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Abstract

A complex network of interactions exist between the innate and adaptive immune pathways, which
act together to elicit a broad and durable host response following pathogen infection. The importance
of the complement system in the host’s defense against viruses has become increasingly clear as a
result of detailed studies using transgenic mouse models that disrupt specific components of this host
immune mechanism. We have utilized herpes simplex virus and replication-defective mutant strains
to examine the impact of the complement system on development and maintenance of humoral
immune responses. Here we review work from our group and others that highlight the central role
that complement proteins C3 and C4 and complement receptors Cr1/Cr2 play during viral infection.
We discuss the implications of these results in the context of pathogen infection and current vaccine
strategies.

1. Introduction

The major goal of vaccine design is to provide protective immunity in a naive host, such that
the occurrence of infection will result in a dramatically shortened illness to the individual and
a significantly reduced disease burden on the population. An effective host immune response
to viral infection typically requires the recognition and elimination of pathogen; however, in
cases of a chronic viral infection such as HIV or HSV, significant containment of infection in
the absence of viral clearance may be sufficient to reduce disease pathology [1,2]. A greater
understanding of host immunity in the context of infection with chronic viruses may provide
essential clues to their pathogenesis and enable the development of effective vaccines. Recent
evidence from a number of groups has demonstrated that innate immune factors can play a key
role in enhancing the adaptive immune response to infection. Our work has identified
complement proteins C3 and C4 and the complement receptors Crl (CD35) and/or Cr2 (CD21)
as central mediators of the antibody response following infection with herpes simplex virus
(HSV) [3-6]. Durable immunity to replication-defective HSV strains, which may serve as novel
vaccine vectors, is similarly dependent on complement activity [3,7] and provide a unique
opportunity to examine the role of the complement system during peripheral antigen encounter.
In combination with results from other pathogen models, our data suggest that the role of
complement during natural pathogen infection should be further investigated and that this
innate system can perhaps be harnessed to benefit current vaccine strategies.
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2. Innate Immunity and the Complement System

The innate immune system is comprised of specialized cells and molecules that can act in
concert to recognize and inhibit viral infection. These include macrophages [8,9], natural killer
(NK) cells [10-12], and dendritic cells (DC) [13], cellular receptors such as Toll-like receptors
(TLR) and other pattern recognition receptors [14,15], and soluble effector proteins including
natural antibody [16,17], interferon and other cytokines [18,19], and the complement family
of serum proteins [20,21]. Together, these factors create an extensive ‘non-specific’ immune
network that strives to rapidly neutralize pathogen infection and can also modulate the
formation of adaptive immune responses [22].

The complement system includes more than 20 proteins and is activated by antibody-dependent
or antibody-independent pathways [23], resulting in a cascade of enzymatic activities. The
‘classical pathway’ is initiated when the C1 protein [24] encounters 1gG, IgM, or mannose-
binding protein bound to antigen [25,26]. The classical pathway C3 convertase enzyme
(C4b2a) forms and activates the C3 protein by cleaving it into the C3a and C3b fragments.
This results in the covalent attachment of C3b to the antigen [27,28] and C3a is released as a
soluble product. The “alternative pathway’ is triggered with C3 protein itself becomes activated
and attaches non-specifically to nearby antigen [29]. The alternative pathway C3 convertase
enzyme (C3bBb) is generated, resulting in a positive-feedback loop and rapid accumulation of
activated C3. The C3 protein plays a central role in the complement mechanism. During
activation, C3 is cleaved into multiple fragments [30,31], which functions in either the
progression of the cascade by forming additional C3 convertase (C3b), the generation of
inflammatory responses by recruiting neutrophils, monocytes, and mast cells (C3a) [32,33], or
boosting adaptive responses by enhancing antigen trapping (C3b), or by providing a secondary
signal to B cells (C3d). Downstream effects of C3 activation include the formation of the C5
convertase complex that is required for generation of the Membrane Attack Complex,
composed of the C5, C6, C7, C8, and C9 proteins. This pore-forming structure is responsible
for complement-mediated lysis of foreign cells and is also able to directly lyse enveloped viral
particles [34].

The identification of C3 receptors on a number of cell types suggests that they may play a key
role during establishment of host immunity [35]. Cr1 (CD35) is found on macrophages, B cells,
and FDC [36]. It binds to the C3b fragment and mediates adherence, phagocytosis, and antigen
localization within the germinal center (GC) [37,38]. Cr2 (CD21) is expressed on B cells,
activated T cells, epithelial cells, and FDC, and it binds to the C3d fragment [39-41]. This
interaction enhances B cell activation within the GC [42]. Indeed, Cr2 null mice, which are
deficient for Crl (CD35) and Cr2 (CD21), demonstrate impaired antigen retention in the spleen
and lymph node [43,44], and adoptive transfer experiments have directly linked 1gG deficiency
with the loss of Cr2 on B cells [45]. The attachment of C3d fragments to antigen provides a
co-stimulatory signal to B cells via the Cr2/CD19/CD81 complex [46,47], inducing B cells to
proliferate at lower antigen concentrations. As a result, transgenic mice lacking Cr2, CD19, or
C3 display similar phenotypes [45,48-50]. In addition, it has been reported that fusion of C3d
to a protein in one, two, or three copies can magnify the humoral response by 100-, 1,000- and
10,000-fold, respectively [51,52]. Additional C3 receptors, Cr3 (CD11b/CD18) and Cr4
(CD11c/CD18), are present on macrophages, NK cells, neutrophils, T cells, mast cells, and
FDC [53], where they have been shown to bind to the C3b fragment. Both Cr3 and Cr4 receptors
appear to be involved in phagocytosis of antigen/C3b complexes [54,55] and also have
important cell adhesion functions. It has been reported that Cr3 can stimulate macrophages to
produce soluble inflammatory factors, such as IL-12 [56], TNF-a [57], and nitric oxide [58],
providing additional avenues to enhance adaptive responses.
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3. HSV Pathogenesis and Host Immunity

Exposure to HSV typically occurs in the periphery, often at mucosal surfaces or through
disrupted skin, and replication within permissive cells at these sites results in visible vesicular
lesions [59]. During primary infection, virus encounters the axon termini of innervating sensory
nerve cells and travels by retrograde transport to the neuronal cell body [60] where HSV
establishes a latent infection within the sensory ganglia [61,62]. During latent infection, the
viral genome persists within the neuron, but gene expression is limited to a latency-associated
transcript (LAT) [63]. LAT can promote lytic gene silencing [64], at least in part through
heterochromatin [65]. Recent studies have shown that viral microRNAs can inhibit viral gene
expression [66], and some of these may be derived from LAT. Periodic reactivation from
latency results in anterograde transport of virus particles to the axon terminus and re-initiation
of infection at or near the site of primary exposure. In rare cases, HSV infection can spread
beyond the skin or sensory neuron to involve internal organs or extensive spread within the
central nervous system (CNS) [59]. The resulting diseases, including HSV encephalitis, occur
most often in neonates or immunocompromised patients and are frequently fatal [67]. HSV
infection and reactivation in the eye can result in scarring of the cornea and eventual loss of
vision, and HSV keratitis remains a leading cause of blindness in the United States [68]. Gential
HSV-2 infection increases the risk of HIV infection [69].

Clearance of the HSV from the periphery requires cell-mediated immune responses, and
cytotoxic CD4 and CD8 T cells have been isolated from mice following infection [70,71].
Depletion and adoptive transfer studies have indicated that either CD4 or CD8 T cells alone
are sufficient for viral clearance [72], suggesting that a common pathway, such as cytokine
expression, may be essential to control HSV infection. In fact, IFN-y-mediated mechanisms
have been proposed to play a critical role during the immune response to lytic HSV infection
[72,73]. In small animal models, it has been shown previously that antibody to HSV cannot
protect the host from primary infection or lesion formation [74]. However, serum 1gG
concentration does inversely correlate lethal complications of HSV infection, including CNS
disease, in humans [75] and mice [76]. Passive transfer of immune serum has been shown to
protect naive mice from death (i.e. encephalitis) following peripheral HSV infection [77,78],
further indicating that antibody can limit spread of virus within the nervous system. Local
protection and protection against latent infection requires cellular immunity, however [79].

Antibody has been shown to neutralize HSV by both complement-dependent and - independent
mechanisms [80], including virion aggregation, inhibition of viral receptor-mediated fusion,
or by blocking post-entry steps such as viral uncoating [81]. In addition, antibody is involved
in the opsonization of virus particles, facilitating their uptake by professional APCs, and can
activate the classical pathway of the complement system, resulting in complement-mediated
lysis of enveloped virus and infected cells. Finally, IgG antibody can redirect NK cells to lyse
antibody-bound target cells in a process referred to as antibody-dependent cellular cytotoxicity
(ADCC) [82]. In the case of HSV, IgG appears to reduce the spread of virus from the periphery
into the nervous system [77,78], and transfer of HSV immune serum to naive mice up to 24
hours after a lethal inoculation in the footpad can protect animals from death [83,84]. Notably,
in vitro ADCC results correlate with in vivo protection from HSV better than in vitro
neutralization [85], and passive transfer of F(ab”) fragments have been shown to be less
protective in mice than complete 1gG [86].

4. Role of Complement in Humoral Immunity to HSV

4.1 Antibody responses to HSV infection require complement

In initial studies, we examined the role of complement in the humoral response to HSV
following subcutaneous inoculation [3]. Mice deficient in C3 or C4 produced significantly less
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IgG antibody following viral infection compared with wild type (wt) mice. A similar lack of
humoral immune responses to HSV was observed with Cr2 null mice, which are deficient in
both Cr1 (CD35) and Cr2 (CD21). C3 null and Cr2 null mice also failed to develop 1gG
responses to a heterologous antigen, p-galactosidase (3-gal), expressed by a replication-
defective HSV strain. Furthermore, GC failed to develop in C3 null animals, indicating that
there was a severe early defect in B cell activation. Examination of CD4 T cell proliferation
to virus or B-gal was similar in mutant and wt mice, demonstrating that deficiencies in these
animals were specific to the humoral response. Based on these results, we concluded that
enhancement of the antiviral 1gG response was mediated by the classical pathway, because it
was C4-dependent and required the C3 receptors Crl and/or Cr2. It is likely that the defect in
IgG responses we observed in the absence of a functional complement system was due to the
failure of viral antigens to exceed a natural threshold for B cell activation and survival within
the GC. In the absence of C3d/antigen complexes and/or CR1/Cr2 receptor expression, specific
B cells did not mature or develop into memory cells. Recent results from the Friedman group
have demonstrated that natural IgM antibody acts as a major trigger of the classical complement
pathway in response to HSV, resulting in direct neutralization of infectious virus [87].
Therefore, activation of the classical complement pathway appears to play a key role in at least
two antiviral immune processes.

4.2 Myeloid cells are necessary to restore humoral responses to peripheral infection in C3

null mice

Because HSV infection typically occurs at mucosal surfaces and in dermal tissues, we used
this physiologically relevant model to examine whether bone marrow-derived cells could
provide sufficient complement protein C3 to restore humoral responses to viral antigens
following peripheral infection in C3 null mice. In one study [4], C3 null mice were reconstituted
with bone marrow (BM) from wt mice, and these wt BM—C3 null chimeric animals were
inoculated with HSV by an intradermal route. Our results demonstrated that C3 derived from
wt BM cells was sufficient to completely restore humoral responses to peripheral viral infection
in the absence of systemic (i.e. liver-derived) C3. The wt BM—C3 null chimeric animals also
displayed C3 mRNA synthesis and protein deposition in lymphoid organs draining the site of
infection. In total, these findings indicate that BM-derived cells producing C3 protein are
sufficient to enhance of B cell activation and production of virus-specific 1gG antibody.
Because it has been demonstrated that myeloid/macrophage cells present in BM can produce
numerous complement factors, including C3 and C4 proteins [5,88], it is likely that the central
mediator of complement activity in this studies was a myeloid-derived cell population. In a
series of follow-up experiments [6], we examined whether BM-derived C3 protein was in fact
essential for the humoral response to peripheral HSV infection. Using a similar chimeric model
system, we reconstituted lethally-irradiated wt mice with BM cells from C3 null animals, and
the resulting C3 null-BM—wt chimeric mice were inoculated with HSV by an intradermal
route. Even though the C3 null-BM—wt chimeric animals displayed high levels of C3 protein
in the blood and could respond normally to antigen delivered intravenously, they failed to elicit
a humoral response following intradermal HSV infection. In fact, 1gG titers in the C3 null-
BM—wt chimeric mice were comparable to C3 null control mice, suggesting that serum C3
protein was unable to modulate humoral responses in this peripheral infection model. Cellular
infiltration at the site of dermal infection was similar in C3 null-BM—wt chimeric and wt
animals; however, only wt mice generated GC in draining lymphoid tissues following infection.
These results strongly support a model in which BM-derived cells, presumably of a myeloid/
macrophage lineage, are essential sources of complement factors in the dermis, and that these
cells play a key role in enhancing humoral immunity to pathogen infections localized to the
periphery.
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4.3. Optimal long-term humoral responses require complement receptor expression on
stromal cells

Because the complement system appeared to be a key factor in the generation of humoral
immune responses to peripheral infection, we examined the role that complement plays in
maintenance of durable antibody responses following resolution of infection. To address this
issue, we utilized replication-defective HSV strains, which we have shown to elicit robust and
durable immune responses in wt mice [79,89,90]. They can induce protective immunity against
HSV infection [91-93], and they have been modified to produce heterologous antigens to serve
as novel vaccine vectors [94,95]. In addition, replication-defective HSV strains provide a
unique approach to limit viral antigen and infected cells to a defined time period and peripheral
location. To examine the role of complement during late stages of the humoral response, we
compared wt and Cr2 null mice with Cr2 null animals reconstituted with wt BM [7]. Mice
were inoculated three times with a replication-defective HSV strain that also expressed p-gal
using an intramuscular route. Peak IgG titers were similar in wt and wt BM—Cr2 chimeric
animals, indicating that BM-derived cells were sufficient to mount robust humoral responses
in this system. Peak IgG titers were significantly reduced in Cr2 null controls, as expected.
Following peak responses, wt mice maintained durable 1gG titers for greater than 30 weeks
post-infection, whereas wt BM—Cr2 chimeras showed significant decay in serum IgG titers
to background levels by week 17. Notably, attempts to boost the wt BM—Cr2 chimeric animals
at week 32 failed to elicit recall responses in these mice, arguing that B cell memory had been
lost by this time. These results demonstrate that complement receptor Crl and/or Cr2 play a
key role in maintaining humoral responses when antigen is limiting. These observations are
consistent with a model in which Cr1/Cr2-mediated retention of viral antigen on FDC allows
ongoing stimulation of B cells that is necessary to ensure optimal memory cell development
and/or maintenance.

4.4. Immune evasion by HSV proteins may enable infection in the presence of pre-existing

immunity

HSV encodes a number of potential immune evasion molecules, including some that may
directly impact the ability of complement and antibody to neutralize viral infection [96]. The
heterodimer of viral glycoproteins E and | (gE/gl) forms an Fc receptor that can bind to human
IgG antibody [97]. This activity of gE/gl has been reported to protect the virion from antibody-
dependent neutralization and to protect virus-infected cells from ADCC [97]. Also, the viral
gC protein binds to the C3 protein and has been shown to protect the virion from complement-
mediated neutralization and to protect virus-infected cells from complement-mediated lysis
[87,98,99]. We have observed that replication-defective HSV vectors elicit similar 1gG
responses in the absence or presence of pre-existing host immunity to virus [90]. The inherent
ability of HSV to evade innate and adaptive responses (including 1gG antibody and
complement) may play an important role in natural pathogenesis of this virus in the skin or at
mucosal surfaces. Because our results suggest that complement factors may be limited at
peripheral sites, even a brief delay in activation of innate immunity might be essential to allow
HSYV to replicate and to infect a sufficient number of sensory neurons to establish latent
infection. This hypothesis is consistent with recent data using HSV strains lacking the gC
protein were less virulent in wt mice [99] and that both C3 and antibody appeared to be
necessary to control zosteriform disease [100].

5. Role of Complement in Adaptive Responses to Other Viruses

Our results obtained using HSV are largely consistent with reports using other viral pathogens.
Complement-dependent enhancement of adaptive host immunity has been observed during
numerous viral infections, including vesicular stomatitis virus (VSV) [17], West Nile virus
[101] and lymphocytic choriomeningitis virus (LCMV) [102]. In addition, complement
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evasion molecules or strategies have been identified in a broad range of viruses, such as other
herpesviruses, poxviruses, and HIV [103], strongly suggesting that most viruses must
counteract the pressure of complement activity during in vivo replication. Inherent variability
between viral pathogens, such as the route of entry and establishment of persistent infection,
may result in distinct interactions with innate factors, and these issues should be the focus of
future studies. In addition, differences in experimental models, such as inoculum dose, route
of infection, and mouse strains used, should be addressed, because these may also play a major
role in determining whether complement or other innate factors are necessary for enhancing
immunity when antigen concentrations are limited.

6. Implications for vaccine design

Work to understand the role that complement and other innate immune pathways on plays to
enhance host immune responses to viral infection may have immediate implications for the
field of vaccine design. In the case of HSV, virus can establish a latent infection and reactivate
to form lesions at peripheral sites in the skin or mucosa, despite the presence of an ongoing
systemic immune response. The ability of HSV to evade innate immune factors like
complement and antibody at these peripheral sites may play an important role in this natural
course of infection and reactivation. Similar mechanisms are likely essential to allow
replication-defective HSV vectors to function well in naive and pre-immune animals. Indeed,
efforts to harness viral immune evasion strategies have already provided unique strategies to
overcome pre-existing immunity in the context of viral vaccine vectors [104], and covalent
attachment of C3d to antigens has already proven to enhance humoral immune responses
following vaccination [51,52]. A better appreciation of mechanisms involved in host immune
responses to viral infection, and methods that viruses use to counteract them, may identify
essential mediators of vaccine efficacy or result in novel ways to enhance vaccine design.

7. Conclusions

Results from a number of laboratories demonstrate that innate factors can play a key role in
enhancing adaptive immune responses to infection and vaccination, particularly when antigen
concentrations are low. Our work, as well as that of others, highlights the importance that
complement factors produced by BM-derived cells, likely of myeloid lineage, play during the
generation of humoral responses to peripheral viral infection. Immune responses initiated in
peripheral tissues may be inherently dependent on enhancement by innate immunity, because
antigen trapping in the draining lymphoid tissues and lymphocyte activation and trafficking to
the site of infection are otherwise inefficient processes when antigen concentrations are limited.
Additional studies are needed to further define the mechanisms of complement-mediated
activity in the periphery, and we believe that HSV provides an excellent model system to
explore these questions. Furthermore, replication-defective mutant strains of HSV may provide
novel tools to study aspects of the innate and adaptive immune response following localized
infection and antigen presentation at distal sites. A better understanding of innate immune
responses and their roles in modulating adaptive immunity, interactions between viral
pathogens and innate systems, and mechanisms that viruses and other pathogens use to evade
innate factors, will likely contribute important new information to enhance therapies and
vaccines intended to protect against human disease.
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