Fluor 488 (AF488) using
a specific antibody labelling kit (Thermo Fisher), while mAb conju-
gation with other fluorochromes (allophycocyanin (APC), R-phyco-
erythrin (RPE)) was carried out using Lightning Link kits (Innova
Biosciences); in all cases, the manufacturers' instructions were fol-
lowed directly. Antibodies and techniques for intracellular labelling
of gamma interferon (IFN-y) were as previously described (Hodgson
et al., 2018).
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2.3 | Animal studies

All animal studies were carried out under licences PPL 70/7199 and
PPL70/8833 issued by the Home Office of the United Kingdom in ac-
cordance with relevant legislation and after approval by the Pirbright
Institute Animal Welfare and Ethical Review Board. Outbred goats
were sourced from commercial farms. Animals entered the secure
isolation units 7 days before the start of the procedure to acclimatize
to the new husbandry regime and were provided with daily enrich-
ment during the trials. All experimental goats were male outbred UK
whites, a Saanen-derived cross, and were 9-12 months old at the
start of the study.

For depletion studies, all mAb preparations were given by intra-
venous inoculation. All animals were observed for at least 30 min

after inoculation of mAb.

2.3.1 | Pilot study

Two different protocols were assessed using two animals each. On
day 1 (D1), all four goats received two injections of CC63, 0.5 mg in
the morning and 1.5 mg in the afternoon. Two animals were given
further high doses of mAb (25, 20, 20 mg) on D2-D4 (high-dose
protocol), and two animals were given 2 mg per day each day on D2-
D10 (low-dose protocol). All animals received Flunixin (Finadyne™)
at 2.2 mg/kg prior to mAb inoculation for the first 3 days to allevi-
ate the inflammatory effects of cell lysis induced by the inoculated
mADb. Blood was taken into EDTA vacutainers on DO-D4, D8 and
D10 to assess the efficiency of CD8" T-cell depletion. One animal
from each group was euthanized on D5 and the remaining animals
at D10.

2.3.2 | Full scale study of effect of CD8"
T-cell depletion

Ten goats were vaccinated with 2 x 10* TCIDg, S96 in a 1 ml volume
inoculated subcutaneously; one of these animals proved impossi-
ble to get regular blood samples from, due to the depth of its veins
and its temperament, and was removed from the study. Two further
goats were not vaccinated and acted as challenge controls. Whole
blood for serum and heparinized blood for purification of peripheral
blood mononuclear cells (PBMCs) were collected weekly from the
jugular vein.

Twenty six days after vaccination (2 days before challenge), the

vaccinated goats were given 2 mg of either CC63 (n = 5) or TRT3

(n = 4), in each case as two doses, 0.5 and 1.5 mg, as on D1 in
the pilot study. The vaccinated goats were further inoculated with
their respective mAbs on the three subsequent days, receiving two
successive doses of 20 mg, and a final dose calculated so that the
total amount of mAb for each animal was of 2.1 mg mAb/kg body
weight. All animals received Flunixin (Finadyne™) at 2.2 mg/kg
prior to each inoculation of mAb; non-vaccinated controls, which
did not receive mAb, were also treated with Flunixin at the same
time in case this treatment should have any effect on clinical signs
due to PPRV challenge. Twenty eight days after vaccination, all
goats were infected with the virulent field strain PPRV/Sudan/
Sennar/72 (2 x 10° TCIDg, in 1 ml) by the subcutaneous route.
Blood was collected into EDTA vacutainers at -5, -2, -1, 0, 2, 4, 6,
8, 10 and 12 days post-challenge (dpc), equivalent to 23, 26, 27, 28,
30, 32, 34, 36, 38 and 40 days post-vaccination (dpv). Clinical as-
sessments were carried out daily as previously described (Hodgson
et al., 2018). All animals were euthanized at 42 dpv by overdose of

pentobarbital.

2.4 | Whole blood cell surface membrane
protein labelling

For the studies of leucopenia following infection with wild-type
PPRYV, triplicate samples (100 pl) of EDTA blood were mixed with
20 pl of either mAb cocktail A (APC-labelled anti-CD4 mAb, AF488-
labelled anti-CD8 mAb and RPE-labelled anti-CD21 mAb) or mAb
cocktail B (APC-labelled anti-WC1 mAb and AF488-labelled anti-
MHCII mAb). For the studies on CD8" T-cell depletion, a single
mAb cocktail containing APC-labelled anti-CD4, AF488-labelled
anti-CD8 and RPE-labelled anti-WC1 was used. The blood samples
were gently mixed with antibody in polystyrene flow tubes (BD
Biosciences) and incubated at room temperature in the dark for
30 min. Two ml of Fix/Lyse buffer (eBioscience) was added to the
blood/antibody mixes to lyse the red blood cells and fix the samples
for analysis. Tubes were incubated for a further 30 min at room
temperature in the dark, after which 100 pl 123count eBeads™
(eBioscience) were added to the tubes. Flow cytometry data were
collected using an LSRFortessa (BD Biosciences) using FACSDiva
software (v8), with 10,000 events being obtained in the 123count
eBead gate. Flow cytometry files were analysed in FlowJo X. A
representative data set showing the gating strategy is shown in
Figure S1. Numbers of the different cell populations present within
whole blood samples were calculated according to the formula:
number of cells per ml of blood = (cell count/eBead count) x eBead

concentration.

FIGURE 1 Levels of different leucocyte subsets during PPRV infection of goats. The concentrations of 5 different leucocyte subsets
(CD8" and CD4" T cells, CD21" B cells, WC1" y/8 T cells and MHCII* antigen-presenting cells) in whole blood were measured, as described
in Materials and Methods, in groups of animals infected with one of three strains of PPRV: Iran/2011, Sudan/72 or Nigeria/76. The
changes occurring in naive infected animals were compared with those in animals that had previously been vaccinated against wild-type
PPRYV using attenuated PPRV vaccines. To allow for the wide variation in normal cell concentrations between animals, the concentrations
were normalized between animals by setting to % of the pre-infection concentration (% initial cell conc.)
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2.5 | Other assays

Preparation of viral antigen, ELISA for anti-PPRV antibodies, assay
of T-cell proliferation and real-time PCR for PPRV genome are all as

previously described (Hodgson et al., 2018).

2.6 | Statistical analyses

Statistical analyses of data from animal studies were carried out es-
sentially as previously described (Hodgson et al., 2018). For statistical
analysis of the study of PPRV-induced leucopenia, differences be-
tween the response over time of vaccinated and unvaccinated animals
were assessed by ANOVA comparison of linear models with or with-
out a component for interaction of time and vaccination status; all the
data were considered as coming from a single study, and all p values
given in the text are those after adjustment for multiple tests using
the method of Holm (Holm, 1979), as implemented in the R function
p.adjust. For statistical analysis of the changes in the concentration of
CD8*,CD4" and WC1" T cells in whole blood during the depletion and
challenge, the data were fit to linear mixed models in which depletion
group and dpv were fixed factors and experimental animal was a ran-
dom factor and the models used to examine the statistical significance
of differences between the two depletion groups and changes to the
cell count over time. All the comparisons were considered as belonging
to a single group, and the p values given in the text are again the values

after adjusting for multiple comparisons using the method of Holm.

3 | RESULTS

3.1 | Effect of wild-type PPRV infection on different
leucocyte subsets

Peste des petits ruminants virus, as with all the morbilliviruses,
causes a rapid loss of circulating white blood cells during infection
(see, e.g. Baron et al., 2014). There have been no studies of which
leucocyte subtypes are most affected during this leucopenia, or
whether any cell subset is affected even in vaccinated animals, in
which, normally, little or no leucopenia is observed. In order to es-
tablish a baseline of what is happening to circulating leucocytes dur-
ing PPRV infection, we used samples taken from both vaccinated
and unvaccinated animals during three of the challenge trials car-
ried out for our previous study (Hodgson et al., 2018) and quantified
the numbers of cells carrying specific cell surface protein markers
per ml of whole blood. The cell subsets studied were limited by
the availability of appropriate antibodies reacting with goat leuco-
cyte markers, but we were able to quantify CD4* and CD8" T cells,
WC1" cells (a major subset of y5 T cells), CD21" B cells and MHCII*
cells (this last as a marker for antigen-presenting cells). We found
that the PPRV-induced leucopenia following infection affected all
of these leucocyte subsets, although the extent of the effect was

dependent on the pathogenicity of the virus (Figure 1). For animals

infected with either PPRV/Iran/2011 or PPRV/Sudan/72, there was
a clear and statistically significant difference between the time pro-
files of the vaccinated and non-vaccinated animals for all five cell
types (p < .001 in all cases) (Figure 1). The highly pathogenic PPRV/
Iran/2011 strain caused an almost complete loss of all five leucocyte
subsets by 8 dpc, at which time the disease had become so severe
that the animals had to be euthanized. The PPRV/Sudan/72 strain,
which causes a moderate disease, also led to a reduction in num-
bers of all five cell subsets, though the loss of specific cell types was
less pronounced in this case. The numbers of CD4*, CD8" and WC1*
cells can be seen to be recovering by 12 dpc, although the numbers
of CD21" and MHCII* cells did not recover over this time period. In
contrast, in animals infected with the very mild Nigeria/76/1 strain,
the leucopenia was much less marked. There was no significant dif-
ference between vaccinated and non-vaccinated animals for CD8"*
or WC1* T cells, or MHCII* antigen-presenting cells, and the differ-
ences for CD4" cells and CD21" cells were small, even if statistically

significant (p = .0005 and p = .013, respectively).

3.2 | Pilot study of CD8" T-cell depletion in goats

While mAb CC63 has previously been used successfully to deplete
CD8" T cells in cattle (Juleff et al., 2009; Taylor et al., 1995; Thomas
et al., 1996) and has been shown to cross-react with caprine CD8
(Davis & Ellis, 1991), it had not been formally shown to lead to deple-
tion of CD8" T cells in small ruminants. In addition, two different kinds
of protocol have been used successfully to deplete CD8" T cells in
cattle and sheep, a short high-dose protocol, where large amounts
of antibody are administered over 1-4 days (e.g. Carr et al., 2013;
Juleff et al., 2009; Naessens et al., 1998; Sacchini et al., 2011), or a
longer, low-dose protocol, where smaller amounts of mAb are admin-
istered every day over a longer period (e.g. Eriksson et al., 1999; Taylor
etal.,, 1995; Thomas et al., 1996). We therefore conducted a pilot study
to determine which protocol was most effective when using CC63 in
goats. Two animals were treated with each protocol as described in
Materials and Methods. Samples of blood were taken before adminis-
tration of antibody and at 1, 2, 3, 4, 8 and 10 days after the first injec-
tion of CC63 to quantitate the levels of CD8" T cells. CD4" T cells and
WC1" (y8) T cells were also quantified for comparison.

Observation of the experimental animals showed that, even
though they had been pre-treated with a strong anti-inflammatory
drug, all animals showed signs of transient physiological changes such
as increased respiratory rate and abdominal breathing after each of
the first few injections of CC63, signs commensurate with large scale
cell lysis. The concentrations of the three cell types at each day are
shown in Figure 2a; because of the very variable initial concentra-
tion of white cells in different experimental animals, these counts
have been normalized as % of the initial (day O) count to allow clearer
display. Figure 2b,c shows representative examples of the actual
cell labelling data for CD8" and CD4" cells from animals given the
high- and low-dose protocols, respectively. After 2 days of treatment,

numbers of CD8" T cells in both animals on the high-dose protocol
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FIGURE 2 Pilot study of depletion of CD8" T cells in goats. Goats were treated with two different protocols to deplete CD8" T cells,

as described in Materials and Methods. (a) At the indicated times, the concentration of CD8*, CD4* and WC1" T cells in whole blood was
determined and shown in blue for the animals given the high-dose protocol and in black for animals given the low-dose protocol; to allow for
the wide variation in normal cell concentrations between animals, the concentrations were normalized between animals by setting to % of
the pre-treatment concentration (% initial cell conc.). (b, c) Examples of flow cytometry data from animals given the high-dose (b) or low-dose
(c) protocols, illustrating the relative loss of CD8" T cells in the two protocols

had been reduced to undetectable levels (Figure 2a,b), where they
remained until at least day 4. In the low-dose group; however, levels
of CD8" T cells fell more slowly, still being clearly detectable at day
4. One animal in each group was sacrificed at day 5 for post-mortem
examination. In the remaining animal given the high-dose protocol,
the numbers of CD8" T cells had begun to increase at day 8 and were
clearly recovering at day 10. In the animal being treated with the low-
dose protocol, the levels of the CD8" cells were never reduced below
20% of their initial level and were also beginning to increase at day 10.

In contrast to the loss of CD8 T cells, the numbers of CD4" T

cells increased nearly twofold immediately after the first injections

of mADb in all treated animals; while levels of these cells began to
fall after 4 days, they had not returned to baseline at the end of the
study. Levels of WC1* cells were not significantly affected at the be-
ginning of the study, but were seen to be reduced at day 10 in both
surviving animals (Figure 2).

Based on this study, the short high-dose protocol was consid-
ered the more effective at depleting the goat CD8" T cells and would
provide a window of at least 4 days when essentially all CD8" T cells
would be removed, a window larger than that required for PPRV in-
fection to become established. This protocol was therefore adopted

for the main experiment.
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FIGURE 3 T-cell numbers over course of depletion-challenge. Vaccinated goats were treated as described in Materials and Methods to
deplete CD8" T cells (CD8 depletion) or given equal doses of a control antibody (mock depletion). Levels of CD8*, CD4* and WC1" T cells
were determined before (23 dpv) and after the start of the depletion protocol at 26 dpv. The concentrations of these cell types were also
measured in two unvaccinated animals that were used as infection controls. To allow for the wide variation between animals of the normal
cell concentrations, the cell concentrations were normalized between animals by setting to % of the pre-treatment concentration (% initial
cell conc.). At 28 dpv (vertical dotted line on graphs), all the animals were infected with PPRV/Sudan/72

3.3 | Depletion of CD8" T cells in vaccinated
goats and wild-type PPRV challenge

To assess the role of CD8" T cells in vaccine-induced protection,
nine goats were vaccinated with the standard dose of live attenu-
ated PPRV/India/Sungri/96 vaccine. These animals were randomly
allocated to one of two groups, CD8 depletion (n = 5) and mock-

depletion (n = 4). Two additional animals were mock vaccinated with

a control preparation made from the cells used to grow the vaccine
virus; these animals were used to confirm the validity of the wild-
type virus challenge. From 26 to 29 dpv (-2 to 1 dpc), the CD8-
depletion group was treated with CC63; the final dose of antibody
for each animal was adjusted so that each received 2.1 mg/kg body
weight, as antibody doses >2 mg/kg have previously been shown
to deplete CD8* T cells not only from the circulating blood but also
from the lymphatic organs (Naessens et al., 1998). At the same time,
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the mock-depletion group was treated with an identical regimen of
inoculations using an isotype control mAb (TRT3, which recognizes a
protein not found in either PPRV or goats).

At 28 dpv, all animals were infected with PPRV/Sudan/
Sennar/72, a virus known to have intermediate virulence in these
goats (Baron et al., 2014; Hodgson et al., 2018). As expected from
our earlier studies (Figure 1), the two unvaccinated infection control
animals showed transient loss of all three cell types being measured
(Figure 3), starting at 4 dpc (32 dpv) and recovering to >50% of nor-
mal levels by 14 dpc (42 dpv).

For the CD8 depletion group, a decrease in CD8" T-cell numbers
compared to baseline was already apparent in all animals at 27 dpv,
1 day after the initial inoculation of 2 mg of mAb (Figure 3). On the
day of challenge, CD8" T cells in the blood of goats in this group had
been reduced from an average of 7 x 10° cells/ml whole blood to an
average of 6.6 x 102 cells/ml, a reduction of 99.91%. CD8" T cells
remained profoundly depleted in the peripheral blood of all goats
of this group until at least 32 dpv (4 dpc), returning to an average of
5.4 x 10° cells/ml (<10% baseline) in these animals at 38 and 40 dpv.
The reduction in CD8 count relative to the pre-depletion level was
significant at all times from 27 dpv onward (p < 107Y at each time
point). Relative to the pre-treatment count, there was no significant
change in the numbers of CD8* T cells in the blood of the mock-de-
pletion group at any time point apart from a transient decrease at 34
dpv (p =.022).

No change was seen in the concentration of CD4" T cells over
the course of the treatment with mAb and challenge with wild-type
PPRYV in either depletion group. There was no difference between
the two groups, and there was no statistically significant change in
the numbers of CD4" T cells on any day relative to the pre-treatment
levels. It is not clear why we did not observe, in the CD8 depletion
group, the rise in CD4" cells seen in the pilot experiment, but it may
be due to the more intensive efforts we made in this study to control
the inflammatory response caused by the lysis of CD8" cells. In con-
trast to the CD4" cells, the WC1" T-cell count in the CD8-depletion
group dropped ~40% at 27 dpv and then remained at that level for
the rest of the study, while the mock-depletion group showed no
change in the count of WC1" T cells over the period of the study.
This change was statistically significant for all days from 27 dpv on
(p < 1078 at all times except 36 dpv, when p = 10™%) and was consis-
tent in all five animals. It appeared to be associated with the initial
loss of CD8" T cells, as it clearly preceded the challenge infection at
28 dpv (Figure 3).

All 11 goats were observed daily for clinical signs. The first such
signs were observed in the unvaccinated controls at 4 dpc, when
the rectal temperatures of both goats increased by more than 1.5°C
above baseline; they remained above baseline for the remainder of
the study (Figure 4). At 7 dpc, these animals developed nasal con-
gestion and subsequently also diarrhoea. The mock-depletion goats
did not display any outward clinical signs during the challenge obser-
vation period and their rectal temperatures did not increase above
baseline observations (Figure 4). Three out of five of the goats in the

CD8-depletion group developed loose faeces for at least 1 day during
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the 2 week observation period, but they did not develop nasal or oc-
ular congestion, nor did their rectal temperatures increase (Figure 4).
Diagnostic real-time PCR for the detection of PPRV genome RNA
was positive for the two unvaccinated controls from 4 dpc to 14 dpc
(Figure 4c), but no PPRV RNA was detected in the blood taken from
either the CD8 depletion or mock-depletion groups at any time point
(data not shown).

3.4 | Immune responses following
vaccination and challenge

The vaccinated animals, as seen in our previous studies (Hodgson
et al., 2018; Holzer et al., 2016), developed a strong anti-PPRV an-
tibody response as measured by cELISA specific for antibodies to
the PPRV N protein (Figure 5a). Both groups of vaccinated animals
showed a further increase in anti-PPRV antibodies after challenge,
and there was no significant difference between the antibody re-
sponses in the CD8" T-cell-depleted group and the mock-depleted
group. The unvaccinated animals showed no anti-PPRV antibody
until after challenge, but responded strongly to the challenge, having
levels of anti-PPRV antibody at 7 dpc that were the same as those
seen in previously vaccinated animals.

The vaccinated animals also showed a clear T-cell proliferative
response to both PPRV antigen (protein from PPRV-extracted cells)
and heat-inactivated (HI) virus, reaching maximum levels at around
21 dpv (Figure 5b,c). As observed previously (Hodgson et al., 2018),
the response to crude virus antigen was in general more robust than
that to heat-inactivated virus, apart from one animal which showed
a very strong response to HI virus at 14 and 21 dpv. No significant
increase in the proliferative response was seen after challenge, and
there was no effect of CD8" T-cell depletion (no significant differ-
ence between CD8-depleted and mock-depleted groups at 28, 35 or
42 dpv), confirming our previous findings that the major component
of this proliferation response is most likely to be CD4"* T cells. The
unvaccinated controls showed no response in this assay, the small
apparent increase in the stimulation index (Sl) seen at 42 dpv (14 dpc)
for samples from these two animals not being statistically significant.

PPRV-specific CD4" and CD8" T cells could be detected in vac-
cinated animals by intracellular labelling of IFN-y in antigen-stim-
ulated PBMC (Figure 6). As previously seen (Hodgson et al., 2018),
live virus was better than inactivated virus antigen at activating
IFN-y secretion in CD8" T cells (Figure 6a). Although one animal
in the mock-depletion group showed a particularly strong PPRV-
specific CD8" T-cell response in this assay, there was no statisti-
cally significant difference in the numbers of PPRV-specific CD8"
or CD4"* T cells in the two groups of vaccinated animals at any
day post-vaccination and pre-depletion. Both groups of animals
showed significant numbers of PPRV-stimulated CD8" and CD4"
T cells at 14 and 21 dpv.

As expected from the data in Figure 3, the number of CD8" T cells
detected by flow cytometry in the PBMCs from the animals in the

CD8 depletion group was very low from 28 dpv onwards (Figures S2



BARON ET AL.

2
r
Y
=~

Jransboundary and Emergi
&, |

(@ Rectal temperatures following challenge

unvaccinated

?_'; 41 -

& 40

g 40

g

% 39 1

©

[J]

m 38 T T T T 1
-5 0 5 10 15

4 CD8 depletion

O

S

£

g

T

©

[J]

(1’

Rectal temp. ("C)

Days post challenge

(¢) Real-time PCR detection of virus in blood

30 unvaccinated

1

20

10

1

45-Ct value

0' L T T T
0 2 4 6 8 10 12 14

Days post challenge

(v) Clinical scores following challenge

unvaccinated

8 =
(]
5 6
(3]
® 4
3
E 2
O o
0 5 10 15
8 1 CD8 depletion
e
06 ]
?
w4
(3]
£ 2 -
° .—.-.—.—A.M
0
0 5 10 15
o 8 1 mock depletion
2 61
?
% 4
(8]
£ 21
o
0 6-0-0-0-0-90-0-0-90-0-0-090-90-0—

0 5 10 15
Days post challenge

FIGURE 4 Clinical signs and viraemia during challenge. For the goats treated as described in the legend to Figure 3, the rectal
temperatures (a) and clinical scores (b) were determined after challenge infection with PPRV/Sudan/72. (c) Levels of PPRV genome in the
blood of infected animals were determined by RT-qPCR. Samples from the vaccinated animals (both CD8 depletion and mock-depletion

groups) were negative for PPRV RNA at all times (not shown)

and S3), even though preparation of PBMCs provides a partial con-
centration of T cells compared with whole blood. Given that the num-
bers of IFN-y*CD8" T cells in the mock-depletion animals were only
40-50 per sample (Figure S2), this meant that the median number of
such cells seen at 28 and 35 dpv in the CD8 depletion group was less

than two. The fraction of CD8" T cells in these samples responding
to PPRV could therefore not be estimated, and this is shown as ‘no
data’ in Figure 6a,b. By 42 dpv, the numbers of CD8" T cells in the
CD8 depletion group were beginning to recover (Figure 3), and we

included the data for these cells in Figure 6, although the number of
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events was still very small (Figure S2). Nevertheless, it is clear from
Figure 6 that the vaccination had elicited both PPRV-specific CD4* T
cells and PPRV-specific CD8" T cells, as seen in our previous studies
(Hodgson et al., 2018), and therefore that the depletion of CD8" T
cells had largely eliminated a part of the vaccine-induced immune
response.

Neither group of vaccinated animals showed a significant increase
in the virus-specific CD4" T-cell response after challenge, nor was
there any significant increase in the numbers of PPRV-specific CD8* T
cells after challenge. The unvaccinated animals did not have significant
numbers of PPRV-specific IFN-y* T cells of either type on any day.

4 | DISCUSSION

There have been a number of studies on the effects of depleting CD4"
or CD8" T cells from different types of livestock animals, but most of

these have been aimed at determining the role played by these cells

in protection from primary infection and have therefore depleted the
cells from naive animals. In this way, it has been shown, for example,
that depletion of CD8" T cells from cattle had no effect on trypano-
some infections (Sileghem & Naessens, 1995), but delayed clearance
of bovine respiratory syncytial virus infections (Taylor et al., 1995).
Depletion of CD4" T cells from cattle had little effect on the control of
primary infections with Mycoplasma mycoides subsp. mycoides, which
causes contagious bovine pleuropneumonia (Sacchini et al., 2011),
while depleting these cells from sheep made them more susceptible
to the intestinal parasite H, contortus (Pena et al., 2006). Similar stud-
ies, in which depletion is carried out at the time of vaccination, have
been carried out to determine whether specific types of T cell are re-
quired for the vaccine to elicit a protective immune response (e.g. Carr
et al., 2013; Elong Ngono et al., 2019; Valkenburg et al., 2018).

A few studies have focussed on vaccinated animals, and the re-
sults from these have generally confirmed the understanding that
eliciting pathogen-specific CD8" T cells requires active synthesis

of suitable proteins in the hosts’ cells. In addition to those studies
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mentioned in the Introduction, CD8" T cells were shown to be re-
quired for full protection against Yersinia pestis in mice that had been
vaccinated using a DNA construct (Wang et al., 2011), while deple-
tion of CD4" T cells abrogated protection against Aspergillus fumiga-
tus (which causes the internal fungal infection aspergillosis) in mice
that had been given a subunit vaccine (Diaz-Arevalo et al., 2011). In
cases where a live virus vaccine has been used, both cell types may
play a role, as in orthopoxvirus infection, where depletion of either
CD8" or CD4" T cells affected protection from secondary infection
(Chaudhri et al., 2015).

The only vaccines against PPRV that are in field use are live at-
tenuated strains of the virus. In this respect, PPRV is similar to other
morbilliviruses, where live attenuated strains of MV, CDV and (before
it was eradicated) RPV are the main methods of controlling the re-
spective diseases. Various vectored vaccines, based on recombinant
pox viruses or adenoviruses encoding morbillivirus glycoproteins,
have been shown to be effective against the respective morbillivi-
rus (e.g. Caufour et al., 2014; Fischer et al., 2002; Fooks et al., 1998;
Herbert et al., 2014; Qin et al., 2012; Taylor et al., 1991), but have

never been put to use in the field. In the case of PPRV, the rules

for vaccines are set out in the Terrestrial Manual published annually
by the World Organisation for Animal Health, where an effective
(live attenuated virus) vaccine is required to elicit a minimum titre of
neutralizing antibodies. This is sometimes interpreted to mean that
neutralizing antibodies are what is required for protection, whereas
allit actually indicates is an easily-measured sign that the vaccine has
been successfully administered. The attenuated PPRV vaccines are
known to elicit specific antibodies as well as PPRV-specific CD4* and
CD8" T cells (Hodgson et al., 2018). It is not yet established whether
neutralizing antibodies are critical for protection against morbillivi-
ruses: vaccination with baculovirus-expressed RPV glycoproteins
elicited neutralizing antibodies in cattle but did not protect against
infection (Bassiri et al., 1993), while in humans it is well-established
that the ability to make antibody is not required for clearing MV in
normal infections or for subsequent protection (Good & Zak, 1956),
and it has been shown that neutralizing antibodies are neither nec-
essary nor sufficient to protect against MV challenge in a rodent
model (Brinckmann et al., 1991). On the other hand, studies in a ma-
caque model of MV infection showed that vaccine that elicited MV-
specific CD4" and CD8" T cells, but not neutralizing antibody, failed
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to protect against subsequent challenge (Lin et al., 2014). Protection
provided by the attenuated PPRV vaccines may therefore be me-
diated at least in part by the antibody that it elicits, but may also
depend on either or both of the types of specific T cells produced.
We have shown that elimination of CD8" T cells from animals vacci-
nated with a live attenuated PPRV vaccine had only a slight effect, if any,
on protection from subsequent challenge with a pathogenic virus. Goats
that had been vaccinated and then depleted of 99.9% of their CD8" T
cells before challenge showed no sign of viraemia, no pyrexia and no
major clinical signs, apart from a very mild and transient diarrhoea in
three out of five animals, which may point to a particular role of previ-
ously primed CD8" T cells in clearing PPRV from the gut mucosa in vacci-
nated animals, although it could also be examples of the transient clinical
signs we have previously seen in vaccinated goats challenged with wild-
type PPRV (Hodgson et al., 2018). It is also possible that there was some
effect of CD8" T-cell depletion on virus excretion, which we did not as-
sess; two recent papers (Enchery et al., 2019; Schulz et al., 2019) have
shown detectable viral RNA in ocular swabs in the absence of detect-
able viraemia. Although we were unfortunately unable to confirm it in
our experimental animals, the dose of specific mAb used in our study
has previously been shown to eliminate detectable CD8* T cells from
the tissues as well as the blood in treated calves (Naessens et al., 1998)
and it is a reasonable assumption that a similar clearance occurred in
our animals. Our finding suggests that the primary protection in animals
vaccinated against PPRV is mediated by antibody and/or CD4" T cells,
both of which are elicited by live PPRV vaccines (Hodgson et al., 2018).
It is possible to deplete CD4" cells in the same way as we did here
for CD8" cells, given a complement-fixing anti-ovine/caprine CD4
of the appropriate isotype (IgM or 1gG2 for mouse mAbs). It would
clearly be useful and informative to carry out a similar study to that
described here but targeting CD4" T cells in vaccinated animals, as
this would determine whether protection can be provided by anti-
body alone, or whether any potential new PPRV vaccine has to also
elicit specific CD4" T cells. Given the large amounts of mAb required,
such a study does require access to a suitable hybridoma clone, which
we did not have at the time of this study. It is difficult to deplete B-cell
populations, which rebound within hours after treatment with a com-
plement-fixing antibody targeting these cells (Naessens et al., 1998),
but the importance of antibody responses could be assessed using
passive transfer of immunoglobulins from vaccinated to unvacci-
nated goats, as has been done, for example, to show that neutraliz-
ing antibody alone can protect pigs against porcine reproductive and
respiratory syndrome virus (Osorio et al., 2002). It is known that ma-
ternal antibody to PPRV is passed to kids in colostrum (Balamurugan
et al., 2012), but colostrum also contains significant numbers of
maternal leucocytes which are known to be immunologically active
(Meganck et al., 2014/and references therein); colostrum has been
shown to transfer significantly more protection in cattle than large
scale transfusion of maternal immunoglobins (Boccardo et al., 2016).
A proper study using transfusion of purified immunoglobins from
animals with a good neutralizing titre against PPRV would also be a
useful and informative contribution to our understanding of the re-

quirements for protection that any vaccine must fulfil.
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The pathogenicity of PPRV varies greatly in the field (Lefevre &
Diallo, 1990), variation that has been ascribed to both the virus strain
and the host animals (Couacy-Hymann et al., 2007; Khan et al., 2018).
Large scale field surveillance has shown case fatality rates around 40%
in India and Pakistan (Abubakar et al., 2018; Bardhan et al., 2017),
while case fatality rates in West Africa appear slightly lower (Lefevre
& Diallo, 1990). We had available to us PPRV strains of low (e.g.
Nigeria/76), intermediate (e.g. Sudan/72, Guinea-Bissau/91) and
high (e.g. Iran/2011, Ghana/78) pathogenicity (in our goats) (Baron
et al., 2014) and opted to use an intermediate pathogenicity strain as
reflecting an ‘average’ PPRYV field strain; it is possible that we may have
observed a requirement for CD8" T cells in protection from a higher
pathogenicity strain. We also recognize that this study was carried out
only 4 weeks after vaccination, and the role(s) played by specific sub-
types of immune cell may be different a year or more after vaccination
when expansion of memory cells would be required for protection.

The general leucopenia seen during the acute phase of morbill-
ivirus infections has been long noted, particularly for MV infection
(e.g. Benjamin & Ward, 1932). There have been only a few studies
on the specific effect of MV infection on different cell types: the
evidence suggests that the period of overall leucopenia is similar to
that seen here for PPRV in goats, lasting about two weeks from the
onset of rash in humans infected with MV (Lisse et al., 1998; Okada
et al., 2000; Wesley et al., 1978). The extent is generally severe, with
loss of 90% of circulating white cells (Okada et al., 2000), and af-
fects at least CD4" and CD8" T cells and B cells (Okada et al., 2000;
Wesley et al., 1978); other studies found that the proportions of dif-
ferent cell types remained unchanged during infection (Arneborn &
Biberfeld, 1983; Griffin et al., 1986), suggesting that the initial leu-
copenia in measles also affects all subtypes, as we found for PPRV.
Interestingly, recovery of B-cell numbers was reported as much
slower than recovery of T-cell numbers in MV-infected humans
(Okada et al., 2000; Wesley et al., 1978), which is in line with our
observation that numbers of CD21" cells (a marker for B cells) recov-
ered more slowly in PPRV-infected goats than the different T-cell
types (Figure 1). These findings suggest that the leucopenia seen in
animals infected with PPRV is similar to that seen in MV infection. We
know from the extensive studies on MV, both in humans and in model
systems (particularly the macaque), that MV infection also leads to
long-term immunosuppression (Griffin, 2010; Schneider-Schaulies &
Schneider-Schaulies, 2009; de Vries et al., 2012), with reduced re-
sponse to new antigens as well as loss of recall immune responses,
leading to the hypothesis that a major effect of measles disease is
the destruction of CD4" memory cells in the lymph nodes, leaving
survivors more susceptible to other pathogens, even ones to which
they were previously immune (de Vries et al., 2012). A similar loss
of immune memory was seen in RPV-infected animals (Yamanouchi
etal., 1974), although it was never so extensively studied. If this is also
true of PPRV infection, it places even more emphasis on the need to
control PPR as a disease of small ruminants, as outbreaks of PPR may
be leaving populations of livestock susceptible to diseases that they
had previously been vaccinated against, as has clearly been shown for
MV infection in humans (Mina et al., 2015, 2019).
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