
1 
 

11 January 2018 1 

 2 

Full Title: HCMV glycoprotein B subunit vaccine efficacy was mediated by non-neutralizing 3 

antibody effector functions 4 

 5 

Short Title: Mechanism of HCMV gB vaccine-mediated protection 6 

 7 

Subject area: Immunology 8 

 9 

Cody S. Nelson,1 Tori Huffman,2 Eduardo Cisneros de la Rosa,1 Guanhua Xie,1 Nathan 10 

Vandergrift,1 Robert F. Pass,3 Justin Pollara,2* Sallie R. Permar1*+ 11 

 12 

1Human Vaccine Institute, Duke University Medical Center, Durham, NC, USA. 13 

2Department of Surgery, Duke University Medical Center, Durham, NC, USA. 14 

3Department of Pediatrics, University of Alabama, Birmingham, AL, USA. 15 

 16 

*Authors contributed equally to this work 17 

+Please address correspondence to Sallie R. Permar (sallie.permar@dm.duke.edu) 18 

 19 

Keyword: cytomegalovirus, vaccines, glycoprotein B 20 

 21 

 22 

 23 

Abstract word count:  242 (250 max) 24 

Significance word count:  120 (120 max) 25 

Manuscript character count: 48,559 (49,000 max)  26 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 11, 2018. ; https://doi.org/10.1101/246884doi: bioRxiv preprint 

https://doi.org/10.1101/246884


2 
 

Abstract: 27 

Human cytomegalovirus (HCMV) is the most common congenital infection worldwide, frequently 28 

causing hearing loss and brain damage in afflicted infants. A vaccine to prevent maternal 29 

acquisition of HCMV during pregnancy is necessary to reduce the incidence of infant disease. 30 

The glycoprotein B (gB) + MF59 adjuvant subunit vaccine platform is the most successful 31 

HCMV vaccine tested to-date, demonstrating approximately 50% efficacy in preventing HCMV 32 

acquisition in phase II trials. However, the mechanism of vaccine protection remains unknown. 33 

Plasma from 33 gB/MF59 vaccinees at peak immunogenicity was tested for gB epitope 34 

specificity as well as neutralizing and non-neutralizing anti-HCMV effector functions, and 35 

compared to an HCMV-seropositive cohort. gB/MF59 vaccination elicited IgG responses with 36 

gB-binding magnitude and avidity comparable to natural infection. Additionally, IgG subclass 37 

distribution was similar with predominant IgG1 and IgG3 responses induced by gB vaccination 38 

and HCMV infection. However, vaccine-elicited antibodies exhibited limited neutralization of the 39 

autologous virus, negligible neutralization of multiple heterologous strains, and limited binding 40 

responses against gB structural motifs targeted by neutralizing antibodies including AD-1, AD-2, 41 

and Domain I. Interestingly, vaccinees had high-magnitude IgG responses against AD-3 linear 42 

epitopes, demonstrating immunodominance against this non-neutralizing, cytosolic region. 43 

Finally, vaccine-elicited IgG robustly bound trimeric, membrane-associated gB on the surface of 44 

transfected or HCMV-infected cells and mediated virion phagocytosis, though were poor 45 

mediators of NK cell activation. Altogether, these data suggest that non-neutralizing antibody 46 

functions, including virion phagocytosis, likely played a role in the observed 50% vaccine-47 

mediated protection against HCMV acquisition.    48 
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Significance:  49 

The CDC estimates that every hour, a child is born in the United States with permanent 50 

neurologic disability resulting from human cytomegalovirus (HCMV) infection – more than is 51 

caused by Down syndrome, fetal alcohol syndrome, and neural tube defects combined. A 52 

maternal vaccine to block transmission of HCMV to the developing fetus is a necessary 53 

intervention to prevent these adverse outcomes. The gB/MF59 vaccine is the most successful 54 

tested clinically to-date, achieving 50% reduction in HCMV acquisition. This manuscript 55 

establishes the function and epitope specificity of the humoral response stimulated by this 56 

vaccine that may explain the partial vaccine efficacy. Understanding the mechanism of 57 

gB/MF59-elicited protective immune responses will guide rational design and evaluation of the 58 

next generation of HCMV vaccines.  59 
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Introduction: 60 

 Human cytomegalovirus (HCMV) is the most common congenital viral infection (1), 61 

impacting 1 out of every 150 live born infants worldwide (2). In the United States alone, this 62 

equates to 40,000 children infected annually, of whom 8,000 develop long-term disabilities 63 

including microcephaly, intrauterine growth restriction, hearing/vision loss, or 64 

neurodevelopmental delay (3, 4) – more congenital disease than all 29 newborn conditions 65 

currently screened for in the US combined (5). It is clear that preexisting maternal immunity 66 

impacts the incidence of congenital infection, as 30-40% of HCMV-seronegative women that 67 

acquire the virus during pregnancy transmit the infection to the fetus in utero in contrast to 1-2% 68 

following superinfection of HCMV-seroimmune women (3). Furthermore, infants born to HCMV-69 

seropositive women are also less likely to exhibit symptoms of congenital infection at birth and 70 

can have milder neurologic sequelae (6, 7). Therefore, many hypothesize that a maternal 71 

vaccine that prevents maternal HCMV acquisition, protects against viral transmission to the 72 

infant, or reduces the severity of congenital infection is an achievable goal (8-10). Given the 73 

global burden of disease of congenital HCMV, such a vaccine remains a Tier 1 priority of the 74 

National Academy of Medicine (11). 75 

 A variety of candidate HCMV vaccine approaches have been attempted, including live 76 

attenuated virus (12, 13), glycoprotein subunit formulations (14, 15), viral vectors (16, 17), and 77 

single/bivalent DNA plasmids (18, 19). Importantly, the HCMV glycoprotein B (gB) subunit 78 

vaccine administered with MF59 squalene adjuvant demonstrated moderate (~50%) efficacy in 79 

preventing primary HCMV infection in cohorts of both postpartum (14) and adolescent women 80 

(15). Furthermore, this vaccine demonstrated a protective benefit against HCMV viremia and 81 

reduced clinical need for antiviral treatment in transplant recipients (20). gB is the viral fusogen 82 

which facilitates the fusion of viral envelope and host membrane during viral entry (21). This 83 

glycoprotein is essential for entry into all cell types, including trophoblast progenitor cells (22), 84 

and is a known target of neutralizing antibodies (23, 24). However, previous investigations have 85 
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reported that gB/MF59-elicited antibodies were poorly neutralizing (25-27), raising questions 86 

about the mechanism underlying the partial gB vaccine efficacy observed in multiple clinical 87 

trials. An understanding of the gB/MF59-mediated protection is needed to rationally-design 88 

immunogens that will improve upon the partial vaccine efficacy that was achieved clinically.  89 

 Glycoprotein B is a 907-amino acid, homotrimeric glycoprotein consisting of 4 distinct 90 

structural regions: an ectodomain, a membrane-proximal region (MPER), a transmembrane 91 

domain, and a cytoplasmic domain (Fig.  S1) (28, 29). Additionally, there are 5 distinct antigenic 92 

sites known to be targeted by gB-specific antibodies, identified as antigenic domain (AD) 1-5 93 

(Fig.  S1) (23, 28, 29). Antibodies against AD-1, an uninterrupted ~80 amino acid epitope, are 94 

present in virtually all infected individuals (23) and can be either neutralizing or non-neutralizing 95 

(30, 31). In contrast, AD-2 specific antibodies are present in only subset of seropositive people 96 

(23, 32), and this region consists of 2 unique linear epitopes: site 1 is perfectly conserved in all 97 

viral strains and a target of potently-neutralizing antibodies, whereas site 2 is highly variable and 98 

targeted by only non-neutralizing antibodies (32). AD-3 is located within the cytosolic domain 99 

and is a known target of exclusively non-neutralizing antibodies (33-35). Finally, AD-4 (Domain 100 

II) and AD-5 (Domain I) are conformational, globular protein domains that were recently 101 

identified and characterized as the targets of neutralizing antibodies (23, 36-38).  The antigen 102 

used for the gB/MF59 vaccine clinical trials (14, 15, 20) consisted of the full protein with two 103 

modifications to facilitate manufacture: (1) deletion of the transmembrane domain (75 amino 104 

acids) and (2) mutation of the furin protease cleavage site (39).  105 

 To identify possible mechanisms accounting for the partial protection against HCMV 106 

infection following gB/MF59 vaccination, we undertook an in-depth investigation into the 107 

characteristics and functionality of the antibody responses elicited by this gB subunit vaccine. 108 

As other groups have reported, we observed that gB/MF59 vaccine-elicited antibodies mediated 109 

limited neutralization. Here we report on our observations that gB/MF59 vaccination results in 110 

an antibody profile quite distinct from that observed in the setting of natural HCMV infection. 111 
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Furthermore, we have observed that the poorly-neutralizing, gB/MF59-elicited antibodies can 112 

mediate robust non-neutralizing antiviral responses, such as phagocytosis, leading us to 113 

propose that non-neutralizing antibody functions played a role in the observed 50% vaccine 114 

efficacy against HCMV acquisition.   115 
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Results: 116 

Immunogen and HCMV virion binding IgG responses/avidity.  117 

We obtained plasma samples from 33 gB/MF59 vaccinee participants in the phase 2 clinical trial 118 

conducted in a population of seronegative postpartum women (14). All subsequent studies used 119 

samples collected at peak immunogenicity (6.5 months), or the next available (not exceeding 12 120 

months). The gB/MF59 vaccine platform has been previously reported to elicit robust titers of gB 121 

immunogen-specific IgG (39, 40). We observed similar results for this subset of vaccinees 122 

(gB/MF59), with high-magnitude plasma gB IgG binding exceeding that elicited in chronically-123 

infected, seropositive (SP) individuals (Fig.  1A) (log10AUC: gB/MF59=6.32, SP=5.64; p=0.03, 124 

Wilcoxon rank sum test). In contrast, much lower IgG binding of vaccinee sera was observed 125 

against whole HCMV virions compared to seropositive individuals (Fig.  1B) (log10AUC: 126 

gB/MF59=0.48, SP=2.91; p<0.001, Saittertherwaite t test), likely due to naturally HCMV-elicited 127 

antibodies targeting a variety of other CMV glycoproteins and/or multiple episodes of 128 

reactivation or reinfection boosting the response in seropositives. Additionally, we assessed the 129 

avidity of the interaction between vaccine-elicited antibodies and the gB immunogen (Fig.  1C) 130 

or whole virions (Fig.  1D) as a marker for the strength of the antibody–antigen interaction 131 

generated by B cell somatic hypermutation. We identified that the relative avidity index (RAI) of 132 

vaccine-elicited antibodies against the gB immunogen was similar to that observed in chronic 133 

infection, though somewhat reduced when assessed against whole virions (median RAI: 134 

gB/MF59=0.81, SP=0.99; p<0.001, pooled t test).   135 

 136 

HCMV neutralization and IgG binding to gB-neutralizing domains.  137 

We next investigated the ability of vaccine-elicited antibodies to neutralize a panel of HCMV 138 

strains, including the autologous Towne strain (Fig.  2A), AD169 (Fig.  2B), and TB40/E (in 139 

fibroblasts, Fig.  2C, and epithelial cells, Fig.  2D). Assays were conducted in both the presence 140 

and absence of rabbit complement to assess the possibility of enhanced neutralization titers 141 
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following complement fixation. A low level of vaccine-elicited neutralization was observed 142 

against the autologous Towne virus, though significantly reduced compared to the seropositive 143 

group (Towne median log10ID50: gB/MF59=1.70, SP=2.96; p<0.001, pooled t test). Very few 144 

vaccinee samples had detectable neutralization against heterologous viruses, though 145 

neutralization of these strains was robust in the seropositive group (TB40/E epithelial cell 146 

median log10ID50: gB/MF59<1; SP=3.80; p<0.001, Fisher’s exact test). We observed minimal 147 

enhancement of vaccine-mediated neutralization activity in the presence of complement (Towne 148 

median vaccinee log10ID50: comp=1.70; no comp=1.93), not quite as robust as previous reports 149 

(41). Subsequently, we examined whether vaccine-elicited antibodies bound to previously-150 

identified gB neutralizing epitopes (23, 28), including AD-1 (Fig.  2F), AD-2 site 1 (Fig.  2G), 151 

Domain I (AD-5) (Fig.  2H), Domain II (AD-4) (Fig.  2I), and Domain I+II combined (Fig.  2J).  152 

Intriguingly, though vaccination elicited robust gB-binding responses, there was very poor 153 

targeting of these gB neutralizing epitopes. Compared to chronically HCMV-infected, 154 

seropositive women, there was significantly reduced vaccine-elicited binding against AD-1 155 

(median log10MFI: gB/MF59=1.75, SP=2.46; p=0.001, pooled t test), AD-2 site 1 (median 156 

log10MFI: gB/MF59=0.65, SP=1.70; p=0.002, Saittertherwaite t test), Domain I (median 157 

log10MFI: gB/MF59=1.70, SP=3.20; p<0.001, pooled t test), and a Domain I+II fused construct 158 

(median log10MFI: gB/MF59=2.60, SP=3.14; p<0.001, pooled t test). Thus, the poor targeting of 159 

known gB neutralizing epitopes by vaccination likely explains the lack of neutralization 160 

responses observed.  161 

 162 

Linear gB epitope binding.  163 

To map the epitopes targeted by vaccine-induced antibodies a peptide microarray library was 164 

created, consisting of 15-mers overlapping each subsequent peptide by 10 residues and 165 

spanning the entire gB open reading frame (Towne strain). We observed that vaccine-elicited 166 

linear epitope binding was quite distinct from that observed in the setting of chronic HCMV 167 
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infection (Fig.  3, Fig.  S2). Most notably, there was a negligible AD-2 site 1 response elicited by 168 

vaccination, which is known to be a target of potent gB-specific neutralizing antibodies (42) (AD-169 

2 site 1 median log10MFI: gB/MF59=2.68, SP=3.69; p<0.001, Saittertherwaite t test). 170 

Furthermore, vaccination resulted in dominant IgG response against the non-neutralizing AD-3 171 

epitope located in the gB protein cytodomain (AD-3 median log10MFI: gB/MF59=5.23, SP=4.14; 172 

p<0.001, pooled t test), comprising 76% of the linear gB IgG response in vaccinees compared 173 

to 32% in chronically HCMV-infected individuals (Fig. S2A,B,F) 174 

 175 

IgG subclass distribution and binding to membrane-associated gB. 176 

Given the poor neutralizing antibody responses observed, we sought to investigate whether 177 

vaccine-elicited IgG responses had properties suggestive of the ability to mediate non-178 

neutralizing antibody effector functions. First, we examined the IgG subclass of gB-directed 179 

responses, and identified that both vaccinees and chronically HCMV-infected individuals had a 180 

similar response profile dominated by IgG1 and IgG3, with very little detectable IgG2 or IgG4 181 

subclasses (Fig. 4A-D). Furthermore, we examined whether vaccine-elicited immune responses 182 

could bind to membrane-associated gB expressed on the surface of both gB-transfected (Fig.  183 

4E,F) and TB40/E-infected cells (Fig. 4 H,I). Vaccine-elicited IgG bound to both transfected 184 

autologous Towne strain gB (Fig.  4E) and a heterologous strain gB (Fig.  4F) (most frequently-185 

detected strain in infected vaccinees) more robustly than antibodies elicited by chronic HCMV 186 

infection (heterologous median % IgG binding: gB/MF59=13.2%, SP=5.9%; p<0.001, 187 

Saittertherwaite t test). Yet, vaccine-elicited IgG bound TB40/E-infected cells less well than 188 

antibodies elicited by chronic infection (Fig.  4H) (median % infected cell binding: 189 

gB/MF59=6.7%, SP=36.7% ; p<0.001, Saittertherwaite t test), likely due to antibody binding to 190 

other glycoprotein epitopes in the seropositive group. Thus, we purified gB-specific IgG from 191 

both gB/MF59 vaccine and SP plasma and assessed the magnitude of the infected cell-192 

associated gB binding. The purified gB-specific IgG revealed higher magnitude infected cell-193 
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associated gB binding in the vaccinee group (Fig.  4I) (median % infected cell gB binding: 194 

gB/MF59=4.4%, SP=1.7%; p=0.01, Saittertherwaite T test), consistent with the gB-transfected 195 

cell IgG binding magnitude. Finally, we examined NK cell degranulation in the presence of 196 

plasma antibodies from gB vaccinees as this process is a prerequisite of both antibody-197 

dependent cellular cytotoxicity (ADCC) and cytokine release by activated NK cells. Interestingly, 198 

despite the vaccine eliciting robust gB transfected and infected cell IgG binding, minimal NK cell 199 

degranulation responses were detected in vaccinees using both gB-transfected (Fig. 4G) and 200 

TB40/E-infected target cells (Fig.  4J). In contrast, the majority of chronically HCMV-infected 201 

individuals had antibodies that mediated measurable, though low magnitude, NK degranulation 202 

(TB40/E-infected targets, % CD107a+ NK cells: gB/MF59=4.9%, SP=6.6%; p<0.001, Wilcoxon 203 

rank sum test).  204 

 205 

Antibody-mediated phagocytosis and monocyte infection.  206 

We next investigated the ability of vaccine-elicited antibodies to mediate monocyte 207 

phagocytosis. We developed highly-specific, flow-based assays for measuring the phagocytosis 208 

of both gB-conjugated beads (Fig. 5A,B) and fluorescently-conjugated HCMV virions (Fig. 209 

5C,D). Cellular uptake of HCMV was confirmed by confocal microscopy, demonstrating 210 

fluorescent virus either at the cell surface (Fig. 5E) or internalized (Fig. 5F). The small number 211 

of distinct viral foci observed following phagocytosis differs from the multiple, dispersed foci 212 

following monocyte infection (Fig. 5H). Additionally, we confirmed that phagocytosis did not lead 213 

to productive infection, as cells that phagocytosed TB40/E-mCherry virus did not exhibit 214 

mCherry expression at 48 hours post phagocytosis (Fig. S3). Robust vaccine-elicited 215 

phagocytosis of gB immunogen-coupled beads was observed, exceeding that in SP individuals 216 

(median % phagocytosing cells: gB/MF59=52.1, SP=29.1; p=0.04, pooled T test) (Fig.  5I). To 217 

determine whether the dominant AD-3 antibody response (Fig. 3) contributed to this vaccine-218 

elicited gB phagocytosis observed, we investigated phagocytosis of gB ectodomain-coupled 219 
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beads (Fig.  5J). There was a reduced magnitude of phagocytosis activity directed against the 220 

gB ectodomain in comparison to the full gB protein. Furthermore, there was no observable 221 

difference in gB ectodomain-directed phagocytosis activity between vaccinees and SP 222 

individuals (median % phagocytosing cells: gB/MF59=24.8, SP=18.6; p=ns, pooled t test), 223 

suggesting that a proportion of the phagocytosis-mediating antibodies measured in vaccinees 224 

target cytodomain epitopes likely not exposed on the surface of an HCMV virion or infected cell. 225 

Additionally, we examined phagocytosis of whole HCMV virions and noted more robust virion 226 

phagocytosis mediated by plasma antibodies from chronically HCMV-infected individuals 227 

compared to vaccinees (Fig.  5K) (median % phagocytosing cells: gB/MF59=9.6%, SP=17.6%; 228 

p<0.001, pooled t test). To determine if antibodies targeting other glycoprotein epitopes in the 229 

SP group contribute to this difference, we evaluated virion phagocytosis mediated by purified 230 

gB-specific IgG from vaccinees and HCMV-infected individuals and observed similar levels of 231 

gB-specific phagocytosis (Fig.  5L) (median % positive cells: V=11.3%, SP=10.1%; p=ns, 232 

pooled t test). Finally, we confirmed that, though gB vaccine-elicited antibodies could mediate 233 

robust virion phagocytosis, they minimally blocked infection of THP-1 monocytes (Fig. 5M,N) 234 

(normalized % neutralization at 1:100 dilution: gB/MF59=18.4%, SP=82.8%; p<0.001, 235 

Satterthwaite t test).  236 

 237 

Assay correlation matrix.  238 

Lastly, we sought to investigate the relationship between measured antibody responses by 239 

creating a correlation matrix (Fig. 6). We observed two distinct clusters of responses that 240 

appeared related to one another. The first cluster is comprised of gB-specific phagocytosis 241 

activity (of both gB protein and whole HCMV virions), binding responses against free gB protein 242 

and membrane-associated gB, and gB-specific IgG1 and IgG3 subclass responses. 243 

Neutralization activity, by contrast, was associated with a distinct alternate cluster, with robust 244 

correlations observed between the different viral strains and cell lines tested.  Intriguingly, NK 245 
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cell activation was inversely correlated with several parameters in cluster 1 (phagocytosis, gB-246 

binding). Finally, some epitope-specific responses correlated with antibody function, including 247 

gB domain II-specific IgG responses with phagocytosis activity and AD-2 and domain I-specific 248 

IgG responses with neutralization activity. Of note, the formation of cluster 1 was primarily 249 

driven by gB-elicited immune responses following vaccination, while cluster 2 was primarily 250 

driven by binding and neutralization against non-gB CMV glycoprotein epitopes (Fig. S4A,B).  251 
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Discussion:  252 

Over the past decade, the HCMV vaccine field has largely shifted its focus away from 253 

the elicitation of gB-specific antibody responses and towards the targeting of  the 254 

gH/gL/UL128/UL130/UL131A pentameric complex (PC) because this protein construct was 255 

newly identified as a primary target of potent HCMV neutralizing antibodies (24, 43). Yet, it is 256 

important to recognize that the gB/MF59 vaccine platform, which did not include the PC, 257 

achieved approximately 50% vaccine efficacy in preventing primary HCMV infection in two 258 

phase II trials (14, 15) and demonstrated a protective benefit for transplant recipients (20) 259 

without the elicitation of potent neutralizing antibody responses (20, 25, 26). Increasingly, both 260 

the limitations of neutralizing antibodies in controlling HCMV cell-to-cell spread (42) and the 261 

protective capacity of non-neutralizing HCMV-specific antibodies are becoming recognized (44), 262 

indicating that the role of non-neutralizing antibodies needs to be further investigated as a 263 

potentially-important endpoint for HCMV vaccine immunogenicity trials.  264 

In this study, we confirmed previous reports of negligible gB/MF59-elicited heterologous 265 

and autologous neutralization responses using a panel of viral strains representing diverse gB 266 

genotypes: AD169 (gB2), TB40/E (gB4), and Towne (gB1), the autologous virus that is the basis 267 

of the vaccine gB antigen (45). While we observed complement-mediated enhancement of 268 

HCMV-seropositive neutralization titers in fibroblast cells (2-4 fold), but not in epithelial cells, 269 

consistent with previous reports (46). Furthermore, we observed minimal complement-mediated 270 

enhancement of gB/MF59 vaccine recipient neutralizing responses, though not as robust as 271 

reported previously (41). The limited complement-mediated enhancement is in spite of high 272 

levels of gB-specific IgG3 antibodies in the plasma of both vaccinees and seropositive 273 

individuals, which is frequently associated with robust complement fixation (47, 48). Congruent 274 

with the poor vaccine-elicited neutralizing antibody response, we observed that gB vaccination 275 

failed to elicit responses against well-characterized conformational and linear gB neutralizing 276 

epitopes such as AD-1, AD-2, Domain I, and Domain II. This finding suggests that these 277 
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important neutralizing epitopes were either: 1) inadequately exposed to the immune system on 278 

the protein immunogen, or 2) that their post-fusion conformation presented via the protein 279 

immunogen did not accurately mimic the pre-fusion conformation on the viral envelope, as has 280 

been described for HSV-1 gB (49).  281 

Intriguingly, analysis of the linear gB epitope IgG binding profile revealed high-magnitude 282 

vaccine-elicited antibody responses against the AD-3 region located within the cytodomain of 283 

gB (Fig.  3, Fig.  S1) (28, 29). Indeed, an average of 76% of the total vaccine-elicited linear gB 284 

IgG binding was directed against this single region, in contrast to 32% in seropositive 285 

individuals. Because the AD-3 region is intracellular when gB is expressed on a cell membrane, 286 

it presumably does not give rise to antibodies that can bind to or neutralize infectious virus (50). 287 

It is unclear whether AD-3-directed antibody responses contributed to vaccine-mediated 288 

protection through mechanisms that remain to be defined, or, alternatively, whether this 289 

response was merely a diversion away from more functional epitopes. Decoy immune 290 

responses away from functional epitopes have been described for other pathogens, most 291 

notably for HIV-1, where a vaccine construct containing both gp120 and gp41 elicited a memory 292 

B cell response in which 93% targeted the gp41 region (51).  This gp41-dominant response is 293 

hypothesized to have occurred due to preexisting memory B cells directed against a gp41-294 

crossreactive epitope within intestinal microbiota, thus biasing the antibody response in a form 295 

of molecular mimicry. The cause of the immune dominance of the AD-3 region in gB/MF59 296 

vaccinees is unclear, though this epitope may be more accessible on soluble protein compared 297 

to its typical intraluminal location on whole virions or HCMV-infected cells. The restricted 298 

antibody response against other gB epitopes, including neutralizing epitopes such as AD-1, AD-299 

2, Domain I, and Domain II (Fig.  S2) may be a consequence of the high-magnitude linear 300 

antibody responses against the AD-3 region. It is therefore possible that a gB vaccine construct 301 

without the cytodomain AD-3 epitope would target a greater breadth of epitopes and possibly 302 

elicit more potently-neutralizing antibodies.  303 
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gB/MF59 vaccination elicited a robust titer of gB-specific IgG3 subclass antibodies, 304 

which is unusual for a protein subunit vaccine (52, 53), and possibly due to use of squalene 305 

adjuvant MF59 (52). Antigen-specific IgG3 has been implicated in virologic control of other 306 

pathogens such as HIV-1 (54), and is anticipated that IgG3 mediates protective antiviral effects 307 

by binding to effector cell Fc receptors and facilitating non-neutralizing functions such as 308 

antibody-dependent cellular cytotoxicity (ADCC) (55) or antibody-dependent cellular 309 

phagocytosis (ADCP) (56). Non-neutralizing antibody effector functions have not been 310 

evaluated extensively for HCMV, though NK cells have been strongly implicated in control of 311 

HCMV replication (57-60). Moreover, there is some precedent for ADCC-mediated control of 312 

HCMV replication in vitro in patients with severe AIDS and concomitant HCMV retinitis (61). 313 

Furthermore, purified HCMV hyperimmune gamma globulin (Cytogam) has been observed to 314 

dramatically enhance the antiviral function of macrophages or NK cells in culture (61). A critical 315 

prerequisite for any vaccine-elicited non-neutralizing effector functions is antibody binding to 316 

membrane-associated glycoproteins. Importantly, our results demonstrate robust, strain-317 

independent binding of vaccine-elicited antibodies to gB expressed on the surface of both gB-318 

transfected and HCMV-infected cells, suggesting the possibility that these antibodies facilitate 319 

antiviral functions such as ADCC or ADCP.  320 

Despite the high-magnitude vaccine-elicited IgG3 response and membrane-associated 321 

gB-binding, no substantial evidence of ADCC was observed among vaccinees. Yet, we 322 

demonstrated that vaccine-elicited plasma antibodies could mediate a robust level of ADCP of 323 

both the gB immunogen alone and gB expressed on the surface of whole virions.  Antibody-324 

mediated uptake of whole virions has not to our knowledge been explored as a protective 325 

immune mechanism for HCMV, though it has been shown to play an important role in clearing 326 

other viral pathogens including influenza (62), West Nile virus (63), adenovirus (64), SARS 327 

coronavirus (65), foot-and-mouth disease virus (66), and perhaps HIV-1 (56). As we observed 328 

robust vaccine-elicited IgG3 antibody responses, it should be noted that IgG3 has high affinity 329 
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for the Fc receptors expressed on monocytes/macrophages (48), and that this IgG subclass has 330 

been associated with more robust uptake of opsonized virus (56, 67). Monocytes are widely 331 

recognized as an important target for HCMV latent infection and dissemination throughout the 332 

body (68). Our data suggests that phagocytosed virions are destroyed and do not initiate HCMV 333 

replication, yet the fate of a phagocytosed virion is relatively unexplored and subsequent studies 334 

should investigate whether antibody-mediated uptake of HCMV can facilitate initiation of 335 

latent/lytic HCMV infection.  336 

One limitation of this study is that we did not assess the role of CD4+ or CD8+ T cells in 337 

gB/MF59 vaccine-elicited functional immunity, as stored mononuclear cells are not available. 338 

Yet protein vaccines, and MF59-adjuvanted protein vaccines in particular, are generally poor at 339 

stimulating antigen-specific T cells (69), and previous studies have indicated that MF59 induces 340 

a Th2 polarized immune response (70). Nevertheless, this topic remains controversial, as one 341 

group has reported robust CD4+/CD8+ T cell immunity in a human cohort following 3 doses of 342 

an MF59-adjuvanted protein vaccine (71).  Another shortcoming is that we did not have access 343 

to a sufficient number of vaccinee samples to compare humoral immune responses between 344 

vaccinees who acquired HCMV during the course of the vaccine trial and those who did not. 345 

Thus, we cannot say with certainty that non-neutralizing antibody functions such as ADCP were 346 

associated with protection against HCMV infection. Nevertheless, this investigation has 347 

expanded the repertoire of HCMV-specific antibody functional assays and informs which 348 

vaccine-elicited antibody functions were potentially-responsible for the partial vaccine efficacy, 349 

guiding subsequent investigation in HCMV vaccine trials.  350 

Some researchers have argued that conventional immune metrics currently used as a 351 

surrogate marker of effective anti-HCMV immunity, such as neutralization, may not tell the 352 

whole story (72). This in-depth investigation of the immune responses elicited by the most 353 

efficacious HCMV vaccine candidate to-date has revealed important biology of antibody 354 

functions that are potentially-protective against HCMV infection. Though neutralizing antibody 355 
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responses are likely important in the control of cell-free HCMV dissemination, cellular responses 356 

and/or non-neutralizing antibody effector functions may be essential to eliminate the infected 357 

cell reservoir and contain direct cell-to-cell spread. Our data suggest for the first time that 358 

gB/MF59-elicited antibodies can mediate robust, non-neutralizing antiviral functions, and that 359 

such responses in the absence of potent neutralizing antibodies are the likely mechanism 360 

behind the clinically-demonstrated 50% vaccine efficacy. Thus, the elicitation of non-neutralizing 361 

antibody responses against HCMV should be a consideration in the rational design of the next 362 

generation of HCMV vaccines for the elimination of congenital and transplant-associated HCMV 363 

infections.   364 

  365 
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Methods: 366 

Full methods are available in the supplemental material.   367 
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 580 

Figure 1. gB/MF59 immunization elicits a robust, high-avidity binding antibody response. 581 
The magnitude and avidity of gB immunogen-specific (A,C) and whole HCMV virion-specific 582 
(TB40/E strain) (B,D) binding antibodies were assessed for 33 gB/MF59 vaccinees (blue circle) 583 
and 30 seropositive, chronically HCMV-infected women (red square). In comparison to the 584 
seropositive control cohort, gB/MF59 vaccinees had slightly enhanced gB binding (A) though 585 
reduced HCMV virion binding (B). Additionally, in comparison to seropositive women, gB/MF59-586 
elicited antibodies had comparable gB-binding avidity (C), though reduced HCMV virion binding 587 
avidity (D). Each data point represents the mean value of 2 experimental replicates. Horizontal 588 
values indicate the median values for each group. *=p<0.05, Satterthwaite t test (IgG binding), 589 
pooled t test (avidity).  590 
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 612 
Figure 2. Limited vaccine-elicited neutralization responses and poor gB neutralizing 613 
epitope-binding following gB/MF59 immunization. Neutralizing antibody responses (A-D) 614 
and gB neutralizing epitope binding (E-J) were assessed for 33 gB/MF59 vaccinees (blue circle) 615 
and 30 seropositive, chronically-HCMV infected individuals (red square). Neutralization was 616 
measured against Towne strain HCMV (A) and AD169 strain HCMV (B) in fibroblasts, and 617 
TB40/E strain HCMV in both fibroblasts (C) and epithelial cells (D). Assays were conducted in 618 
both the presence (“+C”, solid symbols) and absence (“-C”, open symbols) of purified rabbit 619 
complement. In comparison to seropositive, chronically-infected individuals, gB/MF59 vaccine-620 
elicited neutralization titers were reduced against each viral strain (A-D). Binding responses 621 
against the gB immunogen (E) and known gB neutralizing epitopes AD-1 (F), AD-2 (G), Domain 622 
I (H), Domain II (I), and Domain I+II combined (J) were measured. In comparison to seropositive 623 
women, gB/MF59 vaccination elicited reduced binding against AD-1, AD-2, Domain I, and 624 
Domain I+II combined. Each data point represents the mean of 2 experimental replicates. 625 
Horizontal dotted lines for neutralization assays indicates the starting dilution, whereas dotted 626 
lines for neutralizing-epitope binding indicate the threshold for positivity (preimmune control 627 
mean + 2 standard deviations). Black horizontal bars indicate the median values for each group. 628 
*=p<0.05, Fisher’s exact test (neutralization), pooled t test (epitope binding).  629 
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 631 

 632 

Figure 3. Dominant linear epitope binding response against cytosolic antigenic domain 3 633 
following gB/MF59 immunization. The binding magnitude of antibody responses of Cytogam, 634 
19 gB/MF59 vaccinees pre-immunization, 32 gB/MF59 vaccinees post-immunization, and 30 635 
chronically-infected seropositive controls were assessed against a 15-mer peptide library 636 
spanning the entire Towne gB open reading frame (180 unique peptides). Each row indicates a 637 
single patient. Assay was completed in triplicate, and the binding magnitude is indicated as the 638 
log-scaled, median fluorescent intensity. White indicates median fluorescent intensity < 100. 639 
Peptides corresponding to distinct gB antigenic domains are indicated along X-axis.  640 
 641 
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 645 

Figure 4. gB/MF59 vaccination elicited high-magnitude IgG3 responses and robust 646 
membrane-associated gB IgG binding. The magnitude of gB-specific IgG1 (A), IgG2 (B), 647 
IgG3 (C), and IgG4 (D) subclass responses was assessed for 33 gB/MF59 vaccinees (blue 648 
circles) and 30 seropositive, chronically-HCMV infected individuals (red squares). A similar IgG1 649 
and IgG3 subclass profile was elicited by both gB vaccination and chronic infection, with nearly 650 
undetectable levels of IgG2 and IgG4 gB-specific antibodies. Furthermore, the ability of plasma 651 
antibodies to bind to membrane-associated gB expressed on the surface of transfected cells 652 
was assessed, including autologous (Towne) (E) and heterologous gB (most frequently 653 
identified strain in infected vaccinees) (F). Likewise, binding to TB40/E-infected cells was 654 
quantified using both whole plasma (H) and purified gB-specific IgG (I). Lastly, the ability of 655 
plasma antibodies to activate NK cells in the presence of either gB mRNA-transfected ARPE 656 
target cells (G) or TB40/E-infected ARPE target cells (J) was assessed by the percentage of NK 657 
cells expressing CD107a. Black horizontal bars indicate the median values for each group. 658 
Horizontal dotted lines in subclass plots (A-D) indicate the threshold for positivity, defined here 659 
as 100 MFI. The dotted line in the NK cell degranulation plots (G,J) represents the threshold for 660 
positivity (mean of preimmune samples + 2 standard deviations). Nonspecific binding to 661 
transfected and infected cells was adjusted for by subtraction of % positive cells against 662 
negative control cell population, while nonspecific NK cell degranulation was not corrected. 663 
Each data point represents the mean value of two experimental replicates. For E-J, control 664 
values are displayed to indicate a dynamic range of the assay, including cytogam (black), AD-2 665 
mAb TRL345 (purple), Dom I mAb SM10 (green), and Dom II mAb SM5-1 (brown). *=p<0.05, 666 
Satterthwaite t test.  667 
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 669 
 670 
Figure 5. gB vaccine elicits antibodies that mediate robust HCMV virion phagocytosis, 671 
though do not block monocyte infection. A flow cytometry-based assay was created to 672 
assess antibody-mediated phagocytosis of both gB-coupled fluorescent beads (A,B) and 673 
fluorophore-conjugated virus (C,D). Histogram plots of fluorescent intensity indicate the 674 
sensitivity of the assay for sera (A,C) and a gB AD-2 specific mAb (B,D). The assay was 675 
validated by confocal microscopy (E-G) of THP-1 cells that have either phagocytosed (E,F) or 676 
been infected with (G,H) fluorescently-labeled virus. Nuclear material is shown in blue, plasma 677 
membrane in green, and AF647-tagged virus in red. Images indicate that phagocytosing cells 678 
can either have virus bound to the cell surface (E) or internalized (F). These assays were used 679 
to test the phagocytosis-mediating ability of plasma IgG from 33 gB/MF59 vaccinees (blue 680 
circles) and 30 chronically HCMV-infected individuals (red squares) of gB immunogen-coupled 681 
fluorescent beads (I), gB ectodomain-coupled fluorescent beads (J), and fluorophore-682 
conjugated whole HCMV virions (K,L). In comparison to seropositive, chronically HCMV-infected 683 
women, more robust phagocytosis of the gB immunogen and whole HCMV virions (gB-specific 684 
activity) was observed among gB/MF59 vaccinees. Lastly, the ability of vaccine-elicited 685 
antibodies to block infection of THP-1 cells was assessed at a single dilution (1:100), using both 686 
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whole plasma (M) and purified gB-specific IgG (N). Black horizontal bars indicate the median 687 
values for each group. Nonspecific uptake of fluorescent beads (I,J) was accounted for by 688 
subtraction of the % positive cells in the presence of uncoupled beads, while nonspecific uptake 689 
of whole virions (C-D) was not corrected. The dotted line in the whole virion phagocytosis plots 690 
represents the threshold for positivity (mean of preimmune samples + 2 standard deviations), 691 
while the dotted line for the TB40/E infection of THP-1 monocyte plots is the threshold for true 692 
neutralization activity (50%). Each data point represents the mean value of two experimental 693 
replicates. Control antibody values are displayed to indicate a dynamic range, including 694 
cytogam (black), AD-2 mAb TRL345 (purple), Dom I mAb SM10 (green), and Dom II mAb SM5-695 
1 (brown). *=p<0.05, pooled t test. 696 
 697 

 698 

Figure 6. Phagocytosis activity is highly correlated with gB-binding IgG and IgG3 699 
magnitude. A correlation matrix was constructed using data from all 63 tested samples (33 700 
gB/MF59 vaccinee + 30 seropositive) to identify whether assay results correlate with one 701 
another. Assays are clustered based on similarity. The Pearson coefficient for each correlation 702 
is displayed in the matrix, ranging from -1.0 (blue) to +1.0 (red). Non-significant correlations 703 
(p>0.01) are displayed in gray text. Two distinct clusters were identified. The first cluster 704 
consists of gB-binding (protein and membrane-associated), IgG1/IgG3 subclass, and ADCP. 705 
The second cluster consists of whole virus binding and neutralization activity.  706 
 707 
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Figure Legends:  708 

Figure 1. gB/MF59 immunization elicits a robust, high-avidity binding antibody response. 709 

The magnitude and avidity of gB immunogen-specific (A,C) and whole HCMV virion-specific 710 

(TB40/E strain) (B,D) binding antibodies were assessed for 33 gB/MF59 vaccinees (blue circle) 711 

and 30 seropositive, chronically HCMV-infected women (red square). In comparison to the 712 

seropositive control cohort, gB/MF59 vaccinees had slightly enhanced gB binding (A) though 713 

reduced HCMV virion binding (B). Additionally, in comparison to seropositive women, gB/MF59-714 

elicited antibodies had comparable gB-binding avidity (C), though reduced HCMV virion binding 715 

avidity (D). Each data point represents the mean value of 2 experimental replicates. Horizontal 716 

values indicate the median values for each group. *=p<0.05, Satterthwaite t test (IgG binding), 717 

pooled t test (avidity).  718 

 719 

Figure 2. Limited vaccine-elicited neutralization responses and poor gB neutralizing 720 

epitope-binding following gB/MF59 immunization. Neutralizing antibody responses (A-D) 721 

and gB neutralizing epitope binding (E-J) were assessed for 33 gB/MF59 vaccinees (blue circle) 722 

and 30 seropositive, chronically-HCMV infected individuals (red square). Neutralization was 723 

measured against Towne strain HCMV (A) and AD169 strain HCMV (B) in fibroblasts, and 724 

TB40/E strain HCMV in both fibroblasts (C) and epithelial cells (D). Assays were conducted in 725 

both the presence (“+C”, solid symbols) and absence (“-C”, open symbols) of purified rabbit 726 

complement. In comparison to seropositive, chronically-infected individuals, gB/MF59 vaccine-727 

elicited neutralization titers were reduced against each viral strain (A-D). Binding responses 728 

against the gB immunogen (E) and known gB neutralizing epitopes AD-1 (F), AD-2 (G), Domain 729 

I (H), Domain II (I), and Domain I+II combined (J) were measured. In comparison to seropositive 730 

women, gB/MF59 vaccination elicited reduced binding against AD-1, AD-2, Domain I, and 731 

Domain I+II combined. Each data point represents the mean of 2 experimental replicates. 732 

Horizontal dotted lines for neutralization assays indicates the starting dilution, whereas dotted 733 
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lines for neutralizing-epitope binding indicate the threshold for positivity (preimmune control 734 

mean + 2 standard deviations). Black horizontal bars indicate the median values for each group. 735 

*=p<0.05, Fisher’s exact test (neutralization), pooled t test (epitope binding).  736 

 737 

Figure 3. Dominant linear epitope binding response against cytosolic antigenic domain 3 738 

following gB/MF59 immunization. The binding magnitude of antibody responses of Cytogam, 739 

19 gB/MF59 vaccinees pre-immunization, 32 gB/MF59 vaccinees post-immunization, and 30 740 

chronically-infected seropositive controls were assessed against a 15-mer peptide library 741 

spanning the entire Towne gB open reading frame (180 unique peptides). Each row indicates a 742 

single patient. Assay was completed in triplicate, and the binding magnitude is indicated as the 743 

log-scaled, median fluorescent intensity. White indicates median fluorescent intensity < 100. 744 

Peptides corresponding to distinct gB antigenic domains are indicated along X-axis.  745 

 746 

Figure 4. gB/MF59 vaccination elicited high-magnitude IgG3 responses and robust 747 

membrane-associated gB IgG binding. The magnitude of gB-specific IgG1 (A), IgG2 (B), 748 

IgG3 (C), and IgG4 (D) subclass responses was assessed for 33 gB/MF59 vaccinees (blue 749 

circles) and 30 seropositive, chronically-HCMV infected individuals (red squares). A similar IgG1 750 

and IgG3 subclass profile was elicited by both gB vaccination and chronic infection, with nearly 751 

undetectable levels of IgG2 and IgG4 gB-specific antibodies. Furthermore, the ability of plasma 752 

antibodies to bind to membrane-associated gB expressed on the surface of transfected cells 753 

was assessed, including autologous (Towne) (E) and heterologous gB (most frequently 754 

identified strain in infected vaccinees) (F). Likewise, binding to TB40/E-infected cells was 755 

quantified using both whole plasma (H) and purified gB-specific IgG (I). Lastly, the ability of 756 

plasma antibodies to activate NK cells in the presence of either gB mRNA-transfected ARPE 757 

target cells (G) or TB40/E-infected ARPE target cells (J) was assessed by the percentage of NK 758 

cells expressing CD107a. Black horizontal bars indicate the median values for each group. 759 
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Horizontal dotted lines in subclass plots (A-D) indicate the threshold for positivity, defined here 760 

as 100 MFI. The dotted line in the NK cell degranulation plots (G,J) represents the threshold for 761 

positivity (mean of preimmune samples + 2 standard deviations). Nonspecific binding to 762 

transfected and infected cells was adjusted for by subtraction of % positive cells against 763 

negative control cell population, while nonspecific NK cell degranulation was not corrected. 764 

Each data point represents the mean value of two experimental replicates. For E-J, control 765 

values are displayed to indicate a dynamic range of the assay, including cytogam (black), AD-2 766 

mAb TRL345 (purple), Dom I mAb SM10 (green), and Dom II mAb SM5-1 (brown). *=p<0.05, 767 

Satterthwaite t test.  768 

 769 

Figure 5. gB vaccine elicits antibodies that mediate robust HCMV virion phagocytosis, 770 

though do not block monocyte infection. A flow cytometry-based assay was created to 771 

assess antibody-mediated phagocytosis of both gB-coupled fluorescent beads (A,B) and 772 

fluorophore-conjugated virus (C,D). Histogram plots of fluorescent intensity indicate the 773 

sensitivity of the assay for sera (A,C) and a gB AD-2 specific mAb (B,D). The assay was 774 

validated by confocal microscopy (E-G) of THP-1 cells that have either phagocytosed (E,F) or 775 

been infected with (G,H) fluorescently-labeled virus. Nuclear material is shown in blue, plasma 776 

membrane in green, and AF647-tagged virus in red. Images indicate that phagocytosing cells 777 

can either have virus bound to the cell surface (E) or internalized (F). These assays were used 778 

to test the phagocytosis-mediating ability of plasma IgG from 33 gB/MF59 vaccinees (blue 779 

circles) and 30 chronically HCMV-infected individuals (red squares) of gB immunogen-coupled 780 

fluorescent beads (I), gB ectodomain-coupled fluorescent beads (J), and fluorophore-781 

conjugated whole HCMV virions (K,L). In comparison to seropositive, chronically HCMV-infected 782 

women, more robust phagocytosis of the gB immunogen and whole HCMV virions (gB-specific 783 

activity) was observed among gB/MF59 vaccinees. Lastly, the ability of vaccine-elicited 784 

antibodies to block infection of THP-1 cells was assessed at a single dilution (1:100), using both 785 
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whole plasma (M) and purified gB-specific IgG (N). Black horizontal bars indicate the median 786 

values for each group. Nonspecific uptake of fluorescent beads (I,J) was accounted for by 787 

subtraction of the % positive cells in the presence of uncoupled beads, while nonspecific uptake 788 

of whole virions (C-D) was not corrected. The dotted line in the whole virion phagocytosis plots 789 

represents the threshold for positivity (mean of preimmune samples + 2 standard deviations), 790 

while the dotted line for the TB40/E infection of THP-1 monocyte plots is the threshold for true 791 

neutralization activity (50%). Each data point represents the mean value of two experimental 792 

replicates. Control antibody values are displayed to indicate a dynamic range, including 793 

cytogam (black), AD-2 mAb TRL345 (purple), Dom I mAb SM10 (green), and Dom II mAb SM5-794 

1 (brown). *=p<0.05, pooled t test. 795 

 796 

Figure 6. Phagocytosis activity is highly correlated with gB-binding IgG and IgG3 797 

magnitude. A correlation matrix was constructed using data from all 63 tested samples (33 798 

gB/MF59 vaccinee + 30 seropositive) to identify whether assay results correlate with one 799 

another. Assays are clustered based on similarity. The Pearson coefficient for each correlation 800 

is displayed in the matrix, ranging from -1.0 (blue) to +1.0 (red). Non-significant correlations 801 

(p>0.01) are displayed in gray text. Two distinct clusters were identified. The first cluster 802 

consists of gB-binding (protein and membrane-associated), IgG1/IgG3 subclass, and ADCP. 803 

The second cluster consists of whole virus binding and neutralization activity.  804 
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