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Abstract
Foot-and-mouth disease (FMD) is one of the most economically important diseases
of livestock, characterised by fever and blister like sores on the tongue and around
the mouth and on the feet, resulting in a significantly reduced yield of animal
products. FMD virus (FMDV) is the causative agent of FMD and causes a highly
contagious acute vesicular disease, resulting in more than 50% of cattle, regardless of
vaccination status, and almost 100% of African buffalo becoming persistently
infected for long periods (years) of time. After the resolution of acute infection and
viraemia, in persistently infected animals, FMDV capsid proteins and/or genome are
localised in the light zone of germinal centres (GC) in lymphoid tissue in cattle and
African buffalo. The pattern of staining for FMDV proteins has been described to be
consistent with virus binding to follicular dendritic cells (FDC) in the GC. The
present thesis demonstrates that similar staining is observed in mouse spleens after
acute infection with FMDV.

FDC have the unique ability to trap antigen in the form of immune complexes (IC)
on their surface for long periods of time. The first hypothesis to be tested in this
project was that FMDV was binding to FDC as an IC, and ex vivo IC deposition
assays demonstrated that FMDV could only bind in the form of IC, not solely
antigen. Next, investigation using super-resolution microscopy showed significant
co-localisation of FMDV antigen with complement receptor type 2 and 1, which are
highly expressed on FDC, in the spleen post-infection. Furthermore, by blocking the
CR2/CR1 prior to infection with FMDV, the detection of viral proteins on FDC and
FMDV genomic RNA in spleen samples were significantly reduced. Crucially,
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blocking CR2/CR1 resulted in the induction of antibodies with significantly reduced
capacity to neutralise virus and lower binding affinity to FMD virus-like particles
(VLP) compared to control animals.

Animals generally have long-lived neutralising antibody titres post-infection with
FMDV, which contrast with the short-lived response induced by vaccination, of only
6 months. The results presented in this thesis highlight the importance of targeting
FMDV antigen to FDC to stimulate potent neutralising antibody responses, which
could be incorporated into future vaccine development, to increase the duration of
immunity.
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Lay Summary
Foot-and-mouth disease is a global, infectious disease that causes severe disruption
to agricultural production. Billions of dollars are spent every year attempting to
control and eradicate the disease and keep countries free of disease. Foot-and-mouth
disease virus is the pathogen which causes foot-and-mouth disease in many livestock
and wildlife species, including cattle, pigs, sheep, deer and African buffalo. An
example of a devastating outbreak in the United Kingdom was in 2001, which caused
a large number, approximately 6 million, of animals to be killed, costing around £8
billion. Although foot-and-mouth disease does not kill adult animals, it is highly
infectious and therefore in order to control the spread of the disease, when entering a
country previously free of disease, all infected animals are to be killed. One of the
reasons all infected animals are killed is because a high percentage of animals
become persistently infected carriers. These carrier animals shed live virus from their
oropharynx for many months and may act as a reservoir to maintain infection in a
population. Gaining an improved understanding of the carrier state was a major
objective of the current study.

The disease is characterised by blistering on the feet, in and around the mouth, and to
a lesser degree at other sites, including on the teats, reducing the yield of animal
products, including meat and milk. The virus may also result in a high rate of death
in young animals, all cumulating in severe economic losses. As well as the culling of
infected animals, vaccination is also used as a control measure. However, current
vaccines are limited in that they only offer short-lived immunity, and therefore
booster vaccinations are essential every 6 months, which is costly and time
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consuming. This contrasts with the long-lived immunity seen after infection with
foot-and-mouth disease virus.

Previous work suggested that the long-term immunity seen after infection was a
result of foot-and-mouth disease virus persisting on specialised immune cells, named
follicular dendritic cells, in cattle and African buffalo. It was then hypothesised that
this persistence of virus was crucial for the continuous stimulation of the immune
system after infection, resulting in the long-term production of antibodies to protect
the animals from developing disease symptoms, and prevent reinfections with the
same virus in the future. The data presented in this thesis resulted from experiments
using a mouse model, which offers a much greater array of reagents, to demonstrate
whether foot-and-mouth disease virus does bind to follicular dendritic cells and the
importance of this interaction on the immune response to the virus.

Groups of mice were infected with foot-and-mouth disease virus after treatment with
either an antibody to block receptors on the follicular dendritic cells, or with a
control antibody. The mice which had the receptors blocked on follicular dendritic
cells were unable to maintain the virus for long periods of time, and as a result had a
significantly reduced ability to neutralise virus. Therefore, when foot-and-mouth
disease virus could not bind to follicular dendritic cells, the antibodies generated to
the virus were not as effective compared to the control group. This work is a major
step forward in understanding the immunopathogenesis of foot-and-mouth disease
and the impact of retained antigen on protective antibody responses. The data in this
thesis will hopefully be used to further the knowledge of the field and provoke future
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studies to look at incorporating antigen persistence on follicular dendritic cells with
regards to vaccine development, to help increase the length of immunity offered by
vaccines.
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Chapter 1. General Introduction
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In 1884 Walther Flemming named histologically defined sites, found within follicles
of secondary lymphoid organs, germinal centres (GCs). Despite his original
hypotheses regarding GCs being disproven, these distinct sites remain a major topic
of research and are an important site for the generation of high affinity plasma and
memory B cells, essential for protection against infectious pathogens. GCs found in
the centre of B cell follicles in secondary lymphoid organs are highly dynamic,
transient microanatomic structures which form during the first week of an immune
response, following exposure to antigen, and can persist for several months (Smith et
al., 1997, Mayer et al., 2017, Shlomchik et al., 2019). Follicular dendritic cell (FDC)
networks are localised within GCs and are responsible for the maintenance and
survival of GCs, as well as having a crucial role in the generation and selection of B
cells, with high affinity B cell receptors (BCRs) (Heesters et al., 2014, Mesin et al.,
2016, Bannard and Cyster, 2017).

GCs have two anatomically defined compartments, the light zone (LZ) and dark zone
(DZ). The DZ is the site of B cell somatic hypermutation (SHM) of their
immunoglobulin (Ig) variable (V) regions, which occurs at a high rate and results in
the production of B cells with a large spectrum of BCRs (Smith et al., 1997, Bannard
and Cyster, 2017, Shlomchik et al., 2019). B cells migrate from the DZ to the LZ
where they are selected, after interactions with T follicular helper (TFH) cells, based
on their BCR’s affinity for a specific antigen, which is presented by FDCs (Allen et
al., 2007, Victora et al., 2010, Bannard and Cyster, 2017). The B cells with the
highest affinity for the antigen return to the DZ where they undergo further division
and maturation, resulting in the production of high-affinity B cells, which are able to
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produce high affinity antibodies, and in some cases memory B cells, which exit the
GC (Mayer et al., 2017).

However, not all immune responses feature GCs, B cell proliferation and
differentiation may happen at extrafollicular sites. Often, initial immune responses
will feature a short phase of extrafollicular B cell maturation followed by the
formation of GCs, where B cells will undergo SHM and affinity maturation. B cells
produced extrafollicularly are often lower avidity than those which undergo affinity
maturation in the GCs (Dal Porto et al., 1998, Smith et al., 1996, Phan et al., 2006,
Fink et al., 2007). Though, studies have shown that isotype-switching of plasma
cells occurs post-infection, and together with evidence of V region mutations, it is
plausible that SHM is occurring in extrafollicular sites (William et al., 2002, Di Niro
et al., 2015, Trivedi et al., 2019).
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1.1 Follicular Dendritic Cells
1.1.1 Origin and Function
FDCs are specialised immune cells of stromal origin, and possess extended long
cytoplasmic processes, which form an intimate reticular network with adjacent
lymphocytes (Allen and Cyster, 2008, Aguzzi et al., 2014). They are radiation
resistant, which allows studies involving bone marrow (BM) or thymus
reconstitution assays, but makes it difficult for FDC adoptive transfer assays (El
Shikh and Pitzalis, 2012). FDCs are necessary for GC formation and are found in the
spleen and lymph nodes (LNs) within B cell follicles in the light zones of GCs
(Heesters et al., 2014). Constant stimulation via the lymphotoxin-β receptor (LTβR)
and tumour necrosis factor receptor 1 (TNFR1) is essential for FDC development
and is provided by LTα1β2 and TNFα produced by B cells (Matsumoto et al., 1997,
Endres et al., 1999, Ngo et al., 1999). LT α/β signalling is essential for normal
splenic architecture and is therefore crucial for an effective humoral immune
response (Mackay et al., 1997). Unsurprisingly, GC B cells therefore have a higher
amount of LTα1β2 compared to naïve B cells (Ansel et al., 2000).

FDCs have the characteristic ability to trap and retain antigen in the form of immune
complexes (ICs) for long periods of time, contributing to the generation and
regulation of immunological memory and formation of GCs (Aguzzi et al., 2014).
ICs are made up of either antigen and antibody, antigen and complement, or antigen
and antibody and complement. Another function associated with FDC trapping of
ICs is to prevent systemic spread of pathogens; by retaining the ICs B cells have
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presented, the B cells are able to re-circulate without an associated pathogen (Allen
and Cyster, 2008).

FDCs play a key role in the antibody affinity maturation process, by presenting ICs
and survival signals to B cells, which in turn increase their affinity for a specific
antigen (Kranich and Krautler, 2016). Selected B cells enter the dark zone of the GC
after presenting antigen, and subsequently receiving co-stimulatory signals from T
helper cells (Figure 1.1). B cells undergo SHM of the IgV region genes encoding
their B cell receptor, which generates B cell diversity through mutations of
hypervariable regions of the B cell receptors (Liu et al., 1997). These B cells
proliferate and migrate to the light zone, or undergo further SHM and proliferation
before migration, where they are exposed to ICs on FDCs (Hauser et al., 2007).
Affinity selection occurs, whereby B cells with the highest affinity for the antigen
within the IC are selected, including competition for help by TFH cells.
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Figure 1.1: Simplified diagram of affinity maturation in the GC, highlighting the role
of FDCs in B cell homeostasis (Heesters et al., 2014). B cells present antigen to T
helper cells, where they receive co-stimulatory signals. Selected cells enter the DZ
of the GC and undergo SHM and proliferation. B cells cross into the LZ where
FDCs present ICs to the B cells. BCRs with high affinity for the antigen are selected,
and the associated B cells receive survival signals where they then compete for TFH
cell help. Those that don’t receive TFH cell help will undergo apoptosis, and the
remaining will either undergo further SHM and proliferation to increase their BCR
affinity further or exit the GC as plasma or memory B cells. B cells with BCRs which
have a low-affinity for the presented antigen undergo apoptosis.
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The selected, high-affinity B cells can exit the GC as plasma or memory B cells, or
alternatively may re-enter the dark zone for further SHM and proliferation, to
increase their affinity. The plasma cell precursors migrate to the medulla and
subcapsular sinus of the LN where they mature into antibody-secreting plasma cells
(Figure 1.1) (Phan et al., 2009). Long-lived plasma cells and some of the generated
memory cells migrate to the BM as a response to alterations in their responsiveness
to certain chemokines (Hargreaves et al., 2001, Hauser et al., 2002). Low affinity or
autoreactive B cells are out-competed and do not receive survival signals from FDCs
and will therefore undergo apoptosis, although recent modelling has shown that some
B cells with low affinity BCRs are retained in GCs and protected from apoptosis to
maintain clonal diversity (Nakagawa et al., 2021). The FDC-secreted
phosphatidylserine-binding protein milk fat globule epidermal growth factor 8
(Mfge8) facilitates the phagocytosis of apoptotic GC B cells by tingible-body
macrophages (TBM) (Kranich et al., 2008) (Figure 1.2f).
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Figure 1.2: Schematic of an FDC, its receptors and neighbouring interactions with
other cells within the GC (Facchetti and Lorenzi, 2016). (a) FDCs express CD40
which binds its ligand CD40L, transiently expressed on TFH cells. FDCs create a
concentration gradient of CXCL13 to attract TFH cells, follicular and GC B cells
expressing CXCR5. (b) FDCs regulate integrin ligands VCAM-1, ICAM-1 and
MAdCAM-1 to regulate lymphocyte migration. (c) FDCs bind ICs via CR1/2 and
FcR, which are presented to GC B cells. (d) FDCs enable survival and maturation
of B cells through production of BAFF. (e) FDCs express TLR4 to regulate their
activity and to interact with microbial LPS. (f) FDCs secrete Mfge8 to signal to
TBMs to remove apoptotic B cells.
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Another important role of FDCs is to provide important cytokines which facilitate
the maintenance and overall homeostasis of GCs. For example, FDC are a source of
B cell activating factor (BAFF) (Figure 1.2d), which is necessary for B cell survival
and maturation (Hase et al., 2004). FDCs also create a concentration gradient of the
chemokine CXCL13 to attract B cells and specific T cell subsets expressing CXC
chemokine receptor 5 within the LN (Figure 1.2a), which leads to the development of
GCs (Ansel et al., 2000, Allen et al., 2004).

Interleukin-6 (IL-6), a pro-inflammatory cytokine, is produced by FDCs to promote
B cell survival and is also involved in the upregulation of complement component 3
(C3) (Kopf et al., 1998). C3 is important in the GC response, by forming ICs which
are trapped on the surface of FDCs and by stimulating B cells via the complement
receptor (CR)-2. Mice deficient in IL-6 have reduced expression of C3, leading to
smaller GC size and impaired humoral immune responses (Kopf et al., 1998).

1.1.2 FDC receptors
FDCs share many cell surface markers with other cells, including the myeloidassociated CD11b and CD14, CD32 and CD23 Fc receptors (FcR), the CD29
integrin marker, as well as others including CD40, CD54, CD73 and CD74 (Clark et
al., 1992, Kim et al., 1994). CR1 (also known as CD35) and CR2 (also known as
CD21) are expressed at high levels on FDCs and are essential for binding ICs. FDCs
bind, and repeatedly present, these ICs on their surface to surrounding B cells (Figure
1.2c). CR1 is also expressed by red blood cells, myeloid cells, and B cells; while
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CR2 is also expressed on mature B cells and myeloid cells, although FDCs have a
higher degree of expression of these 2 receptors.

The gene which encodes these two proteins in mice is Cr2, and alternative splicing
results in the 2 different receptors (Figure 1.3). CR1 and CR2 share multiple
epitopes and bind similar products of C3. CR1 also has additional binding sites for
C3b and C4b (Roozendaal and Carroll, 2007). More specifically, CR1 has a high
affinity to C4b and C3b, as well as to iC3b, C3dg, C1q, and mannose-binding protein
(Klickstein et al., 1997, Fearon, 1980, Ghiran et al., 2000, Krych-Goldberg and
Atkinson, 2001). Whereas CR2 lacks several N-terminal domains important for the
binding of C3b and C4b, resulting in binding only to iC3b, C3d and C3dg, thereby
lacking in complement regulatory activities (Molina et al., 1994).
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Figure 1.3: Comparison of the functional domains of murine and human CR1 and
CR2 proteins (Jacobson and Weis, 2008). A: The green blocks denote common
sequences of the human and mouse CR2 proteins, while the red blocks represent
common sequences of human CR1 and the N-terminal sequences of the mouse CR1
proteins. Crry refers to CR1-related protein Y and is present only in rodents. B:
Mice CR1 and CR2 are splice variants but in primates are coded by separate genes.
The white box within the human CR2 gene represents CR1-like sequences that are
not included within mature CR2 transcripts. The black boxes represent
transmembrane (T) and cytoplasmic (C) domains.
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Due to the similarities and cross-over of these two proteins and their binding sites, it
is important to note that it is likely impossible to downregulate CR2 without
affecting CR1, using either gene knockouts or antibody treatments. A survey of CR1
proteins from rat, cow and dog by genomic analysis suggest they are the same size as
the murine CR1 and encoded similarly from the alternatively spliced Cr2 gene,
where Cr2 codes both proteins CR1 and CR2 (Jacobson and Weis, 2008). Whereas,
in primates, CR1 codes protein CR1 and CR2 codes protein CR2 (Figure 1.3). The
CR1-related protein Y (Crry), encoded by the gene Crry, is a membrane-bound
complement regulator, with functions including the regulation of C3 and complement
factor B (Li et al., 1993, Xu et al., 2000, Wu et al., 2008). Crry, also referred to as
p65 is present only in rodents, namely, mice and rats (Wong and Fearon, 1985). ICs
are also trapped and retained by FDCs via antibody FcR, although to a lesser extent
when compared to CR-mediated uptake. Yoshida et al demonstrated that FDCs were
able to trap ICs via their FcRs in both the presence and absence of complement.
However, in the absence of complement, ICs could not bind to CRs (Yoshida et al.,
1993).

FDCs upregulate several integrin ligands involved in endothelial adhesion of
leukocytes, thereby controlling lymphocyte migration; including vascular cell
adhesion molecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1) and
mucosal addressin cell adhesion molecule 1 (MAdCAM-1) (Figure 1.2b) (Freedman
et al., 1990, Koopman et al., 1991, Koopman et al., 1994). Through use of their tolllike receptor 4 (TLR4), FDC can also interact with microbial lipopolysaccharide, and
therefore can sense environmental innate stimuli and consequently produce an
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adaptive response (Figure 1.2e). FDC-bound LPS results in up-regulation of ICAM1, VCAM-1 and FcR accessory activity (El Shikh et al., 2007). Activation of TLR4
also regulates FDC activation, leading to SHM and class switching, resulting in not
only survival of B cells, but the production of high-affinity plasma and memory B
cells, through expression of CXCL13, tumour growth factor β receptor and BAFF
(Garin et al., 2010).

1.1.3 Antigen Acquisition
There are different pathways through which FDCs may acquire antigen in order to
carry out their functions. In the spleen, marginal zone (MZ) B cells transport ICs
across the follicle to FDCs, typically occurring 24 hours after the exposure to foreign
antigen (Whipple et al., 2004, Cinamon et al., 2008). Using real-time two-photon
microscopy, Phan et al. discovered that in the LNs, ICs travelled through the lymph
and were captured by macrophages lining the subcapsular sinus (Figure 1.4). Here,
B cells were able to interact, and would acquire the ICs and transport them to the
FDCs through a CR-dependent mechanism (Phan et al., 2007). Complement has an
important role in opsonising antigen to enable the FDCs to acquire the ICs via their
abundant complement receptors. There are 3 complement activation pathways: the
classical, alternative and mannan-binding lectin pathways.
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Figure 1.4: IC deposition on FDCs in the LNs (Carroll and Isenman, 2012). (1)
Antigen-antibody ICs opsonised with C3d, travel from the afferent lymphatics into
the LN and bind macrophages lining the subcapsular sinus. (2) Naive B cells interact
with the macrophages and deposit complement-coated ICs from the subcapsular
sinus on to FDCs, (3) where they bind to FDCs via CR2 (CD21). (4) B cells, which
also express CR2, are able to capture small antigens.

In the classical complement pathway, when associated with antigen, antibodies bind
the C1q subcomponent of C1, resulting in activation of C1. The activated C1s
component cleaves C4, into C4a and C4b. C4b binds to the antigen and C2a, which
was cleaved from C2 by the activated C1s, leading to the formation of C3 convertase
(C4b2a). The convertase then cleaves C3 into C3a and C3b, resulting in C3b binding
to the antigen complex. The C3b subcomponent is further cleaved into iC3b, C3dg
and C3d, where CR2 present on FDCs are now able to bind and retain the C3d-
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opsonised antigen, now an IC (Carroll and Isenman, 2012). The FDC may now
present this IC to B cells, leading to affinity maturation of B cells. Alternative
methods for antigen delivery to FDCs include the capture and processing of antigens
by conventional dendritic cells (DCs; distinct haematopoietically-derived cell
lineages from FDC) in the LNs, which then present the antigen to B cells to form an
IC, which can bind to FDCs. Alternatively, DCs can deliver the processed ICs
directly to the FDCs. Cognate B cells alone can also capture and deliver small
antigens directly to FDCs (Gonzalez et al., 2009, Heesters et al., 2014). Following
the acquisition of antigen, FDCs are then able to retain the trapped intact antigen on
their surface in the form of ICs for long periods, which is essential for antibody
responses and memory (Tew et al., 1979, Heesters et al., 2013).

1.1.4 FDCs in Disease Pathogenesis
This antigen retention has also been described to be manipulated by certain
pathogens to retain infectious virus for long periods of time. Several pathogens have
been associated with FDC retention, including but not limited to: human
immunodeficiency virus (HIV) (Heath et al., 1995, Smith et al., 2001, Burton et al.,
2002, Ho et al., 2007, Heesters et al., 2015), bovine viral diarrhoea virus (BVDV)
(Fray et al., 2000), vesicular stomatitis virus (VSV) (Bachmann et al., 1996) and
prions (Bruce et al., 2000, McCulloch et al., 2011). Data from experiments in mice
have been fundamental in demonstrating the complement receptor-mediated
retention of certain pathogens on FDCs (Mabbott et al., 2001, Klein et al., 2001).
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1.1.4.1 Human immunodeficiency virus
FDCs represent a major extracellular reservoir for HIV. A study by Smith et al
showed that FDCs in vitro were able to maintain HIV infectivity up to 25 days,
compared to only a few days when FDCs weren’t present in culture (Smith et al.,
2001). In vivo studies in experimental mice have been used to study the
establishment of these reservoirs in LNs, demonstrating the ability of FDCs to retain
infectious HIV for up to 9 months and likely contributes to the infection and
replication of the virus (Smith et al., 2001, Burton et al., 2002).

Ho et al. then uncovered the mechanisms by which FDCs were trapping HIV.
Through use of a blocking rat anti-CR2/CR1 monoclonal antibody (mAb) and
CR2/CR1-deficient (Cr2-/-) mice they showed that no virus could be detected in LNs
post-infection (Ho et al., 2007). This indicated that HIV is retained by FDCs in LNs
via CR2/CR1. Furthermore, Heesters et al. demonstrated how FDCs are able to
retain infectious virus over long periods, via uptake of CRs and cycling the virus
within transferrin-mediated endosomes, a non-degradative compartment to allow
virus to remain infectious and “hidden” (Heesters et al., 2015).

1.1.4.2 Prions
FDCs have also been reported to contribute to prion pathogenesis (McCulloch et al.,
2011). Some prion pathogens include sheep scrapie, bovine spongiform
encephalopathy and Creutzfeldt-Jakob disease in humans. These diseases involve
the neuroinvasion of the prions, resulting in neurological symptoms in the host
(Aguzzi et al., 2013). However, prions are often found initially associated with
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FDCs in lymphoid tissue prior to the infection of the peripheral nervous system and
subsequently spreading to the central nervous system where they ultimately cause
neurodegeneration (Mabbott, 2017). High levels of prion protein are found on FDCs
in mice upon infection with scrapie, and deficiency in opsonising complement
components C1q, C3 and C4 and CR2/CR1, which are required for binding of ICs to
FDCs, impedes the localisation of prions to FDC (Mabbott et al., 2001, Klein et al.,
2001). Furthermore, mice treated with an inhibitor of LTβR, which causes FDCs to
temporarily dedifferentiate (Mackay and Browning, 1998), prior to infection with
scrapie, also have a significantly reduced disease susceptibility (Mabbott et al.,
2003). The use of transgenic mice has helped to determine the role of FDCs in prion
pathogenesis. Mice that lacked expression of the cellular prion protein, specifically
on FDCs, were unable to accumulate prions upon the FDC in their spleens,
demonstrating prion replication occurs on FDCs (McCulloch et al., 2011). Early
prion accumulation and replication of prions upon FDC in Peyer’s patches is also
essential for transmission of prions from the gastrointestinal tract to the brain after
oral infection (Mabbott et al., 2003).

1.1.4.3 Vesicular stomatitis virus
Based on their findings that VSV co-localised with FDCs in GCs, Bachmann et al.
hypothesised that VSV was trapped and retained on FDCs in a non-infectious
manner in its native state, and this interaction was responsible for the induction of
long-term immunity through induction of memory B cells (Bachmann et al., 1996).
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1.1.4.4 Bovine viral diarrhoea virus
Similarly to VSV, it has been suggested that although BVDV co-localises with FDCs
in GCs, the virus does not replicate on them. The hypothesis formed was that intact
viral capsids were bound to FDCs, due to the presence of viral RNA, yet the absence
of replication indicated protection from degradation (Fray et al., 2000). This could
possibly relate to the cycling endosomes Heesters et al. referred to in their HIV
report (Heesters et al., 2015).
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1.2 Foot-and-Mouth Disease
1.2.1 Epidemiology
Foot-and-mouth disease (FMD) is a disease caused by infection with FMD virus
(FMDV) and affects cloven-hooved animals of the order Artiodactyla, which
includes livestock species such as cattle, pigs, sheep and goats (Bachrach, 1968).
FMD has also been detected in over seventy wildlife species including deer and
African buffalo (Condy et al., 1969).

FMDV is one of the most economically important veterinary pathogens and is
capable of causing mass epidemics with extremely high direct and indirect associated
costs. This is due to the highly infectious nature of the virus, its capability of causing
animals to become persistently infected and the long term effects on the health and
productivity of the many susceptible animals (Pritchett et al., 2005). FMD has
therefore been classified as notifiable by the World Organisation for Animal Health
(OIE), and was the first official OIE notifiable disease.
An example of a devastating outbreak was the 2001 epidemic in the UK which had
an estimated cost of around £8 billion, with more than 6 million sheep, cattle and
pigs slaughtered. In the UK, the “stamping-out” policy was utilised, whereby all
susceptible animals in a known infected area, regardless of clinical signs, are
slaughtered. The mass slaughter was carried out to control the outbreak, with postoutbreak sero-surveillance using non-structural protein enzyme-linkedimmunosorbent assays (ELISAs) to demonstrate that no live virus was circulating. A
crucial objective of the sero-surveillance was to detect subclinical infection, as some
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animals are capable of being “carriers” of the virus, potentially shedding virus but
not demonstrating clinical signs (Parida et al., 2007, Jamal and Belsham, 2013).

FMD is endemic in large parts of Africa and Asia; South America is essentially FMD
free and divided into zones as a control measure, where some zones undergo routine
vaccination (Figure 1.5). Strict regulations on importation of animals and their byproducts enables the UK, EU, North America and Australia to maintain an FMD-free
status without vaccination ((OIE), 2018). Countries where the disease is present
must comply with stringent trade restrictions placed upon them, causing high indirect
costs associated with FMD.
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Figure 1.5: The current global Foot-and-Mouth Disease (FMD) official status from
the World Organisation for Animal Health (OIE). Source:
https://www.oie.int/en/disease/foot-and-mouth-disease/#ui-id-2. The map highlights
OIE Members officially recognised free from FMD by the OIE, and is reconfirmed
yearly, or altered when an outbreak occurs, as in the instance with Kazakhstan’s
Zone 5, where the status “FMD free zone where vaccination is not practised” has
been suspended with effect from 3 January 2022.

1.2.2 The Virus
FMDV is a member of the Aphthovirus genus within the Picornaviridae family.
FMDV is a non-enveloped, icosahedral virus and consists of a single-layered capsid
surrounding a positive single-stranded RNA genome of around 8.4 kb (Figure 1.6).
The genome is translated as a polyprotein and cleaved by virally encoded proteinases
to yield the mature viral proteins. The viral capsid consists of 60 copies of the four
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viral structural proteins named VP1-4. Protective antibody responses are raised
against intact capsids comprising VP1-4, differences in the specificity of the
protective antibody responses defines the different FMDV serotypes (Grubman et al.,
1984, Rueckert and Wimmer, 1984, Robertson et al., 1985).

Figure 1.6: Genome organisation and structure of FMDV (Jamal and Belsham,
2013). FMDV comprises a non-enveloped icosahedral capsid with a single-stranded
positive-sense RNA genome of approximately 8500 nucleotides. The capsid is made
up of 60 copies of the 4 structural proteins: VP1, VP2, VP3 and VP4. These proteins
form a protomer (5S), 5 protomers form a pentamer (12S), and 12 pentamers,
together with the genomic RNA, form the FMD virion.
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Based on genome analysis, there are seven distinct serotypes of FMDV: types O, A,
C, Asia-1, which have an evolutionary lineage clearly distinguishable from the
Southern African Territories (SAT) serotypes SAT1, SAT2 and SAT3 (Knowles and
Samuel, 2003, Grubman and Baxt, 2004). Furthermore, within each serotype there
are a number of strains of FMDV. Epidemiological studies investigating strain
differentiation in the VP1 sequence, found that strains can differ by up to 15% within
each serotype (Knowles and Samuel, 2003). There appears to be no crossneutralisation between serotypes: if an animal fully recovers from infection by one
serotype, it is still fully susceptible to infection by any of the other serotypes.
Therefore, a key problem when designing a vaccine is the need to not only protect
from infection by all serotypes, but also the different strains within each serotype
(Doel, 1996), which means most commercial vaccines comprise multiple antigens.

1.2.2.1 Cell entry and replication
FMDV was the first virus shown to use integrin in cell attachment. The arginineglycine-aspartic acid (RGD) sequence in the G-H loop of FMDV VP1 facilitates
viral attachment to host epithelial cells through binding to adhesion receptors. The
RGD binds to any of four integrin receptors (αυβ1, αυβ3, αυβ6, and αυβ8) on the
surface of susceptible cells (Fox et al., 1989, Berinstein et al., 1995, Jackson et al.,
1997, Jackson et al., 2000, Jackson et al., 2002, Jackson et al., 2004). However, the
integrin αvβ6 is expressed on the epithelial cells targeted by FMDV in cattle and is
therefore considered most important for FMDV cell attachment (Fox et al., 1989,
Berryman et al., 2005). The second class of receptors implicated in infection of
FMDV are heparan sulphate proteoglycans (Jackson et al., 1996). The virus is
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endocytosed into early and recycling endosomes via the clathrin-dependent pathway,
where the capsid dissociates due to the acidic pH, leading to the release of viral RNA
(Berryman et al., 2005). The viral RNA then moves into the cytoplasm, across the
endosomal membrane, by an unknown mechanism.

1.2.3 Pathogenesis of FMDV
FMDV is known to replicate at high titres in epithelial cells during natural infection,
with the initial virus uptake considered to take place in the pharynx and soft palate in
cattle and pigs (Stenfeldt et al., 2014, Pacheco et al., 2015). An experimental
challenge study by Arzt et al. into the early pathogenesis of FMD in cattle, using a
controlled aerosol inoculation system, demonstrated that the nasopharynx was the
primary target for infection, with almost immediate dissemination to the lungs (Arzt
et al., 2010). The study found that at 6-12 hours post infection (hpi), FMDV antigen
was detected predominantly in the pharyngeal mucosa–associated lymphoid tissue
within the epithelia of the nasopharynx. By 24 hpi the virus localised to both
pharyngeal mucosa–associated lymphoid tissue and lymphoid follicles. By 48 hpi
there was a significant reduction in the amount of FMDV detected in the
nasopharynx, meanwhile a significant increase in antigen was observed in the lungs
which correlated with the onset of viraemia (Arzt et al., 2010). There is a slight
disparity in the pathogenesis between cattle and pigs. Whereas primary infection in
cattle occurs in the nasopharynx, in pigs this occurs in the oropharynx (Stenfeldt et
al., 2014). This aligns with the knowledge that the oral route is predominant in
FMDV infection in pigs, whereas in cattle it is primarily respiratory (Alexandersen et
al., 2003).
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Clinical signs of FMD develop very fast in the animal during the acute phase of
infection. By day 1 after virus infection, animals have a high body temperature which
lasts for 2-3 days. By 2 days after virus exposure, the disease is characterized by the
appearance of vesicular lesions on epithelial sites including commonly on the mouth,
tongue and feet (coronary band and interdigital), but may also be apparent on the
muzzle, mammary glands, vulva and teats (Alexandersen et al., 2002b, Alexandersen
et al., 2003, Stenfeldt et al., 2014). Infected animals can secrete and excrete virus
before the onset of clinical signs and for days after, with high titres of virus at the site
of the lesions (Burrows et al., 1981, Alexandersen et al., 2003, Arzt et al., 2011b).
During the acute phase of the disease, viraemia results in widespread dissemination
of virus to virtually all organs, however at lower titres compared to the lesions of the
mouth, indicating the primary site of infection is the nasopharynx (Burrows et al.,
1981, Alexandersen et al., 2003, Arzt et al., 2010, Arzt et al., 2011b). Mortality rates
are low in adults and animals usually recover after 7-10 days, however young
animals are at risk of myocarditis which may result in high mortality in young
livestock, documented in calves, piglets and lambs (Alexandersen et al., 2003, Arzt
et al., 2014). Whilst most animals recover from the disease, FMDV infection can
result in a significant number of ruminants becoming persistently infected, carrier
animals. This carrier state has not been described in pigs.

Despite the low mortality rates by FMD, animals are left weakened and debilitated.
And due to the high morbidity rate, massive numbers of livestock can be affected
resulting in large economic losses. Infection with FMDV adversely affects livestock
productivity, for example by reducing milk and meat production, reducing herd
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fertility and increasing mortality in young stock. These impacts are devastating in
poorer countries, where people are more dependent on livestock for their livelihood,
leading to a significant impact on public health and availability of food. A recent
review reported that FMD causes a reduction of up to 80% of milk yield, 25% in
animal weight, a 10% increase in abortion and up to 5% mortality of young
livestock, resulting in up to 12% economic losses to farmers (Ozturk et al., 2020).

1.2.4 FMD Mouse Model
Adult mice are not infected with FMDV in the wild, but have been used for decades
in experimental infections to understand the pathogenesis of the virus due to the
difficulties, expense and logistics of using a large animal (livestock) target species
(Borca et al., 1986, Fernandez et al., 1986, Lopez et al., 1990, Piatti et al., 1991,
Perez Filgueira et al., 1995, Wigdorovitz et al., 1997). There are many benefits to
using a mouse model for studying FMDV infection, in addition to the cost. These
include a defined and uniform genetic background in in-bred mice, the availability of
reagents and genetically modified animals, practicalities of housing the animals and
the greater knowledge of the murine immune system compared to that of the natural
host species.

The mouse model has been well-established for investigating the
immunopathogenesis of FMDV, with C57BL/6 mice having been reported to be the
most susceptible common laboratory strain to FMDV infection (Salguero et al.,
2005). However, similar to responses observed in natural hosts, infections with
different virus serotypes, and even strains within serotypes, result in varying degrees
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of virulence. For example, the FMDV strain responsible for the outbreaks in
livestock in the UK in 2001, FMDV/O/UKG/34/2001, is reportedly lethal in
C57BL/6 mice, whereas a high dose of FMDV A/Arg/00 (107 plaque forming units
(PFU)) does not result in clinical disease (Garcia-Nunez et al., 2010). Interestingly,
FMDV A/Arg/01 is lethal at even a low dose (102 PFU) in C57BL/6 mice (GarciaNunez et al., 2010). Furthermore, FMDV infection differs between mice strains,
with BALB/c mice showing no discernible clinical or pathological signs after a high
dose of FMDV/O/UKG/34/2001 (106.2 TCID50) (Habiela et al., 2014). Crucially,
BALB/c mice are able to retain FMDV/O/UKG/34/2001 RNA for up to 46 days post
infection (dpi) in spleen (Doudo, 2017), which makes them a suitable mouse model
to study FMDV persistence.

Although adult mice are susceptible to experimental FMDV infection, they do not
develop the typical visible FMD lesions observed in infected natural host species.
Following intra-peritoneal (i.p.) inoculation in adult mice, FMDV replicates
primarily in pancreatic cells, with similar findings reported in cattle including
hyperglycaemia, hypoinsulinaemia as well as pancreatic necrosis (Borca et al., 1986,
Fernandez et al., 1986, Salguero et al., 2005, Doudo, 2017). Systemic infection in
mice results in virus detection in many organs including the heart, liver, kidney, lung,
brain and spleen (Salguero et al., 2005, Doudo, 2017).

Virus clearance is rapid, with a short-lived viraemic stage lasting between 48 and 72
hpi, which correlates with high titres of serum neutralising antibodies; similar to the
pattern of infection seen in natural hosts after infection with FMDV (Borca et al.,
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1986, Fernandez et al., 1986, Aggarwal et al., 2002, Arzt et al., 2010). Further
similarities with the host species include life-long serological responses after
infection and short-lived responses after vaccination with inactivated vaccine (Lopez
et al., 1990, Piatti et al., 1991, Arzt et al., 2010). Lethal doses of FMDV in mice
result in clinical signs such as weight loss, ruffled fur, apathy, humped posture and
hind-limb paralysis; and this is followed by death 2-3 dpi (Salguero et al., 2005).

There are of course disadvantages of using a mouse model to study FMD. These
include the artificial routes of experimental infection, different immunological
makeup (for example, in contrast to mice, γδ T-cells comprise a major T-cell
population in ruminants) and the uncertainties of reproducibility between the species.
However, the combined data obtained from target livestock species together with
experimental data from mice have helped to successfully predict immune responses
to FMDV in the natural hosts (Borca et al., 1984, Fernandez et al., 1986, Lopez et al.,
1990, Piatti et al., 1991, Gnazzo et al., 2020).

1.2.5 Immunological Response to FMDV Infection
FMDV infection is characterised by the rapid onset of clinical signs and viraemia,
detectable within 2 to 3 days after natural exposure, with viraemia resolved by day 7.
Natural infection induces high titres of neutralising antibodies, and it is well
documented that humoral immunity and the presence of short-lived antibody
secreting cells are crucial in controlling FMDV infection, with virus neutralising
antibodies forming the major mechanism of protection (Grant et al., 2016).
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The innate immune response to FMDV is less-defined, however type 1 interferons
(IFNs) have been shown to protect pigs against FMDV infection, suggesting the
importance of these effector cytokines during the early stages of infection
(Chinsangaram et al., 2003). Upon infection with a virus, IFNs are often the first line
of defence, produced by natural killer cells and capable of inducing DCs and
macrophages (Walzer et al., 2005). In cattle and pigs, treatment with an adenovirus
vector expressing type III IFN was able to delay the onset of clinical signs and
reduce the severity of disease post-infection with FMDV (Perez-Martin et al., 2012,
Perez-Martin et al., 2014). Ostrowski et al. used a mouse model of FMD to
investigate the role of DCs in the early immune response to FMDV infection and
impact of vaccination with an ultraviolet-inactivated FMDV. Infected DCs were
able to induce the production of FMDV-specific IgM, through stimulation of CD9+ B
cells independently of T cells, from 3 dpi. In contrast, the FMD vaccine induced
lower titres of IgM due to the production of lower levels of DC-derived IL-6 and
CD9+ B cell-derived IL-10 (Ostrowski et al., 2007).

Pega et al. investigated the early adaptive immune response in the respiratory tract in
cattle post infection. They observed local adaptive responses in the respiratory tract
of cattle by 4 dpi and a rapid induction of FMDV-specific antibody secreting cells in
the draining lymphoid tissues. Virus-specific IgM antibodies were predominantly
produced, with lower levels of IgG1, and little if any IgA or IgG2 (Pega et al., 2013).
It wasn’t until the virus generalised, with onset of clinical symptoms, that a larger
number of FMDV-specific B cells were present, with class-switching to IgG1
observed 6 dpi (Pega et al., 2013). IgM levels diminish shortly after clearance of
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viraemia, therefore appear to play a role in the early FMDV-neutralising activity and
clearance of virus seen post-infection. Juleff et al. detected IgG antibody isotypes as
early as 5 dpi, indicating rapid isotype switching, even in cattle depleted of CD4+ T
cells, demonstrating this process is independent of T cell help (Juleff et al., 2009).

Studies in mice have also demonstrated that the antibody response against FMDV is
T cell independent (TI). For example, athymic mice were protected from challenge
at 240 dpi, supporting the research that antibodies induce long-term protection postinfection independently of T cells (Borca et al., 1986, Lopez et al., 1990). In fact,
significant FMDV-specific T cell responses have not been observed in cattle
following natural infection. CD4+ TI antibody responses are largely responsible for
the clearance of FMDV, and since B-cells can be induced in the absence of T-cell
help, studies have concluded that FMDV is largely a type II T-independent (TI-2)
antigen (Juleff et al., 2009, Windsor et al., 2011, Grant et al., 2012).

Juleff et al. used 3 monoclonal antibodies (mAbs) to selectively deplete CD4+,
CD8+ and WC1+ T lymphocyte populations in cattle in order to characterise their
role in vivo post-infection (Juleff et al., 2009). The CD8+ population of T cells are
known as “killer T cells” and are able to directly destroy virus-infected cells. A
partial depletion of CD8+ T cells was achieved, and although further investigation is
required, this partial depletion did not appear to inhibit FMDV clearance. This
supports the conclusion that CD8+ T cells are not essential for the resolution of
viraemia.
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The WC1+ γδ subset are nonconventional T cells and are the prominent population
of T cells in ruminants. These cells directly interact with intracellular pathogens by
cytolytic activity and indirectly through activation of other immune cells,
incorporating both innate and adaptive immune responses (Guerra-Maupome et al.,
2019). However, the role of WC1+ γδ T cells during viral infections in ruminants
has yet to be extensively studied. Depletion of this cell subset had no apparent
effects on the host response to FMDV infection (Juleff et al., 2009), suggesting that
WC1+ γδ T cells are unlikely to play a significant role in the FMDV-specific
immune response in cattle. And finally, CD4+ T helper cells, which play a role in
maximising the B cell and CD8+ T cell population through promoting and regulating
the generation and expansion of these populations. The depletion of CD4+ T helper
cells had no significant effects regarding FMDV infection and B cells responses,
supporting the conclusion that FMDV is a TI antigen (Juleff et al., 2009).

Although the contribution of T cells is not wholly understood, the inability to detect
FMDV-specific memory B cells post-infection and IgM as the initial dominant
isotype produced post-infection with lower titres of secondary Ig isotypes, supports
the notion that FMDV is a TI-2 antigen (Grant et al., 2016). Furthermore, TI-2
antigens are characterised as having repetitive epitopes, which FMDV capsids
feature (Vos et al., 2000). Long-lived immunity correlates with high titres of
neutralising antibodies, lasting up to 4.5 years in cattle (Cunliffe, 1964). Although
not required during the initial stages of infection, T cells may be required for the long
duration of immunity, which has been previously reported for TI-2 antigens (Vos et
al., 2000). Complement and CRs, highly expressed on FDCs, may be involved in the
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enhancement of the TI-2 response, with TI-2 antigens binding C3d forming
immunogenic ICs, though this has not been investigated for FMDV (Vos et al.,
2000).

1.2.6 Viral Persistence and the Carrier State
Knowledge of the FMDV carrier state was first described in 1959 by Van Bekkum et
al. (Van Bekkum et al., 1959); despite this there are still numerous uncertainties
regarding the immunopathogenesis and transmission potential of carrier animals. It
has been shown that cattle, sheep and goats can become persistently infected, which
is defined as the presence of detectable infectious virus for at least 28 dpi in samples
from the oropharynx recovered using a probang sampling cup (Sutmoller and
Gaggero, 1965). It has been described that African buffalo can carry FMDV for up
to 5 years or more, with up to 100% becoming persistently infected, which is why
African buffalo are considered one of the main reservoirs of FMDV in Africa
(Hedger, 1972, Condy et al., 1985, Maree et al., 2016). Infectious virus has not been
isolated from any pig later than 28 dpi, and pigs usually clear FMDV within 3 weeks
following infection (Arzt et al., 2011a, Stenfeldt et al., 2014). Therefore, pigs are not
considered as FMDV carriers. It is unknown whether other Artiodactyla wildlife
species, including deer and impala, can become FMDV carriers. However, if they do
become persistently infected, it is unlikely to be for a long enough period to
significantly impact the epidemiology of FMD (Alexandersen et al., 2003).

Infectious FMDV is detected in the oesophageal-pharyngeal fluid (OPF) in over 50%
of ruminants exposed to viral challenge, and although current vaccines prevent

33

clinical disease, FMDV can still cause primary infection in the nasopharynx
(Alexandersen et al., 2002a, Moonen et al., 2004, Juleff et al., 2008, Arzt et al., 2010,
Stenfeldt et al., 2016). Therefore, vaccinated animals can still become persistently
infected carriers of FMDV. It has long been described that the oropharynx and
dorsal soft palate are the sites of viral persistence (Burrows, 1966). However, further
studies are needed to determine the mechanisms of persistence and the cell type
maintaining FMDV during the persistence phase.

In persistently infected animals, FMDV has been described to be localised to the
epithelial cells of the soft palate and pharynx (Zhang and Kitching, 2001). Stenfeldt
et al. also showed the site of FMDV persistence to be pharyngeal epithelial cells,
through detection of FMDV structural and non-structural proteins, in both vaccinated
and non-vaccinated persistently infected cattle (Stenfeldt et al., 2016). Juleff et al.
used laser capture microdissection with quantitative real-time reverse transcription
polymerase chain reaction and immunohistochemistry (IHC) to identify FMDV in
the light zone of GCs at 38 dpi in persistently infected cattle (Juleff et al., 2008).
Subsequently, Stenfeldt et al. went on to detect FMDV RNA and structural antigen in
subepithelial mucosa-associated lymphoid tissue follicles (Stenfeldt et al., 2016). A
study by Maree et al. found that in buffalo persistently infected with SAT-1, levels of
viral RNA were significantly higher in GCs in lymphoid tissues in the neck,
compared to epithelium samples (Maree et al., 2016).

By confocal microscopy, laser capture microdissection and quantitative reverse
transcription PCR (qRT-PCR), it was demonstrated that in persistently infected

34

BALB/c mice, the FMDV RNA was concentrated in the GCs of lymphoid tissue
associated with the FDC network (Doudo, 2017). Further studies have used LTβdeficient mice to determine whether FDCs are involved in this trapping and
persistence of FMDV (Doudo, 2017). Stimulation via the LTβR is essential for the
survival of FDCs and the organisation of the GCs. Therefore, mice lacking LTβ
have disorganised GCs and lack FDC networks but do have mesenteric LNs (MLNs)
and cervical LNs. LTβR-deficient (LTβR-/-) mice have also been used to study FDC
biology, but these mice also lack some LNs since in utero LTβR-stimulation is also
essential for the formation of these tissues (Alimzhanov et al., 1997, Futterer et al.,
1998). Infected LTβ-/- mice showed a significant decrease in FMDV RNA and
antigen compared to infected wildtype (WT) mice in their MLNs when analysed by
both qRT-PCR and confocal microscopy respectively, and significantly reduced IgG
titres from 10 dpi (Doudo, 2017). The study concluded that FDCs play an important
role in retaining virus antigen in the MLN and in the generation and maintenance of
the humoral immune response. In both infected LTβ-/- mice and WT mice the
viraemia was cleared by 4 dpi, suggesting that although FDCs appear to play a role
in the development and maintenance of long-term immune responses to the virus,
they may not be essential for the initial clearance of circulating virus. During
viraemia, at 2 dpi, FMDV genome was significantly higher in the GC of WT mice
when compared to the splenic red pulp. However, in the LTβ-/- mice, there was no
difference between the amount of FMDV RNA in the GC or red pulp in the spleen.
Furthermore, at 2 dpi there were significantly higher amounts of FMDV RNA in the
MLN in WT mice, and significantly higher FMDV RNA copies in the sera of LTβ-/mice compared to WT. The titres of FMDV neutralising antibodies from 7 to 63 dpi
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were significantly lower in the LTβ-/- mice, with significantly lower titres of FMDVspecific IgG1, IgG2a, IgG2b and IgG3 (Doudo, 2017). LTβR-/- mice are unable to
generate an effective IgG response to T-dependent (TD) antigens (Koni et al., 1997).
However, the impact of FDC-deficiency in LTβ-/- mice on the IgG response to TI
antigens has not been reported. Therefore, further studies are required to determine
whether data obtained using LTβ-/- mice are specific for infection with FMDV,
and/or their inability to mount effective IgG responses to TI antigens.

Since Juleff et al. hypothesised the retention of FMDV antigen by FDCs, further
investigation into the viability of the virus in lymphoid tissue has been undertaken to
determine whether these cells are sources of infectious virus or simply trapping and
retaining virus antigens produced from other infected cells (Juleff et al., 2008). Live
virus has not yet been recovered from the GCs in lymphoid tissues of persistently
infected animals, this together with the absence of detection of non-structural
proteins, argues against the presence of replicating virus on FDCs (Juleff et al., 2008,
Stenfeldt et al., 2016). The hypothesis therefore developed that persistence of
FMDV within GCs is associated to FDC networks in a non-replicating state or virus
proteins derived from other cells. The GCs could therefore act as an important virus
reservoir, with FDCs retaining FMDV antigen for long periods of time. This might
play an important role in the maintenance of the FMDV-specific antibody responses,
leading to the long duration of immunity seen in natural infection. FDCs may
potentially bind FMDV as an IC coated in complement component C3d and recycle
this on their surfaces, allowing continual stimulation of the immune system through
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presentation to naïve B cells, whilst protecting the antigen in endosomal
compartments for long periods of time (Heesters et al., 2013, Heesters et al., 2014).

1.2.7 Transmission
FMD is a highly transmissible disease with infected animals shedding large amounts
of virus during the acute phase of infection (Diaz-San Segundo et al., 2017). The
most common method of FMDV transmission is by direct contact, either via droplet
deposition in the respiratory tract, or by the virus entering the skin through abrasions
or through the mucosa (Alexandersen et al., 2003). Cattle, as well as small
ruminants such as sheep and goats, are highly sensitive to FMDV infection via the
respiratory route (Arzt et al., 2011a, Arzt et al., 2011b). In contrast, the major route
of transmission in pigs is through physical contact with infected excretions or
secretions, while aerosol exposure is a less common cause of infection
(Alexandersen et al., 2003, Arzt et al., 2011a).

Transmission from acutely infected animals may also occur via exposure to infected
semen, saliva and milk, and whilst virus is excreted in the faeces, this is a less likely
route of transmission (Burrows, 1968, Parker, 1971). A study by Auty et al.
investigated the risk of indirect transmission via mechanical transfer of FMDV by
the public in order to gain a better understanding of risks and inform policy for use in
future disease outbreaks (Auty et al., 2019). Mechanical transfer of contaminated
excretions and secretions from an infected herd to susceptible animals is possible by
farmers and vehicles, but also through contact with the public and non-susceptible
animals such as dogs and horses (Alexandersen et al., 2003, Auty et al., 2019).
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Colenutt et al. concluded that environmental transmission alone is likely capable of
sustaining an outbreak, with viable FMDV isolated up to 14 days in the environment
(Colenutt et al., 2020). The results from these studies stress the importance of
stringent biosecurity measures when dealing with FMD outbreaks.

1.2.7.1 Transmission in Carrier Animals
The prevalence of persistently infected carrier animals of FMDV hinders control
measures, with uncertainties surrounding their ability to transmit the virus to a naïve
population. Natural transmission has never been documented from persistently
infected cattle. For example, in a field setting in Vietnam transmission was not
reported to have occurred from persistently infected cattle to naïve animals (Bertram
et al., 2018). However, without in-depth investigation and a guaranteed 0% chance
of transmission from carrier animals through thorough, high statistically powered
studies, the risk is too high to ignore these carrier animals.

Despite many previous studies unable to demonstrate transmission from carrier cattle
to a naïve population (Van Bekkum et al., 1959, Sutmoller and McVicar, 1972,
Anderson et al., 1974, Condy et al., 1985, Ilott et al., 1997, Moonen et al., 2004,
Golde et al., 2005, Tenzin et al., 2008), it has been previously reported that
persistently infected African buffalo, the natural hosts for FMDV, can infect naïve
cattle, both naturally and experimentally (Dawe et al., 1994a, Dawe et al., 1994b,
Vosloo et al., 1996). A recent study by Jolles et al. using epidemiological modelling
from data collected over a 3-year period found that asymptomatic carrier buffaloes
are likely responsible for maintaining viral persistence in the herds. Furthermore,
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they conducted an experimental challenge study and were able to demonstrate carrier
buffalo transmitting to naïve animals (Jolles et al., 2021).

A transmission study by Artz et al. took OPF samples from persistently infected
cattle to challenge naïve cattle and pigs (Arzt et al., 2018). In order to mimic
exposure through feeding of offal, which has been responsible for a number of
outbreaks, the OPF was directly deposited into the intrapharyngeal region of naïve
pigs. However, the pigs did not succumb to infection. Pigs need to be challenged
with a higher titre of virus in order to become infected which may explain this
finding (Alexandersen et al., 2003). In contrast, mechanical transfer of the OPF from
carrier cattle directly into the intranasopharyngeal region of naïve cattle resulted in
infection (Arzt et al., 2018). This transfer could not occur under natural conditions,
and there have been no other reports of successful transmission from carrier cattle to
naïve cattle, although these results infer that risk of transmission is possible.

1.2.8 Control and Prevention of FMD
FMD is an OIE-listed disease, and therefore all suspected cases must be reported in
order to control potential spread of disease. Countries are placed into categories:
“FMD free country where vaccination is not practised”, “FMD free country where
vaccination is practiced”, and further still into specific regions within countries:
“FMD free zone where vaccination is not practised”, “FMD free zone where
vaccination is practised”, as well as “FMD infected country or zone”. Preventing the
spread of FMD is difficult due to the highly contagious nature of FMDV, more so
when zones within a country have varying statuses, with no official borders to enable

39

strict surveillance. In South America, most countries apply zoning and are classified
as FMD free, either with or without vaccination. For a country to freely trade
animals and their by-products, they must have been declared FMDV free, otherwise
stringent trade restrictions are placed upon them, and this can cause detrimental
economic losses. Therefore, enormous efforts, both practically and financially, are
invested into eradicating the virus. In order to obtain FMD-freedom status, there has
to be no reported cases for 6 months.

One of the control strategies implemented to prevent the spread of FMD, where the
disease is not endemic, is mass culling of animals in infected regions to prevent the
spread of disease, regardless of whether an animal is symptomatic. As mentioned
previously, the 2001 UK outbreak resorted to a mass cull of 6 million animals.
Charleston et al. investigated the transmission biology for FMDV and concluded that
the infectious period for FMD is less than previously thought, with an average of 1.7
days (Charleston et al., 2011). Furthermore, animals are not infectious for 0.5 days
after the development of clinical signs. These data propose pre-emptive culling may
be a radical control measure, as cattle are less likely to be infectious before the onset
of clinical signs than originally thought (Charleston et al., 2011).

Some outbreaks have emerged from the feeding of FMDV infected animal products
to livestock. For example, in 2000 the O-PanAsia FMDV outbreak in South Africa
was said to have originated through the feeding of swill (untreated animal products,
usually scraps of waste food mixed with water) to pigs from a ship which had
originated from Asia. This was the first recorded case of serotype O in South Africa
and resulted in the loss of their “zone freedom from FMD without vaccination” status
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(Bruckner et al., 2002). The evidence from the UK outbreak in 2001 indicated that
animal products had been imported from the Far East and used as animal feed on pig
farms. Since the outbreak, feeding animals with swill is illegal in the UK, and
movement of animals and their products are tightly regulated.

The current control measures for FMD are challenging not only because of its highly
contagious nature, but due to the existence of persistently infected carrier animals.
The knowledge of the epidemiological significance of these FMDV carriers,
specifically their ability to transmit virus to naïve animals, remained incomplete and
controversial, however, a recent study by Jolles et al. used data from both a cohort
field study and an experimental infection in buffalo to parameterise a model. The
study concluded that persistence of FMDV in buffalo is due to transmission among
acutely infected hosts and the inclusion of occasional transmission from persistently
infected carriers to rescue the most infectious viral strain from fading out in a
population (Jolles et al., 2021). Therefore, due to the existence of a subclinical FMD
carrier state in ruminants, any animal with antibodies against non-structural FMDV
proteins, indicating previous exposure to replicating virus, is considered a potential
carrier of infectious virus. Consequently, the FMD carrier state is a factor that highly
inﬂuences national policies directing FMD countermeasures in areas in which the
disease is not endemic. Until more is known regarding the transmission by carrier
animals, these animals cause a significant economic burden to countries attempting
to declare the “Free from FMD” status, made more complicated by the fact that
vaccinated animals may still become persistently infected carriers of FMDV.
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1.2.8.1 Vaccines and the Immunological Response Post-Vaccination
Vaccination against FMD is applied to cattle in countries and zones termed “FMDfree with vaccination”, for example Uruguay, and also countries where the disease is
endemic (Diaz-San Segundo et al., 2017). Compared to the long-term protective
antibody responses seen after natural infection with FMDV, current inactivated FMD
vaccines induce only a short-lived immune response in the host, which is due to the
very limited induction of FMDV-specific memory B cells (Grant et al., 2016, Grant
et al., 2017).

Unlike the TI response seen in natural infection, FMD vaccination induces FMDVspecific CD4+ T-cell proliferation in cattle, as early as 7 days post vaccination. Piatti
et al. first described the importance of T-cells in the FMD vaccine response using the
FMDV mouse model. They used the adoptive transfer of FMDV-primed T cells
from infected mice to gain insight into the antibody-mediated response to infection
and vaccination. Infectious virus was effectively controlled in vivo by B cells,
whereas responses to low doses of inactivated virus, similar to commercial FMD
vaccines, were dependent on T cell help (Piatti et al., 1991). A more recent study,
using a natural host, consisted of in vivo depletions of CD4+ T cells in cattle. The
results supported the original findings, demonstrating the importance of the CD4+ Tcell response for an effective neutralising antibody response after inoculation with an
inactivated FMD vaccine (Carr et al., 2013).

Protection against natural infection is achieved by the induction of FMDV antibodies
specific to the strain/serotype present. However, current FMD vaccines are serotype
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specific and will not protect against all the different FMDV serotypes. Therefore, the
vaccines will not protect animals if infected with a different serotype, or potentially
even a different strain of the same serotype (Pega et al., 2015). Vaccines in endemic
countries therefore usually contain multiple serotypes of FMDV; epidemiological
studies enable specific serotypes to be utilised according to the country in which the
vaccine is being used (Diaz-San Segundo et al., 2017). Further limitations of the
current inactivated FMDV vaccines are that they only provide protection for 4-6
months, requiring multiple booster vaccinations (Kamel et al., 2019). Due to the
short-lived immunity, it is therefore recommended that cattle are vaccinated every 46 months until they are 2 years old followed by yearly boosters, which is an
additional economic and practical burden in endemic or “FMD-free with
vaccination” areas.

A major problem with current FMD vaccines is that they do not induce sterilising
immunity, so although they prevent clinical disease, they may not provide sufficient
protection to primary infection in the nasopharynx and therefore vaccinated animals
can still become persistently infected carriers of FMDV. In a study by Stenfeldt et
al., 62% of vaccinated cattle and 67% of non-vaccinated cattle became persistently
infected with FMDV, despite the vaccinated cattle being protected from clinical
disease (Stenfeldt et al., 2016).

Although the differences in the immune response to infection and vaccination have
been frequently reported, their actual immunological basis remains largely unknown.
A thorough understanding of their mode of action is essential for the development of
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vaccines with prolonged efficiency. One of the possible explanations is the constant
antigenic boosting due to virus persistence in infected animals, which may be a
consequence of the long-term retention of FMDV antigens on FDCs (Juleff et al.,
2008, Heesters et al., 2014). Further hypotheses include the induction of a more
efficient immune response during infection compared to vaccination, or due to the
presence of much higher titres of antigen during infection when compared to
vaccination (Gebauer et al., 1988, Lopez et al., 1990, Piatti et al., 1991).

Novel FMD vaccines are being developed to address these issues. These include
virus-like particles (VLPs) (Guo et al., 2013, Deepak et al., 2019, Xiao et al., 2021).
These will help overcome the biosecurity and containment issues associated with the
generation of large quantities of infectious virus, prior to inactivation, for current
FMD vaccines. Furthermore, the risk of potential escape of infectious virus if not
properly inactivated will be eliminated. The Pirbright Institute in collaboration with
The University of Oxford and the University of Reading have developed similar
VLPs, empty FMDV capsids containing no genetic material (Porta et al., 2013),
which are undergoing vaccine efficacy trials (unpublished). Another issue with
current inactivated FMD vaccines is their temperature sensitivity and requirement for
an expensive cold storage chain. For widespread distribution in FMD endemic
countries across Asia and Africa a thermostable vaccine is urgently required. FMDV
capsids, incorporating specific mutations, can be made to be more stable to heat and
pH than existing vaccines. Furthermore, the lack of non-structural proteins means
DIVA testing (differentiating infected from vaccinated animals) becomes possible
(unpublished).
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The FMDV VP1 G-H loop is a TD antigen, it is highly exposed, contains an integrin
recognition site (Logan et al., 1993), and was therefore studied for its potential
immunogenicity as a peptide vaccine. However, despite studies in mice
demonstrating protection from challenge with FMDV after immunisation with a G-H
loop peptide (Zamorano et al., 1995), this result was not translated to cattle. The GH loop peptide induced specific antibodies in cattle, however the neutralising
antibodies that were generated were insufficient to protect from challenge, with all
cattle showing clinical signs after challenge at 21 days post-vaccination (Rodriguez
et al., 2003).
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1.3 Project aims
The aim of this thesis is to use a mouse model to identify the mechanisms by which
FMDV is binding and retained for long periods of time in the light zone of the GC in
persistently infected animals, and the repercussion of this antigen retention on the
immune response. Previous studies have hypothesised that FMDV antigen retention
on FDCs is essential in order to sustain high titres of neutralising antibodies for years
after infection (Juleff et al., 2008).

FDCs have the characteristic ability to trap and retain antigen in the form of ICs for
long periods of time and are unique in that they can serve as an infectious reservoir
for a pathogen without being directly infected (Heesters et al., 2015). ICs are formed
by antigen-antibody complexes, antigen-complement complexes or antigen-antibodycomplement complexes. B cells can transport these ICs to FDCs where they can
bind via either the CR2/CR1 or FcR (Yoshida et al., 1993). Pathogens may
manipulate this pathway to maintain infectious virus particles in the host, for
example HIV (Ho et al., 2007, Heesters et al., 2015). Whereas, for many pathogens,
this antigen retention on FDCs could result in a longer lasting antibody response to
the pathogen due to continual exposure to antigen and therefore continuous
development of specific B cells via affinity maturation and B cell SHM (Bachmann
et al., 1996, Fray et al., 2000).

Due to the high abundance of CR1 and CR2 expression on FDCs, a likely hypothesis
is that FMDV persistence is predominantly mediated by the acquisition and retention
of FMDV on FDCs via CR2/CR1. To establish the mechanisms of FMDV
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persistence on FDCs, chapter 2 uses ex vivo studies to determine whether FMDV
must be in the form of an IC to bind to BALB/c mice spleens, and which receptor(s)
may facilitate this interaction. In this chapter the ability of a mouse anti-CR2/CR1
mAb (clone 4B2) to block IC binding to CR in BALB/c mice tissues is also
characterised.

These data are then used to inform the design of the experiments in Chapter 3, where
an experimental mouse FMDV infection model is used to verify that CR2/CR1 is
responsible for mediating the binding and retention of FMDV to FDCs in vivo. Data
are also presented on the impact of this retention on the induction and maintenance
of FMDV-specific antibody responses in infected animals. This chapter provides
important information on the role of FDCs in the maintenance of high titres of
neutralising antibodies seen post-infection with FMDV.
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Chapter 2. FMDV binds to FDCs in the
form of ICs via CR2/CR1 in mice
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2.1 Introduction
This chapter describes investigations into the mechanisms by which FMDV binds to
murine spleen tissues ex vivo, in order to understand which receptor(s) FMDV uses
to bind to FDCs. Studies are also performed to determine whether FMDV needs to
be immune complexed to bind FDCs. Secondly, the mAb 4B2 which binds to
CR2/CR1 on FDCs was characterised using ex vivo assays. The assays were
undertaken ex vivo initially in order to comply with the principles of the 3Rs. The
3Rs are Replacement, Reduction and Refinement, and are in place to regulate the use
of animals in scientific procedures. In these experiments, mouse samples from
previous experiments were used and non-infected mice were used in order to harvest
spleens for FDC isolation.

Isolation of FDCs has been previously carried out to identify the mechanisms by
which they trap various forms of ICs, as well as for phenotypic characterisation.
However, the literature has described the difficulties with the task, with one study
determining that the isolated FDCs accounted for only 0.2% of the spleen cells of
naïve mice (Usui et al., 2012). Many studies which isolate FDCs characterise them
phenotypically yet are unable to isolate enough FDCs for functional assays. A study
by Del Cacho et al. isolated FDCs from chicken caecal tonsils and then incubated
them with ICs and native antigen, to determine the identity of the isolated cells
through their unique ability to trap ICs (Del Cacho et al., 2008).

Alternative methods to study FDCs ex vivo have been previously described,
demonstrating the function of FDCs in trapping pre-formed ICs in the spleen
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(Yoshida et al., 1993, Gommerman et al., 2002). For example, Gommerman et al.
used cryosections to evaluate IC trapping in primate spleens ex vivo. Peroxidase
anti-peroxidase (PAP) was added in the presence or absence of fresh sera, which
contains complement, and the results showed that PAP could only bind in the
presence of complement. Furthermore, morphometric analysis determined that the
PAP-positive cells had dendrites and co-stained with CR1, but not CD20 which is
expressed by B cells, indicating PAP is binding to CRs on FDCs in a complementdependent manner (Gommerman et al., 2002). The focus of this chapter is on the
identification of the receptor(s) that the FDCs use for trapping FMDV ICs, by
studying the co-localisation of receptors and FMDV by confocal microscopy.

The hypothesis tested was that CR1 and CR2, which are abundantly expressed on
FDCs, are responsible for trapping FMDV in the form of ICs. Kulik et al. generated
a mouse anti-CR2/CR1, mAb 4B2, which has been shown to block CR2/CR1 for up
to 6 weeks in vivo in mice (Kulik et al., 2015). The mAb 4B2 is able to
downregulate the surface expression of CR1 and CR2 (Kulik et al., 2015). This
chapter investigates 4 mAbs binding to epitopes on CRs. The rat anti-CR mAbs 7G6
and 7E9 bind CR1 and have shown to extensively cross-react with CR2 (Kinoshita et
al., 1990). Similar findings were shown with the mouse anti-CR mAb 4B2, which
was shown to bind to the same, or very similar epitope to mAb 7G6 (Kulik et al.,
2015). However, one of the mAbs used in this study, rat anti-CR mAb 8C12, is
monospecific for CR1 (Kinoshita et al., 1990), which may be possible due to the
extra residues present in CR1 compared to CR2 (Jacobson and Weis, 2008). Since
the mAb 4B2 is a mouse antibody, it is capable of circulating in the mouse for a long
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period of time without generating an anti-idiotype antibody response. Considering a
future aim to use an anti-CR2/CR1 mAb in vivo to potentially block the binding of
FMDV to FDC in mice, and that FMDV is able to persist for up to 63 dpi in BALB/c
mice, the mAb 4B2 would be optimal. In contrast, 7G6 is a rat mAb and therefore
mice produce anti-rat antibodies which causes a decrease in the effects of mAb 7G6
overtime. Therefore, the work in this chapter aimed to characterise mAb 4B2
binding ex vivo to determine whether it could be useful to block CR2/CR1 on FDCs
in vivo.
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2.2 Aims of the chapter
The main aims of this chapter were as follows:
1. Determine whether FMDV needs to be in the form of an immune complex to
bind in GCs.
2. Identify the localisation of FMDV within the GCs and of the receptors
involved in the binding to FDC in lymphoid tissues, in a mouse model.
3. Characterise the mouse mAb 4B2 ex vivo and determine whether it would be
a good candidate to block CR2/CR1 on FDC in vivo.

These aims were investigated by:
•

FDC isolation.

•

Staining and indirect immunofluorescence of FMDV-infected murine tissue
sections.

•

Developing FMDV IC deposition assays.

•

FDC receptor blocking assays to evaluate the ability of 4B2 to block
CR2/CR1 ex vivo for its potential use to block CR2/CR1 in vivo.

•

Developing protocols to identify complement receptor availability in
lymphoid tissues through flow cytometric and indirect immunofluorescence
analysis.
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2.3 Materials and Methods
2.3.1 Mice
Groups of female C57BL/6 mice, of either 9 weeks of age or 6 months of age (exbreeders) were used in the FDC isolation experiments. Animals were transported
from Envigo to The Pirbright Institute and kept in isolated cages in the animal
facilities. After 4 days of acclimatization, these mice were used in subsequent
procedures described in this chapter. All in vivo experiments were approved by the
Pirbright Institute Ethical Review Committee under the Home Office project licence
70/8958, protocol 5. Whole spleen samples collected from female BALB/c mice
aged 7-9 weeks from past experiments, were previously stored at -80° C in Optimal
Cutting Temperature (O.C.T) and were used in assays in alignment with the 3Rs
principles.

2.3.1.1 Enrichment of FDCs from murine spleens and MLNs
C57BL/6 mice were injected intraperitoneally (i.p.) with Poly I:C (40µg) (Sigma,
UK) and 4-Hydroxy-3-nitrophenylacetyl-Chicken Gamma Globulin (NP-CGG)
(Biosearch Technologies) (50 µg) to a final volume of 100 µl to increase the number
of FDCs present in secondary lymphoid tissues. Mice were boosted with the same
dose after 1 week and a week later were euthanised. Spleens and MLN were
collected post-mortem and transported to the lab in DMEM.

2.3.1.2 Cryosectioning
Tissues embedded in O.C.T compound (VWR International) were cut at a thickness
of ~7 μm using a cryostat (Leica Microsystems GmbH, Germany) and mounted on
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SuperFrost Plus adhesion slides (Thermo Scientific, UK). Sections were air dried,
and a circle was drawn around the sections using a hydrophobic marker (Vector
Laboratories) prior to indirect immunofluorescence (IIF) (see section 2.3.4).

2.3.2 FDC isolation
FDCs were isolated by adapting a protocol described by Huber et al. (Huber et al.,
2005). The spleens and MLNs collected from 6-month-old female C57BL/6 mice
(n=10) were homogenised and digested for 30 minutes at 37°C on a Tritramax 1000
shaker (Heidolph) at 150rpm in 5ml RPMI complete media (RPMI with 10% foetal
bovine serum (Life Technologies), 1% Gibco penicillin-streptomycin (10,000 U/ml)
(Life Technologies) and 1% Gibco MEM non-essential amino acids (100X) (Life
Technologies)), with 0.1mg/ml DNase and 8mg/ml collagenase/dispase (Sigma).
The digested spleens and MLNs were filtered using a 70µm cell strainer (Falcon) and
centrifuged at 300g for 10 minutes. The spleen cells were resuspended in 5 ml ACK
lysing buffer (Gibco) for 5 minutes before centrifuging at 300g for 10 minutes to
remove the red blood cells. Some splenocytes in suspension were collected and
stored as “total splenocytes”, and then separation of cells was carried out following
MACS separation protocol to isolate FDCs (Miltenyi Biotec). First a negative
selection using 10 µl of anti-CD45 microbeads (Miltenyi Biotec) in 90 µl PBS per
107 cells, and after 1 hour passed through LS columns on a MACS magnet. To
positively enrich FDC, mAb FDC-M1 (BD Biosciences) was added to the CD45
negative (CD45-) cell fraction at 2µg/ml in PBS and incubated for 1 hour. Next, 2
µg/ml of an anti-rat biotin-conjugated secondary antibody (Invitrogen) was added for
1 hour before incubating with 10 µl of streptavidin microbeads (Miltenyi Biotec) in
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90µl PBS per 107 cells. The cells were then passed again through LS columns on a
MACS magnet. The CD45-/FDC-M1 positive (FDC-M1+) fraction was then
incubated for 1 hour at 37°C in a 6 well plate. Since FDCs are non-adherent, the
non-adherent cell fraction was retained, counted and used as “FDC enriched cells” in
the assays.

2.3.2.1 FDC adherence to coverslips
Type I collagen obtained from rat tails (ThermoFisher Scientific, UK) was added to
coverslips to enable FDCs to adhere. Collagen (Sigma) was diluted 1:10 with 30%
ethanol and spread over coverslips. The coverslips were air-dried in a
microbiological safety cabinet for 1 hour and the cells (four fractions of cells as
previously described) were seeded directly onto the coverslips in a 24 well plate and
incubated up to 3 weeks at 37°C.

2.3.3 Haematoxylin and Eosin Staining
Approximately 2x105 cells/well were seeded on to Nunc® Lab-Tek® II Chamber
Slides™ (Sigma) from the FDC isolation (section 2.3.2.1) and fixed with acetone for
10 minutes. Haematoxylin and eosin (H&E) stains (Sigma) were added for 30 and
60 minutes respectively, with an H20 rinse between the steps. The cells were washed
with H20, and an aqueous mounting media and coverslips were added, borders were
sealed, and the slides were kept at 4°C.
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2.3.4 Indirect Immunofluorescence
Samples, either cells on coverslips or tissue sections on microscope slides, were
fixed with 4% paraformaldehyde (PFA) solution in PBS (Thermo Scientific) for 20
minutes, washed twice in wash buffer (1x Tris Buffered Saline (TBS) (Bio-Rad,
UK), 3% BSA (Sigma) and 0.05% Tween20 (Sigma) in H20, and blocked with 5%
normal goat serum (NGS) (Abcam, UK) in PBS for 30 minutes at room temperature.
All antibodies were prepared in 5% NGS blocking buffer. Excess blocking buffer
was removed and primary antibodies (Table 2.1), to identify the cell subset in the
GC, or cell marker, were added for 1 hour at room temperature. The samples were
then washed and blotted dry. Secondary conjugated antibodies (Table 2.1) were then
added to their corresponding primary antibody for 1 hour at room temperature in the
dark. Again, the samples were washed, and nuclei were stained with 4' 6-Diamidino2-Phenylindole Di-hydrochloride (DAPI) (Invitrogen, UK) at 1:10000 in PBS and
incubated for 15 minutes at room temperature. The samples were washed with wash
buffer once again and Vectashield Antifade Mounting Medium (Vector Laboratories,
UK) was added. Coverslips with cells seeded on were placed onto SuperFrost Plus
adhesion slides (Thermo Scientific) or coverslips (VWR International, UK) were
placed over the tissue cryosections on the microscope slides. The coverslips were all
sealed with nail varnish on the microscope slides. The samples were visualised using
a Leica CLSM SP8 confocal microscope and LAS X software was used to capture
the images (Leica Microsystems GmbH, Germany).
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2.3.4.1 Ex Vivo CR Blocking Assays via Indirect Immunofluorescence
Tissues mounted on slides were not fixed initially so the following steps had to be
carried out very carefully. Naïve spleen cryosections were blocked with 5% NGS in
PBS for 30 minutes and either rat anti-mouse complement receptor antibodies, 8C12
(BD Pharmingen), 7G6 (BD Biosciences), 7E9 (BioLegend) or mouse anti-mouse
mAb 4B2 (Kulik et al) were added at 10 μg/ml for 90 minutes to block CR1 and CR2
prior to fixation with 4% PFA.

Biotinylated anti-rat antibodies, 8C12 (BD Pharmingen), 7G6 (BD Biosciences), 7E9
(BioLegend), and mAb 4B2 conjugated to Alexa Fluor 488 using a Zenon™ Mouse
IgG1 Labeling Kit (Invitrogen) were used to detect availability of the complement
receptors. The IIF was then completed as described in section 2.3.4.

2.3.4.2 PAP Immune Complex Deposition Assay
After incubating the slides with 5% normal goat serum (NGS) (Abcam, UK) in PBS
for 30 minutes at room temperature, mAb 4B2 was added at 10 μg/ml for 1 hour at
room temperature. Slides were washed and pre-formed rabbit PAP immune
complexes (ICs) (Sigma), containing complement through incubation with 5%
normal mouse serum (NMS) for 30 minutes prior to dilution 1:125 in blocking buffer
and addition to the slides. Slides were incubated with the ICs for 1 hour at room
temperature and then washed. Slides which were not pre-incubated with mAb 4B2
were used as a positive control to detect ICs. Tissues were then fixed with 4% PFA
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solution in PBS (Thermo Scientific) for 30 minutes and the IIF was completed as
described in section 2.3.4.
2.3.4.3 FMDV Immune Complex Deposition Assay
Naïve spleen sections were first blocked with 5% NGS, carefully washed and
immune complexes (ICs) and controls were added for 1 hour at room temperature.
The FMDV ICs consisted of inactivated O1/Manisa/TUR/69 FMDV vaccine antigen
(O1 Manisa) and IB11 anti-O FMDV antibody at 1:1 ratio and incubated with NMS,
providing the necessary complement, for 30 minutes. The controls were O1 Manisa
antigen or IB11 anti-O FMDV antibody with only the addition of complement in the
form of NMS. Prior to addition to slides, the ICs and controls were diluted in PBS
1:10, resulting in a final concentration of 5% NMS.

The slides were then washed carefully and fixed with 4% PFA for 20 minutes.
Rabbit anti-FMDV, a polyclonal antibody, was added to the slides for 1 hour at room
temperature diluted 1:200 in 5% NGS to detect FMDV ICs bound to the
cryosections. The slides were washed and 4 μg/ml goat anti-rabbit IgG (H+L) crossadsorbed secondary antibody, Alexa Fluor 488 (Invitrogen) was added for 1 hour at
room temperature in the dark. The IIF was completed as described in section 2.3.4.
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Table 2.1: Details of antibodies used in immunofluorescence microscopy.
Antibody

Target

Supplier

clone/details
7G6

Concentration Cat. #
used

CR2/CR1

BD Biosciences

5 µg/ml

553817

BioLegend

1 µg/ml

123430

BioLegend

1 µg/ml

123426

BD Biosciences

5 µg/ml

558768

5 µg/ml

13-0452-

(CD21/CD35)
FDC Network
7E9

CR2/CR1
(CD21/CD35)
FDC Network

7E9-594 Alexa

CR2/CR1

Fluor-

(CD21/CD35)

conjugated

FDC Network

8C12

CR1 (CD35)

B220 biotin,

B cells (CD45R) eBioscience

RA3-6B2
MOMA-1

82
CD169 (Siglec-

Bio-Rad AbD

1) MZ

Serotec

1.5 µg/ml

MCA947
GA

Macrophages
Biotinylated

FMDV 12S

Dr M Harmsen,

2 µg/ml

n/a

llama single

Central

(Harmsen

domain antibody

Veterinary

et al.,

VHH-M3

Institute of

2011)

Wageningen,
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AB Lelystad,
The Netherlands
4B2

Alexa Fluor-488

CR2/CR1

Kulik, US

7 μg/ml

n/a

(CD21/CD35)

(Kulik et

FDC Network

al., 2015)

Rat IgG

Invitrogen

4 μg/ml

A-11006

Rat IgG

Invitrogen

4 μg/ml

A-11077

Rat IgG

Invitrogen

4 μg/ml

A-21094

Streptavidin,

Biotinylated

Invitrogen

4 μg/ml

S11223

Alexa Fluor™

primary

488 conjugate

antibodies

Streptavidin,

Biotinylated

Invitrogen

4 μg/ml

S21381

Alexa Fluor™

primary

555 conjugate

antibodies

conjugated goat
anti-rat IgG
Alexa Fluor-568
conjugated goat
anti-rat IgG
Goat anti-Rat
IgG (H+L)
Cross-Adsorbed
Secondary
Antibody, Alexa
Fluor 633
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2.3.5 Ex Vivo CR Blocking Assays via Flow Cytometry
The “total splenocytes” from section 2.3.2 were added to 96-well plates at 1x106 in
200ul of automacs buffer, centrifuged at 1200rpm for 3 minutes and the supernatant
was flicked off and plates were vortexed. The Fc receptors were blocked by adding
5 μg/ml of purified rat anti-mouse CD16/CD32 (mouse BD Fc Block) clone:2.4G2
(BD Biosciences) to the plate for 15 minutes on ice. Plates were washed after each
step by adding automacs up to 200 μl/well, centrifuging at 1200rpm for 3 minutes,
flicking off the supernatant and vortexing. Rat anti-mouse complement receptor
antibodies, 8C12 (BD Pharmingen), 7G6 (BD Biosciences), 7E9 (BioLegend) and
mouse anti-mouse mAb 4B2 (Kulik et al., 2015) were added at 20 μg/ml for 1 hour
at room temperature to block CR1 and CR2 receptors.

Biotinylated anti-rat antibodies, 8C12 (BD Pharmingen), 7G6 (BD Biosciences), 7E9
(BioLegend), were added at 5 μg/ml for 15 minutes on ice to detect availability of the
complement receptors. The availability of 4B2 epitopes were measured by first preconjugating the antibody to Alexa Fluor 488 using a Zenon™ Mouse IgG1 Labeling
Kit (Invitrogen) and added at 7 μg/ml alongside 4 μg/ml Streptavidin Alexa Fluor™
488 conjugate (Invitrogen) to detect the biotinylated antibodies for 30 minutes on ice.
The cells were fixed by adding 4% PFA for 15 minutes on ice before a final wash
and addition of 200 μl/well of automacs buffer. Cells were incubated at 4°C prior to
analysis using the MACSQuant flow cytometer (Miltenyi Biotec) and FCS Express
(De Novo Software).
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Table 2.2: Details of antibodies used in flow cytometry.
Antibody

Target

Supplier

Concentration Catalogue #

CD8a-FITC

T cells

Life

9 µg/ml

11-0081-85

Technologies
CD4-PE

T cells

Miltenyi Biotec

9 µg/ml

130-091-607

B220 biotin,

(CD45R) B

BD Biosciences

6 µg/ml

557683

RA3-6B2 Alexa

cells

Fluor 647
CD11b-APC

Dendritic cells

Miltenyi Biotec

9 µg/ml

130-109-288

REA197-APC

MZ

Miltenyi Biotec

9 µg/ml

130-124-896

BD Biosciences

5 µg/ml

562796

BioLegend

5 µg/ml

123406

Macrophages
CD169
(Siglec-1)
7G6 biotin

CR2/CR1
(CD21/CD35)
FDC Network

7E9 biotin

CR2/CR1
(CD21/CD35)
FDC Network

8C12 biotin

CR1 (CD35)

BD Biosciences

5 µg/ml

553816

4B2

CR2/CR1

Kulik, US

7 μg/ml

n/a

(CD21/CD35)

(Kulik et al.,

FDC Network

2015)
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2.4 Results
2.4.1 Isolation and characterisation of FDCs
FDCs are a non-migratory population, they are large cells which are binucleated and
they have little cytoplasm. FDCs have long, thin dendrites from which their name
derives, which interact with neighbouring cells, creating a unique microenvironment
(El Shikh and Pitzalis, 2012). This environment consists of lymphocytes which
surround the FDCs, principally follicular B cells which form intimate interactions
with the FDCs.

The isolated FDC-enriched fractions were imaged after 3 weeks of incubation at
37°C, and the distinct, characteristic long, thin dendrites, typical of FDCs may be
seen (Figure 2.1). Figure 2.1A shows a tight network of cells, typically established
by FDCs, where their long dendrites form extensive interactions with neighbouring
cells, including other FDCs. Furthermore, these FDC-like cells are surrounded by
smaller cells, which is particularly evident in the H&E staining (Figure 2.1D), which
is likely depicting the tight interactions of FDCs and B cells. It has also been
described that isolated FDCs are able to survive in culture for up to 150 days,
however they do stop expressing markers including CR1, CR2 and an FcR (FcεRII, a
low affinity IgE FcR) after 6 days of culture (Tsunoda et al., 1990, Clark et al.,
1992). In contrast, the viability of splenic lymphocytes decreases to approximately
30% after just 48 hours in culture (Klein et al., 2006). This differential cell survival
could support the identification of FDCs.
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Figure 2.1: Phenotypic analysis of FDCs after isolation using light microscopy.
Light microscopy images taken of FDC enriched cell fractions after FDC isolation
from C57BL/6 mice splenocytes, seeded onto collagen coated coverslips and
incubated for 3 weeks at 37°C. Image (A) was taken at 10x magnification and (B-C)
were taken at x40 magnification. H&E stain (D) of FDC enriched cell fractions,
note that a large cell (arrow) with dendrites, likely an FDC surrounded by surviving
B-cells. The images demonstrate the morphology of individual cells isolated,
specifically the extending dendrites which are characteristic of FDCs.
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Further investigation involved another FDC isolation procedure, and these cells were
cultured for 4 days after isolation and analysed by IIF (Figure 2.2). The cells from
the FDC enriched fraction adhered to the collagen-coated coverslips and these cells
were positive for the FDC receptor CR2/CR1 using mAb 7G6. The original total
splenocytes and the CD45+ samples were negative for CR2/CR1 staining, suggesting
that the FDC enriched population were a more concentrated population of FDCs and
that the CD45+ fraction, as expected, did not contain FDCs. After 4 days of
incubation on coverslips, very few cells from the total splenocyte sample and the
CD45+ fraction adhered to the coverslip, which was unsurprising as lymphocytes
typically cannot survive in culture for long, especially considering the FDC
population would have been removed. Under the microscope, the majority of cells
which adhered from the total splenocytes and CD45+ cell fractions were large, it
would be interesting to use other markers to identify these cells, for example CD169
to detect MZ macrophages, which are known to be large, adherent cells. A small
number of cells appeared to be B cells in the FDC-enriched and CD45+ fractions, as
indicated by the positive staining by B220. However, the B220+ green staining
independent of the blue nuclear staining in the FDC-enriched cell population (Figure
2.2C) is likely due to the streptavidin-conjugated secondary antibody binding to the
biotinylated microbeads used in the isolation procedure.
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Figure 2.2: Immunofluorescence analysis after FDC isolation.
The FDC enriched cells, the CD45+ cell fraction and the total splenocytes were
analysed via IIF and confocal microscopy. The IIF was performed on cells adhered
to collagen-coated coverslips for 4 days after isolation. The cells were stained with
(A) a negative isotype control (no signal), (B) an anti-CR2/CR1 mAb to detect FDCs,
and (C) B220, an isoform of CD45, to detect B cells. Nuclei stained blue (DAPI).
Scale bars = 50 μm.
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2.4.2 FMDV can only bind ex vivo in the form of immune complexes
Considering the difficulties in isolating FDCs for characterisation, the mechanisms of
FMDV binding were examined in situ. Spleen samples embedded in O.C.T from
naïve mice collected from a previous study were used to evaluate the ability of
FMDV to bind in different forms. The 3 forms evaluated, all in the presence of
complement provided through the addition of NMS, were: FMDV antibody (IB11)
alone (n=8), FMDV antigen (O1 Manisa) alone (n=8) and FMDV ICs (antibody and
antigen) (n=12). FMDV was only able to bind in the typical cluster, as seen in
spleen samples following in vivo FMDV infections in mice (Doudo, 2017), when in
the form of ICs. The negative control condition, IB11 FMDV antibody alone with
NMS, produced no signal (Figure 2.3A) and only a small number of isolated cells
were positive for FMDV upon addition of antigen alone with NMS (Figure 2.3B).
The bright signal was detected when FMDV antigen (O1 Manisa), antibody (IB11)
and NMS have been incubated together for 1 hour, to allow formation of ICs, prior to
addition to the spleen samples (Figure 2.3C).
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Figure 2.3: Ex vivo FMDV immune complex deposition assays.
Confocal microscopy images of cryosections from naïve mice spleens after addition
of different forms of FMDV. (A) FMDV antibody (IB11), (B) FMDV antigen
(O1/Manisa/TUR/69) or (C) FMDV ICs (O1/Manisa/TUR/69 antigen and IB11
antibody) were pre-incubated for 1 hour with 5% NMS prior to addition to the
cryosections. FMDV (green) was labelled with polyclonal rabbit anti-FMDV-O1
and detected using anti-rabbit 488. (A) Absence of signals for FMDV in spleen
cryosections when treated with antibody alone, (B) few isolated cells stained positive
for FMDV upon addition of antigen alone and (C) large bright green clusters
showing the binding of FMDV ICs in the spleen. Nuclei stained blue (DAPI). Scale
bars = 100 μm.
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2.4.3 The mAbs 4B2 and 7G6 bind similar or overlapping epitopes on
CR2/CR1
Next, in order to determine whether FMDV is binding to and retained via CR2/CR1
on FDCs, the mouse anti-CR2/CR1 mAb 4B2 was to be characterised in BALB/c
tissues. Kulik et al. demonstrated that the mouse mAb 4B2 and the commercial rat
mAb 7G6 bound a similar or overlapping epitope on CR2/CR1 in C57BL/6 mice
(Kulik et al., 2015).

Naïve splenocytes from BALB/c mice were incubated with various rat anti-mouse
mAbs targeting complement receptors 2 and/or 1 and a mouse mIgG as a negative
control. The splenocytes were then incubated with biotinylated versions of the same
antibodies previously used and detected using streptavidin labelled to a
fluorochrome. The splenocytes were analysed by flow cytometry to determine
whether the mAbs were binding similar or overlapping epitopes on the CRs. Due to
the low availability of spleens, n=2 for each treatment, statistics were not carried out.

Initial findings indicate that mouse mAb 4B2 and the commercial rat mAb 7G6 bind
to similar epitopes on CR2/CR1 while 7E9 and 8C12 bind to a different epitope
(Figure 2.4). The mAb 8C12, which binds only CR1, may be able to reduce binding
of mAb 4B2, but 4B2 did not appear to have any blocking effect on the binding of
8C12 ex vivo. The mAb 7E9, which binds CR2/CR1, did not appear to be affected
when other CR mAbs were used as a block, except when the homologous nonbiotinylated antibody was used to block the receptors.
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Figure 2.4: Ex vivo blocking of splenocytes with various CR.
Naïve BALB/c murine splenocytes (n=2 replicates per treatment) were blocked with
4 different rat anti-mouse CRs: 4B2 (CR2/CR1), 7G6 (CR2/CR1), 7E9 (CR2/CR1)
and 8C12 (CR1). The cells were then incubated with the biotinylated version of the
mAbs: 4B2, 7G6, 7E9 and 8C12 and streptavidin-conjugated secondary antibodies
were used to detect the % of cells positive for each CR using the MACSQuant flow
cytometer. Mouse IgG was used as a control for both blocking and staining
splenocytes, and the graph represents the % of positive cells relative to the mIgG
blocked cells.
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The flow cytometry results were corroborated by IIF and confocal microscopy where
naïve BALB/c spleen tissue samples were initially incubated with mAb 4B2 prior to
incubation with either mAbs 7G6, 8C12 or 7E9. As shown in Figure 2.5 the mouse
mAb 4B2 has the ability to block the binding of 7G6, but not that of 8C12 or 7E9
which supports the flow cytometry data. These results are also in agreement with
Kulik et al. showing that mAbs 7G6 and 4B2 bind a similar or overlapping epitope
on CR in C57BL/6 (Kulik et al., 2015).
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Figure 2.5: Ex vivo blocking of spleen cryosections with 4B2.
Naïve BALB/c murine spleens were cut at 7 μm thick and blocked ex vivo with (A) a
mouse IgG isotype control or (B) the mAb 4B2, which binds CR1/CR2. After
blocking, 3 different rat anti-CR antibodies were added to separate sections: mAbs
7G6 (CR2/CR1) (green), 8C12 (CR1) (grey) and 7E9 (CR2/CR1) (red). The rat antiCR antibodies were then detected using a goat anti-rat Alexa Fluor-568. Their
ability to bind was determined using confocal microscopy. Absence of green signal
after 4B2 block shows that 7G6 was unable to bind after blocking with 4B2. The
mAbs 8C12 and 7E9 were able to bind after the spleens were blocked with mAb 4B2,
as shown by a grey (8C12) and red (7E9) signal. All 3 antibodies were detected
when mIgG was used as a control. Nuclei are stained blue (DAPI). Scale bars =
100 μm.
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2.4.4 Co-localisation of 4B2 and FMDV in mice spleens
Next, to identify whether it is indeed CRs binding FMDV in vivo, spleens (n=4) from
a previous experiment whereby mice were infected with FMDV/O/UKG/34/2001
were used. The spleens were cut and cryosections were stained using IIF and imaged
using confocal microscopy for the localisation of the mAb 4B2 anti-CR2/CR1
binding epitope. As expected, the mAb 4B2 localises to the light zone GC, which is
made evident by the localisation of mAb 4B2 staining within the GC B cell
population (B220) (Figure 2.6). Interestingly, in all the spleen cryosections FMDV
was consistently detected within the CR2/CR1+ FDC network using mAb 4B2. At a
lower resolution, FMDV staining can be seen within the GC B cell population as
described, but at a higher magnification, the colocalization between mAb 4B2 and
FMDV becomes evident, as indicated by the yellow staining pattern (Figure 2.6).
These results suggest a role of FDCs, more specifically the CR2/CR1 on the FDCs,
in the binding of FMDV within the GCs.

74

Figure 2.6: FMDV is localised to the splenic light zone germinal centre co-localised
with 4B2.
FMDV-infected mouse spleens harvested at 21 dpi were triple-stained with 4B2conjugated to Zenon-488 (green), biotinylated anti-FMDV M3 VHH antibody (red)
and rat anti-mouse B220 to detect GC B cells (grey) to look for mAb 4B2 localisation
in FMDV infected mice. The 4B2 staining is located in the B cell follicle within the
light zone GC, as indicated by the B220 stained B cells (grey). Within the light zone
GC, FMDV is co-localised with 4B2 staining (CR2/CR1). Nuclei stained blue
(DAPI). Scale bars are indicated on images, (A) 100 μm, (B) 50 μm, (C) 10 μm and
(D) 7.5 μm.
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2.4.5 Blocking CR2 prevented PAP-ICs binding ex vivo to spleen samples
The final aim was to determine the use of mAb 4B2 in blocking CR2/CR1 in
BALB/c mice in situ, in order to determine its potential use in in vivo studies. PAP
ICs are known to bind via CR2/CR1 (McCulloch et al., 2011) and are used as a
positive control when investigating CR2/CR1 binding. Therefore, spleen samples
embedded in O.C.T from naïve mice were used to determine whether mAb 4B2,
which binds CR2/CR1, could block the binding of PAP ICs ex vivo.

Pre-formed PAP ICs together with 5% NMS containing complement were added to
spleen samples ex vivo, following either a blocking step with mAb 4B2 or mIgG as a
control (Figure 2.7). The 4B2 block was added for 1 hour prior to the addition of
PAP ICs and was able to block binding as shown by the significantly dimmer signal
in Figure 2.7B compared to the detectable bright green clusters as shown in Figure
2.7A. Therefore, these results confirmed that mAb 4B2 was blocking CR2/CR1 in
BALB/c mice spleens and this adds to the data to support the use of mAb 4B2 in vivo
to determine whether FMDV binds to CR2/CR1 in mice.
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Figure 2.7: Blocking PAP immune complex deposition using mAb 4B2 ex vivo.
Naïve murine spleen cryosections treated with (A) mIgG control antibody or (B) mAb
4B2 to block CR2/CR1 ex vivo for 1 hour prior to the addition of pre-formed rabbit
PAP ICs with 5% NMS. (A) A positive signal identifies PAP ICs binding to the
spleen compared to (B) no signal after blocking CR2/CR1 with the mAb 4B2. PAP
ICs were detected using anti-rabbit 488 and nuclear staining by DAPI. Scale bars =
(A) 100 μm and (B) 75 μm.
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2.5 Discussion
Isolation of FDCs has been described in the literature (Tsunoda et al., 1990, Huber et
al., 2005, Sukumar et al., 2006, Del Cacho et al., 2008, Usui et al., 2012, Heesters et
al., 2015), however, there are certain specific aspects that make the task difficult to
achieve. These features include their low abundance, they make up less than 1% of
total LN stromal cells, their fragility to mechanical and chemical stresses in vitro and
the lack of specific markers unique to FDCs (Usui et al., 2012). Once isolated, FDCs
are difficult to culture due to their vast and necessary interactions with other immune
cells. FDCs attract B cells with chemoattractant CXCL13 and enable survival and
proliferation by BAFF, IL-6 and IL-15 (Heesters et al., 2014). B cells
simultaneously enable survival of FDCs through TNF-α, LTα, and LTβ.
Furthermore, activation of B cells by T cells is critical for the development of FDC
networks, therefore without these interacting immune cells, FDCs will lose function
in vitro (Park and Choi, 2005). A continuous hybrid cell line of FDCs of human and
mouse origin, named FDC-H1, was established (Orscheschek et al., 1994), however
overtime the cells lose their unique functions due to the lack of interacting cells
(Tsunoda et al., 1990, Clark et al., 1992). There is a lot more to learn about the
molecular and functional characteristics of FDCs, consequently, the majority of
research on FDCs is the result from in vivo studies.

Nevertheless, the isolation of FDCs was attempted with various modifications to the
procedures, including use of varying ages and numbers of mice, older mice would
have a more developed immune system, more germinal centres and therefore, more
FDCs, and of course an increase in number would increase the number of FDCs
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harvested. Immunisation prior to harvesting spleens was also used, with
polyinosinic:polycytidylic acid (Poly I:C) and NP-CGG tested to increase the
number of GCs and again increase the number of FDCs. Several digestion buffers
and methods were used to breakdown interactions, particularly the tight interactions
between FDCs and B cells, while maintaining maximal cell survival. The method
which resulted in the greatest success was the use of CD45+ microbeads to carry out
a negative isolation prior to a positive isolation using an FDC marker. As discussed,
one difficulty in isolating FDCs specifically is that FDC markers are also present on
other cells, for example, Mfge8 (also known as FDC-M1) is also detected in TBMs
(Mabbott et al., 2011); complement component C4 (also known as FDC-M2), is also
present on CR2/CR1- reticular-like cells in the white pulp and CR2/CR1perivascular cells in the white and red pulp (Taylor et al., 2002) and blood
endothelial cells. CR1 is also expressed by red blood cells, myeloid cells and
lymphocytes, including mature B cells; CR2 is also expressed by mature B cells
(Roozendaal and Carroll, 2007). Therefore, the use of CD45+ microbeads depleted a
multitude of cells including macrophages, B cells, T cells, NK cells, granulocytes
and conventional dendritic cells, before use of FDC-M1 mAb (mfge8) to positively
select for FDCs. Although FDCs were isolated, the numbers were too low to
conduct any functional assays, therefore alternative means were used to characterise
FDCs ex vivo within the lymphoid tissues, including receptor blocking assays using
flow cytometry and IHC.

Another aim was to characterise the anti-CR2/CR1 mAb 4B2 in BALB/c mice due to
the need to use BALB/c mice to study persistent infections of FMDV in mice. Initial
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characterisations of the mAb 4B2 were performed using mouse spleen samples to
determine the ability of the mAb to block CR2/CR1 ex vivo and whether the results
demonstrated by Kulik et al. in C57BL/6 mice (Kulik et al., 2015) could be
replicated using alternative methods, namely by IIF and flow cytometry. The results,
using flow cytometry and IHC, show that the mouse anti-CR2/CR1 mAb 4B2 binds a
similar epitope on FDCs as the commercial rat mAb 7G6 which has been used in
studies to block CRs short-term in vivo (Heyman et al., 1990, Ho et al., 2007). As
shown in the results by Kulik et al. in C57BL/6 mice, the data in this chapter
demonstrates that mAb 4B2 does not block the binding of mAb 7E9 ex vivo in
freshly isolated BALB/c mice splenocytes or on spleen cryosections (Kulik et al.,
2015). Therefore, for future work involving the use of mAb 4B2 in vivo to block
CR2/CR1, the mAb 7E9 can be used to identify the FDC networks for analysis.
Furthermore, the mAb 4B2 was able to block the binding of PAP-ICs ex vivo,
signifying the successful blockade of CR2/CR1 on FDCs (McCulloch et al., 2011).

Investigation into the mechanisms of FMDV binding to tissues ex vivo included preincubation of spleen tissues with FMDV-ICs, followed by staining with FDC specific
markers and FMDV antibodies, to localise the deposition of ICs at a tissue and a
cellular level. Not only did FMDV-ICs bind within FDC networks, but FMDV alone
was unable to bind, suggesting that FMDV must be in the form of an IC to bind to
FDCs. Originally, ICs were considered to be antigen-antibody complexes with
uptake primarily via FcRs, however it has since been reported that ICs come in
different forms, for example complement coated antigen, specifically C3d-coated
antigen, which can bind to FDCs via CR2/CR1 (Fang et al., 1998, Roozendaal and
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Carroll, 2007, Kranich and Krautler, 2016). It is now well established that CR2/CR1
are essential for binding ICs and are expressed at high levels on FDCs, and while
they can also trap ICs via the FcR, it is less frequently (Yoshida et al., 1993, Imal and
Yamakawa, 1996, Carroll, 1998, Heesters et al., 2013). It has been described that
FDCs can acquire antigen through various pathways, including direct interaction by
small antigens as well as via B cells in a complement-dependent manner (Heesters et
al., 2014). Yoshida et al showed trapping of ICs ex vivo was completely blocked by
anti-FcR in the absence of complement, whereas no blocking occurred in the
presence of complement. This is likely due to ICs binding in a complement mediated
manner to CR2/CR1. The study went on to describe ICs binding in the absence of
complement, suggesting that alternative routes could occur where antigen binds to
FDCs independent of complement, likely via FcR (Yoshida et al., 1993). The
findings presented in this chapter demonstrate that large clusters of FMDV could
only bind to spleen sections in the form of antigen-antibody ICs in the presence of
complement ex vivo, whereas FMDV antigen alone with complement was unable to
bind, this is more evidence to suggest that the binding is via CR2/CR1, however
further investigation would be required. Future studies could include double staining
with an anti-CR2/CR1 mAb; the use of mAbs 4B2 or 7G6 to block tissues prior to
FMDV-IC deposition; or the use of heat-inactivated NMS which would lack
complement, thereby illustrating whether complement was necessary for binding.

Analysis using IIF showed that FMDV staining was consistently associated to the
light zone GC as described previously (Juleff et al., 2008). Furthermore, FMDV
appears to co-localise with the mAb 4B2 (Figure 2.6), indicating that FMDV is
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binding via CR2/CR1 to FDCs to a similar epitope as mAbs 4B2 and 7G6, and it
would be interesting to analyse this further. A study of particular interest was carried
out by Ho et al, whereby they used the rat mAb 7G6 to block CR in vivo 1-day prior
to infection with HIV and then culled the mice 2 days later and showed that there
was a significant reduction in HIV particles after treatment (Ho et al., 2007). Since it
has been described that mice can retain FMDV for up to 63 dpi (Doudo, 2017), the
mAb 4B2 generated in Cr2-/- mice, which has been shown to successfully block
CR2/CR1 for up to 6 weeks in vivo in mice with a single injection (Kulik et al.,
2015), would be an excellent tool to determine long-term blocking of CR2/CR1 in
vivo in the mouse model for FMDV persistence.

Multiple injections of the rat mAb 7G6 would lead to anti-rat antibodies which
would decrease the blocking ability overtime in vivo in the mouse model, whereas
this isn’t an issue with the murine mAb 4B2. Many studies have used mAbs to
investigate FDCs, through either depletion of FDCs or reduced expression of
receptors, chemokines or complement components (van den Berg et al., 1992,
Mackay et al., 1997, Koni and Flavell, 1999, Ansel et al., 2000, Lu and Cyster,
2002), including a study by Mabbott et al. where they temporarily prevented FDC
dedifferentiation through use of LTβR-Ig (Mabbott et al., 2003).

The results presented here give a good indication that FMDV may bind to FDCs via
CR2/CR1 and the mAb 4B2 was successful at blocking CR2/CR1 ex vivo. Other
studies have used knockout mice to show that pathogens persist on FDCs for long
periods of time, for example HIV. A study using Cr2−/− mice prevented the binding
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of HIV to FDCs (Ho et al., 2007). However, using knockout mice has certain
limitations due to the off-target effects, including fewer FDC networks and poor
FDC organisation in GCs, which will have an impact on antigen retention and the
immune response regardless of CR2/CR1 expression (Anania et al., 2021).
Furthermore, as previously described, BALB/c mice strains are required to study
FMDV persistence and considering C57/BL6 mice are generally used as the
background mice strains, the use of knockout mice would be impractical.

Therefore, the next aim is to use the mAb 4B2 to mimic the use of Cr2−/− mice. A
single in vivo injection of 2 mg of the 4B2 mAb induced substantial down regulation
of CR2 and CR1 in C57BL/6 mice for 6 weeks (Kulik et al., 2015). Initially, a pilot
study was undertaken to determine whether 4B2 was able to block CR2/CR1 in vivo,
using PAP as a positive control (data not shown). The overarching aim was then to
block CR2/CR1 in mice via inoculation of mAb 4B2 and subsequently infect the
mice with FMDV to determine whether FMDV is binding to FDCs in vivo via
CR2/CR1. Then, most importantly, to identify the impact of blocking the interaction
between FMDV and FDCs on the long-term persistence of antigen as well as the
duration of immunity.
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Chapter 3. Foot-and-mouth disease virus
localisation on FDCs and sustained
induction of neutralising antibodies is
dependent on binding to CR2/CR1
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3.1 Introduction
One of the features of FMDV infection, which has a major impact on the control and
eradication of FMD, is the existence of the “carrier state” (Alexandersen et al.,
2002a, Arzt et al., 2018). A carrier of FMDV is defined as an animal from which
live virus can be recovered from the nasopharynx after 28 days following infection,
which frequently occurs in ruminants after acute infection (Sutmoller and Gaggero,
1965). Only ruminants have been shown to become FMDV carriers, and among
them, the majority of infected African buffalo become carriers after acute infection
and can carry FMDV for up to 5 years or more, which is why African buffalo are
considered the primary reservoir of FMDV in Africa (Hedger, 1972, Condy et al.,
1985, Alexandersen et al., 2003, Jolles et al., 2021). Over 50% of cattle exposed to
FMDV become carriers (Hedger, 1972, Anderson et al., 1979, Condy et al., 1985),
and although current vaccines prevent clinical disease, they do not prevent primary
infection in the nasopharynx, therefore vaccinated animals can still become carriers
of FMDV (Stenfeldt et al., 2016).

Post infection, animals are characterised by the presence of long-lived neutralising
antibody titres, which contrast with the short-lived response induced by vaccination.
Previous studies have shown after the resolution of acute infection and viraemia,
FMDV capsid proteins and/or genome are localised in the light zone of germinal
centres of lymphoid tissue in cattle and African buffalo (Juleff et al., 2008). The
pattern of staining for FMDV proteins was consistent with the virus binding to
FDCs. This chapter provides data which demonstrates a similar pattern of FMDV
protein staining in mouse spleens after acute infection and showed FMDV proteins

86

are colocalised with FDCs. Blocking antigen binding to CR2/CR1 prior to infection
with FMDV significantly reduced the detection of viral proteins on FDCs and
FMDV genomic RNA in spleen samples. Blocking the receptors prior to infection
also significantly reduced neutralising antibody titres, through significant reduction
in their avidity to the FMDV capsid. Therefore, the binding of FMDV to FDCs and
sustained induction of neutralising antibody responses are dependent on FMDV
binding to CR2/CR1 in mice.

Antigen retention on stromal FDCs has been shown to maintain humoral immune
responses by retaining antigen-containing complement-coated ICs on their surface
for long periods of time via CR2/CR1 and/or antibody Fc receptors (Imal and
Yamakawa, 1996, Carroll, 1998, Heesters et al., 2013). The longevity of FDCs and
their ability to trap and retain antigens in their native forms has also been exploited
by certain pathogens. FDCs represent a major extracellular reservoir for a number of
viruses and other pathogens including, but not limited to, HIV, VSV, BVDV and
prions (Bachmann et al., 1996, Fray et al., 2000, McCulloch et al., 2011, Heesters et
al., 2015). Juleff et al. first hypothesised that upon natural infection FMDV binds to
and is retained by FDCs in the form of immune-complexed FMDV particles,
resulting in prolonged stimulation of short-lived plasma cells, which maintains high
levels of neutralising antibodies (Juleff et al., 2008). It was demonstrated that the
virus can persist in association with the light zone FDC network of GCs in lymphoid
tissues of the head and neck (Juleff et al., 2008). The data provided insight into the
potential mechanisms of viral persistence and the long-lasting antibody responses
seen upon natural infection. In buffalo persistently infected with SAT-1, SAT-2 and
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SAT-3 FMDV serotypes, quantities of FMDV RNA were significantly higher in GCs
in lymphoid tissue compared to epithelium samples, which again warranted further
investigation into the possibility of virus-persistence in association with FDCs
(Maree et al., 2016).

Using a mouse model of FMDV persistence, previous data demonstrated persistence
of FMDV antigen for up to 63 dpi in the GC light zone (Habiela et al., 2014). The
main aim of the experiments in this chapter was to identify the receptor(s) involved
in the maintenance of FMDV antigen within the GC, and whether retention of
antigen impacted the generation and maintenance of neutralising antibodies to
FMDV in mice. Data from the previous chapter raised the hypothesis that CR1 and
CR2, which are abundantly expressed on FDCs, were responsible for trapping and
retaining FMDV in the form of ICs. As described in the previous chapter, the mAb
4B2 can block CR2/CR1 in vitro in BALB/c mice. A pilot study was initially carried
out to confirm that mAb 4B2 could block CR2/CR1 in vivo in BALB/c mice, using
PAP as a positive control. Furthermore, spleens from BALB/c mice were analysed
to ensure treatment with mAb 4B2 did not deplete FDCs or other cell subsets up to
35 dpi. The mAb 4B2 was then used in vivo to block CR2/CR1 in BALB/c mice
prior to infection with FMDV.

Data in this chapter demonstrate that the blocking of CR2/CR1 on FDCs prevented
binding and retention of FMDV, strongly suggesting this interaction is mediated by
FMDV binding to CR2/CR1. Further investigation using super-resolution
microscopy showed significant co-localisation of FMDV antigen with CR2/CR1+
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FDCs in the spleen. Moreover, blocking of CR2/CR1, and consequently absence of
FMDV antigen on FDCs, resulted in the significant reduction of neutralising
antibody responses to FMDV. A key function of FDCs in the GC reaction is the
presentation of antigen, in the form of ICs, to B cells, driving affinity maturation.
Blocking CR2/CR1 resulted in antibodies with a reduced capacity to neutralise virus
and lower binding affinity to FMD VLPs compared to control animals. Until now,
CR2/CR1 were not known to bind and maintain FMDV antigen on FDCs, or the
impact of antigen retention on the production of high avidity, neutralising antibodies.
Therefore, knowledge of this interaction could enable a targeted approach to vaccine
design, through the binding of complement-coated FMDV-ICs on FDCs via
CR2/CR1, to increase duration of immunity post-vaccination.
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3.2 Aims of the chapter
The main aims of this chapter were as follows:
1. Determine whether CR2/CR1 on FDCs were the predominant receptors
involved in the trapping and persistence of FMDV in the spleen.
2. To investigate the effects on the immune response when the binding of
FMDV to FDCs via CR2/CR1 was impeded.

These aims were investigated by:
•

In vivo injection of a mAb to block CR2/CR1 on FDCs in mice followed by
FMDV challenge.

•

Quantifying the impact of the mAb treatment on virus dynamics (in blood
and tissues) and on the immune response to FMDV.

•

Super resolution microscopy.
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At the time of thesis submission (10th March 2022) a manuscript had been submitted,
peer-reviewed, revised and resubmitted for consideration for publication (Gordon et
al., 2021). A pre-print of the original version of the manuscript that was initially
submitted for peer-review, and containing data presented in this chapter, is available
on-line here: (https://www.biorxiv.org/content/10.1101/2021.09.08.459380v1).

Sections of this thesis have been since published in PLoS Pathogens (Gordon et al.,
2022).
Gordon L, Mabbott N, Wells J, Kulik L, Juleff N, et al. (2022) Foot-and-mouth
disease virus localisation on follicular dendritic cells and sustained induction of
neutralising antibodies is dependent on binding to complement receptors (CR2/CR1).
PLOS Pathogens 18(5): e1009942. https://doi.org/10.1371/journal.ppat.1009942

91

3.3 Materials and Methods
3.3.1 Mice
Female BALB/c mice (8-12 weeks) were used in FMDV infection experiments and
were purchased from Charles River Laboratories, UK. Mice were separated into 5
groups, as shown in Table 3.1: with 32 mice per group in the FMDV-infection
groups, 8 naïve mice and 4 mice per group in the positive control groups. Mice were
acclimatised for 7 days before being used in experiments and were maintained with
food and water ad-libitum and full environmental enrichment. All animal
experiments were performed in the animal isolation facilities at the Pirbright institute
and were conducted in compliance with the Home Office Animals (Scientific
Procedures) ACT 1986 and the Pirbright Institute’s Animal Welfare and Ethical
review procedure. The experiment was carried out following the procedures
described in PPL 70/8958, protocol 5.
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Table 3.1: Experimental design of study to test the effects of mAb 4B2 in vivo.
dpi

-1

0

1

1.
4B2 +

4B2

Tail bleed

FMDV

(n=32)

FMDV
2.
IgG1 +

IgG1

2

Tail bleed

FMDV

(n=32)

FMDV
3.

Tail bleed

Naïve

(n=8)

4.
4B2 + PAP
5.
IgG1 + PAP

4B2

PAP

IgG1

PAP

7

14

21

Cull (n=8)

Cull (n=8)

Cull (n=8)

Tail bleed

Tail bleed

Tail bleed

(n=24)

(n=16)

(n=8)

Cull (n=8)

Cull (n=8)

Cull (n=8)

Tail bleed

Tail bleed

Tail bleed

(n=24)

(n=16)

(n=8)

Tail bleed

Tail bleed

Cull

(n=4)

(n=4)

(n=4)

Cull (n=4)
Tail bleed
(n=4)

28
Cull
(n=8)

Cull
(n=8)

Cull
(n=4)
Cull
(n=4)

3.3.2 In vivo procedures
Mice were weighed before any procedures were conducted and their weights were
used to determine the volume of blood which could be collected at each time point
from the tail vein. Body weights and clinical scores, including lethargy, hunched
posture, increased salivation, marked staring of coat and abnormal respiration
patterns, were then recorded 3 times a day for 7 days after FMDV infection, and then
once a week subsequently. Mice were humanely euthanised by isoflurane followed
by a rising concentration of carbon dioxide (CO2), which was confirmed by
permanent cessation of the circulation using a stethoscope.
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3.3.2.1 Sample collection
Where indicated (Table 3.1) mice were bled from the superficial tail vein. A small
incision was made in the tail vain using a sterile scalpel and the whole blood samples
were collected in 0.5 ml Eppendorf tubes using a 200 µl pipette. The circulating
blood volume of a mouse is 70 µl/g body weight. The total volume of blood
sampled at any one time did not exceed 10% of the circulating blood volume and did
not exceed 15% total blood volume over a 4-week period. Whole blood samples
were collected by cardiac puncture (terminal bleeding) immediately following
euthanasia. Whole blood samples were stored at 4° C and allowed to clot overnight
before centrifugation at 10,000 rpm for 10 minutes at room temperature. Serum was
then collected and at -80°C before further use. Spleen samples were collected postmortem, with roughly 1/3 added to RPMI media for analysis by PCR and 2/3
collected in O.C.T for immunofluorescence and confocal microscopy.

3.3.2.2 Treatment with monoclonal antibody (mAb) 4B2
BALB/c mice were given a single intraperitoneal (i.p.) injection of 200 µl of 0.5 mg
purified mAb 4B2 specific for mouse CR2/CR1 (kindly provided by Dr Liudmila
Kulik (Kulik et al., 2015)). Mice treated with a mouse monoclonal anti-OVA IgG1
(clone F2.3.58; 2B Scientific, UK) were used as an antibody isotype control (IgG1
control).

3.3.2.3 Injection with PAP-containing immune complexes
To test the ability of mAb 4B2 to block CR2-mediated IC trapping in vivo, mice
were given a single intravenous (i.v.) injection of 100 µl preformed rabbit PAP
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immune complexes (Sigma). This treatment was given 1 day after treatment with
mAb 4B2 or anti-OVA IgG1. Mice were culled 24 h after PAP injection, and their
spleens were collected to determine the presence of FDC-associated immune
complexes identified by confocal microscopy.

3.3.2.4 FMDV infection
Where indicated (Table 3.1), 1 day after treatment with mAb 4B2 or IgG1 control,
mice were injected i.p. with 106.2 TCID50 (tissue culture infectious dose 50) of
FMDV/O/UKG/34/2001 in 200 µl of PBS.

3.3.3 Flow Cytometry
A pilot study was carried out prior to the main study and spleens collected from this
study in RPMI medium (Gibco, UK) (containing Glutamax and 25 mM HEPES)
were transferred to the lab and processed immediately. Spleen samples were gently
homogenised, using a syringe butt on a petri dish, and passed through 70 um cell
mesh strainers (BD Biosciences, UK). Cells were washed in RPMI medium by
centrifugation at 1300 rpm, for 10 minutes at 4° C. Red blood cells were lysed with
10 ml ACK lysing buffer (Sigma) for 10 minutes at room temperature. Following
lysis, cells were washed twice in 50 ml RPMI by centrifugation at 1300 rpm for 10
min. Cells were re-suspended in 5 ml RPMI complete medium, counted and stored
at 4° C before flow cytometric analysis the following day.
The splenocytes were distributed at 1 x 106 per well into Nunc 96-well round bottom
microwell plates (Thermo Scientific, UK). The plates were centrifuged at 1300 for 3
minutes, the supernatant was flicked off and the plates were vortexed to disperse the
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pellet. The cells were washed with MACS buffer (Miltenyi Biotec, UK) which was
added to all wells at 200µl/well and centrifuged at 1300 for 3 minutes. The plates
were flicked to remove supernatant and then vortexed to resuspend the cells. The
cells were then blocked by adding 100 µl of purified rat anti-mouse CD16/CD32
(mouse BD Fc Block clone: 2.4G2 BD Biosciences), at 5 μg/ml in autoMACS buffer
(Miltenyi Biotec, UK) per well for 15 minutes on ice. The cells were washed by
adding 100 µl of autoMACS buffer per well and centrifuged at 1300rpm for 3
minutes. The supernatant was once again flicked and cells vortexed, before adding
primary antibodies (Table 2.2) for 15 minutes on ice. The cells were washed again
prior to addition of secondary and conjugated antibodies (Table 2.2) for 15 minutes
on ice. Single staining controls and no staining controls were also included for
compensation purposes. The cells were then fixed with 1% paraformaldehyde for 10
minutes, washed once more and 200 µl of Macs buffer was added to all wells. The
plates were read on the MACS Quant (Miltenyi Biotec, UK) and the samples were
analysed using FCS Express (De Novo Software, US).

3.3.4 Immunofluorescence
Spleen samples (approximately 2/3 of each spleen) from culled mice (Table 3.1)
were immersed in Optimal Cutting Temperature compound (O.C.T) (VWR
Chemicals, UK) in Peel-A-Way embedding molds (Sigma), stored immediately on
dry ice, and subsequently at ˗80° C prior to analysis. Samples were cut using a
cryostat (see section 2.3.1.2), with 16 sections collected approximately 70µm apart to
achieve a significant cross-section of each of the spleens. Analysis was carried out
by IIF and confocal microscopy (see section 2.3.4), using the mAb 7E9 to identify
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the FDC networks, which were visualised and counted using a Leica CLSM SP8
confocal microscope and LAS X software (Leica Microsystems GmbH, Germany).
From this, the percentages of FDC networks positive for FMDV/PAP were
calculated, as well as the total number of FDC networks.

3.3.5 Quantification of viraemia by Plaque Assay
Foetal goat tongue cells (ZZR cells), which are highly susceptible to FMDV, were
grown up to 95-100% confluency in 6 well plates at 37℃ with 5% CO2. Cells were
washed in PBS and serum samples were added in 200 µl of infection media, starting
at a dilution of 1:10 and serially diluted 10-fold across the plate. Plates were
incubated for 30 minutes at 37℃ with 5% CO2 and then 3ml/well of Eagle’s
Overlay-Agarose (Eagle’s overlay media; The Pirbright Institute (TPI), UK) and 2%
agarose (Sigma) was added and allowed to set at room temperature. Plates were
incubated at 37℃ with 5% CO2 for 48 hours. Following incubation, the plates were
fixed, and plaques visualized by staining the cell monolayer with methylene blue in
4% formaldehyde in PBS for 24 hours at room temperature. The plates were washed
with water and the agarose plugs discarded. The viraemia was quantified by
calculating the number of PFU/ml of sera.

3.3.6 FMD virus neutralisation test
Serum samples were heat inactivated at 56°C for 1 hour (to deactivate complement)
and analysed for their ability to neutralise a fixed dose of FMDV on IB-RS2 cells
(goat epithelial cells from TPI). Each serum sample was analysed in duplicate wells
in 96-well flat-bottom Nunc tissue culture plates (Fisher Scientific, UK). Mouse
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serum samples were diluted 2-fold down the plate in serum free medium starting at a
1:8 dilution. To each well 50 µl of titrated FMDV containing 2.0 log10 TCID50 virus
doses was added to each well wells. Plates were incubated for 1 hour at room
temperature. Next, 5 × 104 IB-RS-2 cells were added to each well. Naïve mouse
serum and IB-RS-2 cells only were used as negative controls. The plates were then
incubated at 37°C in a 5% CO2 atmosphere and checked daily for cytopathic effect.
After 48-72 hours the plates were inactivated with 1% trichloroacetic acid (Sigma)
for 30 minutes at room temperature, washed with tap water and stained with
methylene blue for a further 30 minutes at room temperature. The neutralising
antibody titre was calculated as the log10 reciprocal serum dilution that neutralised
50% of 100 TCID50 of the virus. The tests were considered valid when the cell
sheets in the cell-only control wells were intact and the virus titration plate was
within two-fold of its expected titre.

3.3.7 FMDV/O/UKG/34/2001 ELISA
FMDV-specific IgM and IgG antibodies were detected in serum samples using an
indirect ELISA. ELISA plates (Thermo Scientific, UK) were coated with 50 μl of a
1:5000 dilution of a polyclonal rabbit anti-FMDV/O/UKG/2001 antibody (TPI) in
coating buffer (1M carbonate/bicarbonate buffer, pH 9.6; TPI) and incubated
overnight at 4°C. Plates were washed five times with washing buffer (PBS
containing 0.05% Tween-20), and 100 μl of 0.5 μg/ml inactivated FMDV/O1 Manisa
vaccine antigen (TPI) in blocking buffer (1:1 SEABLOCK in PBS (Thermo
Scientific, UK) was added to all wells. Plates were incubated at 37°C for 1 hour and
subsequently washed 5 times. Mouse serum samples were added to plates at a
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starting dilution of 1:50 in duplicates in blocking buffer and diluted 3-fold down the
plate. Naïve mice sera and buffer only wells were included on every plate as
controls. The plates were incubated at 37°C for 1 hour. The ELISA plates were then
washed five times and 50 µl/well of horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG or IgM (Invitrogen, UK) was added at 1:3000 in blocking buffer to
detect bound antibodies and incubated at 37° C for 1 hour. The ELISA plates were
washed 5 times and 50 µl of 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate
(Thermo Scientific, UK) was added to all wells for 30 minutes at room temperature
in the dark. The reaction was stopped by adding 50 μl/well of 0.3M sulphuric acid
(H2SO4).
The optical density (OD) was measured at 450 nm (OD450) using a Synergy
Microplate Reader and Gen5 software (BioTek, UK). The mean OD of each dilution
was calculated, and antibody titres were expressed as the reciprocal of the last
dilution with a mean OD greater than 1.5 times the mean of the OD of the negative
control serum. An FMDV-specific IgG1 standard curve was created by including a
FMDV-specific IgG1 monoclonal antibody (clone IB11, TPI) on each plate. The
concentrations of FMDV-specific IgG in each serum sample were then calculated
with reference to the binomial equation derived from the standard curve.

3.3.8 Biolayer Interferometry
Biolayer interferometry (BLI) was performed using an Octet Red96e instrument
(ForteBio, Inc.) with ForteBio Data Analysis HT software (v 11.1.0.25) and used to
determine the response rate, koff/kon rates and the KD (M) values of antibodies in the
sera of mice infected with FMDV to FMD VLPs. This method was adapted from
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previously described methods using polyclonal sera (Dennison et al., 2018, Tsuji et
al., 2021). A 5 μg/ml concentration of stable O1/Manisa/TUR/69 FMD VLP (Porta
et al., 2013) (kindly provided by Alison Burman, TPI) was first immobilised on
streptavidin-coated biosensors (Sartorius UK Limited) for 900 s. A baseline was
established by using measurements taken when the sensors were immersed for 60 s
in HBS-EP buffer (HEPES 10 mM, NaCl 150 mM, EDTA 3 mM, 0.005% Tween 20;
Teknova). The sensors were then immersed in a dilution series of sera from FMDVinfected mice, with known FMDV-specific IgG concentrations (see section 3.3.7),
from mice taken at 7, 14 or 21 dpi with FMDV for 1200 s in the association phase.
Naïve mouse sera were used as a negative control. Subsequently, the sensors were
immersed in HBS-EP buffer for 1200 s in the dissociation phase. Unloaded sensors
and reference wells were used to subtract non-specific binding of polyclonal sera to
unloaded sensors and HBS-EP buffer to FMD VLP loaded sensors. Mean KD (M)
values were obtained from the dilution series of each mouse based on their global fit
to a bivalent model, with a full R2 value of ≥0.9. The KD values were measured using
the ratio of koff/kon, to determine the avidity of antibodies in the polyclonal serum
samples to the FMD VLP. The values were expressed as -Log10 of KD (M) values,
and sera which had a response rate below 0 were recorded as 0.

3.3.9 Indirect G-H loop peptide ELISA
An indirect peptide ELISA using a biotinylated FMDV O/UKG/12/2001 G-H loop
peptide (VYNGNCKYGESPVTNVRGDLQVLAQKAARTLPTSFNYGAIK;
Peptide Protein Research Ltd, UK) was developed to determine the presence of
antibodies directed against the FMDV VP1129-169 G-H loop. The highest
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concentration of each serum sample was also tested with a biotinylated negative
control peptide with a similar molecular weight and number of charged residues vs
hydrophobic residues (PSRDYSHYYTTIQDLRDKILGATIENSRIVLQIDNARLA;
Peptide Protein Research Ltd) to ensure the sera wasn’t binding non-specifically.
The background with the negative control peptide was consistently very low and
homogeneous in all samples tested (data not shown).

Streptavidin coated ELISA plates (Thermo Scientific) were first incubated with 8
μg/ml G-H loop peptide diluted in PBS at 37°C for 2 hours. The plates were washed
with 1X TBS containing 0.1% BSA 0.05% Tween20 (Sigma) and then serum
samples were added in duplicate in PBS containing sodium casein (Sigma) at
1mg/ml. Naïve mice sera and buffer only wells were included on every plate as
controls. Bound antibodies were detected by HRP-conjugated goat anti-mouse IgG
(Invitrogen, UK) and SIGMAFAST™ OPD (o-Phenylenediamine dihydrochloride;
Sigma), and OD measured at 450 nm using a Synergy Microplate Reader and Gen5
software (BioTek, UK). Indirect G-H loop peptide-specific antibody titres were
expressed as log10 of the reciprocal of the last dilution with a mean OD greater than
1.5 times the mean of the OD of the negative control serum.

3.3.10 Detection of FMDV in mouse tissues by real-time qRT-PCR
3.3.10.1 RNA extraction from spleens and reverse transcription
Spleen samples (approximately 1/3 of each spleen) were added to 250 μl of tissue
lysis buffer from the MagVetTM Universal Isolation Kit (Thermo Fisher Scientific,
LSI) in homogenization tubes containing Lysing Matrix D (MP Biomedicals, UK).
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Tissue was disrupted and homogenized by agitation in a FastPrep-24 agitation
centrifuge (MP Biomedicals, UK) for 3 × 45 seconds at 6500 rpm, then left to rest at
room temperature for 30 min. The RNA from 100 μl of each homogenised sample
was extracted using the MagVetTM Universal Isolation Kit and the KingFisherTM Flex
(Thermo Fisher Scientific). The RNA could then be stored overnight at 4° C prior to
real-time qRT-PCR, or at -20° C or -80° C for short or long-term storage
respectively.

The RNA was then reverse transcribed using TaqMan reverse transcription reagents
(Applied Biosystems, UK,). The TaqMan reverse transcription reagent reaction mix
comprised: 3 µl TaqMan RT-buffer, 6.4 µl MgCl2, 5.9 µl dNTP, 1.5 µl random
primers, 0.6 µl RNAse inhibitor, 0.7 µl RT enzyme for each sample.

FMDV 3Dpol is the RNA-dependent RNA polymerase (3D) which carries out the
replication of the viral genome in the cytoplasm of host cells. 18S rRNA is
considered a suitable gene for normalising across different sample types following
viral infection (Aerts et al., 2004, Bas et al., 2004) and has been determined to be a
suitable target for normalising FMDV infection ((Doudo, 2017)) and is expressed at
approximately a million copies per cell (Wada et al., 2011). FMDV 3D and 18S
standards were used, along with nuclease free water to be used as controls.
The 18 μl TaqMan reverse transcription reagent reaction mix was added to 12 μl
RNA from each sample, standard and control. PCR tubes containing the
samples/standards/controls and mastermix were incubated on a thermocycler at 48°
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C for 45 minutes followed by 95° C for 5 minutes. The cDNA was then immediately
analysed by qRT-PCR.

3.3.10.2 Real-time PCR
A conserved sequence within the 3D coding region was targeted using forward
primer Callahan 3DF (ACTGGGTTTTACAAACCTGTGA), reverse primer
Callahan 3DR (GCGAGTCCTGCCACGGA) and a TaqMan probe with fluorescent
reporter dye 6-carboxyfluorescein (FAM) attached to the 5’ end of the probe and the
quencher carboxy-tetramethylrhodamine (TAMRA) attached to the 3’ end (Callahan
3DP, FAM-TCCTTTGCACGCCGTGGG AC-TAMRA) (Callahan et al., 2002).
The PCR reactions for the murine 18S housekeeping standard were performed using
an established protocol in our laboratory, based on previously published primers
(forward: GGCTCATTAAATCAGTTATG, reverse: GGCATGTATTAGCTCTAG)
and probe (FAM-CGCTCGCTCCTCTCCTACTTG-TAMRA) (Proudnikov et al.,
2003, Afonina et al., 2006).

The mastermix was made up of the following: 12.5 µl qPCR SuperMix, from the
EXPRESS qPCR SuperMix Universal Kit (Invitrogen, UK), 1 µl probe, 2.25 µl of
forward and reverse primers, and 2 µl nuclease free water. Five µl cDNA from each
sample was added to 20 µl mastermix in duplicates. Standards were diluted ten-fold
and added as duplicates, starting at 106 genome copy number (GCN)/5 µl RNA down
to 100 GCN/5 µl RNA. Nuclease free water was added instead of cDNA as a
negative control. Each 20 µl mastermix with 5 µl of sample was added to individual
wells of 96-well optical reaction plates (Stratagene, UK) and qRT-PCR reactions for
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FMDV-3D were performed as described previously (Reid et al., 2002, King et al.,
2006, Shaw et al., 2007).

The qPCR was performed on a Stratagene MX3005p quantitative PCR instrument
(Stratagene, USA). The thermal cycle heated the samples to 50° C for 2 minutes
(uracil N-deglycosylase digest), then to 95° C for 10 minutes (activation of the Taq
Gold thermostable DNA polymerase present in the master mix), followed by 50
cycles of 95°C for 15 seconds and 60°C for 1 minute. After DNA amplification,
standard curves of cyclic threshold (Ct) values versus known copies per standard
well were generated by the software, and the quantity of copies in test wells
calculated by reference to these standard curves. A Ct value of ≥ 35 was assigned
and the Stratagene MxPro software (Stratagene, USA) was used for data analysis.

3.3.11 Detection of FMDV in mouse serum by one-step qRT-PCR
Due to the small volumes of serum samples from animals taken at 2 dpi via the tail
vein, the samples were pooled to form 50 µl sera for IgG1, 4B2 and the naïve groups
(Table 3.2). For the RNA extraction, 50 µl of nuclease free water was added to each
of the pooled samples for a final volume of 100 µl per sample tested.
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Table 3.2: Pooled sera from mice taken at 2 dpi for use in qRT-PCR to determine
viraemia.
Replicate 4B2

IgG1

Naive

Animal number
1

1, 2, 3, 4, 5

1, 2, 3, 4, 5

1, 2

2

6, 7, 8, 9, 10

6, 7, 8, 9, 10

3, 4

3

11, 12, 13, 14, 15

11, 12, 13, 14, 15

5, 6, 7, 8

4

16, 17, 18, 19, 20

16, 17, 18, 19, 20

5

21, 22, 23, 24, 25, 26

21, 22, 23, 24, 25, 26

6

27, 28, 29, 30, 31, 32

27, 28, 29, 30, 31, 32

RNA was extracted from the pooled serum samples using the KingFisher Flex as
described in section 3.10.1, followed by the quantification of FMDV in the RNA by
a one-step qRT-PCR using the Superscript III Platinum One-Step qRT-PCR kit
(Invitrogen, UK). The mastermix was prepared containing: 12.5 µl of the 2X
reaction mix and 0.5 µl of enzyme mix from the kit, 2 µl of the forward and reverse
primers and 1.5 µl of the probe (described in section 3.10.2) and 1.5 µl distilled
water per well. The samples were added at 5 µl of RNA per well in duplicates to the
20 µl of mastermix per well. A ten-fold dilution series of an FMDV 3D standard,
starting at 10^6 GCN in 5 µl RNA down to 100 GCN, was included in duplicates.
Wells containing distilled water and mastermix only were also added as negative
controls. The PCR was performed on a Stratagene MX3005p quantitative PCR
instrument (Stratagene). The thermal cycle heated the samples to 60° C for 30
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minutes, then to 95° C for 10 minutes, followed by 50 cycles of 95°C for 10 minutes
and 60°C 1 minute to amplify the DNA. Stratagene MxPro software (Stratagene)
was used for data analysis. Standard curves of Ct values versus known copies per
standard well were generated by the software, and the quantity of copies in test wells
calculated by reference to these standard curves. A Ct value of ≥ 35 was assigned as
described previously (Shaw et al., 2007).

3.3.12 Virus Isolation
Virus isolation was carried out to determine whether FMDV persisting in the murine
spleens was infectious. Spleens were homogenised using FastPrep™ Lysing Matrix
D tubes with the FastPrep®-24 (MP Biomedicals). The spleen homogenate was then
added to T25 flasks containing ZZR cells (goat tongue epithelial cells), which are
susceptible to FMDV. The cells and homogenate were incubated at 37°C in 5% CO2
and checked daily for cytopathic effect (CPE). After 48 hours the flasks were stores
at -20°C, and once frozen were defrosted, centrifuged and supernatant was collected.
The supernatant from each sample was then added to new flasks of confluent ZZR
cells and the process was repeated for a total of 3 passages. The presence of CPEs
would demonstrate that the FMDV was infectious, absence of CPEs would
demonstrate no infectious FMDV. A flask inoculated with FMDV-OUKG and a
flask of ZZR cells only were used as positive and negative controls respectively for
each passage.
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3.3.13 Statistical analysis
The comparisons between the experimental groups and their corresponding control
groups were carried out using Minitab software (Minitab, US). The non-parametric
Mann-Whitney U test was used to compare the medians of the two groups. A P
value ≤ 0.05 was considered statistically significant.
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3.4 Results
3.4.1 Monoclonal antibody (mAb) 4B2 binds CR2/CR1+ in Balb/C mice
and does not affect the proportion of immune cells in the spleen
In order to study antigen retention, a mouse anti-CR2/CR1 mAb 4B2 was used,
which had been shown to block CR2/CR1 for up to 6 weeks in vivo in C57BL/6
mice, thus an excellent reagent for studying long term persistence of FMDV on
FDCs in mice (Kulik et al., 2015). First, mice were injected with mAb 4B2, or IgG1
as an isotype control, and effects on splenocytes determined by flow cytometry at
intervals afterwards up to 35 days post injection. Three anti-CR mAbs were chosen
to test the blocking ability of mAb 4B2 up to 35 days post injection. The most
notable reduction was the binding of mAb 7G6 to splenocytes from 2 days post
inoculation (Figure 3.1A). This mAb binds a similar and overlapping epitope on
CR1 and CR2 as mAb 4B2 as described previously (Kulik et al., 2015).
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Figure 3.1: Flow cytometric analysis of splenocytes from mice treated with mAb 4B2
or control IgG, comparing cell subsets and availability of CR.
Flow cytometry was used to identify the availability of complement receptors in mice
after treatment with mAb 4B2 and the percentage of cell subsets, compared to
control mice treated with IgG1. Spleen samples were taken at (A, D) early time
points and (B, E) late time points from mice treated with 4B2 or IgG1 and naïve
animals. At the early time points (A) there is a trend whereby mice treated with mAb
4B2 show a smaller number of positive cells to the CR antibodies, compared to the
IgG1 or control groups, although this is not significant; 8C12 p = 0.312; 7G6 p =
0.061; 7E9 p = 0.194. By the late time points (B) mice treated with 4B2 had
significantly reduced binding of the three anti-CR antibodies (p = 0.03) to their cells
compared to the control mice. A representative histogram (C) of the percentage of
positive cells for mAb 7G6 at the late time point. The percentage of the different
splenic cell subsets CD8 and CD4 T cells, B cells (B220), macrophages (CD169) and
dendritic cells (CD11b) (D-E) remained unchanged after treatment with 4B2 when
analysed from both early and late time points after antibody treatment. A
representative flow plot (F) of the CD8a and CD4 positive cells from a mouse from
the 4B2 group at a late time point. Naïve animals were used as controls as they were
untreated. *p values are 0.03 using the non-parametric Mann-Whitney U test to
compare the medians of the two treatment groups.
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Up to 35 days post inoculation mAb 4B2 is still capable of blocking CR, with a
significant reduction of anti-CR2/CR1 mAbs binding to splenocytes, as demonstrated
not only by mAb 7G6, but mAbs 8C12, which is monospecific to CR1, and 7E9,
which binds a different epitope on CR2/CR1 (Figure 3.1B). This is in alignment
with previous data, whereby the blocking effect is not purely due to steric inhibition
but induces a substantial decrease in the expression level of receptors when mAb
4B2 is used in vivo (Kulik et al., 2015).

Treatment with mAb 4B2 did not affect the abundance of CD8a cytotoxic T cells,
CD4 T helper cells, B cells (B220+ cells), marginal zone macrophages (CD169) and
monocytes (CD11b), at early or late timepoints (Figures 3.1D and 3.1E respectively).
Importantly, IHC analysis showed the presence of CD21/CD35+ FDCs in the spleens
of mice treated with mAb 4B2 (Figures 3.2 and 3.4). These data are consistent with
data from Kulik et al. that also reported that in vivo injection of mAb 4B2 does not
induce the death of immune cells including FDCs but leads to substantial blocking of
binding of other mAb to CR2 and CR1 (Kulik et al., 2015).

3.4.2 Reduced immune complex trapping by FDC in the spleens of mice
treated with mAb 4B2
Next, the effects of in vivo mAb 4B2 treatment on the ability of FDCs to trap ICs
were investigated. Mice were injected with mAb 4B2 (or an IgG1 isotype control)
and 1 day later injected with pre-formed peroxidase-anti-peroxidase (PAP)
containing ICs which can bind to FDCs in vivo via CR2/CR1 (McCulloch et al.,
2011). Spleen sections were analysed by confocal microscopy 1 day later (Figure
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3.2). The presence of CR2/CR1-expressing FDC was detected using mAb 7E9. In
control-treated mice, PAP-ICs were consistently detected in association with FDC
networks, with 95% of the FDC networks positive for PAP. In contrast, in the
spleens of mice treated with mAb 4B2, PAP-ICs were detected in fewer than 2% of
the FDC networks examined, similar to the background levels observed in naïve
mice (Table 3.3). This data demonstrates that pre-treatment of mice with mAb 4B2
effectively blocks the retention of ICs by splenic FDCs in vivo.
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Figure 3.2: Effect of pre-treatment with mAb 4B2 on the binding of PAP on the FDC
networks in mouse spleen.
BALB/c mice were treated with 500 μg of 4B2 (n=3) or IgG1 (n=4) control 24 hours
before immunisation intravenously with peroxidase anti-peroxidase (PAP). Naïve
mice were untreated. Spleen samples were collected in O.C.T from mice culled 1-day
post inoculation with PAP. A) Cryosections were analysed via confocal microscopy
for the presence of PAP associated to the FDC network. Confocal microscopy
images are arranged in rows and columns according to the treatment and the
staining. B) Mice from the 4B2 treatment group had significantly less PAP bound to
FDCs compared the control group, p value of 0.05 using the non-parametric MannWhitney U test to compare the medians of the two treatment groups.
PAP panels: show PAP labelled green, detected with anti-rabbit 488. PAP was
detected in FDC networks in IgG1 control mice, but not in 4B2 treated mice.
Absence of signal to PAP in naïve mouse spleen.
FDC Network: light zone FDCs labelled red with Alexa Fluor 594-conjugated antimouse CD21/CD35 (CR2/CR1) antibody, clone 7E9; FDC clusters were detected in
all groups.
Macrophages: marginal zone macrophages surrounding the light zone GC labelled
grey with conjugated mAb CD169-APC.
Merged images: show deposition of PAP within the FDCs network (yellow, colocalisation) of the IgG1 control mice but not in 4B2 treated mice or naïve mice.
Nuclei stained blue (DAPI). Scale bars = 50 μm.
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Table 3.3: Immunofluorescence examination of FDC networks in mice spleens
treated with CR block (4B2) or an isotype control (IgG1) 1 day before PAP
immunisation.
Groups

4B2a

IgG1b

Total number of FDC networks imaged

128

166

2

158

Percentage of FDC networks positive for PAP (%)

1.6

95.2

Medians of PAP-positive FDC networks

0.00

95

Number of FDC networks positive for PAP

a

n=3 mice

b

n=4 mice

3.4.3 CR2/CR1-blockade enhances the viraemia during FMDV infection
Next, the effects of mAb 4B2-mediated CR2/CR1-blockade on the viraemia during
FMDV infection were determined. Mice were treated with mAb 4B2, or IgG1 as a
control, and 1 day later injected with FMDV. By two days after infection a
statistically significant, 10-fold increase in the viraemia in sera was detected in mAb
4B2-treated mice compared to control-treated mice (Figure 3.3A). Viral RNA
quantification corroborated the plaque assay results, whereby mAb 4B2-treated mice
showed a statistically significant, 10-fold increase of viral genome in the serum
compared to the control-treated mice (Figure 3.3B). By 7 dpi the viraemia was
cleared in both groups and no detectable virus was detected by plaque assay or
qPCR. Naïve mice were used as negative controls and were negative for both the
plaque assay and qPCR. These data importantly show that blockade of CR2/CR1 did
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not affect the ability of the virus to replicate, in fact the CR2/CR1 blockade resulted
in a higher titre of virus in sera post-infection with FMDV in mice.

117

Figure 3.3: Viraemia in 4B2 treated and control-treated mice in response to FMDV
infection.
The presence of viraemia in serum samples from mice treated with 4B2 or IgG1 was
investigated by (A) plaque assay and (B) qRT-PCR. Serum samples were collected
from 4B2 and IgG1 treated mice at 2 and 7 dpi. The quantity of virus in the mouse
serum at 2 dpi is expressed as (A) log 10 of the number of plaque forming units
(PFU) per 1 ml serum and (B) log 10 of the genome copy number (GCN). Each blot
represents an individual animal, and the line represents the median values. Naïve
mice at 2 dpi and all serum samples harvested from 7 dpi were negative for
viraemia. P values of <0.05 using the non-parametric Mann-Whitney U test to
compare the medians of the two treatment groups.
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3.4.4 CR2/CR1-blockade reduces the trapping and persistence of FMDV
antigen in the spleen
Next, it was determined whether the CR2/CR1 blockade impeded the trapping and
persistence of FMDV in the spleen, as shown after inoculation with PAP (Figure
3.2). Mice were treated with mAb 4B2 or IgG1, 1 day later injected with FMDV,
and spleens (n=8/group) collected at weekly intervals afterwards. Spleens from
naïve mice were used as controls. The location of FMDV and FDC networks in the
spleens was determined by immunofluorescence confocal microscopy (Figures 3.4
A-D). We used mAb 7E9 to detect FDC since the treatment of mice with mAb 4B2
does not completely block the binding of mAb 7E9 to CR2/CR1 (Figures 3.1-3.2).
The total number of FDC networks and whether they were positive or negative for
FMDV is represented in Table 3.4.
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Figure 3.4: Effect of pre-treatment with 4B2 preventing the binding of FMDV on
FDCs in mouse spleens.
Confocal microscopy images are arranged in rows and columns according to the
treatment, day post infection and the staining. BALB/c mice treated with 500 μg of
either mAb 4B2 or IgG1 control on day -1 before challenge with FMDV. FMDVinfected mouse spleen samples were collected at (A) 7, (B) 14, (C) 21 and (D) 28 dpi
from IgG1 control mice and 4B2 mice (n=8 per group per timepoint). Naïve mouse
spleens were taken at 7 dpi (n=4) and 28 dpi (n=4).
FMDV panels: show FMDV protein labelled green with biotinylated llama single
domain anti-FMDV 12S antibody VHH-M3 and streptavidin Alexa-Fluor-488.
FMDV was detected in the IgG1 control group at all timepoints. FMDV was not
detected in the spleens of the 4B2 treated group at any of the time points, with the
exception of four mice, three harvested at day 14 and one at day 21. There was an
absence of signal for FMDV in naïve mouse spleen at all time points.
FDC Network: show FDCs labelled red with Alexa Fluor 594-conjugated antimouse CD21/CD35 (CR2/CR1) antibody, clone 7E9; FDC clusters were detected at
all time points in control, 4B2 treated and naïve mice.
Merged images: show deposition of FMDV within the light zone FDC network of
IgG1 control mice (yellow – colocalization); but absence of FMDV within the light
zone FDC network of 4B2 treated mice and naïve mice (red). Nuclei stained blue
(DAPI). Scale bars = 50 μm.
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Table 3.4: Immunofluorescence examination of mouse spleen treated with mAb 4B2
or control IgG1 for FMDV in FDC networks at 7, 14, 21 and 28 dpi and naïve mice
at 7 and 28 dpi.
4B2a

Groups
DPI

IgG1a

Naïveb

7

14

21

28

7

14

21

28

7

28

579

1078

1100

1091

549

1106

1146

1236⸆

244

575

10

152

18

3

343

357

258

128

5

10

1.73

14.1

1.6

0.3

62.5

32.3

22.5

10.4

2.05

1.7

0.83

0.31

0.96

0.00

63.09

32.97

22.64

9.11

1.89

1.76

Number of
FDC
networks
Number of
FDC
networks
positive for
FMDV
Percentage
FDC
networks
positive for
FMDV (%)
Medians of
FDC
networks
positive for
FMDV
a

n=8 mice per time point; bn=4 mice per time point.

122

Despite the differences in FMDV antigen retention on FDCs, the total number of
FDCs from mice in both the IgG1 control group and the mice treated with the
CR2/CR1-blockade were not significantly different (Figure 3.5A). This confirms
data obtained previously (Kulik et al., 2015), and therefore the significant reduction
in FMDV antigen retention in mice pre-treated with mAb 4B2 is not due to the lack
of FDC networks, but specifically as a result of the blockade of CR2/CR1.
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Figure 3.5: Quantification of FMDV antigen and RNA in spleens from 4B2-treated
and isotype control treated mice detected by confocal microscopy and RT-qPCR.
Spleen samples were collected from BALB/c mice at 7, 14, 21 and 28 dpi
(n=8/group/timepoint) following treatment with either mAb 4B2 or IgG1 isotype
control one day prior to IP challenge with 106.2 TCID50 of
FMDV/O/UKG/34/2001.Sections were cut using a cryostat and a cross-section was
taken of the spleens by consistently collecting 16 sections per animal with an
approximate 70µm gap between each section. A) FDC networks were visualised,
imaged and counted using mAb 7E9, an anti-CR2/CR1 antibody. There were no
significant differences in the total number of FDC networks in the group treated with
mAb 4B2 compared to the IgG1 isotype control. B) FMDV was detected using a
biotinylated llama single domain anti-FMDV 12S antibody VHH-M3, and the
percentage of FDC networks which were positive for FMDV was calculated. Mice
treated with mAb 4B2 had significantly less FMDV in their FDC networks compared
to the isotype control mAb, with a P value of ≤0.001 from 7, 21 and 28 post infection.
C) The samples were analysed by RT-qPCR for the presence of FMDV RNA and the
results are expressed as copies per 108 copies of 18S rRNA. Each point represents
an individual animal, and the line represents the median values. CT values ≥ 35 for
3D FMDV were deemed negative and recorded as 0. Naïve mice (n=4) were tested
at 7 and 28 dpi as negative controls. Using the non-parametric Mann-Whitney U
test to compare the medians of the two groups, at 7 dpi p value of 0.001; 14 dpi p
value of 0.007; 21 dpi p value of 0.031.
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In IgG1 isotype control treated mice, FMDV antigen was detected in the majority of
FDC networks by 7 dpi. Although the number of FMDV-antigen-positive FDC
networks gradually declined as the infection progressed, FMDV antigen was
detectable in association with approximately 10% of the FDC networks at 28 dpi
(Figure 3.5B). In contrast, no association of FMDV antigen with FDCs above
background levels was detected in the spleens of mAb 4B2 treated mice, with the
exception of 4 mice, suggesting that CR2/CR1-blockade had prevented the trapping
and retention of FMDV on FDC.
Comparison of the presence of viral RNA similarly revealed that CR2/CR1-blockade
had prevented the accumulation and persistence of FMDV in the spleen. While high
levels of viral RNA were detected in the spleens of control-treated mice until 21 dpi,
the levels in 4B2-treated mice were below the detection limit (Figure 3.5C).
However, although FMDV antigen was detectable in association with FDCs in the
spleens of control-treated mice by 28 dpi, the levels of viral RNA in whole spleen
samples were below the detection limit in all groups at this time. Thus, these data
show that trapping and persistence of FMDV antigen is dependent on FMDV binding
to FDCs via CR2/CR1.

3.4.5 Co-localisation of CR2/CR1 with FMDV
Localisation of FMDV was consistently found in murine spleens within the FDC
networks. Further investigation using stimulated emission depletion (STED)
microscopy for super-resolution images confirmed that FMDV proteins were
predominantly co-localised with CR2/CR1 on FDCs (Figure 3.6). ImageJ software
was used to confirm that the distribution of the CR2/CR1- and FMDV-antigen-
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associated fluorochromes were preferentially co-localised, compared to that
predicted by the null hypothesis that each of these were randomly and independently
distributed (Inman et al., 2005, McCulloch et al., 2011). This analysis confirmed a
highly significant and preferential association of the FMDV antigen with CR2/CR1
on FDCs when compared to the null hypothesis that the pixels were randomly
distributed (Figure 3.6B).
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Figure 3.6: Co-localisation of FMDV with FDCs.
BALB/c mice were infected with FMDV/O/UKG/34/2001 and high-resolution images
were taken of spleen samples using a STED confocal microscope. A) Spleen taken
from an infected mouse 7 dpi, demonstrating the co-localisation of FMDV (green)
with FDCs (red). B) Morphometric analysis using ImageJ confirmed that FMDV was
preferentially associated with FDCs in spleen tissues (n=7) and significantly greater
than the null hypothesis that the pixels were randomly distributed, with a p value of
0.0023.

3.4.6 Virus isolation
In order to determine whether the FMDV antigen retained on the FDCs in murine
spleens was infectious, an FMDV-susceptible cell line was inoculated with spleen
homogenates from FMDV infected animals. The spleens from 7 mice culled at 7 dpi
were used: 2 mice pre-treated with the mAb 4B2; 2 mice pre-treated with the IgG1
isotype control and 3 mice which received no prior treatment before infection with
FMDV. All samples were negative confirming previous reports, that in the mouse
model (Doudo, 2017), infectious FMDV could not be detected in whole spleen
samples even though antigen could be detected in the FDC networks.

3.4.7 CR2/CR1-blockade reduces the generation of neutralising antibodies
in FMDV infected mice
Since the retention of antigen on FDCs is important for the induction and
maintenance of high-titre antibody responses and B cell affinity maturation
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(Victoratos et al., 2006, Heesters et al., 2013), the next hypothesis tested was that
CR2/CR1-blockade in FMDV-infected mice would impede the generation of virus
neutralising antibodies. Serum samples were collected from mAb 4B2- or control
IgG1-treated FMDV-infected mice and incubated with FMDV-susceptible cells and
FMDV for their ability to neutralise the virus.

High titres of virus-specific neutralising antibodies were detected in the sera of
control IgG1-treated mice by 7 dpi, titres increased by day 14 and these were
maintained up to 28 dpi (Figure 3.7). In contrast, while virus-specific neutralising
antibodies were detected in the sera of mAb 4B2-treated mice by 7 dpi, these did not
increase at later time points post infection and their titres were significantly reduced
when compared to those in the serum of control IgG1-treated mice (Figure 3.7).
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Figure 3.7: Effect of 4B2 treatment on titres of FMDV neutralising antibodies in
mouse serum.
FMDV neutralising antibodies were evaluated from serum samples taken from
BALB/c mice at 7, 14, 21 and 28 dpi with FMDV. Mice had either been pre-treated
with mAbs 4B2 or IgG1 1 day prior to FMDV infection. Naïve mice were used as
controls. Each blot represents an individual animal, and the line represents the
median antibody titre. Neutralising antibody titres are expressed as the serum
dilution that neutralised 50% of 100 TCID50 of the virus. Using the non-parametric
Mann-Whitney U test to compare the medians of the two groups, at 14 dpi p value of
0.001, 21 dpi p value of 0.004 and 28 dpi p value of 0.003.
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3.4.8 CR2/CR1-blockade had no effect on the total IgG/IgM FMDVspecific antibody titres
Indirect ELISAs were used to determine the isotypes of the FMDV-specific
antibodies produced in the sera of mice from each treatment group. Despite the
significant decrease in the level of virus-neutralising antibodies in the sera of the
mAb 4B2-treated mice, there were no significant differences in the titre of virusspecific IgG produced at any of the time points analysed (Figure 3.8A). A FMDV
mAb of known concentration was used in the ELISA as a standard to determine the
concentration of FMDV-specific IgG in the polyclonal sera (Figure 3.8B). At 7 dpi,
4 mice from the 4B2 group and 3 mice from the IgG1 group had FMDV-specific
IgM antibodies, and as expected no mice had IgM titres after this timepoint (Figure
3.8C).
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Figure 3.8: Effect of 4B2 treatment on titres of FMDV specific antibodies.
FMDV-specific antibodies in serum samples from mice treated with mAb 4B2 or an
isotype control antibody (IgG1) were detected by ELISA. Serum samples were
collected at 7, 14, 21 and 28 dpi and tested for (A, B) IgG and (C) IgM antibodies.
Antibody titres were either expressed as (A, C) the reciprocal log10 of the last
positive dilution or (B) using a known FMDV IgG standard to plot the concentration
of IgG antibodies in mg/ml. Each data point represents an individual animal, and
the bars represent median values. Using the non-parametric Mann-Whitney U test to
compare the medians of the two groups, there were no statistically significant
differences at any time points.
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3.4.9 CR2/CR1-blockade reduces antibody titres to the neutralising
FMDV G-H loop
Next, an ELISA was carried out to compare the antibody titres in the mAb 4B2treatment group and the control group against the O/UKG/12/2001 VP1129-169 G-H
loop (Figure 3.9A). In mice, the G-H loop is a neutralising epitope of FMDV, and a
G-H loop peptide vaccine is sufficient to protect against FMDV challenge
(Zamorano et al., 1995, Rodriguez et al., 2003). Mice treated with mAb 4B2 had
significantly lower antibody titres to the G-H loop compared to the control group,
which may have contributed to the decreased ability of the antibodies from the 4B2treated mice to neutralise FMDV.
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Figure 3.9: Effect of 4B2 treatment on titres of IgG antibodies specific to the FMDV
G-H loop and the avidity of FMDV specific IgG antibodies in mouse serum.
BALB/c mice treated with 500 μg of either mAb 4B2 or IgG1 control on day -1
before challenge with FMDV and sera was collected at 7, 14, 21 and 28 dpi. A) An
indirect peptide ELISA showed that mice treated with 4B2 had significantly less
antibodies to the FMDV G-H loop compared to the IgG1 control group, with a P
value of ≤0.05 using the non-parametric Mann-Whitney U test. B) The avidity of
antibodies was measured using biolayer interferometry and was performed using an
Octet Red96e. FMD O1/Manisa/TUR/69 VLP were bound to streptavidin sensors
and dipped into three dilutions of sera per mouse. Each blot represents the mean
avidity of these measurements for each individual mouse, represented as -Log10 of
the KD (M) value. Sera which produced a negative response rate, and therefore had
too few antibodies bound to FMD VLPs to reach the limit of detection, are recorded
as 0. The results demonstrate that mice treated with 4B2 had significantly lower
avidity antibodies compared to the control group, with a P value of ≤0.05 using the
non-parametric Mann-Whitney U test.
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3.4.10 CR2/CR1-blockade decreases antibody avidity to FMD VLPs
Investigations into whether CR2/CR1-blockade had affected the avidity of the
FMDV-specific antibodies for FMDV antigen were carried out using BLI (Figure
3.9B). Using the data shown in Figure 3.8B, known concentrations of FMDVspecific IgG in polyclonal sera from infected mice from each group were incubated
with stable FMD VLP and the antibody dissociation/association rates (koff/kon) rates
and KD values determined. The KD is the equilibrium dissociation constant between
an antibody and its antigen and is measured using the ratio of koff/kon, therefore KD
values were used to represent the avidity of the polyclonal antibodies, based on the
individual affinities of the antibodies in the polyclonal serum samples, to the FMD
VLP. These data clearly showed that the KD values in the sera of mice treated with
mAb 4B2 were significantly lower than those in the sera of IgG1-treated control
mice (Figure 3.9B); suggesting that virus-specific antibodies induced after
CR2/CR1-blockade had reduced avidity to FMD VLP. This decrease in antibody
avidity to the FMD capsid is likely the predominant cause of the reduced capacity of
the antibodies generated after the CR2/CR1 blockade to neutralise FMDV, when
compared to the control animals (Figure 3.7).
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3.5 Discussion
In this chapter a mouse model was used to understand how FMDV is trapped and
retained in the spleen for up to 28 dpi and how the absence of antigen in the GC
correlates with a reduced neutralising antibody response. The results highlight the
potential of targeting antigen to FDCs to stimulate potent neutralising antibody
responses after vaccination.

Previous studies suggested that in cattle FMDV is localised on FDCs in the light
zone of GCs (Juleff et al., 2008). Similar to studies with HIV where the interaction
of virus with FDCs has been explored in detail in mice, data presented in this chapter
has demonstrated that FMDV localises to FDCs in mice after the resolution of
viraemia. The mouse model for FMDV persistence showed FMDV antigen in the
GC for up to 63 dpi, associated with FDCs (Doudo, 2017). This FMDV mouse
model has been used in this study to gain novel insight into the mechanisms of
FMDV persistence on FDCs. FMDV protein was detected in FDC networks up to 28
dpi and FMDV genome up to 21 days in spleen samples. A potential hypothesis for
the absence of detectable genome at 28 dpi is because the RNA will be in a small
number of localised deposits in the GC which may not be detected when the whole
spleen is sampled. Data have shown previously in cattle and African buffalo that
FMDV genome does persist in GC for prolonged periods (Juleff et al., 2008, Maree
et al., 2016). The absence of FMDV antigen and genome by IHC and PCR in mice
treated with mAb 4B2 as reported here, demonstrates the role of CR2/CR1 as the
major receptor involved in the trapping and retention of FMDV.
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The results presented in this chapter clearly demonstrate that the persistence of
FMDV on FDCs is an important component of the immune response against FMDV
in mice. FDC networks and presentation of antigen enable the establishment of
antigen-specific GCs, and in turn are able to induce B-cell proliferation and rapid
class switching, as seen in the immune response to FMDV (Gaspal et al., 2006, Juleff
et al., 2009, Windsor et al., 2011, Grant et al., 2012). The data show that a lack of
persisting antigen resulted in low affinity antibodies, with a significantly reduced
ability to neutralise FMDV. The methods described in this thesis to investigate
persisting antigen were based on the knowledge that FDCs express CR1 and CR2 at
high levels on their surface, and these receptors play a large, and important role in
trapping ICs after exposure to pathogens (Carroll, 1998, Ho et al., 2007). Therefore,
a mouse anti-CR2/CR1 mAb was used to block these receptors long-term in vivo to
determine whether FMDV was in fact binding to FDCs via CR2/CR1, and what the
repercussions on the immune response to FMDV would be with a lack of persisting
antigen.

The data demonstrating no loss in viraemia is an important observation to show that
the mAb 4B2 does not prevent viral replication, and therefore is not the reason for
the lack of FMDV detection on the FDC networks in the animals treated with the
CR2/CR1 blockade. In fact, the results showed that this blockade increased viraemia
in these mice, and although it is not clear why, one hypothesis is that virus was
unable to be cleared from the blood as effectively when CR2/CR1 was blocked. ICs
in the blood activate the complement pathway, which enables the opsonisation with
C3b fragments which in turn are recognised by CRs (Walport and Lachmann, 1988).
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Erythrocytes express CR1 and therefore, inhibition of CR1 via the anti-CR2/CR1
mAb may be responsible for the significantly higher viraemia seen, due to the
inability to clear virus ICs as effectively from circulation. The formation and
subsequent delivery of FMDV-ICs to FDCs would be interesting to study, looking
more specifically where the mAb 4B2 is working to determine the GC kinetics after
infection with FMDV. B cells also express CR2/CR1, therefore the deposition of ICs
on FDCs may have been blocked as a result of a block of transport of ICs to the
FDCs, and not solely that the FDCs were unable to bind ICs due to blockade of their
CR2/CR1.

Similar to other studies with FMDV (Doudo, 2017), the results from the virus
isolation assay was unable to demonstrate that FMDV retained by FDCs in mice is
infectious. Furthermore, in cattle persistently infected with FMDV, viral nonstructural proteins associated with viral replication were not detected in the GCs of
lymphoid tissues, therefore suggesting that persisting FMDV antigen, likely
associated to FDCs, is non-replicative (Juleff et al., 2008). Bachmann et al. reported
similar findings with VSV, that whilst VSV was not infectious on FDCs, the long
duration of immunity seen was possible due to FDCs trapping and retaining antigen
for long periods of time (Bachmann et al., 1996). Therefore, despite the presence of
FMDV on FDCs for long periods of time, this is in a non-infectious form, thus
indicating a potential for non-infectious vaccines to reproduce this persistence to
enhance the duration of immunity by eliciting FMDV-specific antibodies without the
need for infectious virus.
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In line with the VNT data, whereby at 7 dpi there were no differences in mice treated
with or without a CR2/CR1-blockade, mice had similar titres of IgM. The early
response predominantly produces virus-specific IgM antibodies, prior to classswitching which happens around 5 dpi (Juleff et al., 2009, Pega et al., 2013).
Therefore, as well as no significant differences between the groups, 4 out of 8 mice
from the CR2/CR1-treated group and 5 out of 8 mice from the control group, no
longer had detectable IgM in their sera by 7 dpi. Studies have shown that lowaffinity, short-lived plasma cells are produced in transient primary extrafollicular
foci, prior to SHM and affinity maturation in GCs (Smith et al., 1996, Dal Porto et
al., 1998, Phan et al., 2006, Fink et al., 2007). Therefore, up to 7 dpi the lack of
significant differences in the results could be a result of an extracellular, GCindependent response in both groups, which would also explain the low avidity of
antibodies to the FMD capsid as shown by BLI. Although Ig class switching occurs
extrafollicularly, there is evidence of only low-level hypermutation, thus the
production of low affinity B cells in the initial stages of infection (Smith et al., 1997,
MacLennan et al., 2003, Shlomchik et al., 2019). Consequently, the mAb 4B2 may
have a lesser effect in the early stages of the adaptive immune response, where the
GC reaction and FDCs are less involved. Furthermore, the similar titres of
antibodies seen in both groups from 14 dpi could indicate a long-term extrafollicular
response in the mAb 4B2 treated group, where plasma cells are produced, but the
affinity maturation process is less effective than in the GC, which is then reflected in
the lower avidity antibodies produced in mice treated with mAb 4B2 compared to the
control mice.
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By 14 dpi there were many significant differences in mice treated with the CR2/CR1block, including a significant decrease in FMDV antigen on FDCs; a decrease in
FMDV genome in the spleens; and despite similar total antibody responses, a
significant reduction in virus neutralising antibodies, as a result of a significant
reduction in antibody avidity to FMD antigen. Furthermore, it has been established
that in mice the G-H loop is a neutralising epitope inducing protection against
FMDV (Zamorano et al., 1995); and mice treated with mAb 4B2 had a modest
reduction of antibodies to the G-H loop. These results correlate with the reduced
ability of the antibodies from the mice treated with 4B2 to neutralise FMDV,
although the reduction in avidity of the FMDV-specific antibodies appears to be the
predominant reason for the differences in the virus neutralisation between the 2
groups. Correlation between KD values and protective neutralising antibody titres
have been described previously, for example an assay was standardised to look at
serum neutralising titres to BVDV. The results demonstrated that avidity
measurements could be utilised instead of the classic virus neutralising assay when
assessing the BVDV neutralising titres (Franco Mahecha et al., 2011). With regards
to FMDV, from as early as 1991, the correlation between antibody affinity and
protection has been reported. Steward et al. demonstrated that the avidity of serum
antibodies for FMD peptide and virus was significantly higher in protected cattle
compared to those unprotected (Steward et al., 1991). More recently, studies have
shown that protection in vaccinated cattle against FMDV correlates with higher
avidity antibodies post-infection (Lavoria et al., 2012, Barrionuevo et al., 2018). The
results from the present study may therefore indicate that the persisting antigen on
FDCs is not only important for producing high avidity antibodies, but in the larger
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sense, that this may also play a role in increased protection upon reinfection with
FMDV.

The experiments presented in this chapter were as a result of blocking CR2/CR1
using a mouse anti-mouse mAb, 4B2. This method of CR2/CR1 blocking was
chosen as research had shown that the off-target effects were less significant than
that of Cr2-/- mice for example (Kulik et al., 2015). Furthermore, the mAb 4B2
displayed the ability to block the receptors in vivo for as long as six weeks after a
single injection. This was crucial in order to study long-term persistence of antigen.
Bioimaging and flow cytometry analysis confirmed that the number and size of FDC
networks were normal, and the percentage of other immune cell subsets in the spleen,
including B- and T- cells were unaltered after blocking up to 35 days. The mAb 4B2
treatment was therefore used to indicate whether antigen bound to CR2/CR1 on
FDCs impacted on the immune response.

There are commercially available rat mAbs specific for mouse CR2/CR2, including
clones 7G6 and 7E9 discussed in this thesis, which have been used in a number of
studies (Heyman et al., 1990, Yoshida et al., 1993, Whipple et al., 2004, Ho et al.,
2007). However, the use of these reagents for studying persistence of antigen is
limited due to the development of anti-rat antibodies. Nevertheless, using the rat
anti-mouse 7G6, Ho et al was able to demonstrate that by blocking CR2/CR1, the
ability of HIV to bind in LNs was significantly reduced. The study went further to
demonstrate the ability of the mAb 7G6 to displace the HIV when administered 1 dpi
with HIV, with up to a 50-fold reduction in LN-bound HIV, demonstrating that mAb
7G6 can displace already bound HIV virions. Cr2-/- mice were also used to
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demonstrate no HIV could be detected in LNs from these mice (Ho et al., 2007).
Future work with FMDV could be to determine whether a similar mechanism occurs
with mAb 4B2 displacing already bound FMDV antigen from FDCs, this could
provide an opportunity to design novel therapeutics to rid carrier animals of FMDV
antigen, enabling an FMDV free herd without the need to cull any and all infected, or
previously infected animals.

Ochsenbein et al. used Cr2-/- mice to investigate antibody responses to a Tindependent antigen, VSV. They showed similar findings, that early antibody
responses to infection were unaffected in these knockout mice, including no
significant effect on the IgM response to infection in mice deficient in CR2/CR1.
However, longer term antibody responses to VSV were not significantly different in
Cr2-/- mice compared to the WT (Ochsenbein et al., 1999). Unlike FMDV (Grant et
al., 2016), VSV is able to induce B cell memory, therefore, the contrast to the
findings presented here could be because the induction of antibody responses to VSV
are less dependent on antigen persistence on FDCs compared to FMDV. The murine
Cr2 gene encodes two proteins, CR1 and CR2, via alternative splicing (Jacobson and
Weis, 2008), therefore inactivation of the Cr2 gene leads to deficiency in both CR1
and CR2. The similarity in these receptors also leads to blocking of both CR1 and
CR2 upon administration of an anti-CR2 and/or -CR1 mAb.

Cr2-/- mice have abnormalities in the maturation of GCs including the GC B cells
associated with the CR2/CR1 deficiency, which may complicate the interpretation of
some studies where they are used. These Cr2-/- mice have been shown in multiple
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studies to have a discernible impairment in their ability to mount a humoral immune
response (Molina et al., 1996, Chen et al., 2000). A recent study by Anania et al.
used image analysis to demonstrate that FDCs lacking CR1 and CR2 not only have a
decreased ability to capture ICs, but in the Cr2-/- mice, GCs are fewer and smaller
and FDCs are poorly organised (Anania et al., 2021). FDCs use chemokine gradients
to interact with B cells and T follicular helper cells in GC, therefore disorganisation
of the FDC networks leads to a variety of abnormalities, including impaired B cell
survival and reduced Ig production (Pikor et al., 2020). Although Cr2-/- mice are
unable to mount a normal humoral immune response to various antigens, a study
showed that Cr2-/- mice had reportedly normal levels of total IgM and of the different
IgG isotypes (Molina et al., 1996). However, although these studies showed
antibody titres were similar in Cr2-/- and WT mice, the functional differences in
antibodies were not specifically investigated.

A number of studies have used Cr2-/- mice and reconstituted with Cr2+/+ WT BM to
allow a more specific investigation of the role of CR2/CR1 on FDCs without
impairing B cell functions (Ahearn et al., 1996, Fang et al., 1998, Barrington et al.,
2002). This is possible because FDCs are derived from stromal cells, whereas B
cells are BM in origin. Initial IgG and IgM responses were shown to be similar in
Cr2-/- mice with or without WT BM (Cr2+/+ B cells), suggesting antigen can induce a
B cell response in the absence of CR expression (Ahearn et al., 1996, Barrington et
al., 2002). However, studies investigating the long-term antibody response of these
chimeric mice have shown a significant reduction in both long-term antibody
production and memory when FDCs specifically did not express Cr2 (Fang et al.,
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1998, Barrington et al., 2002). This is in line with the results presented in this
chapter where neutralising antibody responses up to day 7 post infection were similar
in mice with or without a CR2/CR1 block, yet after this timepoint, there was a
significant reduction in FMDV neutralising antibodies in mice treated with the antiCR2/CR1 mAb.

The deposition of C3-fragments on ICs enables binding to FDCs (Yoshida et al.,
1993); therefore, an alternate method to study the complement-mediated uptake of
FMDV ICs could be via depletion of C3. There are several studies which have done
this in vivo in mice using cobra venom factor (CVF), anti-C3 mAbs or through use of
C3-/- mice. CVF is a C3b homologue which forms a C3/C5 convertase with factor B
in the presence of factor D and Mg2+, and is a useful tool, resulting in rapid and near
complete temporary depletion of C3, which is possible due to its resistance to
inactivation by complement regulatory proteins CR1 and Factor I (Vogel et al., 2004,
Michel et al., 2013). Studies using CVF show varying degrees of downregulation of
C3, while some show a massive depletion from serum (van den Berg et al., 1992,
Fehr et al., 1996), others show incomplete, transient depletion (Shapiro et al., 2002,
Test et al., 2005, Oh et al., 2010). When using both CVF and a C3-specific mAb in
vivo in rats, van den Berg et al. found that CVF was more effective at depleting C3
from serum compared to the mAb which had no effect (van den Berg et al., 1992).
However, utilising CVF to study persistence of antigen would cause similar issues to
using rat antibodies, where an immune response against CVF will decrease the
effectiveness of the doses over time. Furthermore, there are ethical reasons why
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using CVF would not be the first choice, though recombinant forms are being
produced (Kock et al., 2004).

Another experiment could involve blocking the function of MZ B cells, which have a
dominant role in shuttling ICs from MZ macrophages across the follicle to FDCs
(Cinamon et al., 2004, Cinamon et al., 2008). This could be accomplished via
displacement of MZ B cells from the MZ through inhibition of LFA-1 (αLβ2) and
α4β1, which bind to integrin ligands ICAM-1 and VCAM-1 (Lu and Cyster, 2002).
Alternatively, the drug FTY720 is available, which disrupts MZ B cell positioning
through S1PR inhibition, specifically causing a considerable depletion of MZ B cells
from the MZ and instead an accumulation of these cells in the follicle, thereby
reducing IC shuttling to FDCs (Cinamon et al., 2008).

LTβ-/- mice lacking FDCs have been used to investigate IC binding in mice,
however, these mice lack GCs and therefore their immune response is highly
impaired (Alimzhanov et al., 1997, Koni et al., 1997, Futterer et al., 1998). A study
by Gommerman et al using LTβR-Ig in primates demonstrated a significant reduction
in FDC networks, together with an impairment in the ability to trap ICs. The
treatment also led to a reduced expression of VCAM-1, CR1 and CR2, as well as
structural disruption to the MZ. Interestingly, function returned to the GCs, with
FDC networks becoming established following recovery from the antibody
treatment, allowing for IC trapping (Gommerman et al., 2002). A similar experiment
in mice, using the LTα1β2 antagonist LTβR-Ig, demonstrated a reduction in MZ B
cell numbers by 60%, as well as a reduction of VCAM-1 and ICAM-1 levels (Lu and
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Cyster, 2002). These methods result in mice with severe defects in their immune
system, therefore, these mice may not be ideal for investigating the specific details
regarding the mechanisms of IC trapping.

There are many interesting methods to enable a more in depth look at the
mechanisms of FMDV-IC deposition on FDCs. Although treatment with mAb 4B2
did not result in B cell death or a reduction in B cell numbers, Kulik et al. showed
that there was a significant reduction in the MZ B cell population (Kulik et al.,
2015). Therefore, further experiments using varying methods to target the
complement pathway at various stages, could be very interesting and provide more
details by which FMDV interacts with the immune system in a complementmediated manner.

Nevertheless, for the first time, the data presented in this chapter provides evidence
of the role of CR2/CR1 in the trapping and maintenance of FMDV in GCs.
Furthermore, the data reveals the necessity of this persisting antigen in the generation
and maintenance of neutralising antibodies post-infection with FMDV, with high
avidity for FMD capsid. Blocking CR2/CR1 leads to a significant reduction of
neutralising antibody titres against FMDV. Although it is known that FDCs have a
role in B cell affinity maturation, this is the first indication of the role of CR2/CR1
on FDCs retaining FMDV to produce B cells with high avidity to FMD capsid. Two
mechanisms have been described for antigen trapping by FDC, CR mediated
(Carroll, 1998) and FcR mediated (Qin et al., 2000), however, the near complete
elimination of FMDV on FDCs after treatment with mAb 4B2 indicates that the
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trapping is predominantly CR2/CR1-dependent. Though, it cannot be excluded that
longer persistence of the virus on FDCs after natural infections, when anti-virus
antibody forms, are due to a combination of FcR and CR2/CR1 binding. The
knowledge provided here can enhance the field, allowing a targeted approach to
vaccines or other therapeutics. On the one hand, targeting FDCs with antigen to
allow maintenance of neutralising antibody titres. Or, to displace FMDV antigen
from FDCs in order to remove carrier animals from within a herd, without the need
for a mass cull of susceptible animals. This would lead to a greater confidence that
re-infections or transmission of virus to naïve animals from carrier animals could not
occur.
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3.6 Supplementary Material
Table S.1: A summary list of the animals used in the in vivo CR2/CR1-blockade
experiment and their corresponding results.
VNT

IgG

(Neutralising ELISA

Octet

IgM

G-H

Avidity

ELISA

Loop

antibody (Antibody (KD (M) (Antibody ELISA
titres)

titres

(-

titres

(Log10)) Log10)) (Log10))

(Antibody
titres

Confocal

PCR

Virus

(Percentage Spleen
positive

(FMDV

FDC

RNA

Isolation

networks copies/108

(Log10)) for FMDV) copies
18S
(Log10))
Group 1: 4B2 + FMDV

7 dpi

Tail
vein

1.1

128

0.00

-

0

3.43

0.00

0.00

Negative

1.2

-

-

-

-

-

0.00

0.00

Negative

1.3

64

-

-

-

-

0.00

0.00

-

1.4

178

1.88

0

0

2.95

1.67

0.00

-

1.5

45

2.35

0

0

2.00

4.65

0.00

-

1.6

45

2.83

-

2.30

3.73

2.70

0.00

-

1.7

178

0.00

0

2

3.43

0.00

0.00

-

1.8

128

-

0

1.70

3.43

1.68

0.00

-

1.9

-

-

-

0

-

-

-

-

1.10

-

0.00

-

2

-

-

-

-

1.11

-

2.35

-

0

3.43

-

-

-

149

1.9

64

1.88

0

0

3.73

0.00

0.00

-

1.10

16

-

-

-

-

0.00

0.00

-

1.11

64

4.26

-

0

3.91

48.11

0.00

-

1.12

64

3.78

-

0

-

29.25

0.00

-

1.13

45

4.26

0

0

2.95

0.61

0.00

-

1.14

64

4.26

6.52

0

3.73

50.89

2.25

-

1.15

11

3.78

-

0

3.91

0.00

0.00

-

1.16

45

3.78

0

0

2.00

0.00

0.00

-

1.17

-

2.65

-

0

0.00

-

-

-

Tail 1.18

-

-

-

-

3.43

-

-

-

vein 1.21

-

-

-

-

3.43

-

-

-

1.22

-

-

0

-

-

-

-

-

1.17

11

2.18

-

0

0.00

0.00

0.00

-

1.18

-

2.83

-

0

2.00

1.91

0.00

-

1.19

22

-

-

-

-

0.00

0.00

-

1.20

32

4.74

-

0

2.95

1.87

0.00

-

1.21

64

4.74

6.95

0

-

0.60

0.00

-

1.22

128

4.26

12

0

3.91

9.35

0.68

-

1.23

64

4.56

-

0

3.43

0.00

0.00

-

1.24

64

4.26

0

0

2.00

1.32

0.00

-

Tail 1.25

-

3.78

-

0

-

-

-

-

vein 1.26

-

-

-

-

3.43

-

-

-

14 dpi

21 dpi

150

28 dpi

1.27

-

-

-

-

3.91

-

-

-

1.30

-

-

7.64

-

-

-

-

-

1.25

-

-

-

-

-

0.00

0.00

-

1.26

-

-

-

-

-

0.00

0.00

-

1.27

32

2.65

-

0

3.43

0.00

0.00

-

1.28

11

-

-

-

-

0.83

0.00

-

1.29

8

4.26

-

0

2.00

0.00

0.00

-

1.30

64

4.74

-

0

3.73

1.49

0.00

-

1.31

45

-

-

-

-

0.70

0.00

-

1.32

45

4.74

-

0

2.48

0.00

0.00

-

Group 2: IgG1 + FMDV

7 dpi

Tail
vein

2.1

64

0.00

-

0

3.43

51.85

-

Negative

2.2

64

-

-

-

-

58.82

2.35

Negative

2.3

-

0.00

-

0

0.00

74.63

2.73

-

2.4

90

2.83

-

0

3.43

67.35

4.28

-

2.5

45

-

-

-

3.43

82.05

3.01

-

2.6

128

3.31

-

0

3.43

70.48

5.92

-

2.7

128

2.35

0

0

3.43

55.00

5.45

-

2.8

90

2.35

0

1.70

3.43

47.87

3.46

-

2.9

-

2.65

-

2.18

2.48

-

-

-

2.10

-

3.78

-

2

3.73

-

-

-

2.12

-

-

-

-

3.43

-

-

-
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2.14

-

-

0

-

-

-

-

-

2.18

-

-

-

-

2.95

-

-

-

2.9

90

3.78

12

0

3.73

16.92

1.78

-

2.10

-

-

-

-

-

33.85

0.00

-

2.11

178

3.78

9.27

0

3.91

39.73

2.29

-

2.12

178

-

-

-

-

32.09

2.21

-

2.13

256

4.74

0

0

-

27.75

2.06

-

2.14

178

4.26

6.18

0

3.91

47.54

1.87

-

2.15

178

4.08

6.25

0

-

42.86

2.06

-

2.16

178

4.08

-

0

4.39

29.75

2.53

-

2.17

-

2.83

-

0

3.91

-

-

-

Tail 2.18

-

0.00

-

0

-

-

-

-

vein 2.19

-

-

-

-

3.91

-

-

-

2.32

-

-

6.28

-

-

-

-

-

2.17

256

4.26

-

0

4.69

5.00

1.24

-

2.18

64

3.78

-

-

-

25.89

0.81

-

2.19

128

-

-

-

-

17.14

1.41

-

2.20

178

-

-

-

-

23.20

0.34

-

2.21

355

4.56

12

0

3.91

22.09

0.65

-

2.22

178

4.74

12

0

4.39

35.29

1.10

-

2.23

178

4.74

12

0

4.21

34.66

0.00

-

2.24

256

3.78

-

0

3.73

17.16

0.00

-

14 dpi

21 dpi

152

Tail
vein

28 dpi

2.27

-

3.78

-

0

-

-

-

-

2.28

-

3.78

-

0

-

-

-

-

2.29

-

-

-

-

3.91

-

-

-

2.25

256

4.26

-

0

3.91

25.45

0.00

-

2.26

128

4.08

-

-

-

7.45

0.00

-

2.27

256

4.74

-

-

3.43

10.17

0.00

-

2.28

-

-

-

-

-

9.26

0.00

-

2.29

128

4.74

-

0

3.91

6.32

0.00

-

2.30

178

4.74

-

0

4.39

8.97

0.00

-

2.31

178

4.74

-

-

4.21

5.43

0.00

-

2.32

178

4.56

-

0

3.91

10.39

0.00

-

Eight mice from each timepoint were culled and blood collected from the heart.
Further mice listed had blood extracted from the tail vein at the timepoint indicated.
- refers to no sample tested.
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Chapter 4. General Discussion
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FMDV infection results in more than 50% of ruminants becoming persistently
infected carriers of FMD, regardless of vaccination status. Little was known about
the mechanisms of persistence, though it was hypothesised that FDCs were
responsible for retaining antigen for long periods of time (years) after infection with
FMDV. FDCs have many roles in the immune response to pathogens, including
affinity maturation of B cells, resulting in B cells with the highest affinity for a
pathogen to undergo SHM and leave the GC as plasma or memory cells (Liu et al.,
1997, Hauser et al., 2007, Phan et al., 2009, Kranich and Krautler, 2016, Nakagawa
et al., 2021). Previous studies have shown that infection with FMDV results in a
very limited induction of circulating memory B cells (Grant et al., 2016), therefore,
the maintenance of neutralising antibodies to FMDV was hypothesised to be due to
FDCs retaining antigen for long periods of time, providing constant stimulation to B
cells to maintain proliferation of antibodies to FMDV. The aims of the current
studies were to explore in detail the mechanisms of FMDV persistence, and the role
of the persisting antigen in immunity against FMD. Investigating the hypothesis that
FDCs were responsible for retaining the FMDV antigen on their surface, these
experiments set out to identify the specific receptor(s) involved in the trapping and
retention of antigen. Most importantly, the necessity of this binding and antigen
persistence on the immune response to FMD.

Previous studies detected intact FMDV capsid in the light zone of GCs, where FDCs
reside (Juleff et al., 2008). Through use of ex vivo experiments, data from this thesis
explains this phenomenon by describing that FMDV is binding in the form of ICs in
the lymphoid tissues. These ICs are typically formed of antigen, antibody and
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complement and are transported by B cells via the complement pathway to FDCs in
the GC. FDCs have been known to bind other pathogens, which retain their
infectious qualities, including HIV (Ho et al., 2007, Heesters et al., 2015). However,
in the case for FMDV, infectious virus has not been isolated from lymphoid tissues
(Juleff et al., 2008, Doudo, 2017). There are many hypotheses as to why it has not
been possible to recover live virus, a possible reason could be that the FMDV is
neutralised when in the form of an IC, due to surrounding opsonins and/or
complement, or this could result in an inhibition of viral replication. This hypothesis
is plausible, as FMDV capsid has been detected intact in the light zone of LNs,
suggesting it is not simply binding as fragments or epitopes, but whole virus, which
should in theory remain infectious (Juleff et al., 2008). HIV is highly infectious on
FDCs is retained in cycling endosomes (Heath et al., 1995, Heesters et al., 2015).
For certain pathogens, this compartmentalisation of virus could prevent isolation of
infectious material, however, unlike HIV, FMDV uncoating is driven by low pH
environments like that of the endosome, so it seems unlikely that infectious FMDV
particles would be retained in endosomal compartments (Berryman et al., 2005).
Another hypothesis is based on studies looking at the retention of other pathogens on
FDCs, such as VSV, where virus has been shown to persist on FDCs in a noninfectious form, yet still functions as a long-term source of antigen for maintenance
of neutralising antibodies to VSV (Bachmann et al., 1996).

In the natural host, African buffalo, investigations into the persistence of SAT
serotypes in GCs found infectious virus up to 185 dpi and viral genomes for up to
400 dpi in lymphoid tissues of the head and neck (Maree et al., 2016). The
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discrepancies between the findings in mice and buffalo may simply be due to the
unnatural route of infection, the FMDV serotype or the physiological differences
between mice and buffalo and their responses to FMDV. This topic requires further
insight, to enable clarity on FMDV policy and control measures when it comes to
persistently infected animals. However, virus replication has not been demonstrated
within the GCs in cattle or African buffalo, and several studies have hypothesised
that virus replicating in the epithelium is transferred to nearby lymphoid tissues,
where virus is retained on FDCs, to allow a continual cyclic stimulation of antigen to
retain the neutralising antibodies seen after infection with FMDV, despite lack of
replication (Juleff et al., 2008, Maree et al., 2016, Stenfeldt et al., 2016, Cortey et al.,
2019).

The data presented in this thesis has provided new insight into the immune
pathogenesis of FMDV by demonstrating the interaction of the virus with FDCs.
Studies in cattle and African buffalo have shown the virus localises to B cell follicles
after the resolution of acute infection, and now the results from this thesis have
demonstrated that FMDV binds as an IC to FDCs via CR2/CR1 in mice.
Furthermore, this interaction is crucial for the production of high avidity neutralising
antibodies after FMDV infection. When CR2/CR1 is blocked, there is a significant
reduction in the avidity of antibodies and a significant reduction in FMDV
neutralising responses in serum. Short duration of immunity is one of the major
problems with current killed FMDV vaccines, these studies provide insights into how
the duration of protective antibody responses may be increased post-vaccination.
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It is well established that CR1 and CR2 are essential for binding ICs and are
expressed at high levels on FDCs; and while FDCs can also trap ICs via the FcR, it is
at a lower frequency (Imal and Yamakawa, 1996, Carroll, 1998, Heesters et al.,
2013, Aguzzi et al., 2014). FDCs can acquire antigen through various pathways,
including direct interaction by small antigens as well as by binding to C3 fragments
on ICs via CR2/CR1 when presented to them via B cells (Nielsen et al., 2000,
Heesters et al., 2014). It has been previously described that C3 fragments,
specifically C3d, could therefore be used as a vaccine adjuvant (Dempsey et al.,
1996). It would be interesting to test this hypothesis; that a complement molecular
adjuvant could increase the immunogenicity of FMD vaccines. Previous
experiments have fused multiple copies of C3d to antigen to act as a natural adjuvant
(Dempsey et al., 1996, Wang et al., 2004a, Wang et al., 2004b, Barrault et al., 2005).
This could be interesting to do with FMD VLPs, which lack genetic material,
therefore ensuring the safety and lack of virulence, and they are also stable to heat
and pH, making them useful as vaccines where FMD is endemic and a cold-chain
may be inadequate. Barrault et al. have created a baculovirus expression vector
system to produce C3d for use as an adjuvant via fusion to vaccine candidates
(Barrault et al., 2005), making this a feasible hypothesis to test. Furthermore, in the
field of livestock infectious viruses, C3d has been tested as an adjuvant, using a
mouse model. Wang et al. fused 3 copies of murine C3d to the E2 protein of BVDV,
a major target for neutralising antibodies post-infection with BVDV. The results
demonstrated a significant increase in the immunogenicity, more than 10,000-fold
more indicated by ELISA, compared to the E2 protein alone (Wang et al., 2004a). A
study by Ross et al. demonstrated the effectiveness of C3d-fusions to Influenza virus
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haemagglutinin in enhancing antibody production and maturation, leading to a
protective immune response in the influenza mouse model (Ross et al., 2000). This
would be a particularly interesting area of research for FMDV, due to the short
duration of immunity after FMD vaccination. If fusion of C3d to FMD vaccine
antigens resulted in targeted antigen deposition on FDCs, this could improve the
magnitude and duration of the neutralising antibody response.

Other possibilities include CTA1-DD, a non-toxic adjuvant based on the
enzymatically active CTA1-subunit of cholera toxin (CT) and a dimer of the Ddomain from Staphylococcus aureus protein A. The CTA1-DD adjuvant enhances
both complement-dependent and -independent immune responses, by increasing
FDC function and GC formation (Agren et al., 1997, Agren et al., 1998, Schussek et
al., 2020). Mattsson et al. demonstrated that the adjuvant directly activated
complement, resulting in the adjuvant binding to FDCs, resulting in an increase in
antibody titres and, importantly, an increase in long-term memory B cells (Mattsson
et al., 2011). A study by Martin et al. used rhesus macaques to show that delivery of
HIV envelope trimers as pre-formed ICs resulted in persistence of antigen in LNs
and an enhanced immune response when compared to delivery of the envelope
protein in a traditional immunisation, where the protein does not efficiently
accumulate in follicles (Martin et al., 2020). These findings are likely based on the
ability of the pre-formed ICs binding to FDCs, but an inability of the soluble HIV
envelope protein to do so.
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As with all studies, there have been certain limitations, including the use of a mouse
model, instead of the natural host species. It would be very interesting to test these
hypotheses in African buffalo or cattle, but the lack of biological reagents, together
with the difficulties working with large animals, makes this problematic. Although,
sequence analysis of the CR1 proteins indicate that bovine have similar CR1 to mice
(Jacobson and Weis, 2008), and therefore the research presented in this thesis
provides exciting possibilities for future work. It would be interesting to test whether
the C3 adjuvants would work in both mouse and cattle. Another method to study
FDC retention of FMDV ICs would be ex vivo using tissue samples as shown in
Chapter 2. If mice and bovine CR are similar, it may be possible for the antibodies
to cross-react and therefore it would be possible to provide insight into FMDV IC
binding to FDCs in a natural host.

As well as investigations to increase in duration of immunity of vaccines, a major
research effort in the FMD field is to develop a universal, cross-protective vaccine,
able to protect from multiple strains and serotypes of FMDV, resulting in longlasting protection and prevention from re-infection by the same, or other, serotypes
of FMDV. State of the art technologies are being utilised, including single cell
sequencing of the B cell receptor from vaccinated or infected animals with the
objective of discovering cross-specific antibodies able to neutralize different FMDV
serotypes (He et al., 2021). Currently, most of the commercial vaccines in use for
FMD are binary ethyleneimine (BEI) inactivated vaccines to eliminate non-structural
proteins. Due to the highly infectious nature of FMDV, as well as the persistence of
antigen, live attenuated vaccines are less desirable. Despite the fact that infection
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with virus promotes a long-lasting immune response, the risks associated with live
vaccines and the possibility of virulence make these vaccines controversial. For
example, attenuation via leaderless mutants have previously shown partial reversion
to virulence (Brown et al., 1996). A novel strategy to achieve FMDV attenuation for
use as a vaccine candidate, without the risks of reverting to virulence, is by
engineering codon pair deoptimization. The results of the experiments by Diaz-San
Segundo et al. using this technique demonstrated a consistently high induction of
neutralising antibody titres in mice and swine (Diaz-San Segundo et al., 2016, DiazSan Segundo et al., 2020).

As stated previously, there are limitations to the current study presented in this thesis,
including the non-natural mouse model to study the mechanisms of FMDV
persistence and the potential off-target effects of mAb 4B2. Future studies would be
interesting to investigate some unanswered questions, such as the increase in
viraemia seen at early stages of disease. Nevertheless, now that it has been
established that binding of FMDV to FDCs after infection with live virus and the
impact of preventing this binding on the neutralising antibody response, future
studies can be planned to understand in more detail the germinal centre and
plasmablast responses to different treatments, including potential vaccine candidates.

Data presented in this thesis identified, for the first time, the role of CR2/CR1 on
FDCs in the persistence of FMDV in vivo in the experimental FMD mouse model.
Furthermore, lack of persisting antigen, via antibody blockade of CR2/CR1, led to a
significant impairment in the humoral immune response to FMDV, with lower
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avidity antibodies produced, having a significant impact on the ability to neutralise
virus. Using super-resolution microscopy, FMDV antigen could be seen to be colocalised with CR2/CR1 on FDCs following FMDV infection. The novel data
presented in this thesis could lead to future work in advancing vaccine development
through use of adjuvants targeting the complement receptors on FDCs, for example
by using complement component C3d as an adjuvant to enhance vaccine
immunogenicity.

163

164

References
(OIE), T. W. O. F. A. H. 2018. Foot and Mouth Disease (FMD) [Online]. Available:
http://www.oie.int/en/animal-health-in-the-world/official-diseasestatus/fmd/en-fmd-carte/ [Accessed].
AERTS, J. L., GONZALES, M. I. & TOPALIAN, S. L. 2004. Selection of
appropriate control genes to assess expression of tumor antigens using realtime RT-PCR. Biotechniques, 36, 84-6, 88, 90-1.
AFONINA, I. A., MILLS, A., SANDERS, S., KULCHENKO, A., DEMPCY, R.,
LOKHOV, S., VERMEULEN, N. M. & MAHONEY, W. 2006. Improved
biplex quantitative real-time polymerase chain reaction with modified
primers for gene expression analysis. Oligonucleotides, 16, 395-403.
AGGARWAL, N., ZHANG, Z., COX, S., STATHAM, R., ALEXANDERSEN, S.,
KITCHING, R. P. & BARNETT, P. V. 2002. Experimental studies with footand-mouth disease virus, strain O, responsible for the 2001 epidemic in the
United Kingdom. Vaccine, 20, 2508-15.
AGREN, L., LÖWENADLER, B. & LYCKE, N. 1998. A novel concept in mucosal
adjuvanticity: the CTA1-DD adjuvant is a B cell-targeted fusion protein that
incorporates the enzymatically active cholera toxin A1 subunit. Immunol Cell
Biol, 76, 280-7.
AGREN, L. C., EKMAN, L., LÖWENADLER, B. & LYCKE, N. Y. 1997.
Genetically engineered nontoxic vaccine adjuvant that combines B cell
targeting with immunomodulation by cholera toxin A1 subunit. J Immunol
158, 3936-3946.
AGUZZI, A., KRANICH, J. & KRAUTLER, N. J. 2014. Follicular dendritic cells:
origin, phenotype, and function in health and disease. Trends Immunol, 35,
105-13.
AGUZZI, A., NUVOLONE, M. & ZHU, C. 2013. The immunobiology of prion
diseases. Nat Rev Immunol, 13, 888-902.
AHEARN, J. M., FISCHER, M. B., CROIX, D., GOERG, S., MA, M., XIA, J.,
ZHOU, X., HOWARD, R. G., ROTHSTEIN, T. L. & CARROLL, M. C.
1996. Disruption of the Cr2 locus results in a reduction in B-1a cells and in
an impaired B cell response to T-dependent antigen. Immunity, 4, 251-62.
ALEXANDERSEN, S., ZHANG, Z. & DONALDSON, A. I. 2002a. Aspects of the
persistence of foot-and-mouth disease virus in animals--the carrier problem.
Microbes Infect, 4, 1099-110.
ALEXANDERSEN, S., ZHANG, Z., DONALDSON, A. I. & GARLAND, A. J.
2003. The pathogenesis and diagnosis of foot-and-mouth disease. J Comp
Pathol, 129, 1-36.
ALEXANDERSEN, S., ZHANG, Z., REID, S. M., HUTCHINGS, G. H. &
DONALDSON, A. I. 2002b. Quantities of infectious virus and viral RNA
recovered from sheep and cattle experimentally infected with foot-and-mouth
disease virus O UK 2001. The Journal of general virology, 83, 1915-1923.
ALIMZHANOV, M. B., KUPRASH, D. V., KOSCO-VILBOIS, M. H., LUZ, A.,
TURETSKAYA, R. L., TARAKHOVSKY, A., RAJEWSKY, K.,
NEDOSPASOV, S. A. & PFEFFER, K. 1997. Abnormal development of

165

secondary lymphoid tissues in lymphotoxin beta-deficient mice. Proc Natl
Acad Sci U S A, 94, 9302-7.
ALLEN, C. D., ANSEL, K. M., LOW, C., LESLEY, R., TAMAMURA, H., FUJII,
N. & CYSTER, J. G. 2004. Germinal center dark and light zone organization
is mediated by CXCR4 and CXCR5. Nat Immunol, 5, 943-52.
ALLEN, C. D. & CYSTER, J. G. 2008. Follicular dendritic cell networks of primary
follicles and germinal centers: phenotype and function. Semin Immunol, 20,
14-25.
ALLEN, C. D. C., OKADA, T., TANG, H. L. & CYSTER, J. G. 2007. Imaging of
Germinal Center Selection Events During Affinity Maturation. Science, 315,
528-531.
ANANIA, J. C., WESTIN, A., ADLER, J. & HEYMAN, B. 2021. A Novel Image
Analysis Approach Reveals a Role for Complement Receptors 1 and 2 in
Follicular Dendritic Cell Organization in Germinal Centers. Frontiers in
immunology, 12, 655753.
ANDERSON, E. C., DOUGHTY, W. J. & ANDERSON, J. 1974. The effect of
repeated vaccination in an enzootic foot-and-mouth disease area on the
incidence of virus carrier cattle. The Journal of hygiene, 73, 229-35.
ANDERSON, E. C., DOUGHTY, W. J., ANDERSON, J. & PALING, R. 1979. The
pathogenesis of foot-and-mouth disease in the African buffalo (Syncerus
caffer) and the role of this species in the epidemiology of the disease in
Kenya. J Comp Pathol
89, 541-549.
ANSEL, K. M., NGO, V. N., HYMAN, P. L., LUTHER, S. A., FORSTER, R.,
SEDGWICK, J. D., BROWNING, J. L., LIPP, M. & CYSTER, J. G. 2000. A
chemokine-driven positive feedback loop organizes lymphoid follicles.
Nature, 406, 309-14.
ARZT, J., BAXT, B., GRUBMAN, M. J., JACKSON, T., JULEFF, N., RHYAN, J.,
RIEDER, E., WATERS, R. & RODRIGUEZ, L. L. 2011a. The Pathogenesis
of Foot-and-Mouth Disease II: Viral Pathways in Swine, Small Ruminants,
and Wildlife; Myotropism, Chronic Syndromes, and Molecular Virus–Host
Interactions. Transbound Emerg Dis
58, 305-326.
ARZT, J., BELSHAM, G. J., LOHSE, L., BOTNER, A. & STENFELDT, C. 2018.
Transmission of Foot-and-Mouth Disease from Persistently Infected Carrier
Cattle to Naive Cattle via Transfer of Oropharyngeal Fluid. mSphere, 3,
e00365-18.
ARZT, J., JULEFF, N., ZHANG, Z. & RODRIGUEZ, L. L. 2011b. The
pathogenesis of foot-and-mouth disease I: viral pathways in cattle.
Transbound Emerg Dis, 58, 291-304.
ARZT, J., PACHECO, J. M. & RODRIGUEZ, L. L. 2010. The early pathogenesis of
foot-and-mouth disease in cattle after aerosol inoculation. Identification of
the nasopharynx as the primary site of infection. Veterinary Pathology, 47,
1048-63.
ARZT, J., PACHECO, J. M., SMOLIGA, G. R., TUCKER, M. T., BISHOP, E.,
PAUSZEK, S. J., HARTWIG, E. J., DE LOS SANTOS, T. & RODRIGUEZ,
L. L. 2014. Foot-and-mouth disease virus virulence in cattle is co-determined

166

by viral replication dynamics and route of infection. Virology, 452-453, 1222.
AUTY, H., MELLOR, D., GUNN, G. & BODEN, L. A. 2019. The Risk of Foot and
Mouth Disease Transmission Posed by Public Access to the Countryside
During an Outbreak. Frontiers in veterinary science, 6, 381.
BACHMANN, M. F., ODERMATT, B., HENGARTNER, H. & ZINKERNAGEL,
R. M. 1996. Induction of long-lived germinal centers associated with
persisting antigen after viral infection. The Journal of experimental medicine,
183, 2259-69.
BACHRACH, H. L. 1968. Foot and Mouth Disease. Annu. Rev. Microbiol., 22, 201244.
BANNARD, O. & CYSTER, J. G. 2017. Germinal centers: programmed for affinity
maturation and antibody diversification. Curr Opin Immunol
45, 21-30.
BARRAULT, D. V., STEWARD, M., COX, V. F., SMITH, R. A. & KNIGHT, A.
M. 2005. Efficient production of complement (C3d)3 fusion proteins using
the baculovirus expression vector system. J Immunol Methods, 304, 158-73.
BARRINGTON, R. A., POZDNYAKOVA, O., ZAFARI, M. R., BENJAMIN, C. D.
& CARROLL, M. C. 2002. B lymphocyte memory: role of stromal cell
complement and FcgammaRIIB receptors. The Journal of experimental
medicine, 196, 1189-99.
BARRIONUEVO, F., DI GIACOMO, S., BUCAFUSCO, D., AYUDE, A.,
SCHAMMAS, J., MIRAGLIA, M. C., CAPOZZO, A., BORCA, M. V. &
PEREZ-FILGUEIRA, M. 2018. Systemic antibodies administered by passive
immunization prevent generalization of the infection by foot-and-mouth
disease virus in cattle after oronasal challenge. Virology, 518, 143-151.
BAS, A., FORSBERG, G., HAMMARSTROM, S. & HAMMARSTROM, M. L.
2004. Utility of the housekeeping genes 18S rRNA, beta-actin and
glyceraldehyde-3-phosphate-dehydrogenase for normalization in real-time
quantitative reverse transcriptase-polymerase chain reaction analysis of gene
expression in human T lymphocytes. Scand J Immunol, 59, 566-73.
BERINSTEIN, A., ROIVAINEN, M., HOVI, T., MASON, P. W. & BAXT, B. 1995.
Antibodies to the vitronectin receptor (integrin alpha V beta 3) inhibit binding
and infection of foot-and-mouth disease virus to cultured cells. Journal of
virology, 69, 2664-6.
BERRYMAN, S., CLARK, S., MONAGHAN, P. & JACKSON, T. 2005. Early
events in integrin alphavbeta6-mediated cell entry of foot-and-mouth disease
virus. Journal of virology, 79, 8519-34.
BERTRAM, M. R., VU, L. T., PAUSZEK, S. J., BRITO, B. P., HARTWIG, E. J.,
SMOLIGA, G. R., HOANG, B. H., PHUONG, N. T., STENFELDT, C.,
FISH, I. H., HUNG, V. V., DELGADO, A., VANDERWAAL, K.,
RODRIGUEZ, L. L., LONG, N. T., DUNG, D. H. & ARZT, J. 2018. Lack of
Transmission of Foot-and-Mouth Disease Virus From Persistently Infected
Cattle to Naive Cattle Under Field Conditions in Vietnam. Frontiers in
veterinary science, 5, 174.
BORCA, M. V., FERNANDEZ, F. M., SADIR, A. M., BRAUN, M. & SCHUDEL,
A. A. 1986. Immune response to foot-and-mouth disease virus in a murine

167

experimental model: effective thymus-independent primary and secondary
reaction. Immunology, 59, 261-7.
BORCA, M. V., FERNANDEZ, F. M., SADIR, A. M. & SCHUDEL, A. A. 1984.
Reconstitution of immunosuppression mice with mononuclear cells from
donors sensitized to foot-and-mouth disease virus (FMDV). Vet Microbiol,
10, 1-11.
BROWN, C. C., PICCONE, M. E., MASON, P. W., MCKENNA, T. S. &
GRUBMAN, M. J. 1996. Pathogenesis of wild-type and leaderless foot-andmouth disease virus in cattle. Journal of virology, 70, 5638-41.
BRUCE, M. E., BROWN, K. L., MABBOTT, N. A., FARQUHAR, C. F. &
JEFFREY, M. 2000. Follicular dendritic cells in TSE pathogenesis. Immunol
Today, 21, 442-6.
BRUCKNER, G. K., VOSLOO, W., DU PLESSIS, B. J., KLOECK, P. E.,
CONNOWAY, L., EKRON, M. D., WEAVER, D. B., DICKASON, C. J.,
SCHREUDER, F. J., MARAIS, T. & MOGAJANE, M. E. 2002. Foot and
mouth disease: the experience of South Africa. Rev Sci Tech, 21, 751-64.
BURROWS, R. 1966. Studies on the carrier state of cattle exposed to foot-andmouth disease virus. The Journal of hygiene, 64, 81-90.
BURROWS, R. 1968. Excretion of foot-and-mouth disease virus prior to
development of lesions. Vet Rec, 82, 387-&.
BURROWS, R., MANN, J. A., GARLAND, A. J., GREIG, A. & GOODRIDGE, D.
1981. The pathogenesis of natural and simulated natural foot-and-mouth
disease infection in cattle. J Comp Pathol, 91, 599-609.
BURTON, G. F., KEELE, B. F., ESTES, J. D., THACKER, T. C. & GARTNER, S.
2002. Follicular dendritic cell contributions to HIV pathogenesis. Semin
Immunol, 14, 275-84.
CALLAHAN, J. D., BROWN, F., OSORIO, F. A., SUR, J. H., KRAMER, E.,
LONG, G. W., LUBROTH, J., ELLIS, S. J., SHOULARS, K. S., GAFFNEY,
K. L., ROCK, D. L. & NELSON, W. M. 2002. Use of a portable real-time
reverse transcriptase-polymerase chain reaction assay for rapid detection of
foot-and-mouth disease virus. J Am Vet Med Assoc, 220, 1636-42.
CARR, B. V., LEFEVRE, E. A., WINDSOR, M. A., INGHESE, C., GUBBINS, S.,
PRENTICE, H., JULEFF, N. D. & CHARLESTON, B. 2013. CD4+ T-cell
responses to foot-and-mouth disease virus in vaccinated cattle. The Journal of
general virology, 94, 97-107.
CARROLL, M. C. 1998. The role of complement and complement receptors in
induction and regulation of immunity. Annu Rev Immunol, 16, 545-68.
CARROLL, M. C. & ISENMAN, D. E. 2012. Regulation of humoral immunity by
complement. Immunity, 37, 199-207.
CHARLESTON, B., BANKOWSKI, B. M., GUBBINS, S., CHASE-TOPPING, M.
E., SCHLEY, D., HOWEY, R., BARNETT, P. V., GIBSON, D., JULEFF, N.
D. & WOOLHOUSE, M. E. 2011. Relationship between clinical signs and
transmission of an infectious disease and the implications for control.
Science, 332, 726-9.
CHEN, Z., KORALOV, S. B., GENDELMAN, M., CARROLL, M. C. & KELSOE,
G. 2000. Humoral immune responses in Cr2-/- mice: enhanced affinity
maturation but impaired antibody persistence. J Immunol, 164, 4522-32.

168

CHINSANGARAM, J., MORAES, M. P., KOSTER, M. & GRUBMAN, M. J. 2003.
Novel viral disease control strategy: adenovirus expressing alpha interferon
rapidly protects swine from foot-and-mouth disease. Journal of virology, 77,
1621-5.
CINAMON, G., MATLOUBIAN, M., LESNESKI, M. J., XU, Y., LOW, C., LU, T.,
PROIA, R. L. & CYSTER, J. G. 2004. Sphingosine 1-phosphate receptor 1
promotes B cell localization in the splenic marginal zone. Nat Immunol
5, 713-720.
CINAMON, G., ZACHARIAH, M. A., LAM, O. M., FOSS, F. W., JR. & CYSTER,
J. G. 2008. Follicular shuttling of marginal zone B cells facilitates antigen
transport. Nat Immunol, 9, 54-62.
CLARK, E. A., GRABSTEIN, K. H. & SHU, G. L. 1992. Cultured human follicular
dendritic cells. Growth characteristics and interactions with B lymphocytes. J
Immunol, 148, 3327-35.
COLENUTT, C., BROWN, E., NELSON, N., PATON, D. J., EBLÉ, P., DEKKER,
A., GONZALES, J. L., GUBBINS, S. & RACANIELLO, V. R. 2020.
Quantifying the Transmission of Foot-and-Mouth Disease Virus in Cattle via
a Contaminated Environment. MBio, 11, e00381-20.
CONDY, J. B., HEDGER, R. S., HAMBLIN, C. & BARNETT, I. T. 1985. The
duration of the foot-and-mouth disease virus carrier state in African buffalo
(i) in the individual animal and (ii) in a free-living herd. Comp Immunol
Microbiol Infect Dis, 8, 259-65.
CONDY, J. B., HERNIMAN, K. A. & HEDGER, R. S. 1969. Foot-and-mouth
disease in wildlife in Rhodesia and other African territories. A serological
survey. J Comp Pathol, 79, 27-31.
CORTEY, M., FERRETTI, L., PEREZ-MARTIN, E., ZHANG, F., DE KLERKLORIST, L. M., SCOTT, K., FREIMANIS, G., SEAGO, J., RIBECA, P.,
VAN SCHALKWYK, L., JULEFF, N. D., MAREE, F. F. &
CHARLESTON, B. 2019. Persistent Infection of African Buffalo (Syncerus
caffer) with Foot-and-Mouth Disease Virus: Limited Viral Evolution and No
Evidence of Antibody Neutralization Escape. Journal of virology, 93,
e00563-19.
CUNLIFFE, H. R. 1964. Observations on the Duration of Immunity in Cattle after
Experimental Infection with Foot-and-Mouth Disease Virus. Cornell Vet, 54,
501-10.
DAL PORTO, J. M., HABERMAN, A. M., SHLOMCHIK, M. J. & KELSOE, G.
1998. Antigen Drives Very Low Affinity B Cells to Become Plasmacytes and
Enter Germinal Centers. J Immunol
161, 5373-5381.
DAWE, P. S., FLANAGAN, F. O., MADEKUROZWA, R. L., SORENSEN, K. J.,
ANDERSON, E. C., FOGGIN, C. M., FERRIS, N. P. & KNOWLES, N. J.
1994a. Natural transmission of foot-and-mouth disease virus from African
buffalo (Syncerus caffer) to cattle in a wildlife area of Zimbabwe. Vet Rec,
134, 230-2.
DAWE, P. S., SORENSEN, K., FERRIS, N. P., BARNETT, I. T., ARMSTRONG,
R. M. & KNOWLES, N. J. 1994b. Experimental transmission of foot-andmouth disease virus from carrier African buffalo (Syncerus caffer) to cattle in
Zimbabwe. Vet Rec, 134, 211-5.

169

DEEPAK, P. R., SARAVANAN, P., BISWAL, J. K., BASAGOUDANAVAR, S.
H., DECHAMMA, H. J., UMAPATHI, V., SREENIVASA, B. P.,
TAMILSELVAN, R. P., KRISHNASWAMY, N., ZAFFER, I. & SANYAL,
A. 2019. Generation of acid resistant virus like particles of vaccine strains of
foot-and-mouth disease virus (FMDV). Biologicals, 60, 28-35.
DEL CACHO, E., GALLEGO, M., LOPEZ-BERNARD, F., SANCHEZ-ACEDO, C.
& LILLEHOJ, H. S. 2008. Isolation of chicken follicular dendritic cells. J
Immunol Methods, 334, 59-69.
DEMPSEY, P. W., ALLISON, M. E., AKKARAJU, S., GOODNOW, C. C. &
FEARON, D. T. 1996. C3d of complement as a molecular adjuvant: bridging
innate and acquired immunity. Science, 271, 348-50.
DENNISON, S. M., REICHARTZ, M., SEATON, K. E., DUTTA, S., WILLEREECE, U., HILL, A. V. S., EWER, K. J., ROUNTREE, W., SARZOTTIKELSOE, M., OZAKI, D. A., ALAM, S. M. & TOMARAS, G. D. 2018.
Qualified Biolayer Interferometry Avidity Measurements Distinguish the
Heterogeneity of Antibody Interactions with Plasmodium falciparum
Circumsporozoite Protein Antigens. J Immunol, 201, 1315-1326.
DI NIRO, R., LEE, S.-J., VANDER HEIDEN, JASON A., ELSNER, REBECCA A.,
TRIVEDI, N., BANNOCK, JASON M., GUPTA, NAMITA T.,
KLEINSTEIN, STEVEN H., VIGNEAULT, F., GILBERT, TAMARA J.,
MEFFRE, E., MCSORLEY, STEPHEN J. & SHLOMCHIK, MARK J. 2015.
Salmonella Infection Drives Promiscuous B Cell Activation Followed by
Extrafollicular Affinity Maturation. Immunity, 43, 120-131.
DIAZ-SAN SEGUNDO, F., MEDINA, G. N., RAMIREZ-MEDINA, E.,
VELAZQUEZ-SALINAS, L., KOSTER, M., GRUBMAN, M. J. & DE LOS
SANTOS, T. 2016. Synonymous Deoptimization of Foot-and-Mouth Disease
Virus Causes Attenuation In Vivo while Inducing a Strong Neutralizing
Antibody Response. Journal of virology, 90, 1298-310.
DIAZ-SAN SEGUNDO, F., MEDINA, G. N., SPINARD, E., KLOC, A.,
RAMIREZ-MEDINA, E., AZZINARO, P., MUELLER, S., RIEDER, E. &
DE LOS SANTOS, T. 2020. Use of Synonymous Deoptimization to Derive
Modified Live Attenuated Strains of Foot and Mouth Disease Virus. Front
Microbiol, 11, 610286.
DIAZ-SAN SEGUNDO, F., MEDINA, G. N., STENFELDT, C., ARZT, J. & DE
LOS SANTOS, T. 2017. Foot-and-mouth disease vaccines. Vet Microbiol,
206, 102-112.
DOEL, T. R. 1996. Natural and vaccine-induced immunity to foot and mouth
disease: the prospects for improved vaccines. Rev Sci Tech, 15, 883-911.
DOUDO, M. H. A. 2017. THE ROLE OF FOLLICULAR DENDRITIC CELLS AND
PERSISTING FOOT-AND-MOUTH DISEASE VIRUS ANTIGENS AS
DETERMINANTS OF IMMUNE RESPONSES TO THE VIRUS. Doctor of
Philosophy, University of Cambridge.
EL SHIKH, M. E., EL SAYED, R. M., WU, Y., SZAKAL, A. K. & TEW, J. G.
2007. TLR4 on follicular dendritic cells: an activation pathway that promotes
accessory activity. J Immunol, 179, 4444-50.
EL SHIKH, M. E. & PITZALIS, C. 2012. Follicular dendritic cells in health and
disease. Frontiers in immunology, 3, 292.

170

ENDRES, R., ALIMZHANOV, M. B., PLITZ, T., FUTTERER, A., KOSCOVILBOIS, M. H., NEDOSPASOV, S. A., RAJEWSKY, K. & PFEFFER, K.
1999. Mature follicular dendritic cell networks depend on expression of
lymphotoxin beta receptor by radioresistant stromal cells and of lymphotoxin
beta and tumor necrosis factor by B cells. The Journal of experimental
medicine, 189, 159-68.
FACCHETTI, F. & LORENZI, L. 2016. Follicular dendritic cells and related
sarcoma. Semin Diagn Pathol, 33, 262-76.
FANG, Y. F., XU, C. G., FU, Y. X., HOLERS, V. M. & MOLINA, H. 1998.
Expression of complement receptors 1 and 2 on follicular dendritic cells is
necessary for the generation of a strong antigen-specific IgG response. J
Immunol
160, 5273-5279.
FEARON, D. T. 1980. Identification of the membrane glycoprotein that is the C3b
receptor of the human erythrocyte, polymorphonuclear leukocyte, B
lymphocyte, and monocyte. The Journal of experimental medicine, 152, 2030.
FEHR, T., BACHMANN, M. F., BLUETHMANN, H., KIKUTANI, H.,
HENGARTNER, H. & ZINKERNAGEL, R. M. 1996. T-independent
activation of B cells by vesicular stomatitis virus: no evidence for the need of
a second signal. Cell Immunol, 168, 184-92.
FERNANDEZ, F. M., BORCA, M. V., SADIR, A. M., FONDEVILA, N., MAYO, J.
& SCHUDEL, A. A. 1986. Foot-and-mouth disease virus (FMDV)
experimental infection: susceptibility and immune response of adult mice. Vet
Microbiol, 12, 15-24.
FINK, K., MANJARREZ-ORDUÑO, N., SCHILDKNECHT, A., WEBER, J.,
SENN, B. M., ZINKERNAGEL, R. M. & HENGARTNER, H. 2007. B Cell
Activation State-Governed Formation of Germinal Centers following Viral
Infection. J Immunol
179, 5877-5885.
FOX, G., PARRY, N. R., BARNETT, P. V., MCGINN, B., ROWLANDS, D. J. &
BROWN, F. 1989. The cell attachment site on foot-and-mouth disease virus
includes the amino acid sequence RGD (arginine-glycine-aspartic acid). The
Journal of general virology, 70 ( Pt 3), 625-37.
FRANCO MAHECHA, O. L., OGAS CASTELLS, M. L., COMBESSIES, G.,
LAVORIA, M. A., WILDA, M., MANSILLA, F. C., SEKI, C., GRIGERA,
P. R. & CAPOZZO, A. V. 2011. Single dilution Avidity-Blocking ELISA as
an alternative to the Bovine Viral Diarrhea Virus neutralization test. Journal
of virological methods, 175, 228-235.
FRAY, M. D., SUPPLE, E. A., MORRISON, W. I. & CHARLESTON, B. 2000.
Germinal centre localization of bovine viral diarrhoea virus in persistently
infected animals. The Journal of general virology, 81, 1669-73.
FREEDMAN, A. S., MUNRO, J. M., RICE, G. E., BEVILACQUA, M. P.,
MORIMOTO, C., MCINTYRE, B. W., RHYNHART, K., POBER, J. S. &
NADLER, L. M. 1990. Adhesion of human B cells to germinal centers in
vitro involves VLA-4 and INCAM-110. Science, 249, 1030-3.

171

FUTTERER, A., MINK, K., LUZ, A., KOSCO-VILBOIS, M. H. & PFEFFER, K.
1998. The lymphotoxin beta receptor controls organogenesis and affinity
maturation in peripheral lymphoid tissues. Immunity, 9, 59-70.
GARCIA-NUNEZ, S., KONIG, G., BERINSTEIN, A. & CARRILLO, E. 2010.
Differences in the virulence of two strains of Foot-and-Mouth Disease Virus
Serotype A with the same spatiotemporal distribution. Virus Res, 147, 14952.
GARIN, A., MEYER-HERMANN, M., CONTIE, M., FIGGE, M. T., BUATOIS, V.,
GUNZER, M., TOELLNER, K. M., ELSON, G. & KOSCO-VILBOIS, M. H.
2010. Toll-like receptor 4 signaling by follicular dendritic cells is pivotal for
germinal center onset and affinity maturation. Immunity, 33, 84-95.
GASPAL, F. M., MCCONNELL, F. M., KIM, M. Y., GRAY, D., KOSCOVILBOIS, M. H., RAYKUNDALIA, C. R., BOTTO, M. & LANE, P. J.
2006. The generation of thymus-independent germinal centers depends on
CD40 but not on CD154, the T cell-derived CD40-ligand. Eur J Immunol, 36,
1665-73.
GEBAUER, F., DE LA TORRE, J. C., GOMES, I., MATEU, M. G., BARAHONA,
H., TIRABOSCHI, B., BERGMANN, I., DE MELLO, P. A. & DOMINGO,
E. 1988. Rapid selection of genetic and antigenic variants of foot-and-mouth
disease virus during persistence in cattle. Journal of virology, 62, 2041-9.
GHIRAN, I., BARBASHOV, S. F., KLICKSTEIN, L. B., TAS, S. W., JENSENIUS,
J. C. & NICHOLSON-WELLER, A. 2000. Complement receptor 1/CD35 is a
receptor for mannan-binding lectin. The Journal of experimental medicine,
192, 1797-808.
GNAZZO, V., QUATTROCCHI, V., SORIA, I., PEREYRA, E., LANGELLOTTI,
C., PEDEMONTE, A., LOPEZ, V., MARANGUNICH, L. & ZAMORANO,
P. 2020. Mouse model as an efficacy test for foot-and-mouth disease
vaccines. Transbound Emerg Dis, 67, 2507-2520.
GOLDE, W. T., PACHECO, J. M., DUQUE, H., DOEL, T., PENFOLD, B.,
FERMAN, G. S., GREGG, D. R. & RODRIGUEZ, L. L. 2005. Vaccination
against foot-and-mouth disease virus confers complete clinical protection in 7
days and partial protection in 4 days: Use in emergency outbreak response.
Vaccine, 23, 5775-82.
GOMMERMAN, J. L., MACKAY, F., DONSKOY, E., MEIER, W., MARTIN, P. &
BROWNING, J. L. 2002. Manipulation of lymphoid microenvironments in
nonhuman primates by an inhibitor of the lymphotoxin pathway. The Journal
of clinical investigation, 110, 1359-69.
GONZALEZ, S. F., PITCHER, L. A., MEMPEL, T., SCHUERPF, F. & CARROLL,
M. C. 2009. B cell acquisition of antigen in vivo. Curr Opin Immunol
21, 251-257.
GORDON, L., MABBOTT, N., WELLS, J., KULIK, L., JULEFF, N.,
CHARLESTON, B. & PEREZ-MARTIN, E. 2021. Foot-and-mouth disease
virus localisation on follicular dendritic cells and sustained induction of
neutralising antibodies is dependent on binding to complement receptors
(CR2/CR1). bioRxiv, 2021.09.08.459380.
GRANT, C. F., LEFEVRE, E. A., CARR, B. V., PRENTICE, H., GUBBINS, S.,
POLLARD, A. J., CHARREYRE, C. & CHARLESTON, B. 2012.

172

Assessment of T-dependent and T-independent immune responses in cattle
using a B cell ELISPOT assay. Vet Res, 43, 68.
GRANT, C. F. J., CARR, B. V., KOTECHA, A., VAN DEN BORN, E., STUART,
D. I., HAMMOND, J. A. & CHARLESTON, B. 2017. The B Cell Response
to Foot-and-Mouth Disease Virus in Cattle following Sequential Vaccination
with Multiple Serotypes. Journal of virology, 91, 2157-16.
GRANT, C. F. J., CARR, B. V., SINGANALLUR, N. B., MORRIS, J., GUBBINS,
S., HUDELET, P., ILOTT, M., CHARREYRE, C., VOSLOO, W. &
CHARLESTON, B. 2016. The B-cell response to foot-and-mouth-disease
virus in cattle following vaccination and live-virus challenge. The Journal of
general virology, 97, 2201-2209.
GRUBMAN, M. J. & BAXT, B. 2004. Foot-and-mouth disease. Clin Microbiol Rev,
17, 465-93.
GRUBMAN, M. J., ROBERTSON, B. H., MORGAN, D. O., MOORE, D. M. &
DOWBENKO, D. 1984. Biochemical map of polypeptides specified by footand-mouth disease virus. Journal of virology, 50, 579-86.
GUERRA-MAUPOME, M., SLATE, J. R. & MCGILL, J. L. 2019. Gamma Delta T
Cell Function in Ruminants. Vet Clin North Am Food Anim Pract, 35, 453469.
GUO, H. C., SUN, S. Q., JIN, Y., YANG, S. L., WEI, Y. Q., SUN, D. H., YIN, S.
H., MA, J. W., LIU, Z. X., GUO, J. H., LUO, J. X., YIN, H., LIU, X. T. &
LIU, D. X. 2013. Foot-and-mouth disease virus-like particles produced by a
SUMO fusion protein system in Escherichia coli induce potent protective
immune responses in guinea pigs, swine and cattle. Vet Res, 44, 48.
HABIELA, M., SEAGA, J., PEREZ-MARTIN, E., WATERS, R., WINDSOR, M.,
SALGUERO, F. J., WOOD, J., CHARLESTON, B. & JULEFF, N. 2014.
Laboratory animal models to study foot-and-mouth disease: a review with
emphasis on natural and vaccine-induced immunity. J Gen Virol
95, 2329-2345.
HARGREAVES, D. C., HYMAN, P. L., LU, T. T., NGO, V. N., BIDGOL, A.,
SUZUKI, G., ZOU, Y.-R., LITTMAN, D. R. & CYSTER, J. G. 2001. A
Coordinated Change in Chemokine Responsiveness Guides Plasma Cell
Movements. J Exp Med
194, 45-56.
HARMSEN, M. M., FIJTEN, H. P., WESTRA, D. F. & COCO-MARTIN, J. M.
2011. Effect of thiomersal on dissociation of intact (146S) foot-and-mouth
disease virions into 12S particles as assessed by novel ELISAs specific for
either 146S or 12S particles. Vaccine, 29, 2682-90.
HASE, H., KANNO, Y., KOJIMA, M., HASEGAWA, K., SAKURAI, D., KOJIMA,
H., TSUCHIYA, N., TOKUNAGA, K., MASAWA, N., AZUMA, M.,
OKUMURA, K. & KOBATA, T. 2004. BAFF/BLyS can potentiate B-cell
selection with the B-cell coreceptor complex. Blood, 103, 2257-65.
HAUSER, A. E., DEBES, G. F., ARCE, S., CASSESE, G., HAMANN, A.,
RADBRUCH, A. & MANZ, R. A. 2002. Chemotactic Responsiveness
Toward Ligands for CXCR3 and CXCR4 Is Regulated on Plasma Blasts
During the Time Course of a Memory Immune Response. J Immunol
169, 1277-1282.

173

HAUSER, A. E., JUNT, T., MEMPEL, T. R., SNEDDON, M. W., KLEINSTEIN, S.
H., HENRICKSON, S. E., VON ANDRIAN, U. H., SHLOMCHIK, M. J. &
HABERMAN, A. M. 2007. Definition of germinal-center B cell migration in
vivo reveals predominant intrazonal circulation patterns. Immunity, 26, 65567.
HE, Y., LI, K., CAO, Y., SUN, Z., LI, P., BAO, H., WANG, S., ZHU, G., BAI, X.,
SUN, P., LIU, X., YANG, C., LIU, Z., LU, Z., RAO, Z. & LOU, Z. 2021.
Structures of Foot-and-mouth Disease Virus with neutralizing antibodies
derived from recovered natural host reveal a mechanism for cross-serotype
neutralization. PLoS Pathog, 17, e1009507.
HEATH, S. L., TEW, J. G., TEW, J. G., SZAKAL, A. K. & BURTON, G. F. 1995.
Follicular dendritic cells and human immunodeficiency virus infectivity.
Nature, 377, 740-4.
HEDGER, R. S. 1972. Foot-and-mouth disease and the African buffalo (Syncerus
caffer). J Comp Pathol, 82, 19-28.
HEESTERS, B. A., CHATTERJEE, P., KIM, Y. A., GONZALEZ, S. F.,
KULIGOWSKI, M. P., KIRCHHAUSEN, T. & CARROLL, M. C. 2013.
Endocytosis and recycling of immune complexes by follicular dendritic cells
enhances B cell antigen binding and activation. Immunity, 38, 1164-75.
HEESTERS, B. A., LINDQVIST, M., VAGEFI, P. A., SCULLY, E. P.,
SCHILDBERG, F. A., ALTFELD, M., WALKER, B. D., KAUFMANN, D.
E. & CARROLL, M. C. 2015. Follicular Dendritic Cells Retain Infectious
HIV in Cycling Endosomes. PLoS Pathog, 11, e1005285.
HEESTERS, B. A., MYERS, R. C. & CARROLL, M. C. 2014. Follicular dendritic
cells: dynamic antigen libraries. Nat Rev Immunol, 14, 495-504.
HEYMAN, B., WIERSMA, E. J. & KINOSHITA, T. 1990. In vivo inhibition of the
antibody response by a complement receptor-specific monoclonal antibody.
The Journal of experimental medicine, 172, 665-8.
HO, J., MOIR, S., KULIK, L., MALASPINA, A., DONOGHUE, E. T., MILLER, N.
J., WANG, W., CHUN, T. W., FAUCI, A. S. & HOLERS, V. M. 2007. Role
for CD21 in the establishment of an extracellular HIV reservoir in lymphoid
tissues. J Immunol, 178, 6968-74.
HUBER, C., THIELEN, C., SEEGER, H., SCHWARZ, P., MONTRASIO, F.,
WILSON, M. R., HEINEN, E., FU, Y. X., MIELE, G. & AGUZZI, A. 2005.
Lymphotoxin-beta receptor-dependent genes in lymph node and follicular
dendritic cell transcriptomes. J Immunol, 174, 5526-36.
ILOTT, M. C., SALT, J. S., GASKELL, R. M. & KITCHING, R. P. 1997.
Dexamethasone inhibits virus production and the secretory IgA response in
oesophageal-pharyngeal fluid in cattle persistently infected with foot-andmouth disease virus. Epidemiol Infect, 118, 181-7.
IMAL, Y. & YAMAKAWA, M. 1996. Morphology, function and pathology of
follicular dendritic cells. Pathol Int, 46, 807-33.
INMAN, C. F., REES, L. E., BARKER, E., HAVERSON, K., STOKES, C. R. &
BAILEY, M. 2005. Validation of computer-assisted, pixel-based analysis of
multiple-colour immunofluorescence histology. J Immunol Methods, 302,
156-67.
JACKSON, T., CLARK, S., BERRYMAN, S., BURMAN, A., CAMBIER, S., MU,
D., NISHIMURA, S. & KING, A. M. 2004. Integrin alphavbeta8 functions as

174

a receptor for foot-and-mouth disease virus: role of the beta-chain
cytodomain in integrin-mediated infection. Journal of virology, 78, 4533-40.
JACKSON, T., ELLARD, F. M., GHAZALEH, R. A., BROOKES, S. M.,
BLAKEMORE, W. E., CORTEYN, A. H., STUART, D. I., NEWMAN, J.
W. & KING, A. M. 1996. Efficient infection of cells in culture by type O
foot-and-mouth disease virus requires binding to cell surface heparan sulfate.
Journal of virology, 70, 5282-7.
JACKSON, T., MOULD, A. P., SHEPPARD, D. & KING, A. M. 2002. Integrin
alphavbeta1 is a receptor for foot-and-mouth disease virus. Journal of
virology, 76, 935-41.
JACKSON, T., SHARMA, A., GHAZALEH, R. A., BLAKEMORE, W. E.,
ELLARD, F. M., SIMMONS, D. L., NEWMAN, J. W., STUART, D. I. &
KING, A. M. 1997. Arginine-glycine-aspartic acid-specific binding by footand-mouth disease viruses to the purified integrin alpha(v)beta3 in vitro.
Journal of virology, 71, 8357-61.
JACKSON, T., SHEPPARD, D., DENYER, M., BLAKEMORE, W. & KING, A. M.
2000. The epithelial integrin alphavbeta6 is a receptor for foot-and-mouth
disease virus. Journal of virology, 74, 4949-56.
JACOBSON, A. C. & WEIS, J. H. 2008. Comparative functional evolution of human
and mouse CR1 and CR2. J Immunol, 181, 2953-9.
JAMAL, S. M. & BELSHAM, G. J. 2013. Foot-and-mouth disease: past, present and
future. Vet Res, 44, 116.
JOLLES, A., GORSICH, E., GUBBINS, S., BEECHLER, B., BUSS, P., JULEFF,
N., DE KLERK-LORIST, L. M., MAREE, F., PEREZ-MARTIN, E., VAN
SCHALKWYK, O. L., SCOTT, K., ZHANG, F., MEDLOCK, J. &
CHARLESTON, B. 2021. Endemic persistence of a highly contagious
pathogen: Foot-and-mouth disease in its wildlife host. Science, 374, 104-109.
JULEFF, N., WINDSOR, M., LEFEVRE, E. A., GUBBINS, S., HAMBLIN, P.,
REID, E., MCLAUGHLIN, K., BEVERLEY, P. C., MORRISON, I. W. &
CHARLESTON, B. 2009. Foot-and-mouth disease virus can induce a
specific and rapid CD4+ T-cell-independent neutralizing and isotype classswitched antibody response in naive cattle. Journal of virology, 83, 3626-36.
JULEFF, N., WINDSOR, M., REID, E., SEAGO, J., ZHANG, Z., MONAGHAN,
P., MORRISON, I. W. & CHARLESTON, B. 2008. Foot-and-mouth disease
virus persists in the light zone of germinal centres. Plos One, 3, e3434.
KAMEL, M., EL-SAYED, A. & CASTANEDA VAZQUEZ, H. 2019. Foot-andmouth disease vaccines: recent updates and future perspectives. Arch Virol,
164, 1501-1513.
KIM, H. S., ZHANG, X. & CHOI, Y. S. 1994. Activation and proliferation of
follicular dendritic cell-like cells by activated T lymphocytes. The Journal of
Immunology, 153, 2951-2961.
KING, D. P., FERRIS, N. P., SHAW, A. E., REID, S. M., HUTCHINGS, G. H.,
GIUFFRE, A. C., ROBIDA, J. M., CALLAHAN, J. D., NELSON, W. M. &
BECKHAM, T. R. 2006. Detection of foot-and-mouth disease virus:
comparative diagnostic sensitivity of two independent real-time reverse
transcription-polymerase chain reaction assays. J Vet Diagn Invest, 18, 93-7.
KINOSHITA, T., THYPHRONITIS, G., TSOKOS, G. C., FINKELMAN, F. D.,
HONG, K., SAKAI, H. & INOUE, K. 1990. Characterization of murine

175

complement receptor type 2 and its immunological cross-reactivity with type
1 receptor. Int Immunol, 2, 651-9.
KLEIN, A. B., WITONSKY, S. G., AHMED, S. A., HOLLADAY, S. D., GOGAL,
R. M., JR., LINK, L. & REILLY, C. M. 2006. Impact of different cell
isolation techniques on lymphocyte viability and function. J Immunoassay
Immunochem, 27, 61-76.
KLEIN, M. A., KAESER, P. S., SCHWARZ, P., WEYD, H., XENARIOS, I.,
ZINKERNAGEL, R. M., CARROLL, M. C., VERBEEK, J. S., BOTTO, M.,
WALPORT, M. J., MOLINA, H., KALINKE, U., ACHA-ORBEA, H. &
AGUZZI, A. 2001. Complement facilitates early prion pathogenesis. Nat
Med, 7, 488-92.
KLICKSTEIN, L. B., BARBASHOV, S. F., LIU, T., JACK, R. M. & NICHOLSONWELLER, A. 1997. Complement Receptor Type 1 (CR1, CD35) Is a
Receptor for C1q. Immunity, 7, 345-355.
KNOWLES, N. J. & SAMUEL, A. R. 2003. Molecular epidemiology of foot-andmouth disease virus. Virus Res, 91, 65-80.
KOCK, M. A., HEW, B. E., BAMMERT, H., FRITZINGER, D. C. & VOGEL, C.
W. 2004. Structure and function of recombinant cobra venom factor. J Biol
Chem, 279, 30836-43.
KONI, P. A. & FLAVELL, R. A. 1999. Lymph node germinal centers form in the
absence of follicular dendritic cell networks. The Journal of experimental
medicine, 189, 855-64.
KONI, P. A., SACCA, R., LAWTON, P., BROWNING, J. L., RUDDLE, N. H. &
FLAVELL, R. A. 1997. Distinct roles in lymphoid organogenesis for
lymphotoxins alpha and beta revealed in lymphotoxin beta-deficient mice.
Immunity, 6, 491-500.
KOOPMAN, G., KEEHNEN, R. M., LINDHOUT, E., NEWMAN, W., SHIMIZU,
Y., VAN SEVENTER, G. A., DE GROOT, C. & PALS, S. T. 1994.
Adhesion through the LFA-1 (CD11a/CD18)-ICAM-1 (CD54) and the VLA4 (CD49d)-VCAM-1 (CD106) pathways prevents apoptosis of germinal
center B cells. J Immunol
152, 3760-3767.
KOOPMAN, G., PARMENTIER, H. K., SCHUURMAN, H. J., NEWMAN, W.,
MEIJER, C. J. & PALS, S. T. 1991. Adhesion of human B cells to follicular
dendritic cells involves both the lymphocyte function-associated antigen
1/intercellular adhesion molecule 1 and very late antigen 4/vascular cell
adhesion molecule 1 pathways. The Journal of experimental medicine, 173,
1297-304.
KOPF, M., HERREN, S., WILES, M. V., PEPYS, M. B. & KOSCO-VILBOIS, M.
H. 1998. Interleukin 6 influences germinal center development and antibody
production via a contribution of C3 complement component. The Journal of
experimental medicine, 188, 1895-906.
KRANICH, J. & KRAUTLER, N. J. 2016. How Follicular Dendritic Cells Shape the
B-Cell Antigenome. Frontiers in immunology, 7, 225.
KRANICH, J., KRAUTLER, N. J., HEINEN, E., POLYMENIDOU, M., BRIDEL,
C., SCHILDKNECHT, A., HUBER, C., KOSCO-VILBOIS, M. H.,
ZINKERNAGEL, R., MIELE, G. & AGUZZI, A. 2008. Follicular dendritic

176

cells control engulfment of apoptotic bodies by secreting Mfge8. The Journal
of experimental medicine, 205, 1293-302.
KRYCH-GOLDBERG, M. & ATKINSON, J. P. 2001. Structure-function
relationships of complement receptor type 1. Immunol Rev, 180, 112-22.
KULIK, L., HEWITT, F. B., WILLIS, V. C., RODRIGUEZ, R., TOMLINSON, S. &
HOLERS, V. M. 2015. A new mouse anti-mouse complement receptor type 2
and 1 (CR2/CR1) monoclonal antibody as a tool to study receptor
involvement in chronic models of immune responses and disease. Mol
Immunol, 63, 479-88.
LAVORIA, M., DI-GIACOMO, S., BUCAFUSCO, D., FRANCO-MAHECHA, O.
L., PÉREZ-FILGUEIRA, D. M. & CAPOZZO, A. V. 2012. Avidity and
subtyping of specific antibodies applied to the indirect assessment of
heterologous protection against Foot-and-Mouth Disease Virus in cattle.
Vaccine, 30, 6845-50.
LI, B., SALLEE, C., DEHOFF, M., FOLEY, S., MOLINA, H. & HOLERS, V. M.
1993. Mouse Crry/p65. Characterization of monoclonal antibodies and the
tissue distribution of a functional homologue of human MCP and DAF. J
Immunol
151, 4295-4305.
LIU, Y. J., DE BOUTEILLER, O. & FUGIER-VIVIER, I. 1997. Mechanisms of
selection and differentiation in germinal centers. Curr Opin Immunol, 9, 25662.
LOGAN, D., ABU-GHAZALEH, R., BLAKEMORE, W., CURRY, S., JACKSON,
T., KING, A., LEA, S., LEWIS, R., NEWMAN, J., PARRY, N. & ET AL.
1993. Structure of a major immunogenic site on foot-and-mouth disease
virus. Nature, 362, 566-8.
LOPEZ, O. J., SADIR, A. M., BORCA, M. V., FERNANDEZ, F. M., BRAUN, M.
& SCHUDEL, A. A. 1990. Immune response to foot-and-mouth disease virus
in an experimental murine model. II. Basis of persistent antibody reaction.
Vet Immunol Immunopathol, 24, 313-21.
LU, T. T. & CYSTER, J. G. 2002. Integrin-mediated long-term B cell retention in
the splenic marginal zone. Science, 297, 409-12.
MABBOTT, N. A. 2017. How do PrP(Sc) Prions Spread between Host Species, and
within Hosts? Pathogens, 6, 60.
MABBOTT, N. A., BRUCE, M. E., BOTTO, M., WALPORT, M. J. & PEPYS, M.
B. 2001. Temporary depletion of complement component C3 or genetic
deficiency of C1q significantly delays onset of scrapie. Nat Med, 7, 485-7.
MABBOTT, N. A., KENNETH BAILLIE, J., KOBAYASHI, A., DONALDSON, D.
S., OHMORI, H., YOON, S. O., FREEDMAN, A. S., FREEMAN, T. C. &
SUMMERS, K. M. 2011. Expression of mesenchyme-specific gene
signatures by follicular dendritic cells: insights from the meta-analysis of
microarray data from multiple mouse cell populations. Immunology, 133,
482-98.
MABBOTT, N. A., YOUNG, J., MCCONNELL, I. & BRUCE, M. E. 2003.
Follicular dendritic cell dedifferentiation by treatment with an inhibitor of the
lymphotoxin pathway dramatically reduces scrapie susceptibility. Journal of
virology, 77, 6845-54.

177

MACKAY, F. & BROWNING, J. L. 1998. Turning off follicular dendritic cells.
Nature, 395, 26-7.
MACKAY, F., MAJEAU, G. R., LAWTON, P., HOCHMAN, P. S. & BROWNING,
J. L. 1997. Lymphotoxin but not tumor necrosis factor functions to maintain
splenic architecture and humoral responsiveness in adult mice. Eur J
Immunol, 27, 2033-42.
MACLENNAN, I. C. M., TOELLNER, K.-M., CUNNINGHAM, A. F., SERRE, K.,
SZE, D. M.-Y., ZÚÑIGA, E., COOK, M. C. & VINUESA, C. G. 2003.
Extrafollicular antibody responses. Immunol Rev
194, 8-18.
MAREE, F., DE KLERK-LORIST, L. M., GUBBINS, S., ZHANG, F., SEAGO, J.,
PEREZ-MARTIN, E., REID, L., SCOTT, K., VAN SCHALKWYK, L.,
BENGIS, R., CHARLESTON, B. & JULEFF, N. 2016. Differential
Persistence of Foot-and-Mouth Disease Virus in African Buffalo Is Related to
Virus Virulence. Journal of virology, 90, 5132-5140.
MARTIN, J. T., COTTRELL, C. A., ANTANASIJEVIC, A., CARNATHAN, D. G.,
COSSETTE, B. J., ENEMUO, C. A., GEBRU, E. H., CHOE, Y., VIVIANO,
F., TOKATLIAN, T., CIRELLI, K. M., UEDA, G., COPPS, J., SCHIFFNER,
T., MENIS, S., SCHIEF, W. R., CROTTY, S., KING, N. P., BAKER, D.,
SILVESTRI, G., WARD, A. B. & IRVINE, D. J. 2020. Targeting HIV Env
immunogens to B cell follicles in non-human primates through immune
complex or protein nanoparticle formulations. bioRxiv, 2020.02.19.956482.
MATSUMOTO, M., FU, Y. X., MOLINA, H., HUANG, G., KIM, J., THOMAS, D.
A., NAHM, M. H. & CHAPLIN, D. D. 1997. Distinct roles of lymphotoxin
alpha and the type I tumor necrosis factor (TNF) receptor in the establishment
of follicular dendritic cells from non-bone marrow-derived cells. The Journal
of experimental medicine, 186, 1997-2004.
MATTSSON, J., YRLID, U., STENSSON, A., SCHON, K., KARLSSON, M. C.,
RAVETCH, J. V. & LYCKE, N. Y. 2011. Complement activation and
complement receptors on follicular dendritic cells are critical for the function
of a targeted adjuvant. J Immunol, 187, 3641-52.
MAYER, C. T., GAZUMYAN, A., KARA, E. E., GITLIN, A. D., GOLIJANIN, J.,
VIANT, C., PAI, J., OLIVEIRA, T. Y., WANG, Q., ESCOLANO, A.,
MEDINA-RAMIREZ, M., SANDERS, R. W. & NUSSENZWEIG, M. C.
2017. The microanatomic segregation of selection by apoptosis in the
germinal center. Science, 358, eaao2602.
MCCULLOCH, L., BROWN, K. L., BRADFORD, B. M., HOPKINS, J., BAILEY,
M., RAJEWSKY, K., MANSON, J. C. & MABBOTT, N. A. 2011. Follicular
dendritic cell-specific prion protein (PrP) expression alone is sufficient to
sustain prion infection in the spleen. PLoS Pathog, 7, e1002402.
MESIN, L., ERSCHING, J. & VICTORA, GABRIEL D. 2016. Germinal Center B
Cell Dynamics. Immunity, 45, 471-482.
MICHEL, B., FERGUSON, A., JOHNSON, T., BENDER, H., MEYERETT-REID,
C., WYCKOFF, A. C., PULFORD, B., TELLING, G. C. & ZABEL, M. D.
2013. Complement protein C3 exacerbates prion disease in a mouse model of
chronic wasting disease. Int Immunol, 25, 697-702.
MOLINA, H., HOLERS, V. M., LI, B., FUNG, Y., MARIATHASAN, S.,
GOELLNER, J., STRAUSS-SCHOENBERGER, J., KARR, R. W. &

178

CHAPLIN, D. D. 1996. Markedly impaired humoral immune response in
mice deficient in complement receptors 1 and 2. Proceedings of the National
Academy of Sciences of the United States of America, 93, 3357-61.
MOLINA, H., KINOSHITA, T., WEBSTER, C. B. & HOLERS, V. M. 1994.
Analysis of C3b/C3d binding sites and factor I cofactor regions within mouse
complement receptors 1 and 2. J Immunol, 153, 789-95.
MOONEN, P., JACOBS, L., CRIENEN, A. & DEKKER, A. 2004. Detection of
carriers of foot-and-mouth disease virus among vaccinated cattle. Vet
Microbiol, 103, 151-60.
NAKAGAWA, R., TOBOSO-NAVASA, A., SCHIPS, M., YOUNG, G., BHAWROSUN, L., LLORIAN-SOPENA, M., CHAKRAVARTY, P., SESAY, A.
K., KASSIOTIS, G., MEYER-HERMANN, M. & CALADO, D. P. 2021.
Permissive selection followed by affinity-based proliferation of GC light zone
B cells dictates cell fate and ensures clonal breadth. Proceedings of the
National Academy of Sciences of the United States of America, 118,
e2016425118.
NGO, V. N., KORNER, H., GUNN, M. D., SCHMIDT, K. N., RIMINTON, D. S.,
COOPER, M. D., BROWNING, J. L., SEDGWICK, J. D. & CYSTER, J. G.
1999. Lymphotoxin alpha/beta and tumor necrosis factor are required for
stromal cell expression of homing chemokines in B and T cell areas of the
spleen. The Journal of experimental medicine, 189, 403-12.
NIELSEN, C. H., FISCHER, E. M. & LESLIE, R. G. 2000. The role of complement
in the acquired immune response. Immunology, 100, 4-12.
OCHSENBEIN, A. F., PINSCHEWER, D. D., ODERMATT, B., CARROLL, M. C.,
HENGARTNER, H. & ZINKERNAGEL, R. M. 1999. Protective T cellindependent antiviral antibody responses are dependent on complement. The
Journal of experimental medicine, 190, 1165-74.
OH, J. Y., KIM, M. K., LEE, H. J., KO, J. H., KIM, Y., PARK, C. S., KANG, H. J.,
PARK, C. G., KIM, S. J., LEE, J. H. & WEE, W. R. 2010. Complement
depletion with cobra venom factor delays acute cell-mediated rejection in
pig-to-mouse corneal xenotransplantation. Xenotransplantation, 17, 140-6.
ORSCHESCHEK, K., MERZ, H., SCHLEGELBERGER, B. & FELLER, A. C.
1994. An immortalized cell line with features of human follicular dendritic
cells. Antigen and cytokine expression analysis. Eur J Immunol, 24, 2682-90.
OSTROWSKI, M., VERMEULEN, M., ZABAL, O., ZAMORANO, P. I., SADIR,
A. M., GEFFNER, J. R. & LOPEZ, O. J. 2007. The early protective thymusindependent antibody response to foot-and-mouth disease virus is mediated
by splenic CD9+ B lymphocytes. Journal of virology, 81, 9357-67.
OZTURK, N., KOCAK, O. & VOSOUGH AHMADI, B. 2020. Economic Analysis
of Increasing Foot-and-Mouth Disease Vaccination Frequency: The Case of
the Biannual Mass Vaccination Strategy. Frontiers in veterinary science, 7,
557190.
PACHECO, J. M., SMOLIGA, G. R., O'DONNELL, V., BRITO, B. P.,
STENFELDT, C., RODRIGUEZ, L. L. & ARZT, J. 2015. Persistent Footand-Mouth Disease Virus Infection in the Nasopharynx of Cattle; TissueSpecific Distribution and Local Cytokine Expression. Plos One, 10,
e0125698.

179

PARIDA, S., FLEMING, L., GIBSON, D., HAMBLIN, P. A., GRAZIOLI, S.,
BROCCHI, E. & PATON, D. J. 2007. Bovine serum panel for evaluating
foot-and-mouth disease virus nonstructural protein antibody tests. J Vet
Diagn Invest, 19, 539-44.
PARK, C. S. & CHOI, Y. S. 2005. How do follicular dendritic cells interact
intimately with B cells in the germinal centre? Immunology, 114, 2-10.
PARKER, J. 1971. Presence and inactivation of foot-and-mouth disease virus in
animal faeces. Vet Rec, 88, 659-62.
PEGA, J., BUCAFUSCO, D., DI GIACOMO, S., SCHAMMAS, J. M.,
MALACARI, D., CAPOZZO, A. V., ARZT, J., PEREZ-BEASCOECHEA,
C., MARADEI, E., RODRIGUEZ, L. L., BORCA, M. V. & PEREZFILGUEIRA, M. 2013. Early adaptive immune responses in the respiratory
tract of foot-and-mouth disease virus-infected cattle. Journal of virology, 87,
2489-95.
PEGA, J., DI GIACOMO, S., BUCAFUSCO, D., SCHAMMAS, J. M.,
MALACARI, D., BARRIONUEVO, F., CAPOZZO, A. V., RODRIGUEZ,
L. L., BORCA, M. V. & PEREZ-FILGUEIRA, M. 2015. Systemic Foot-andMouth Disease Vaccination in Cattle Promotes Specific Antibody-Secreting
Cells at the Respiratory Tract and Triggers Local Anamnestic Responses
upon Aerosol Infection. Journal of Virology, 89, 9581-9590.
PEREZ-MARTIN, E., DIAZ-SAN SEGUNDO, F., WEISS, M., STURZA, D. F.,
DIAS, C. C., RAMIREZ-MEDINA, E., GRUBMAN, M. J. & DE LOS
SANTOS, T. 2014. Type III interferon protects swine against foot-and-mouth
disease. J Interferon Cytokine Res, 34, 810-21.
PEREZ-MARTIN, E., WEISS, M., DIAZ-SAN SEGUNDO, F., PACHECO, J. M.,
ARZT, J., GRUBMAN, M. J. & DE LOS SANTOS, T. 2012. Bovine type III
interferon significantly delays and reduces the severity of foot-and-mouth
disease in cattle. Journal of virology, 86, 4477-87.
PEREZ FILGUEIRA, D. M., BERINSTEIN, A., SMITSAART, E., BORCA, M. V.
& SADIR, A. M. 1995. Isotype profiles induced in Balb/c mice during foot
and mouth disease (FMD) virus infection or immunization with different
FMD vaccine formulations. Vaccine, 13, 953-60.
PHAN, T. G., GREEN, J. A., GRAY, E. E., XU, Y. & CYSTER, J. G. 2009.
Immune complex relay by subcapsular sinus macrophages and noncognate B
cells drives antibody affinity maturation. Nat Immunol, 10, 786-93.
PHAN, T. G., GRIGOROVA, I., OKADA, T. & CYSTER, J. G. 2007. Subcapsular
encounter and complement-dependent transport of immune complexes by
lymph node B cells. Nat Immunol
8, 992-1000.
PHAN , T. G., PAUS , D., CHAN , T. D., TURNER , M. L., NUTT , S. L., BASTEN
, A. & BRINK , R. 2006. High affinity germinal center B cells are actively
selected into the plasma cell compartment. J Exp Med
203, 2419-2424.
PIATTI, P. G., BERINSTEIN, A., LOPEZ, O. J., BORCA, M. V., FERNANDEZ,
F., SCHUDEL, A. A. & SADIR, A. M. 1991. Comparison of the immune
response elicited by infectious and inactivated foot-and-mouth disease virus
in mice. The Journal of general virology, 72 ( Pt 7), 1691-4.

180

PIKOR, N. B., MORBE, U., LUTGE, M., GIL-CRUZ, C., PEREZ-SHIBAYAMA,
C., NOVKOVIC, M., CHENG, H. W., NOMBELA-ARRIETA, C.,
NAGASAWA, T., LINTERMAN, M. A., ONDER, L. & LUDEWIG, B.
2020. Remodeling of light and dark zone follicular dendritic cells governs
germinal center responses. Nat Immunol, 21, 649-659.
PORTA, C., KOTECHA, A., BURMAN, A., JACKSON, T., REN, J., LOUREIRO,
S., JONES, I. M., FRY, E. E., STUART, D. I. & CHARLESTON, B. 2013.
Rational engineering of recombinant picornavirus capsids to produce safe,
protective vaccine antigen. PLoS Pathog, 9, e1003255.
PRITCHETT, J., THILMANY, D. & JOHNSON, K. 2005. Animal Disease
Economic Impacts: A Survey of Literature and Typology of Research
Approaches. International Food and Agribusiness Management Review, 8.
PROUDNIKOV, D., YUFEROV, V., ZHOU, Y., LAFORGE, K. S., HO, A. &
KREEK, M. J. 2003. Optimizing primer--probe design for fluorescent PCR. J
Neurosci Methods, 123, 31-45.
QIN, D., WU, J., VORA, K. A., RAVETCH, J. V., SZAKAL, A. K., MANSER, T.
& TEW, J. G. 2000. Fc gamma receptor IIB on follicular dendritic cells
regulates the B cell recall response. J Immunol, 164, 6268-75.
REID, S. M., FERRIS, N. P., HUTCHINGS, G. H., ZHANG, Z., BELSHAM, G. J.
& ALEXANDERSEN, S. 2002. Detection of all seven serotypes of foot-andmouth disease virus by real-time, fluorogenic reverse transcription
polymerase chain reaction assay. Journal of virological methods, 105, 67-80.
ROBERTSON, B. H., GRUBMAN, M. J., WEDDELL, G. N., MOORE, D. M.,
WELSH, J. D., FISCHER, T., DOWBENKO, D. J., YANSURA, D. G.,
SMALL, B. & KLEID, D. G. 1985. Nucleotide and amino acid sequence
coding for polypeptides of foot-and-mouth disease virus type A12. Journal of
virology, 54, 651-60.
RODRIGUEZ, L. L., BARRERA, J., KRAMER, E., LUBROTH, J., BROWN, F. &
GOLDE, W. T. 2003. A synthetic peptide containing the consensus sequence
of the G-H loop region of foot-and-mouth disease virus type-O VP1 and a
promiscuous T-helper epitope induces peptide-specific antibodies but fails to
protect cattle against viral challenge. Vaccine, 21, 3751-6.
ROOZENDAAL, R. & CARROLL, M. C. 2007. Complement receptors CD21 and
CD35 in humoral immunity. Immunol Rev, 219, 157-66.
ROSS, T. M., XU, Y., BRIGHT, R. A. & ROBINSON, H. L. 2000. C3d
enhancement of antibodies to hemagglutinin accelerates protection against
influenza virus challenge. Nat Immunol, 1, 127-31.
RUECKERT, R. R. & WIMMER, E. 1984. Systematic nomenclature of picornavirus
proteins. Journal of virology, 50, 957-9.
SALGUERO, F. J., SANCHEZ-MARTIN, M. A., DIAZ-SAN SEGUNDO, F., DE
AVILA, A. & SEVILLA, N. 2005. Foot-and-mouth disease virus (FMDV)
causes an acute disease that can be lethal for adult laboratory mice. Virology,
332, 384-96.
SCHUSSEK, S., BERNASCONI, V., MATTSSON, J., WENZEL, U. A.,
STRÖMBERG, A., GRIBONIKA, I., SCHÖN, K. & LYCKE, N. Y. 2020.
The CTA1-DD adjuvant strongly potentiates follicular dendritic cell function
and germinal center formation, which results in improved neonatal
immunization. Mucosal Immunol, 13, 545-557.

181

SHAPIRO, S., BEENHOUWER, D. O., FELDMESSER, M., TABORDA, C.,
CARROLL, M. C., CASADEVALL, A. & SCHARFF, M. D. 2002.
Immunoglobulin G monoclonal antibodies to Cryptococcus neoformans
protect mice deficient in complement component C3. Infect Immun, 70, 2598604.
SHAW, A. E., REID, S. M., EBERT, K., HUTCHINGS, G. H., FERRIS, N. P. &
KING, D. P. 2007. Implementation of a one-step real-time RT-PCR protocol
for diagnosis of foot-and-mouth disease. Journal of virological methods, 143,
81-5.
SHLOMCHIK, M. J., LUO, W. & WEISEL, F. 2019. Linking signaling and
selection in the germinal center. Immunol Rev, 288, 49-63.
SMITH, B. A., GARTNER, S., LIU, Y., PERELSON, A. S., STILIANAKIS, N. I.,
KEELE, B. F., KERKERING, T. M., FERREIRA-GONZALEZ, A.,
SZAKAL, A. K., TEW, J. G. & BURTON, G. F. 2001. Persistence of
infectious HIV on follicular dendritic cells. J Immunol, 166, 690-6.
SMITH, K. G., LIGHT, A., NOSSAL, G. J. & TARLINTON, D. M. 1997. The
extent of affinity maturation differs between the memory and antibodyforming cell compartments in the primary immune response. Embo j, 16,
2996-3006.
SMITH, K. G. C., HEWITSON, T. D., NOSSAL, G. J. V. & TARLINTON, D. M.
1996. The phenotype and fate of the antibody-forming cells of the splenic
foci. Eur J Immunol
26, 444-448.
STENFELDT, C., ESCHBAUMER, M., REKANT, S. I., PACHECO, J. M.,
SMOLIGA, G. R., HARTWIG, E. J., RODRIGUEZ, L. L. & ARZT, J. 2016.
The Foot-and-Mouth Disease Carrier State Divergence in Cattle. Journal of
virology, 90, 6344-64.
STENFELDT, C., PACHECO, J. M., RODRIGUEZ, L. L. & ARZT, J. 2014. Early
events in the pathogenesis of foot-and-mouth disease in pigs; identification of
oropharyngeal tonsils as sites of primary and sustained viral replication. Plos
One, 9, e106859.
STEWARD, M. W., STANLEY, C. M., DIMARCHI, R., MULCAHY, G. & DOEL,
T. R. 1991. High-affinity antibody induced by immunization with a synthetic
peptide is associated with protection of cattle against foot-and-mouth disease.
Immunology, 72, 99-103.
SUKUMAR, S., SZAKAL, A. K. & TEW, J. G. 2006. Isolation of functionally
active murine follicular dendritic cells. J Immunol Methods, 313, 81-95.
SUTMOLLER, P. & GAGGERO, A. 1965. Foot-and mouth diseases carriers. Vet
Rec, 77, 968-9.
SUTMOLLER, P. & MCVICAR, J. W. 1972. The epizootiological importance of
foot-and-mouth disease carriers. 3. Exposure of pigs to bovine carriers. Arch
Gesamte Virusforsch, 37, 78-84.
TAYLOR, P. R., PICKERING, M. C., KOSCO-VILBOIS, M. H., WALPORT, M.
J., BOTTO, M., GORDON, S. & MARTINEZ-POMARES, L. 2002. The
follicular dendritic cell restricted epitope, FDC-M2, is complement C4;
localization of immune complexes in mouse tissues. Eur J Immunol
32, 1888-1896.

182

TENZIN, DEKKER, A., VERNOOIJ, H., BOUMA, A. & STEGEMAN, A. 2008.
Rate of foot-and-mouth disease virus transmission by carriers quantified from
experimental data. Risk Anal, 28, 303-9.
TEST, S. T., MITSUYOSHI, J. K. & HU, Y. 2005. Depletion of complement has
distinct effects on the primary and secondary antibody responses to a
conjugate of pneumococcal serotype 14 capsular polysaccharide and a T-celldependent protein carrier. Infect Immun, 73, 277-86.
TEW, J. G., MANDEL, T. E. & BURGESS, A. W. 1979. Retention of intact HSA
for prolonged periods in the popliteal lymph nodes of specifically immunized
mice. Cell Immunol, 45, 207-12.
TRIVEDI, N., WEISEL, F., SMITA, S., JOACHIM, S., KADER, M.,
RADHAKRISHNAN, A., CLOUSER, C., ROSENFELD, A. M., CHIKINA,
M., VIGNEAULT, F., HERSHBERG, U., ISMAIL, N. & SHLOMCHIK, M.
J. 2019. Liver Is a Generative Site for the B Cell Response to Ehrlichia muris.
Immunity, 51, 1088-1101.e5.
TSUJI, I., DOMINGUEZ, D., EGAN, M. A. & DEAN, H. J. 2021. Development of a
novel assay to assess the avidity of dengue virus-specific antibodies elicited
in response to a tetravalent dengue vaccine. J Infect Dis.
TSUNODA, R., NAKAYAMA, M., ONOZAKI, K., HEINEN, E., CORMANN, N.,
KINET-DENOËL, C. & KOJIMA, M. 1990. Isolation and long-term
cultivation of human tonsil follicular dendritic cells. Virchows Arch B Cell
Pathol Incl Mol Pathol., 59, 95-105.
USUI, K., HONDA, S., YOSHIZAWA, Y., NAKAHASHI-ODA, C., TAHARAHANAOKA, S., SHIBUYA, K. & SHIBUYA, A. 2012. Isolation and
characterization of naive follicular dendritic cells. Mol Immunol, 50, 172-6.
VAN BEKKUM, J., FRENKEL, H., FREDERIKS, H. & FRENKEL, S. 1959.
Observations on the carrier state of cattle exposed to foot-and-mouth disease
virus. Tijdschr. Diergeneeskd, 84, 1159-1164.
VAN DEN BERG, T. K., DÖPP, E. A., DAHA, M. R., KRAAL, G. & DIJKSTRA,
C. D. 1992. Selective inhibition of immune complex trapping by follicular
dendritic cells with monoclonal antibodies against rat C3. Eur J Immunol
22, 957-962.
VICTORA, G. D., SCHWICKERT, T. A., FOOKSMAN, D. R., KAMPHORST, A.
O., MEYER-HERMANN, M., DUSTIN, M. L. & NUSSENZWEIG, M. C.
2010. Germinal center dynamics revealed by multiphoton microscopy with a
photoactivatable fluorescent reporter. Cell, 143, 592-605.
VICTORATOS, P., LAGNEL, J., TZIMA, S., ALIMZHANOV, M. B.,
RAJEWSKY, K., PASPARAKIS, M. & KOLLIAS, G. 2006. FDC-specific
functions of p55TNFR and IKK2 in the development of FDC networks and of
antibody responses. Immunity, 24, 65-77.
VOGEL, C. W., FRITZINGER, D. C., HEW, B. E., THORNE, M. & BAMMERT,
H. 2004. Recombinant cobra venom factor. Mol Immunol, 41, 191-9.
VOS, Q., LEES, A., WU, Z. Q., SNAPPER, C. M. & MOND, J. J. 2000. B-cell
activation by T-cell-independent type 2 antigens as an integral part of the
humoral immune response to pathogenic microorganisms. Immunol Rev, 176,
154-70.
VOSLOO, W., BASTOS, A. D., KIRKBRIDE, E., ESTERHUYSEN, J. J., VAN
RENSBURG, D. J., BENGIS, R. G., KEET, D. W. & THOMSON, G. R.

183

1996. Persistent infection of African buffalo (Syncerus caffer) with SAT-type
foot-and-mouth disease viruses: rate of fixation of mutations, antigenic
change and interspecies transmission. The Journal of general virology, 77 ( Pt
7), 1457-67.
WADA, Y., LI, D., MERLEY, A., ZUKAUSKAS, A., AIRD, W. C., DVORAK, H.
F. & SHIH, S. C. 2011. A multi-gene transcriptional profiling approach to the
discovery of cell signature markers. Cytotechnology, 63, 25-33.
WALPORT, M. J. & LACHMANN, P. J. 1988. Erythrocyte complement receptor
type 1, immune complexes, and the rheumatic diseases. Arthritis Rheum, 31,
153-8.
WALZER, T., DALOD, M., ROBBINS, S. H., ZITVOGEL, L. & VIVIER, E. 2005.
Natural-killer cells and dendritic cells: "l'union fait la force". Blood, 106,
2252-8.
WANG, L., SUNYER, J. O. & BELLO, L. J. 2004a. Fusion to C3d Enhances the
Immunogenicity of the E2 Glycoprotein of Type 2 Bovine Viral Diarrhea
Virus. Journal of virology, 78, 1616-1622.
WANG, X. L., LI, D. J., YUAN, M. M., YU, M. & YAO, X. Y. 2004b.
Enhancement of humoral immunity to the hCG beta protein antigen by fusing
a molecular adjuvant C3d3. J Reprod Immunol, 63, 97-110.
WHIPPLE, E. C., SHANAHAN, R. S., DITTO, A. H., TAYLOR, R. P. &
LINDORFER, M. A. 2004. Analyses of the in vivo trafficking of
stoichiometric doses of an anti-complement receptor 1/2 monoclonal
antibody infused intravenously in mice. J Immunol, 173, 2297-306.
WIGDOROVITZ, A., ZAMORANO, P., FERNANDEZ, F. M., LOPEZ, O.,
PRATO-MURPHY, M., CARRILLO, C., SADIR, A. M. & BORCA, M. V.
1997. Duration of the foot-and-mouth disease virus antibody response in mice
is closely related to the presence of antigen-specific presenting cells. The
Journal of general virology, 78 ( Pt 5), 1025-32.
WILLIAM, J., EULER, C., CHRISTENSEN, S. & SHLOMCHIK, M. J. 2002.
Evolution of Autoantibody Responses via Somatic Hypermutation Outside of
Germinal Centers. Science, 297, 2066-2070.
WINDSOR, M. A., CARR, B. V., BANKOWSKI, B., GIBSON, D., REID, E.,
HAMBLIN, P., GUBBINS, S., JULEFF, N. & CHARLESTON, B. 2011.
Cattle remain immunocompetent during the acute phase of foot-and-mouth
disease virus infection. Vet Res, 42, 108.
WONG, W. W. & FEARON, D. T. 1985. p65: A C3b-binding protein on murine
cells that shares antigenic determinants with the human C3b receptor (CR1)
and is distinct from murine C3b receptor. J Immunol
134, 4048-4056.
WU, X., SPITZER, D., MAO, D., PENG, S. L., MOLINA, H. & ATKINSON, J. P.
2008. Membrane protein Crry maintains homeostasis of the complement
system. J Immunol (Baltimore, Md. : 1950), 181, 2732-2740.
XIAO, Y., ZHANG, S., YAN, H., GENG, X., WANG, Y., XU, X., WANG, M.,
ZHANG, H., HUANG, B., PANG, W., YANG, M. & TIAN, K. 2021. The
High Immunity Induced by the Virus-Like Particles of Foot-and-Mouth
Disease Virus Serotype O. Frontiers in veterinary science, 8, 633706.

184

XU, C., MAO, D., HOLERS, V. M., PALANCA, B., CHENG, A. M. & MOLINA,
H. 2000. A critical role for murine complement regulator crry in fetomaternal
tolerance. Science, 287, 498-501.
YOSHIDA, K., VAN DEN BERG, T. K. & DIJKSTRA, C. D. 1993. Two
functionally different follicular dendritic cells in secondary lymphoid follicles
of mouse spleen, as revealed by CR1/2 and FcR gamma II-mediated immunecomplex trapping. Immunology, 80, 34-39.
ZAMORANO, P., WIGDOROVITZ, A., PEREZ-FILGUEIRA, M., CARRILLO, C.,
ESCRIBANO, J. M., SADIR, A. M. & BORCA, M. V. 1995. A 10-aminoacid linear sequence of VP1 of foot and mouth disease virus containing Band T-cell epitopes induces protection in mice. Virology, 212, 614-21.
ZHANG, Z. D. & KITCHING, R. P. 2001. The localization of persistent foot and
mouth disease virus in the epithelial cells of the soft palate and pharynx. J
Comp Pathol, 124, 89-94.

185

