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Abstract 24 

Cytomegalovirus infection elicits a potent immune response that includes the stimulation 25 

of antibodies with neutralizing activity. Recent studies have focused on elucidating the 26 

role of neutralizing antibodies in protecting against CMV infection and disease, and 27 

characterizing viral antigens against which neutralizing antibodies are directed. Here, we 28 

provide a synthesis of recent data regarding the role of neutralizing antibodies in 29 

protection against CMV infection/disease. We consider the role of humoral immunity in 30 

the context of the global CMV-specific immune response, and the implications that recent 31 

findings have for vaccine and antibody-based therapy design. 32 
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General aspects of CMV infection 48 

Although cytomegalovirus (CMV) establishes benign infections in 49 

immunocompetent hosts, in individuals with an immature or dysfunctional immune 50 

system, CMV is a major cause of morbidity and mortality [1–3]. Congenital CMV 51 

infection results in intrauterine growth restriction and miscarriage of the infected fetus, 52 

as well as neurological sequela in newborns [4]. Immunosuppressed individuals such as 53 

transplant recipients [5], cancer patients receiving cytoreductive therapy that significantly 54 

suppresses cellular immunity [6], HIV infected patients [7] and critically ill patients 55 

without immunosuppression [8,9] are also at increased risk of CMV replication and 56 

disease.  57 

The cell mediated immune response, primarily T-cells and NK cells, have been 58 

considered the most important components of the immune system contributing to 59 

protection against CMV infection [10–18]. The role of antibodies in protection against 60 

CMV infection and, in particular neutralizing antibodies, is still debated. A number of 61 

recent studies have provided evidences indicating that the humoral response may play a 62 

critical role in protecting against CMV disease, particularly antibodies that are able to 63 

neutralize viral infection. This evidence includes studies demonstrating that a proportion 64 

of individuals with a CMV-specific T-cell response are not fully protected against new 65 

episodes of CMV infection and disease [10,19], and recent studies indicating that 66 

neutralizing antibody titers correlate with protection from infection in transplant 67 

recipients [11]. In contrast, other studies showed that T-cell response, but not neutralizing 68 

antibodies, is associated with protection from CMV infection in transplant recipients  69 

[20,21].  70 

In addition to these results in humans, a recent publication by Martins et al., (2019) 71 

demonstrated that humoral immunity was sufficient for providing protection against viral 72 
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reactivation in a post-transplant animal model [22]. The authors found that mouse CMV 73 

was not detected in latently infected mice transplanted with T-cell replete grafts, despite 74 

the complete absence of T and NK cells. In addition, the adoptive transfer of immune 75 

serum protected mice from viral reactivation [22]. While humoral immunity alone may 76 

be protective against murine CMV, it may act differently against human CMV. Thus, the 77 

precise role of neutralizing antibodies in humans has still not been definitively 78 

characterized. 79 

Together, these studies are providing new insights into the mechanisms 80 

underlying how protective immunity is achieved during CMV infection, and have sparked 81 

a high level of interest in characterizing antibodies able to neutralize CMV infection and 82 

their role in protective immunity. Here we provide a synthesis of recent data regarding 83 

the role of neutralizing antibodies in protection against CMV infection/disease in the 84 

context of the global CMV-specific immune response, and the implications that recent 85 

findings have for vaccine and antibody-based therapy design. 86 

 87 

The CMV envelope and cell-entry 88 

CMV can infect a variety of cell types including fibroblasts, endothelial cells, 89 

epithelial cells and cells of the myeloid lineage, among others [23]. Due to differences 90 

between cell types, the final composition of the mature virion depends on the nature of 91 

the infected cell [24,25]. CMV is a highly complex virus with multiple proteins embedded 92 

in the viral envelope, with at least four distinct types of covalently linked glycoprotein 93 

complexes required for CMV infectivity [26,27] (Figure 1).  94 

The gCI complex includes gB, which is the major envelope glycoprotein of CMV 95 

and it is involved in membrane fusion [28]. Glycoprotein B is expressed as a precursor 96 

molecule that is glycosylated and then cleaved to form a disulfide-linked complex of 97 
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gp116 linked to gp55 transmembrane component [29]. The gCII complex, which consists 98 

of gM and gN [30], interacts with heparan sulfate proteoglycans in the cell membrane, 99 

indicating that may contribute to initial binding to the cell surface [31]. The gCIII 100 

complex includes gH, gL, and gO as a covalently linked trimer [26]. While gH and gL 101 

are involved in activating the fusogenic activity of gB and are necessary for the formation 102 

of infectious viruses, gO may act as a coreceptor cooperating with the fusion-competent 103 

gH [28,32,33]. However, disruption of the gene encoding gO yield viable virus, 104 

suggesting that gO is not essential for the infectious cycle [34,35]. The pentameric 105 

complex is composed of the gH/gL heterodimer bound to three small glycoproteins 106 

encoded by UL128, UL130, and UL131 [26,36]. In addition, up to 20 putative non-107 

complexed envelope proteins have not been fully characterized, and may also be involved 108 

in the interaction between the virus and host cells during infection. 109 

Additional complexity of the CMV envelope is attributable to amino acid 110 

variability of the glycoproteins gB and gH, which are known to induce neutralizing 111 

antibodies. In SOT recipients, variations in gB and gH sequences are used to establish 112 

CMV genotypes: four gB variants: gB1–gB4 and two gH genotypes: gH1 and gH2 [37]. 113 

The presence of mixed genotypes is associated with greater replication of the virus, 114 

slower viral clearance, progression to CMV disease, and a higher frequency of recurrence 115 

[37]. During infection, CMV uses different entry mechanisms [27] (Figure 2). The initial 116 

attachment of CMV to the cell may be mediated by the interaction between gM/gN and 117 

glycosaminoglycans on the cell membrane [38,39]. After initial recognition in fibroblasts 118 

and Langerhans cells, entry occurs through the interaction between gH/gL/gO and 119 

platelet-derived growth factor receptor-alpha (PDGFRα) [40–43] and integrins [44].  This 120 

is followed by a pH-independent fusion of the virion envelope with the cellular membrane 121 

probably mediated by gB and gH/gL/gO (Figure 2A) [32]. A recent study suggested that 122 
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CMV has evolved to utilize THY-1, a cargo protein of clathrin-independent endocytotic 123 

vesicles, to facilitate efficient entry into the cell by a macropinocytosis-like process 124 

[45,46]. THY-1 is expressed in numerous cell types, including fibroblast and epithelial 125 

cells and interacts with both gH and gB [45,46]. 126 

Entry into epithelial, endothelial and myeloid cells (after initial recognition) 127 

occurs mainly through the interaction between the pentameric complex and cell receptors, 128 

triggering pentameric complex-mediated endocytosis (Figure 2B). Among the cell 129 

receptors involved, the recently discovered neuropilin 2 (Nrp2) should be highlighted due 130 

to its role as the functional cell entry receptor for the pentameric complex [47]. The 131 

olfactory receptor family member OR14I1 [48], and CD147 are required for pentamer-132 

dependent entry into epithelial cells however, in the case of CD147 does not involve direct 133 

interaction with the pentamer complex [49]. The fusion of the virion envelope with 134 

cellular membranes is pH-dependent and occurs at the endosomal membrane, and gB and 135 

gH/gL/gO are thought to be involved [32]. 136 

The recently identified cell membrane receptor CD46 may be involved in a CD46-137 

dependent entry pathway during virus infection of epithelial cells during congenital 138 

infection, although may not be involved in fibroblast infection, highlighting the 139 

complexity of CMV entry [50].  140 

 141 

The immune response to CMV infection   142 

Although the immune response to CMV infection has been extensively studied, 143 

the precise role of each immune effector function in controlling CMV infection has not 144 

been fully elucidated [13,51]. Both innate and adaptive immunity contribute to the 145 

response against CMV infection. The innate immune system is activated upon the 146 

recognition of pathogen-associated molecular patterns and involves the activation of Toll‐147 
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like receptors (TLRs). A heterodimer of TLR1 and TRL2 was found to bind glycoproteins 148 

B and H produced by CMV, stimulating dendritic cells as antigen‐presenting cells 149 

(APCs), resulting in the secretion of inflammatory cytokines and recruiting natural killer 150 

cells [52]. In addition to TLRs, DAI/ZBP1 and AIM2 sensors are activated during CMV 151 

infection through detection of cytoplasmic dsDNA. Upon activation, DAI/ZBP1 can 152 

interact with RIPK3, inducing receptor interacting protein kinase (PKR)‐dependent 153 

necroptosis [53]. How PKR activation mediates cell death has not been completely 154 

elucidated, but activation of NF-kB and/or FADD-dependent caspase-8 activation may 155 

be involved [54].  156 

Adaptive immunity is induced upon the recognition of CMV proteins during 157 

primary infection, triggering the activation and expansion of functional CMV-specific T-158 

cells. Antigen‐presenting cells process and display CMV antigens in the major 159 

histocompatibility complex (MHC) class I, resulting in activation of CD8+ T-cells that 160 

induce the suppression of intracellular virus replication through the secretion of interferon 161 

(IFN)-γ or tumor necrosis factor (TNF)-α, or lysis of virus-infected cells through the 162 

secretion of granzymes and perforins [55,56]. Presentation of CMV antigens by APCs via 163 

the MHC class II pathway activates CD4+ T‐cells with cytotoxic activity, inducing the 164 

suppression of intracellular virus replication through the secretion of INF‐γ and 165 

interleukin 2 (IL‐2), leading to the proliferation of CD8+ T‐cells and macrophages [57]. 166 

In addition, activated CD4+ T-cells induce B‐cell activation, resulting in the production 167 

of CMV-specific antibodies against multiple viral proteins. A subset of the antibodies that 168 

are produced during infection recognize glycoproteins located at the CMV envelope and 169 

have potent virus neutralizing activity [58,59]. Neutralizing antibodies act by blocking 170 

the interaction between CMV envelope glycoproteins and their cellular receptors, thus 171 

preventing both CMV entry and cell to cell spread (Figure 3, Key Figure). Another 172 
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important function of antibodies that recognize proteins expressed on the surface of the 173 

virus or the target antigen when expressed on the surface of the infected cell is to recruit 174 

complement to promote lysis of the pathogen [60]. Alternatively, the infected cell can 175 

undergo antibody dependent cell cytotoxicity, promote phagocytosis of the pathogen, and 176 

modulate the downstream response of both the adaptive and innate immune responses 177 

[61,62]. Additional antibody-dependent cellular mechanisms (non-neutralizing) such as 178 

antibody-dependent cellular cytotoxicity or antibody-dependent cellular phagocytosis or 179 

others might also be involved in protection against CMV infection (Figure 3).  180 

Based on what was described in the preceding section, antibodies targeting the 181 

gH/gL/UL128-131 pentameric complex should be able to block CMV entry into 182 

epithelial, endothelial and myeloid cells, and also fibroblasts and Langerhans cells [26, 183 

40], by blocking penetration and cell-to-cell spread [41, 42]. Additionally, it was recently 184 

found that gH polymorphisms had no effect on neutralization of epithelial cell-tropic 185 

CMV infection, suggesting that gH polymorphisms are located in regions not recognized 186 

by neutralizing antibodies, and supporting the idea that antibodies against Ul128-131 are 187 

the most important for virus neutralization [63]. Antibodies targeting gB and the trimeric 188 

complex gH/gL/gO block entry into fibroblasts, Langerhans and epithelial cells (although 189 

with lower potency than anti-pentamer antibodies) [25] and some antibodies to gB inhibit 190 

the attachment of virions to cells, whereas others block the fusion of infected cells [24, 191 

32, 33, 39], suggesting that gB might participate in multiple functions during the first 192 

steps of infection. 193 

 194 

Role of neutralizing antibodies in protection against CMV 195 

Natural infection 196 
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Neutralizing antibodies against epitopes in the CMV envelope glycoproteins are 197 

produced during natural infection, and depending on the glycoprotein recognized, may 198 

block infection of fibroblasts vs. non-fibroblast cell types [64]. Following natural 199 

infection, antibodies able to neutralize CMV infection of endothelial/epithelial cells are 200 

detected in serum samples earlier and at higher levels compared to antibodies neutralizing 201 

fibroblast infection. CMV hyperimmunoglobulin preparations have, on average, 48-fold 202 

higher neutralizing activity against epithelial cell entry than against fibroblast entry [65]. 203 

In addition, levels of antibodies able to neutralize CMV infection of endothelial/epithelial 204 

cells were significantly increased in a study performed in pregnant women after primary 205 

infection, exhibiting a >128-fold higher neutralizing titer for blocking epithelial cell 206 

infection compared to antibodies blocking infection of fibroblasts [64]. Similar results 207 

were observed in solid organ transplant recipients with primary CMV infection after 208 

transplantation, where levels of antibodies neutralizing epithelial cell infection depended 209 

on the number of CMV replication episodes, with significantly higher titers (median of 210 

2560; IQR, 160-2560) compared to levels of antibodies neutralizing fibroblast infection 211 

(median of 40; IQR, 5-160). Additionally, levels of antibodies neutralizing fibroblast 212 

infection did not correlate with the number of CMV replication episodes [11].  213 

Different authors have demonstrated a protective role for neutralizing antibodies 214 

against CMV infection. Neutralizing antibodies against the pentameric complex 215 

gH/gL/pUL128-131, and in particular to the UL128-131 proteins, have been associated 216 

with lower rates of CMV transmission from mother to fetus [59,66,67]. However, a recent 217 

study has shown that antibodies against the gH/gL/gO trimer and gH/gL/UL128-131 218 

pentamer do not correlate with transmission of CMV from mothers to newborns during 219 

non-primary infection [68]. In addition, the increase in anti-UL128L antibodies within 30 220 

days after CMV infection in pregnant women was associated with a decreased risk of 221 
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viral transmission to the fetus [66], suggesting that anti-UL128L antibodies play a critical 222 

role in protection against congenital infection. Although, individual monoclonal 223 

antibodies against UL130 or UL131A showed no inhibition of CMV infection in human 224 

trophoblast progenitor cells [69], a recent publication has shown that anti-pentamer 225 

antibodies block infection in cytotrophoblast [70].  226 

In solid organ transplant recipients a protective role for epithelial cell neutralizing 227 

antibodies has also been suggested, since antibody titers ≥480 correlated with decreased 228 

CMV infection, fewer days of treatment, and complete protection from CMV disease, 229 

while antibodies neutralizing fibroblasts had no correlation with protection [11].  230 

 231 

Passive immunization 232 

The protective role of neutralizing antibodies against CMV infection has been 233 

suggested by some non-controlled studies through passive immunization using 234 

intravenous CMV hyperimmunoglobulin preparations. CMV hyperimmunoglobulin 235 

preparations are obtained from pooled adult human plasma selected for high 236 

concentrations of anti-CMV specific antibody titers. A nonrandomized study 237 

demonstrated that administration of hyperimmunoglobulin therapy to pregnant women 238 

reduced maternofetal-CMV-transmission and was associated with increased CMV-239 

specific IgG concentrations and avidity, and lower risk of congenital CMV disease 240 

[71,72]. Other nonrandomized studies demonstrated a significant decrease in the number 241 

of infected newborns from mothers treated with hyperimmunoglobulin, or improved 242 

outcomes in CMV‐infected infants [73–76]. In contrast, the only recent randomized 243 

controlled phase 2 clinical trial (NCT00881517; EudraCT2008-006560-11) did not show 244 

a decrease in the rate of CMV transmission among women treated with hyperimmune 245 

globulin compared to women receiving placebo [77]. Differences between studies such 246 
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as timing of vertical transmission, amniotic fluid viral loads or timing when 247 

amniocentesis was performed during pregnancy may explain why administration of 248 

hyperimmunoglobulin has not been associated with prevention of congenital CMV 249 

disease. Thus, further studies are necessary to assess the role of hyperimmunoglobulin 250 

administration in pregnant women with non-primary infection. 251 

Administration of CMV hyperimmunoglobulin has also been shown to be 252 

effective in preventing CMV disease in solid-organ transplant (SOT) patients [52, 53].  253 

Results from a meta-analysis of 11 prospective randomized trials including 698 SOT, 254 

suggest that administration of hyperimmunoglobulin therapy significantly reduced the 255 

risk of CMV disease, CMV-related death, and all-cause mortality after SOT [78]. 256 

Analyses of large-scale transplant registry databases have confirmed that liver and heart 257 

transplant patients receiving CMV hyperimmunoglobulin also show improved survival 258 

rates [79]. In a recent study in pediatric hematopoietic stem cell transplantat recipients 259 

(HSCT), CMV infection at 1 year was 13.4% for hyperimmunoglobulin-treated vs. 44.4% 260 

with no hyperimmunoglobulin (p=0.001) [80]. Although administration of 261 

hyperimmunoglobulin has shown promising results, with lower rate of CMV infection 262 

and disease and improved survival, its use for CMV prevention in SOT recipients is 263 

controversial and not generally used in most transplant programs due to the lack of 264 

appropriately powered recent clinical trials and the availability of more convenient 265 

options, such as antiviral prophylaxis.  266 

Reduced CMV transmission has been linked to CMV-specific neutralizing 267 

antibodies against the pentameric complex present in immunoglobulin preparations [81]. 268 

In fact, CMV immune sera contain two major cell type specific neutralizing activities able 269 

to neutralize infection of fibroblasts and epithelial/endothelial cells [40, 58-60]. While 270 

the majority of the antibodies present in CMV-hyperimmunoglobulin elicited against 271 
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CMV glycoproteins are directed toward gB, the majority of the antibodies neutralizing 272 

epithelial cell entry are directed against the gH/gL/UL128-131 complex [82,83]. 273 

 274 

Neutralizing antibodies and the development of vaccines and antibody-based 275 

therapies  276 

Due to the significant morbidity and mortality caused by CMV infection, 277 

especially in transplant recipients and newborns, the Institute of Medicine identified 278 

CMV vaccine development as a top priority [84]. Numerous vaccine candidates based on 279 

attenuated viruses, recombinant proteins and DNA, among others, have been 280 

characterized in experimental models and clinical trials over the previous 40 years, 281 

however no vaccine has yet been approved for clinical use [85]. There is abundant 282 

evidence supporting the importance of cell mediated immunity, both CMV-specific 283 

CD4+ and CD8+ T-cells in protecting against CMV disease. This includes adoptive 284 

transfer studies in which administration of CMV-specific CD8+ T-cells limited CMV 285 

disease [86], and a strong association between CMV-specific CD8+ T-cells and 286 

protection against CMV reactivation in transplant patients [10,11,87]. While CD8+ T 287 

cells may be the ultimate effectors of the T-cell response, CD4+ T-cells are also critical 288 

for the long-term control of CMV [14–18]. Multiple vaccines aiming to stimulate cellular 289 

immunity are being developed, primarily for the prevention of CMV reactivation in 290 

transplant patients, and have been reviewed elsewhere [85,88].   291 

As described in the preceding sections, both long-standing and recent evidence 292 

indicates that the humoral response, and particularly neutralizing antibodies, might 293 

provide protection against CMV. Vaccines that elicit a strong neutralizing antibody 294 

response against multiple proteins may therefore be effective in preventing CMV 295 

infection and disease. A key aspect of these vaccines is the inclusion of antigens capable 296 
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of stimulating antibodies that are able to neutralize infection, ideally in multiple target 297 

cell types (i.e. fibroblasts, endothelial and epithelial cells). As detailed above, multiple 298 

CMV proteins on the virion surface participate in virus entry including gB, the gH/gL/gO 299 

complex, the gM/gN complex, the gH/gL/UL128-131 pentameric complex and 300 

potentially other uncharacterized putative envelope glycoproteins, making them potential 301 

candidates for vaccines eliciting neutralizing antibodies [89].  It is worth noting that 302 

neutralizing antibody titers against individual antigens may not always correlate with 303 

vaccine protection, as suggested by a study in which neutralizing antibody titers against 304 

gB did not correlate with vaccine-induced protection [90].  305 

The role of gB glycoprotein in receptor-mediated membrane fusion in fibroblasts 306 

[29] and in pH-dependent virus entry in endothelial cells and epithelial cells [89] suggests 307 

that anti-gB antibodies may be able to block infection in multiple cell types. Antibodies 308 

against gB were shown to block in vitro infection of fibroblasts and epithelial/endothelial 309 

cells [91], and prevent CMV infection in a guinea pig model of congenital infection [74]. 310 

Multiple vaccine candidates that employed gB as an antigen, either alone or in 311 

combination with additional CMV antigens, have been evaluated in experimental models 312 

and early stage clinical trials [90,92–96]. This has included purified recombinant gB, 313 

virus vectors and DNA vaccines encoding gB, and virus like particles expressing gB, 314 

among others [97]. Notably, a recombinant vaccine employing a monomeric form of gB 315 

formulated with the MF59 adjuvant demonstrated 50% efficacy in preventing CMV 316 

infection in seronegative postpartum women [98], 43% efficacy in seronegative 317 

adolescent girls [92] and was associated with lower CMV viral loads and less antiviral 318 

treatment in solid organ transplant recipients [94]. A recent study comparing 319 

immunization with monomeric or trimeric gB in mice demonstrated that the trimeric form 320 

induced higher neutralizing antibody titers, blocking both fibroblast and epithelial cell 321 
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infection [65]. Together these studies indicate that immunization with gB can contribute 322 

to the stimulation of neutralizing antibodies and provide at least partial protection against 323 

CMV infection. However, recent studies reported that gB non-neutralizing antibodies in 324 

both transplant patients and women may be important for antibody-mediated protection 325 

[90,93,99–101], suggesting a new protective mechanism for the gB/MF59 vaccine [102].  326 

The envelope glycoprotein gH is present in both gH/gL/gO complex and the 327 

gH/gL/UL128-131 pentameric complex, and thus participates in cell entry of fibroblasts,  328 

myeloid, epithelial and endothelial cells [68]. While antibodies targeting distinct epitopes 329 

on gH demonstrated moderate neutralizing activity of fibroblasts, epithelial and 330 

endothelial cells [78, 79], other antibodies against epitopes of the pentameric complex 331 

that span different proteins in the complex [58,103], demonstrate potent neutralization of 332 

infection in epithelial cells, endothelial cells and macrophages, but not fibroblasts [104]. 333 

Multiple vaccines employing gH/gL and the pentameric complex are currently being 334 

developed in preclinical studies, including viral vectors and nucleic acid vaccines [97]. 335 

Results from clinical trials regarding their ability to induce neutralizing titers against 336 

different cell types will be of interest. Antibodies against gM/gN were shown to neutralize 337 

infection of fibroblasts, epithelial and endothelial cells in vitro [105], thus making them 338 

potential candidates for vaccines. 339 

In light of these studies, a vaccine against CMV may need to include multiple 340 

antigens to induce antibodies capable of inhibiting infection of multiple cell types and 341 

achieve high levels of efficacy. Using monomeric gB may not be sufficient for achieving 342 

broad efficacy, but in combination with the gH/gL/UL128-131 pentameric complex may 343 

potently neutralize fibroblasts and non-fibroblast cells. Future studies are needed in order 344 

to clarify the potential of this combination and the role of other viral envelope antigens 345 

in inducing neutralizing antibodies. In addition, although it remains to be determined, 346 
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vaccines that employ antigens involved in different steps in viral entry (e.g. attachment, 347 

receptor binding, fusion) and different infection modalities (i.e. cell-free virus entry and 348 

cell to cell spread) may also increase efficacy compared to vaccines targeting only single 349 

entry or infection processes. Recently, a whole-virus vaccine (V160) was tested in a 350 

double-blind, randomized, placebo-controlled phase 1 clinical trial (NCT01986010), 351 

inducing both neutralizing antibody and T-cell responses. The vaccine is designed to have 352 

most of the antigens that are usually presented during natural CMV infection [106]. 353 

Currently the safety, tolerability, efficacy and immunogenicity of a 2-dose and a 3- dose 354 

regimen of V160 is being tested on an ongoing double-blind, randomized, placebo-355 

controlled phase 2b clinical trial (EudraCT 2017-004233-86). Results of the clinical trial 356 

will help to determine whether the presence of multiple antigens, including most of the 357 

viral envelope antigens, is able to elicit a neutralizing immune response. 358 

 The identification of potent neutralizing antibodies and their corresponding 359 

epitopes raises the possibility of developing novel antibody-based therapeutics for the 360 

treatment and prevention of CMV disease. As suggested by the results from passive 361 

immunization studies, antibody-based therapeutics could potentially have an important 362 

clinical impact given concerns related to of the toxicity of drug-based therapies and the 363 

potential for the emergence of resistance associated with currently-used antiviral 364 

compounds (ganciclovir and valganciclovir). However, variability between CMV- 365 

hyperimmunoglobulin production lots is a current limitation for its use as a standard 366 

treatment, which could be overcome with therapies based on monoclonal antibodies. The 367 

development of therapeutic monoclonal antibodies against multiple CMV envelope 368 

antigens has been previously reported, including antibodies against gB, gH, and the 369 

UL128-131 trimer of the pentameric complex [58,107]. RG7667 (Genentech), which 370 

consists of a combination of two monoclonal antibodies (MCMV5322A and 371 

http://clinicaltrials.gov/show/NCT01986010


16 

 

MCMV3068A) that bind neutralizing epitopes on the CMV complexes gH/gL and 372 

gH/gL/UL128-131, was tested in a randomized, double-blind, placebo-controlled phase 373 

1 clinical trial (NCT01496755) [108],and it has recently been advanced to a phase 2 374 

clinical trial (NCT01753167) in renal transplant patients [109]. In this study, CMV 375 

disease was less common in patients that received RG7667 compared to the placebo group 376 

(3.4% versus 15.8%; p = 0.03), and time to viremia was delayed [109]. Compared to 377 

polyclonal immunoglobulin preparations, monoclonal antibodies offer several 378 

advantages including higher target specificity, the potential for greater potency with the 379 

ability to administer higher doses of antibody, and lower toxicity. As with prophylactic 380 

vaccine development, antibodies against multiple epitopes/antigens may be necessary in 381 

order to achieve broad efficacy.  382 

 383 

Concluding Remarks and Future Directions 384 

Recent studies have greatly increased our understanding of the role played by 385 

neutralizing antibodies in providing protection against CMV infection and disease.  386 

Insights have also been gained regarding the viral envelope proteins that contribute to 387 

eliciting these antibodies, although further work is clearly needed in order to fully 388 

understand how individual viral components contribute to the neutralizing antibody 389 

response (Box 1). A few studies have begun to define how neutralization of infection of 390 

different cell types correlates with protective immunity. Applying this information to 391 

vaccine design and development may yield promising vaccine candidates. In addition, 392 

further preclinical and clinical studies are needed to identify promising viral antigens and 393 

the neutralizing antibody response they elicit in order to define the optimal combination 394 

of antigens that are needed for vaccine and antibody-based therapy development.  395 

 396 
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Figure Legends  703 

Figure 1. CMV structure. Schematic representation of the CMV virion. The outer 704 

membrane of CMV has multiple embedded glycoprotein complexes. The gCI complex 705 

includes gB, the gCII complex consisting of gM and gN, the gCIII complex including 706 

gH, gL, and gO and the pentameric complex is composed of the gH/gL heterodimer 707 

bound to three small glycoproteins encoded by UL128, UL130, and UL131. The gCII 708 

(gM/gN) is involved in the initial attachment with the cell though interaction with 709 

glycosaminoglycans. For fibroblasts and Langerhans cells, viral entry is mediated by gB 710 

and gH/gL/gO, while entry into epithelial, endothelial and myeloid cells occurs through 711 

the interaction between the pentameric complex: gH/gL/UL128-131 and the cell 712 

receptor. 713 

Figure 2. Mechanisms of CMV entry in the cells. A. CMV infection of macrophages 714 

endothelial and epithelial cells can occur using different pH-dependent pathways, 715 

including endocytosis and macropinocytosis-like pathway, followed by pH-dependent 716 

fusion of the viral membrane with the endosomal membrane in the cytoplasm. During 717 

endocytosis the pentameric complex gH/gL/pUL128-131 interacts with the cellular 718 

receptor triggering endocytosis. In addition CMV uses macropinocytosis-like pathway 719 

that in epithelial cells can be mediated through the interaction between either the 720 

cellular protein CD46 (highlighted in red) or THY-1 (highlighted in green) with viral 721 

glycoproteins gH and gB. B. CMV entry into fibroblasts occurs through two different 722 

mechanisms. The pH-independent pathway that occurs by direct fusion of the viral 723 

envelope with the cellular membrane. In addition during infection of fibroblasts CMV 724 

uses a macropinocytosis-like pathway, a pH-dependent fusion mechanism. This 725 

pathway involves the fusion of the viral membrane with the endosomal membrane and 726 

occurs though the interaction between the cellular protein THY-1 (highlighted in green) 727 

and gH or gB.  728 
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 729 

Figure 3. CMV-specific adaptive immune response.  The recognition of CMV 730 

proteins during primary infection triggers the activation and expansion of functional 731 

CMV-specific T-cells. Antigen‐presenting cells process and display CMV antigens in 732 

the major histocompatibility complex (MHC) class I, activating CD8+ T-cells that 733 

secrete interferon (IFN)-γ or tumor necrosis factor (TNF)-α that induce the suppression 734 

of intracellular virus replication, or that secrete granzymes and perforins that induce 735 

lysis of virus-infected cells. Presentation of CMV antigens via the MHC class II 736 

activates CD4+ T‐cells with cytotoxic activity that secrete INF‐γ inducing the 737 

suppression of intracellular virus replication or that secrete interleukin 2 (IL‐2) that 738 

induce the proliferation of CD8+ T‐cells and macrophages. Activated CD4+ T cells can 739 

also activate B‐cells, inducing the production of CMV-specific antibodies against 740 

multiple viral proteins among which neutralizing antibodies act by blocking the 741 

interaction between CMV envelope glycoproteins and the cellular receptor preventing 742 

CMV entry into the target cell and cell to cell spread. Antibodies can also recruit 743 

complement, promoting antibody dependent cell cytotoxicity and phagocytosis of the 744 

pathogen.  745 
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