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Abstract

Cytomegaloviruses (CMVs) are highly prevalent herpesviruses, characterized by strict species
specificity and the ability to establish non-productive latent infection from which reactivation can
occur. Reactivation of latent human CMV (HCMV) represents one of the most important clinical
challenges in transplant recipients secondary to the strong immunosuppression. In addition,
HCMYV is the major viral cause of congenital infection with severe sequelae including brain
damage. The accumulated evidence clearly shows that cellular immunity plays a major role in the
control of primary CMV infection as well as establishment and maintenance of latency. However,
the efficiency of antiviral antibodies in virus control, particularly in prevention of congenital
infection and virus reactivation from latency in immunosuppressed hosts, is much less understood.
Because of a strict species specificity of HCMV, the role of antibodies in controlling CMV disease
has been addressed by using murine CMV (MCMV) as a model. Here, we review and discuss the
role played by the antiviral antibody response during CMV infections with emphasis on latency
and reactivation not only in the MCMV maodel, but also in relevant clinical settings. We provide
evidence to conclude that antiviral antibodies do not prevent the initiating molecular event of virus
reactivation from latency but operate by preventing intra-organ spread and inter-organ
dissemination of recurrent virus.
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Introduction

Cytomegalovirus (CMV) is the prototypical member of the beta-herpesvirus subfamily,
characterized by strict species specificity, broad tissue tropism, slow growth, and the ability
to establish latency. CMV latency can be defined as a lack of infectious virus but preserved
viral genomes from which some triggers can initiate the productive cycle of viral gene
expression that can proceed to virus recurrence ([1, 2], see also [3, 4] in this issue of
MMIM). Human CMV (HCMV) persists in the majority of the adult population worldwide.
Acute infection is usually subclinical in immunocompetent hosts, but in
immunocompromised individuals it can cause a broad spectrum of diseases, including
pneumonia, gastroenteritis, retinitis, graft rejection and organ failure [5, 6]. Moreover,
HCMYV is the most frequent viral cause of congenital infection and the leading infectious
cause of mental retardation and hearing loss in children [7, 8]. HCMV reactivation and
subsequent disease continue to remain a huge clinical problem in immunosuppressed
transplant recipients and in AIDS patients [5, 6, 9].

Multiple mechanisms of innate and adaptive immunity are involved in the control of primary
CMV infection. The principal mechanisms of innate immunity involved in the early control
of CMV are type | interferons and various subsets of innate immune cells, including natural
killer (NK) cells. The long-term control of CMV infection depends mainly on adaptive
immunity, primarily on CD8 T cells that recognize viral peptides presented by MHC class |
molecules. Millions of years of co-evolution of CMVs and their animal hosts, and
continuous challenge to overwhelm each other, resulted in creation of many viral strategies
to cope with immune host mechanisms. One can hardly name a single immune function that
in some way is not subject to the regulation through CMV immunoevasion. Hence, the
capacity of different immune mechanisms to control CMV infection is defined by the
functions of viral immunoevasins [10]. For this reason, the efficacy of various approaches in
immune intervention to contain CMV infection can only be predicted in the context of
complete understanding of viral immunoevasion strategies.

Although antiviral antibodies are indispensable in the control of different viral infections,
there have been many inconsistencies in results from studies that have attempted to describe
their role during CMV infection. Here, we will review our own work, in part published
decades ago, but also more recent findings on the role of antiviral antibodies during MCMV
latency and reactivation. We will also discuss the current views on the role of antiviral
antibodies in the prevention of congenital CMV infection as well as CMV reactivation
following hematopoietic stem cell transplantation (HSCT) and solid organ transplantation
(SOT) with emphasis on the potential contribution of viral strain specific antibody responses
in various clinical settings.

In the model world of mice

Identification of protective immune cell subsets: the issue of immune system homeostasis
and its stable remodeling after constitutive deletion of a specific subset

Because of the strict species specificity of cytomegaloviruses, large part of our
understanding of immunobiology of CMV infection is based on studies in animal models,
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among which the mouse model of infection with murine CMV (MCMV) has been most
extensively used and has proven its validity for predictions on HCMV disease and immune
control (for more recent reviews, see [11, 12]). As in humans, primary MCMYV infection in
immunocompetent mice is efficiently contained, whereas infection of immunologically
immature and immunocompromised mice leads to multiorgan disease with high mortality
[13, 14]. Early studies using adoptive transfer of virus specific T cells into immunodeficient
syngeneic recipients demonstrated that CD8 T cells are capable of controlling virus
infection, whereas CD4 T cells were neither protective nor required for the protection by
CD8 T cells [13, 15]. Moreover, CD8 T cells were found to be operative when administered
prophylactically as well as therapeutically to MCMV infected, immunocompromised
recipients [13]. Even though CD4 T cells derived from infected immunocompetent mice
turned out to be inefficient in systemic virus control upon adoptive cell transfer, their
function proved to be mandatory for virus control in the salivary glands. This was concluded
from the finding that mice depleted long-term of CD4 T cells established a prolonged
“persistent” productive infection of a specific cell type in salivary gland tissue, namely the
glandular epithelial cell that accounts for most of the virus production at this mucosal site
[16]. Since helper CD4 T cells are needed for the formation of an antibody response, the
inability of CD4 depleted mice to terminate productive infection in the salivary glands was
initially attributed to compromised antibody response. Yet, later studies showed that IFN-y
was essential for virus clearance from the salivary glands [17]. Furthermore, it was
demonstrated that MCMV control in salivary gland tissue depends on CD4 T cells due to
exclusive presentation of MCMV-derived antigens by MHC class Il molecules on bystander
antigen-presenting cells (APCs), resulting in IFN-y secretion [18].

In ostensible contradiction to the early adoptive cell transfer studies that had predicted an
indispensable role for CD8 T cells in containing CMV infection [13, 15], as discussed
above, mice lacking CD8 T cells either genetically by gene-knockout or due to long-term
depletion were able to control primary MCMYV infection, and even the Kinetics of virus
clearance and establishment of latency was like in fully immunocompetent mice [19, 20].
This brings us to the most important yet most neglected topic in immunology discussed
recently by Reddehase and Lemmermann [11], namely immune system homeostasis and its
remodeling by constitutive removal of immune cell subsets. While remodeling compensates
for the function of missing CD8 T cells by gain of function in the remaining part of the
immune system, the physiological T cell response to CMVs is based on CD8 T cells. This
became impressively evident from T cell-subset depletions during ongoing immune
reconstitution in a murine model of HSCT and MCMYV infection. Whereas depletion of CD4
T cells did not notably interfere with control of the infection, depletion of CD8 T cells
resulted in an inevitably lethal multiple-organ failure caused by viral histopathology ([21,
22], reviewed in [12, 23]). So, no other innate or adaptive immune cell subset was timely
educated and recruited to functionally compensate and prevent death from viral pathology.
In clinical HSCT, human transplant donors and recipients do not usually have a genetic
disorder that constitutively deprives them of CD8 T cells. So, for “model building” to predict
a clinical correlate, mouse mutants with an altered immune system homeostasis may not be
the best choice [11].
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Antiviral antibodies are not essential for control of primary MCMV infection and
establishment of latency

Although early studies have demonstrated the capacity of adoptive serotherapy to control
primary CMV infection [24, 25], it remained unclear if antiviral antibodies generated in the
course of primary infection are required for efficient control of virus spread and
establishment of latency. It is generally believed that neutralizing antibodies block viral
infection of cells and cell-to-cell spread, but once the virus enters the cell and begins to
replicate, it becomes inaccessible to antibodies. At the time when an effective antibody
response is formed during primary CMV infection, the majority of virus has entered
susceptible cells and thus evades recognition by antibodies. Over two decades ago, we used
mice homozygous for a deletion of the transmembrane exon of the Ig p chain (UMT/UMT),
which are devoid of B cells and therefore agammaglobulinemic [26], to address the question
of whether antiviral antibodies are essential in virus control of primary CMV infection [27].
The results demonstrated that mice lacking antibodies not only resolved the primary
infection but also established latent infection (Fig. 1). Furthermore, the kinetics of virus
clearance was indistinguishable from wild-type control mice. Importantly, antibody-deficient
mice and their seropositive controls showed similar levels of latent viral genome load,
further supporting the notion that lack of antibodies does not impact on the capacity of the
remaining immune system in these mice to control the kinetics of CMV infection or the
magnitude of latency that was established. This turned out to be the case for salivary glands
as well, thereby confirming that the requirement of CD4 T helper cells for termination of
productive infection in this organ was independent of the activity of antiviral antibodies.
Thus, antiviral antibodies are not essential for resolution of primary CMV infection or the
prevention of horizontal virus spread.

The finding that antibodies are not essential for controlling primary CMV infection does not
rule out the ability of preformed antibodies to contain the infection. The early studies have
shown that immunotherapy by immune serum obtained from mice infected with MCMV
protected recipient mice from a challenge infection [24, 25]. Bootz and colleagues recently
showed that combination of gB-specific neutralizing monoclonal antibodies (MADbs) are as
potent in protection as is a polyvalent serum from immune animals and more potent than
immunotherapy with individual antibodies [28]. Interestingly, both neutralizing and non-
neutralizing antibodies showed comparable protection when given prophylactically, while
when applied therapeutically neutralizing antibodies were superior. Moreover, Klenovsek et
al. [29] have shown that not only preformed antibodies, but also memory B cells adoptively
transferred into immunodeficient hosts have a dramatic effect on MCMV control in that they
prevent both morbidity and mortality in recipient mice. In addition to being protective in
both prophylactic and therapeutic settings, protection provided by transferred B cells was
also long-lasting and therefore may have advantage over antibodies in some settings.

In the mouse model of CMV infection of the developing central nervous system (CNS) that
utilizes MCMV infection of newborn mice, immunotherapy of CMV-induced encephalitis
with either sera from latently infected donor mice or gB specific monoclonal antibodies
reduced the load of infectious virus in brain and reduced virus-induced brain pathology [30].
Mice that received antiviral antibodies exhibited fewer and less extended histopathological
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lesions and had improved postnatal development of cerebellum compared to untreated
infected mice. Thus, antiviral antibodies can be effective in preventing virus-associated
developmental abnormalities in the CNS, likely by reduction of the virus titer and the host
inflammatory response. Similar to adoptive serotherapy, transplacentally transferred
maternal antibodies are also protective in the mouse model of congenital CMV infection.
Even vaccination of female mice with a highly attenuated virus, such as the mutant
expressing a high-affinity ligand for the NKG2D receptor, was able to induce antibodies that
could be transplacentally transferred to their offspring and that provided protection from
MCMYV disease [31, 32].

Reactivated CMV is held in check by redundant and hierarchical contributions from T cell
subsets and NK cells

Reactivation of latent HCMV is one of the most important clinical challenges in the field of
transplantation (see below) secondary to the strong immunosuppression, for instance
hemato-ablative leukemia therapy and prophylaxis against graft-versus-host disease
(GVHD) in patients undergoing HSCT or prevention of graft rejection in patients
undergoing SOT. Latent HCMV can reactivate either from the transplant or from recipients’
tissues and cause severe disease (see also the article by Reddehase and Lemmermann in this
issue MMIM [4]). Better understanding of immune mechanisms required for prevention of
CMV reactivation from latency, as well as its spread to different tissues and organs, is of
crucial interest for prophylactic and immunotherapeutic interventions aimed at preventing
and/or reducing recurrent CMV infection and recrudescent CMV disease in
immunocompromised patients. Data obtained in mice latently infected with MCMV
followed by immunosuppression nicely correspond to studies on HCMV recurrence in
humans undergoing immunosuppression. Primary MCMYV infection of mice subjected to
hemato-ablative treatment by a sub-lethal dose of total-body-y-irradiation is characterized
by virus spread to all organs and tissues resulting in multiorgan disease and very high
mortality [8]. MCMV recurrence in latently infected mice has been demonstrated by various
modes of immunosuppression, including anti-lymphocyte serum and corticosteroids [33,
34], cyclophosphamide [35], -y-irradiation [36-38] and also sepsis [39].

As mentioned above, adoptive cytoimmunotherapy in total-body-y-irradiated mice
demonstrated that reconstitution of antiviral CD8 T cells is critical for survival of MCMV-
infected recipients after experimental HSCT [40]. However, dissection of the roles of
individual subsets of cellular immunity (CD4 T cells, CD8 T cells, and NK cells) in
prevention of recurrent CMV infection on the level of the whole organism turned out to be a
challenging task because antiviral antibodies, normally present in latently infected mice in
very high titers, would not only neutralize naturally released virions /n situ, but can also
interfere with detection of virus in tissue homogenates in the /n vitro infectivity assay. This
technical challenge was resolved by employing latently infected B cell deficient, and thus
antibody deficient, (MT/UMT (u~W™) mice [41]. Absence of antiviral antibodies in these
mice significantly facilitated detectability of recurrent MCMV, thus allowing us for the first
time to accurately determine the individual contributions by CD8 and CD4 T cells, NK cells,
and cytokines to the control of recurrent CMV infection (Fig. 2). We were actually the first
to show that both T cell subsets, but also NK cells, are involved in prevention of CMV
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recurrence at the level of the whole organism, since depletion of any of these three subsets
resulted in virus recurrence in a proportion of latently infected mice. Only the combined
depletion of all three subsets resulted in the maximal viral recurrence with high titers in all
tested mice (Fig. 2). In addition, it was shown that IFN-v is also involved in prevention of
virus recurrence, as its neutralization combined with CD4 or CD8 T cell depletion resulted
in enhanced recurrence compared to single depletion of CD4 or CD8 T cells [41, 42]. In
essence, this study demonstrated hierarchical and redundant immune control of latency, with
selective contributions made by CD8 T cells, CD4 T cells, and NK cells. The redundant
control of latent CMV must be very important in the complex biology of the host-CMV
balance, because redundancy suggests that on the level of the whole organism a minimum of
preserved cellular immune reactivity suffices for preventing deleterious recurrence.

Antiviral antibodies do not prevent virus reactivation but limit hematogenic dissemination
and intra-tissue spread of recurrent virus

The studies discussed so far used B-cell/antibody-deficient UAMT/UMT (U™™) mice to
improve the sensitivity of detecting reactivated virus. In clinical research, the terms
“reactivation” and “recurrence” are mostly used as synonyms. Much of the
misunderstanding between basic and clinical scientists results from a different “language”.
In a molecular view, latency means that the viral genome is replicatively silenced and that
limited gene expression does not initiate the productive gene expression cascade, so that no
infectious virions are generated. “Reactivation” means that the productive cycle is re-
initiated, which can be triggered by cytokine signaling to the major immediate-early (MIE)
enhancer element and which is associated with opening of the otherwise closed chromatin-
like structure of latent viral genomes. Finally “recurrence” describes the completion of the
productive viral cycle, resulting in the release of infectious virions. There is evidence to
propose that expression of epitope-encoding viral genes can lead to recognition of cells by T
cells even before the productive cycle is completed by the release of infectious virions, so
that indeed T cells might terminate the reactivation event as such ([38, 43], for more recent
reviews see [3, 44, 45]).

A role for antiviral antibodies in preventing the intra-host dissemination of recurrent virus
was first indicated by inducing virus reactivation in B cell-sufficient mice that were latently
infected after resolution of a prolonged neonatal primary infection [37]. These mice revealed
a high viral genome load in all organs tested, and upon strong suppression of cellular
immunity stochastic “yes-no” patterns of virus recurrence in salivary glands, spleen, or lungs
were observed (cumulative recurrence incidence: 19 of 30 mice) with apparently no
hematogenic virus dissemination from a recurrence-negative to a recurrence-positive organ.
The interpretation that antiviral antibodies prevented the dissemination of recurrent virus
between the organs was corroborated by joint publications demonstrating strong reduction in
hematogenic virus dissemination by passive immunization with serum from infected B-cell
sufficient C57BL/6 (u+p+) or heterozygous pMT/+ (U~pt) mice as opposed to serum from
infected B-cell-deficient uMT/UMT (U™™) mutant mice [27,37]. It is worth to be
emphasized that this approach of using sera from infected mice, sufficient or deficient in the
B cell response, proved that the protective principle is indeed antiviral antibody. This
excluded the alternative explanation that serum from infected mice may protect due to
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antiviral cytokines, of which a plethora is induced by infection [46]. A distinction between
these alternatives is often missing in the literature.

In direct comparison, B cell-sufficient mice, which became latently infected after a rapidly
terminated primary infection at adult age, revealed a low viral genome load in organs
associated with a low cumulative recurrence incidence (2 of 30 mice and in lungs only) upon
the same degree of immunosuppression. Notably, neutralizing antibody titers in serum also
positively correlated with recurrence incidence, instead of negatively as one would have
expected [37]. These findings showed that latent virus genome load is a positive predictor
for the risk of virus reactivation and recurrence, whereas neutralizing antibodies do not
notably interfere with the reactivation events, which are reflected by the incidences, but
rather act beyond that stage by preventing the dissemination of recurrent virus.

A later study by Wirtz and colleagues [47] addressed the question if antiviral antibodies can
also limit the intra-tissue spread of virus from an infected cell to neighboring cells. For this,
they modeled a reactivation event in liver tissue by choosing a time after primary infection
when the virus has just entered the tissue and infected first-hit, single cells. At that time,
defined as day 0 based on earliest tissue colonization, passive immunization was performed
by transfer of immune serum compared to non-immune serum from infected or uninfected B
cell-sufficient donor mice, respectively (Fig. 3). This model fits the reactivation situation
pretty well, since liver sinusoidal endothelial cells (LSECs) are a recognized cellular site of
MCMV latency ([48], reviewed in [4, 45]) and since virus spread from LSECs, which are
very poor virus producers, to hepatocytes, which are very strong virus producers, has been
documented with floxed “pseudo-latent” virus that was “pseudo-reactivated” by
recombination in LSECs of Tie2-cre mice [49, 50]. Thus, upon virus reactivation in latently
infected LSECs, minimal numbers of released virions can infect neighboring hepatocytes for
a quantitative virus recurrence, except if this is prevented by antiviral antibody. The result
was adamantly clear: while in the absence of immune serum virus spread to neigboring cells
resulted in an extended focus of infection associated with histopathology (Fig. 3, ypper
panel), immune serum prevented intra-tissue spread and thus also prevented histopathology
(Fig. 3, lower panel). That the protective principle is indeed antiviral antibody was verified
in this model by transfer of serum from infected B cell-deficient uAMT/UMT (u™") or B cell-
sufficient uMT/+ (u~p™) mice allowing or preventing virus spread, respectively [47].

Interestingly, as we know only since recently, first entry of hematogenic/viremic MCMV
into liver tissue strictly depends on the viral entry complex gH/gL/gO present in the virion
envelope [51, 52], whereas subsequent cell-to-cell spread within liver tissue is redundantly
mediated by gH/gL/gO and the alternative complex gH/gL/MCK-2 [52, 53], which is
considered to be the MCMV analog of the HCMV pentameric entry receptor gH/gL/
pUL(128,130,131A) (referenced in [52, 53], see also below in the sections on HCMV).
Redundance in entry receptor usage for intra-tissue spread was concluded in that study from
the finding that only double-deletion mutant AJQOAMCK-2-gOt"a"s  in which gO was
transcomplemented for first tissue entry, failed to subsequently spread within the liver. It was
predicted that “/nterventional strategies targeting only gO might be efficient in preventing
organ manifestations after a primary viremia, whereas both gH/gL complexes need to be
targeted for preventing intra-tissue spread of virus reactivated from latency within tissues”
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[49]. In retrospect, we thus conclude that the immune serum used in the study by Wirtz and
colleagues [47] must have contained antibodies directed against both entry complexes.

Altogether, the murine model has unequivocally demonstrated a protective antiviral function
of antibodies.

In the clinical world of humans

Clinical data versus animal models

Studies in murine models of CMV infection that have utilized well defined MADbs in passive
transfer experiments have demonstrated that frequently used correlates of /n vitro antiviral
antibody activity, such as virus neutralization, do not uniformly translate into /in vivo
protective antibody activity and that informative surrogates of /in vivo protection by antiviral
antibodies remain to be defined [28]. This observation has provided at least one potential
explanation for the failure of a number of different human MAbs and intravenous
immunoglobulin (IVIG) preparations to modify the course of HCMV infections in clinical
trials [54-57]. Despite the limitation inherent in modeling HCMV infections in small
animals as well as in non-human primates, studies in animal models have identified potential
targets of protective antiviral antibodies, provided insights into the pharmacokinetics of
protective antibodies, and perhaps most importantly, have suggested specific mechanisms of
protective antiviral antibodies that could be modeled /n vitro and thus, identify useful
surrogates of /n vivo protective activity.

Clinical relevance of CMV infection including various immuno-deficiencies and the role of

antibodies

In contrast to findings from more well defined and more readily controlled studies in animal
model systems, the role of antiviral antibodies in the natural history of HCMV infections
and the identification of protective antiviral antibody responses in different types of clinical
HCMYV infections are unanswered questions in current research and continue to generate
considerable interest from both academic investigators and pharma. Very early studies in
SOT recipients argued that the kinetics of anti-CMV antibody responses in high risk
recipients (Donor*/Recipient™; D*/R™) was delayed and could contribute to the increased
likelihood of clinical disease in HCMV infected patients [58]. Likewise observations from
natural history studies of congenital HCMV (cCMV) infections and blood transfusion
acquired HCMV infections in newborn infants have argued that HCMV antibodies play an
important role in limiting disease but not in the prevention of infection [59]. Thus, there are
a significant number of clinical observations that together with correlative laboratory
findings have suggested that anti-HCMYV antibodies can modify the course of HCMV
infections. Studies in different human populations have failed to definitively demonstrate
that anti-HCMV antibodies can prevent infection, particularly in community settings that
often include repeated exposures to different sources of HCMV.

The early findings in SOT recipients that suggested that antiviral antibodies could provide
some protection against severe HCMV infections in the posttransplant period prompted the
development and testing of high titer HCMV IVIG in SOT recipients. The source of the
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early IVIG preparations included pooled immunoglobulins from individuals with high anti-
HCMYV antibody titers as measured in antigen binding assays that often utilized viral
antigens from infected fibroblasts resulting in preparations that were enriched in anti-HCMV
antibodies directed at non-envelope HCMYV antigens [60]. As a result, antibodies reactive
with proteins from the virion envelope that have been correlated with functional antiviral
activities such as virus neutralization were present but not enriched in comparison to other
HCMYV antibody specificities. This property of IVIG preparations must be considered when
evaluating the potential efficacy of different preparations in clinical trials. Nonetheless, early
studies utilizing HCMV IVIG preparations in SOT, specifically renal allograft recipients,
demonstrated modification of HCMV associated clinical disease in transplant recipients at
high risk (D*/R™) for HCMYV disease in the posttransplant period [61-63]. However, the
potential value of IVIG in most SOT recipients was never fully realized as subsequent
improvements in antiviral chemotherapy and diagnostic methodologies dramatically
advanced clinical management of SOT recipients in the posttransplant period. Both antiviral
prophylaxis and preemptive therapeutic approaches have demonstrated remarkable success
in the early posttransplant period resulting in only sporadic use of IVIG in most transplant
centers. One exception is the use of IVIG preparations in selective groups of high risk
transplant recipients, including those receiving heart-lung or lung allografts [64].
Unfortunately, a clear understanding of the mechanism(s) of antiviral antibodies that
accounted for protection from severe disease in recipients of IVIG was not determined in
these early studies. Similarly, IVIG preparations were utilized to modify HCMV disease in
hematopoietic transplants but failed to demonstrate significant clinical efficacy with the
exception that course of acute GVHD appeared to be modified by IVIG [65, 66]. The impact
of IVIG on GVHD has been attributed to the immune-modulatory effects of IVIG. However,
it should be noted that utilization of IVIG in the posttransplant period to correct deficiencies
in immunoglobulin deficiencies appears to be an accepted use of these preparations in some
transplant centers [67-72].

More recently, renewed interest has developed in the application of potent human anti-
HCMYV MADbs in prophylaxis and treatment of HCMV infections in immunocompromised
hosts. Thus far, all of these preparations include antibodies that target envelope components
of the HCMV virion, including gB, gH, and the gH/gL/UL 128-131 (pentamer complex).
The results from early studies utilizing an anti-gH MAb in HIV infected individuals were
disappointing and only very limited data was generated from very early studies of an anti-gB
MAD [55, 73]. More recently, investigators have tested a combination of two antibodies, an
anti-gH and anti-pentamer (gH/gL/UL128-131) MAD in a prophylactic trial in high risk
renal allograft recipients [74]. The results of this study failed to demonstrate an effect of the
MAUb on the primary outcome of the trial, a reduction in HCMV viremia at 12 weeks
posttransplant; however, additional analysis of the findings from this study indicated that
treatment with the MAb decreased the incidence of manifestations of HCMV associated
disease as well as delayed the development of viremia after 12 weeks [74]. Results from this
clinical trial were encouraging and suggested that anti-envelope MAb could potentially
modify the natural history of HCMV infections in SOT. Similarly, results from a clinical
trial of a subunit gB vaccine in SOT recipients suggested that vaccine induced antiviral
antibodies provided some protection as measured by a reduction in the need for antiviral
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preemptive therapy [75]. Although consistent with the potentially protective activity of IVIG
in SOT recipients described above, the correlates of antiviral antibody activity in this study
was also confounded by the potential contribution of HCMV specific T lymphocyte
responses in this study population. Lastly and in contrast to promising results from passive
anti-HCMV antibody therapy in SOT, the role of passively acquired antibodies in the control
of HCMV infections in HSCT has not been convincingly demonstrated in clinical trials [76,
77]. In contrast to limited interest in passively transferred anti-HCMV antibodies in this
population, there continues to be active research in adoptive HCMV specific T lymphocyte
therapies for HSCT recipients at high risk for HCMV infection and disease, an approach
first described nearly 25 years ago [78, 79].

Antiviral antibodies and the natural history of congenital HCMV infections

In the past there has been a near universal acceptance that maternal anti-HCMYV antibody
status determined much of the natural history of cCMV. This dogma was conventional in
terms of the existing view that antiviral antibodies provided some level of protection in most
viral diseases and most importantly, agreed with existing observations derived from studies
of other congenital infections such as those following maternal rubella virus infection [80,
81]. Even though findings from studies of allograft transplant recipients have repeatedly
demonstrated an essential role of HCMV specific T lymphocytes but not antiviral antibodies
in control of HCMV infections in immunocompromised populations, the role of antiviral
antibody responses, including those responses induced by prophylactic vaccines, has and
continues to remain a central theme in studies of protective adaptive immunity in cCMV
infections that follow maternal HCMYV infections during pregnancy. Decades of studies have
described characteristics of maternal anti-HCMYV antibody responses including the kinetics
of antiviral antibody development, specificities of the antiviral antibody response, and
quantities of maternal anti-HCMV antibodies [82-90]. Although in some cases results from
these studies were correlated with decreased rates of maternal to fetal transmission and the
incidence of severe cCMV infections, the variability of responses between individual women
in these studies suggests that a direct and perhaps quantitative relationship between anti-
HCMYV antibody responses and the outcome of maternal infection for an individual woman
will be difficult to define. Thus, it is likely that undefined parameters of maternal infections
such as source, amount of virus in the inoculum, frequency of exposure, and genetic
complexity of viral exposures will contribute independently to the phenotype of maternal
infections. The complexity of maternal HCMYV infections will almost certainly continue to
confound the identification of correlates of the activity of antiviral antibodies measured in
conventional assays. Such an explanation could explain the differences between findings
from studies in animal models under controlled laboratory settings and those from
observational studies in humans. This variability in the outcome of HCMV infection in
pregnant women is illustrated by the well documented finding that following community
acquired primary maternal infection, only 20-30% of women transmit virus to their offspring
and less than 10% of these infected infants exhibit any long term morbidity associated with
this intrauterine infection. More recently, there has been a renewed appreciation in older
findings that maternal adaptive immunity does not prevent transmission of HCMV to the
developing fetus nor does it prevent neurodevelopmental sequelae in cCMV infected infants
born to women with preexisting HCMV immunity prior to conception [91]. In fact, in some
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highly immune maternal populations such as women in Brazil who have a >96% rate of
HCMYV serological immunity, over 90% of infants with cCMV infections are born to women
with documented HCMV antibody reactivity prior to pregnancy [92]. This finding is
consistent with the results from several smaller studies from other parts of the world and
with calculations that the vast majority of all infants born with cCMV infections are born to
women who were immune to HCMV and therefore have antiviral antibodies prior to
pregnancy [93-95]. Interestingly, when anti-HCMV antibodies were assayed in the group of
Brazilan women described above there was little or no correlation between the levels,
specificities, or functional activities of anti-HCMYV antibodies and protection from
intrauterine transmission [88]. In contrast to this interpretation of existing data, some
investigators have argued, based on data from observational studies, that maternal antibodies
can limit intrauterine transmission and perhaps severe fetal infection [96]. Although the
significance of anti-HCMYV antibodies and the outcome of maternal infections during
pregnancy remains contentious, the biological impact of anti-HCMYV antibodies in the
natural history of cCMV infection likely ranges from a significant role in individual women
to little if any biological importance in larger populations. However, even this
oversimplification must be tempered by the paucity of definitive data supporting the use of
in vitro assays of anti-HCMV antibody activity as informative surrogates of /n vivo
protective activity of anti-HCMV antibodies in maternal HCMYV infections. If informative
and predictive assays become available, application of these assays to maternal populations
could provide some clarity in the interpretation of the myriad of results from observational
studies in HCMV infections during pregnancy.

Understanding the significance of anti-HCMYV antibodies in modifications of HCMV
infection in a non-immune women during pregnancy (primary maternal infection) is
confounded by several parameters including; (i) heterogeneity in the source of virus as well
as the types and frequency of exposure to infectious virus in susceptible women, (ii)
heterogeneity of the magnitude and breadth of the adaptive response to HCMYV infection,
particularly the contribution of T lymphocyte responses to the control of HCMV infections
in pregnant women, (iii) the efficiency of transmission of HCMV and maternal antibodies to
the fetus as a function of placental development, and finally (iv) the contribution of fetal
immunity to the outcome of the fetal infection. At a population level, the contribution of
anti-HCMV antibodies to prevention of intrauterine transmission and the severity of fetal
infection has frequently been estimated by the comparison of results from studies of the
natural history of cCMV in women undergoing primary infection and those undergoing non-
primary infection. Such comparisons are difficult to control and confounded by the lack of
laboratory assays that can definitively identify re-infections or reactivations of latent
infections in individual women infected with HCMV long before pregnancy. Thus, results of
studies in populations of pregnant women in which all immune women are assigned to the
same risk of reinfection and/or reactivation of latent infection and then compared to non-
immune women undergoing primary infections who are often identified by laboratory assays
such as measure of antiviral antibody avidity that infer a recent infection and not by
demonstration of a de-novo 1gG seroconversion [91]. Such comparisons can be unknowingly
biased and to date have not permitted a definitive estimate of the protection afforded by anti-
HCMV antibodies in either maternal-to-fetal transmission or the severity of cCMV.
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Attempts to modify the rate of intrauterine HCMV transmission and the severity of cCMV
infections by passive immunization with CMV IVIG have thus far provided little convincing
evidence that HCMV specific antibodies in these IVIG preparations provide protective
activity [54, 56]. However, it is important to note that results from a recent study utilizing
early treatment (15t trimester gestational age) and repeated infusion of an HCMV IVIG
suggested that treatment could decrease the intrauterine transmission rate as compared to
historical controls [97]. This study raised the possibility that earlier and repeated prophylaxis
of women undergoing primary infection during pregnancy with HCMV IVIG could be
efficacious and offers some evidence that anti-HCMYV antibodies can modify the natural
history of cCMV infections. In contrast to these findings, a recent study utilizing serum from
women with non-primary infections demonstrated no differences in titers of neutralizing
antibodies reactive with the pentamer (gH/gL/UL128-131), trimer (gH/gL/gO), or gH/gL
complexes between women who transmitted virus to their fetuses versus controls who did
not transmit virus [88]. This latter finding is consistent with several previous studies that
failed to demonstrate a difference in the quantity or quality of the anti-HCMYV specific
antibody responses in women with non-primary infections during pregnancy regardless if
they transmitted or did not transmit HCMV to their fetuses.

Virus strain specific antibody response and its potential impact on protection

Although the role of anti-HCMV antibodies in limiting infection and/or dissemination can
be inferred from studies in animal models and from correlative findings in humans, the lack
of consistent and definitive evidence demonstrating protective anti-HCMYV antibodies in
humans remains difficult to explain. The variability of individual responses such as the
kinetics of the development of high avidity of antibody responses, restricted antibody
responses resulting in limited /n vivo activity perhaps secondary to 1gG subclass bias,
generation of antibodies directed at highly immunogenic but non-protective epitopes, and
potentially incomplete responses to protective viral antigens that are present in
heterogeneous mixtures of viruses could limit the induction of protective anti-HCMV
antibody responses. In addition to these parameters that are inherent in the host response,
several characteristics of the virus itself could limit the activity of potentially protective
antibodies. These include induction of blocking antibodies that are reactive with targets of
functional antibodies such as virus neutralizing antibodies [98-100]. Extensive glycosylation
of envelope glycoproteins, including gB, gO, and gN, could present a barrier to virus
neutralizing antibodies as has been described in the HIV literature as a glycan shield [101].
Genotypic variability, particularly in components of the virion envelope, could induce strain
dependent anti-HCMYV antibody responses that could limit recognition and therefore activity
of antiviral antibodies against genetically unrelated strains of HCMV [102-104]. Such
considerations cannot be considered as novel, as differences in serological recognition of
individual HCMV isolates in conventional assays of antibody activity were noted over 3
decades ago [105]. Strain dependent virus neutralizing antibody responses have been
described in studies of human antibody responses against gB, gH, and gN [106-110].
Moreover, variability in epitopes within regions of gB that are targets of functional
antibodies have been demonstrated, suggesting that reinfection with new strains of HCMV
could explain the acquisition and spread of virus in individuals with strain dependent
antibody activities [111, 112]. Reinfection by new strains of virus has been demonstrated to
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occur relatively frequently in community settings, including children in group care,
individuals attending STI clinics, and HIV infected individuals [113-116]. Moreover,
reinfection with new viral genotypes is the rule in HCMV immune and non-immune SOT
recipients of organs from HCMV infected donors (D*/R™ ;D*/R*) [117]. Lastly, reinfection
of pregnant women with HCMV serological immunity prior to conception has been linked to
intrauterine transmission of the new strain of virus, including intrauterine transmission of the
reinfecting strain of HCMV [118, 119]. Thus, HCMV presents several mechanisms that can
limit effective control by antiviral antibodies and together these mechanisms appear to
contribute to infection (reinfection) and can lead to disease in the immunocompromised
host.

Résumé from both worlds

Although the protective potential of antiviral antibodies is undoubted from mouse models
and clinical investigation, it appears that the reductionistic approach in mouse models that
uses well-controlled experimental variables, a defined host genetics, as well as defined virus
strains and genetically designed virus mutants, underestimates the multivariate reality in a
genetically polymorphic human population that faces virus strain variance with frequent co-
and superinfection and also a highly dynamic intra-host selection [120]. Intra-host selection
favors evasion of antibodies. In addition, the individual infection history that results in
“private” populations of virus variants likely also impacts on the antibody composition of
human immune sera in quantitative and qualitative terms. Such mostly unknown variables in
human infection may explain the often disappointingly low efficacy of antibody-based
vaccination and of sero-therapies in clinical trials. This gives a challenge to the “mouse
modelers” to stepwise increase model complexity to better approach the clinical correlate
[12].

Notwithstanding this recognized limitation in fully recapitulating the clinical situation, the
models can identify basic principles. Regarding the mode of action in containing virus
recurrence, the murine model has revealed that antibodies do not prevent the initiating
molecular event of virus reactivation from latency but operate by preventing intra-organ
spread and inter-organ dissemination of recurrent virus (Fig. 4).
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Fig. 1.

Antibodies are not required for control of primary MCMV infection and establishment of
latency. (Left panel) Kinetics of MCMV clearance after primary infection in B cell deficient
and control mice. (Center panels) Twelve weeks after infection, both groups of mice were in
latency and showed no differences in load of latent viral genome. (Upper right panel)
Latently infected mice were subjected to immunosupression by sub-lethal-y-irradiation
combined with cytolytic antibodies against T cells and NK cells. (Lower right panel) In
addition, a group of latently infected and immunodepleted B cell deficient mice received
hyperimmune anti-MCMV sera. Adapted from ©1994 JONJIC et al. Originally published in
JOURNAL OF EXPERIMENTAL MEDICINE. https://doi.org/10.1084/JEM.179.5.1713
[27].
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Fig. 2.
Cellular immunity and IFN-y prevent CMV reactivation while antibodies limit hematogenic

spread of recurrent virus. (Upper right) Latently infected B cell deficient and control mice
were depleted of CD4 T, CD8 T and NK cells and virus titers in their organs were
determined on different time points after immunodepletion. (Lower /ef?) Latently infected B
cell deficient mice were depleted of CD4, CD8 T cells, NK cells and/or IFN-y was blocked
alone or in different combinations as indicated. Two weeks later, organs were analyzed for
infectious virus. Adapted from ©1998 POLIC et al. Originally published in JOURNAL OF
EXPERIMENTAL MEDICINE. https://doi.org/10.1084/jem.188.6.1047 [41].
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Virus-specific antibodies prevent cell-to-cell spread within host tissue. (Far feft and far right
panels) Explanatory charts of liver tissue compartments. SC sinusoidal compartment. £ liver
sinusoidal endothelium. PC parenchymal compartment. /Hc infected hepatocyte. Unspecific
and virus-specific (rea-marked variable region) antibodies present in transferred sera enter
liver parenchyma via fenestrae. Only virus-specific antibodies intercept released virions
(Center images) Immunohistological images of liver tissue sections taken on day 0 (d0) and
day 7 (d7) after serum transfer. /EC infected endothelial cell, a verified cellular site of
MCMV latency [48]. Infected cells were identified by red staining of intranuclear IE1
protein. Conceptionally based on Wirtz et al. 2008, MM/M 197:151-158, with new tissue
sections from stored embedded organs used for the original publication [47].
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