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Abstract 33 

Human cytomegalovirus (HCMV) remains an important cause of mortality in immune compromised 34 

transplant patients and following congenital infection. Such is the burden an effective vaccine strategy 35 

is considered highest priority. The most successful vaccines to date have focused on generating 36 

immune responses against glycoprotein B (gB) – a protein essential for HCMV fusion and entry. We 37 

have previously reported that an important component of the humoral immune response elicited by 38 

gB/MF59 vaccination of patients awaiting transplant is the induction of non-neutralising antibodies 39 

that target cell associated virus which is concomitant with little evidence of concomitant classical 40 

neutralizing antibodies.  41 

Here we report that a modified neutralization assay which promotes prolonged binding of HCMV to 42 

the cell surface reveals the presence of neutralizing antibodies in sera taken from gB vaccinated 43 

patients which cannot be detected using standard assays. We go on to show that this is not a general 44 

feature of gB neutralizing antibodies suggesting specific antibody responses induced by vaccination 45 

could be important. Although we can find no evidence that these neutralizing antibody responses are 46 

a correlate of protection in vivo in transplant recipients their identification demonstrate the utility of 47 

the approach in identifying these responses. We hypothesise that further characterization has the 48 

potential to aid the identification of functions within gB important during the entry process and could 49 

potentially improve future vaccine strategies directed against gB if they prove to be effective against 50 

HCMV at higher concentrations. 51 

 52 

 53 

 54 

 55 

 56 



Introduction 57 

Human cytomegalovirus[1] (HCMV) remains a major clinical burden in the population. The problem is 58 

exacerbated by the manifold threat posed by primary infection, reinfection as well as reactivation of 59 

latent infections in the host[2]. Indeed, HCMV remains the most common viral cause of pathogenesis 60 

in the congenital infection setting and is responsible for substantial morbidity in immune 61 

compromised hosts[2, 3]. This burden led the US National Institute of Medicine to designate HCMV 62 

the highest priority status for the development of a vaccine[4]. Despite substantial progress by a 63 

number of research groups no vaccines against HCMV have been licensed. 64 

 65 

The most successful vaccination strategy against HCMV to date is based on the viral fusion protein 66 

glycoprotein B (gB)[5, 6] which was administered with an MF59 adjuvant[7-9]. The natural host 67 

immune response against gB is prodigious and thus gB is considered highly immunogenic. A number 68 

of elegant studies have identified and characterised five antigenic domains (ADs) that predominate in 69 

the humoral response to gB in naturally infected individuals[10-16]. A proportion of these antibody 70 

responses against ADs of gB are neutralizing (nAb) although this is highly variable between HCMV 71 

seropositive individuals and complex to measure because virion proteins other than gB are also 72 

important targets for neutralizing antibody responses. Indeed, the overall contribution of neutralizing 73 

antibodies directed against gB to control of HCMV is an area of debate: neutralizing activity associated 74 

with sera from HCMV seropositive individuals is argued to be involve a significant proportion of 75 

antibodies that recognize components of additional glycoprotein complexes present in the virion 76 

envelope (e.g. the pentameric and trimeric complexes containing gH and gL)[17-22]. Furthermore, it 77 

has been hypothesized that aspects of the humoral immune response against gB may actually be 78 

detrimental through direct competition for binding epitopes with responses considered 79 

protective[23]. In addition to a prodigious humoral response against gB, there is also a strong T cell 80 

response against this antigen with responses detected against peptides that span the breadth of the 81 



gB protein[24, 25]. It is this broad immunogenicity coupled with the pivotal role that gB plays in viral 82 

infection that has supported the inclusion of gB in multiple HCMV vaccine preparations[26].  83 

 84 

Our laboratory is interested in identifying correlates of protection associated with the gB/MF59 85 

vaccine[7, 8, 27] – with the ultimate goal of providing mechanistic correlates of protection to inform 86 

future vaccine strategies. We have previously reported on our analyses of sera taken from HCMV 87 

seronegative individuals subsequently vaccinated with the gB/MF59 vaccine whilst on the waiting list 88 

for solid organ transplant. In these analyses we could not detect evidence of anti-gB antibodies with 89 

neutralizing activity using standard assays prior to organ transplant[28]. This was despite clear 90 

evidence of a robust humoral response to gB overall in these vaccine recipients – with the magnitude 91 

of the response directly correlating with reduced CMV viraemia post-transplant[7]. An inability to 92 

detect evidence of a robust neutralizing antibody response was surprising but was independently 93 

observed in a separate study of sera obtained from a different gB/MF59 vaccine cohort which 94 

addressed the ability of the gB vaccine to reduce HCMV acquisition in women of child-bearing age[29]. 95 

Furthermore, the response to the gB vaccine in HCMV seronegative and HCMV seropositive individuals 96 

is likely to be different. Initial analyses of the sera from HCMV seropositive individuals suggested the 97 

gB vaccine largely boosted pre-existing immune responses against specific epitopes within gB 98 

identified in studies of natural infection whereas, intriguingly, the response in HCMV seronegative gB 99 

vaccinees revealed that the humoral response was distinct from that seen in response to natural 100 

infection[28, 30, 31]. Most recently, we have identified one such vaccine-specific response was 101 

directed against epitopes overlapping within Domain V of gB – a response we have called AD6[32].  102 

 103 

In direct contrast to our ability to detect nAbs in the sera of taken pre-transplant, we noted that we 104 

could identify clear evidence of nAbs directed against gB in a number of patients within the same 105 

HCMV seronegative vaccine cohort when sera were taken and analysed early post-transplant[33]. 106 



Two immediate interpretations were potentially valid for these observations: 1) Even though immune-107 

suppressed, patients could rapidly generate novel gB antibody responses post-transplant including 108 

neutralizing antibodies or 2) HCMV seronegative vaccine recipients did generate low level nAb 109 

responses and these were enhanced upon infection with HCMV following the transplant of an organ 110 

from a seropositive donor – essentially a two-step prime:boost event elicited by vaccine and 111 

subsequent infection post-transplant with an organ from a seropositive donor.  112 

 113 

To investigate the hypothesis that patient sera taken pre-transplant from HCMV seronegative 114 

individuals who receiving gB/MF59 vaccine contained low levels of anti-gB neutralizing antibodies we 115 

employed a cold neutralization assay that alters the kinetics of HCMV infection at the plasma 116 

membrane by allowing virus to bind but not enter the cell but potentially promoting conformational 117 

changes in gB required for fusion and entry. Using this approach, we detect evidence of neutralizing 118 

antibodies present in the sera of HCMV seronegative individuals who have been vaccinated with the 119 

gB/MF59 vaccine prior to transplant. Using a panel of HCMV gB antibodies we demonstrate that this 120 

is not a general feature of the assay and, in some cases, nAbs from standard assays actually display 121 

reduced activity in the modified assay arguing that the protocol does not just ‘improve’ all neutralizing 122 

antibody responses against HCMV non-specifically. Since some of the vaccine recipients proceeded to 123 

transplant we could investigate whether this novel activity correlated with any clinical outcomes post-124 

transplant. However, we could find no evidence that the detection of neutralizing antibodies in pre-125 

transplant sera was a statistically significant correlate of protection when tested against a number of 126 

clinical parameters. Although in this case no clinical correlation was observed in these limited samples 127 

available from the clinical study, they do suggest the presence of nAbs that recognize gB in certain 128 

states during the binding and fusion activity of gB during entry and were induced by gB vaccination. 129 

Characterisation of these responses that neutralize infection in these assays have the potential to 130 

provide new insights in to regions of gB important for function and entry of HCMV.  131 



 132 

Materials & Methods 133 

Ethics statement 134 

The study was approved by the UCL Research Ethics Committee and all patients whose samples were 135 

investigated here gave written informed consent[7]. 136 

Patient Population 137 

The population from whom samples have been evaluated and described in this work is the highest risk 138 

cohort of seronegative solid organ transplant patients who were enrolled in a Phase II randomised and 139 

double-blinded placebo controlled cytomegalovirus glycoprotein-B vaccine with MF59 adjuvant 140 

trial[7]. For post-transplant analyses, HCMV seronegative patients who received an organ from 141 

seropositive individuals were selected and have been described elsewhere[33]. In the original study 142 

this cohort represents 11 vaccine recipients and 5 placebo, however, for this study removal of consent 143 

for future studies and a patient death mean the data presented is from the remaining 9 vaccine and 4 144 

placebo recipients. No other selection criteria were applied. In short, the vaccine or placebo was given 145 

in three doses: at day 0 (baseline), 1 month and 6 months later. Following vaccination, blood samples 146 

from patients were obtained consecutively. The patients who subsequently underwent 147 

transplantation were followed up and tested by real-time quantitative PCR (rtqPCR) for 148 

cytomegalovirus DNA[7]. CMV PCR was done on a routine basis with an in-house TaqMan (ABI)–based 149 

method as described in detail in Atabani et al [34]. HCMV viraemia was defined as one or more positive 150 

HCMV PCR results (cut-off, 200 genomes/mL of whole blood, equivalent to 168 IU/mL). If viraemia 151 

higher than 3000 genomes per mL was detected (equivalent to 2520 IU/mL), the patient was treated 152 

with antiviral drugs as described in [7]. Exclusion criteria included: pregnancy (a negative pregnancy 153 

test was required before each vaccine dose); receipt of blood products (except albumin) in the 154 

previous 3 months, and simultaneous multi-organ transplantation[7] .  155 



 156 

Cells, virus and media 157 

Human foreskin fibroblasts were routinely cultured in DMEM supplemented with fetal bovine serum 158 

(10%) plus penicillin and streptomycin (100ug/ml). For neutralisation assays, cells were harvested by 159 

tryspinisation and seeded at 80% confluency 1 day prior to infection in 96 well plates. 160 

The HCMV strain Merlin was propagated in HFFs and purified by density dependent centrifugation. 161 

Merlin was used at an MOI of 1-5 in an experiment dependent manner. 162 

  163 

Neutralisation assays  164 

To assess sera for neutralising capacity by standard assay, HCMV was pre-incubated with heat 165 

inactivated sera for 1 hour and then used to infect HFFs. Alternatively, virus was incubated with anti-166 

gB antibodies HCMV37 (abcam) or QG1 IgG and IgA monoclonal antibodies targeting AD-2 of gB and 167 

have been characterised previously[35]. After 24 hours cells were fixed and stained for IE gene 168 

expression using anti-IE (Millipore; 1:2000) and goat anti-mouse Alexafluor 568nm (Life Technologies; 169 

1:1000). Nuclei were counterstained with DAPI (SIGMA). Percentage infection was enumerated using 170 

Hermes WiScan instruments and software. 171 

 172 

To perform the modified neutralisation assay, HFFs were infected at +4oC for 1 hour with HCMV. Then 173 

antibody or sera was added directly to the target well and incubated at +4oC for an additional 1 hour. 174 

Cells were then shifted to 37oC to promote virus internalisation, washed after 2 hours with PBS, and 175 

infection scored as described for a standard assay (above). 176 

 177 



For experiments testing the effect of complement 5% guinea pig complement (SIGMA) was added to 178 

the heat inactivated sera at the time of incubation of sera with the virus:cell infections. 179 

 180 

Results 181 

Routinely, we interrogate sera for the presence of neutralizing antibodies using a standard assay that 182 

incubates cell free HCMV with sera for 1 hour prior to infection of permissive cells. Using this approach 183 

we could find little evidence for neutralizing antibody activity in the sera of a cohort of individuals who 184 

were HCMV seronegative prior to gB/MF59 vaccination[7, 28]. However, in an unrelated study of an 185 

inhibitor of viral entry (DIDS) we noted that pre-absorption of HCMV virions to the cell at +4oC 186 

dramatically changed the antiviral profile of DIDS[36] and thus we decided to test what impact pre-187 

absorption of the virus had on neutralizing antibody activity against HCMV. To do this, HFFs were first 188 

inoculated with HCMV at +4oC for 1 hour then incubated with sera from seronegative vaccine 189 

recipients either pre vaccine (day 0) or post vaccine (day of transplant) for a further 1 hour also at 190 

+4oC. The tissue culture plates were then shifted to 37oC to trigger viral entry and infection scored by 191 

immunostaining for IE positive cells 24hpi (Fig. 1). As expected, the sera taken pre vaccine had no 192 

impact on virus infection but, interestingly, the data show clear evidence of virus neutralization is 193 

observed under these experimental conditions in some but not all patient sera taken post vaccination 194 

(Fig. 1A). A more detailed analysis of each individual serum sample taken from renal (Fig. 1B) and liver 195 

(Fig. 1C) transplant candidates revealed that the neutralization reached significance compared to  196 

seronegative control sera. In contrast, and consistent with a previous report[28], these same sera did 197 

not neutralize HCMV infection in a standard assay in both pre and post gB vaccination samples (Fig. 198 

1D,E) suggesting that +4oC assay could be revealing potential neutralizing antibody responses. 199 

 200 



Before investigating this further we decided to test whether the ability to detect evidence of 201 

neutralizing antibody activity in our vaccine recipients pre-transplant sera using this modified assay 202 

could simply reflect an artefact of an in vitro experimental approach that amplifies the activity of low-203 

level neutralizing antibody responses against gB. Thus we tested whether this approach enhanced the 204 

ability of known gB antibodies when they were used at concentrations which elicited partial 205 

neutralization of viral infection. Our first analyses focused on the gB antibody HCMV37[37]. First we 206 

identified a concentration at which HCMV37 partially neutralized HCMV infection under our standard 207 

assay conditions (Fig. 2A). Next, we tested whether HCMV37 was able to neutralize HCMV under our 208 

modified conditions. To do this, cells were incubated with HCMV for 1 hour at +4oC and then incubated 209 

with HCMV37 for a further hour at +4oC before shifting to 37oC to promote internalisation. As 210 

expected, HCMV37 (10ug/ml) partially neutralized HCMV which was lost at a higher dilution in a 211 

standard assay (1ug/ml; Fig. 2B). However, neutralizing activity associated with HCMV37 was 212 

completely lost in our modified assay (Fig. 2B) and thus opposite to our observations with vaccine 213 

patient sera (Fig. 1). To investigate whether this was HCMV37 specific, we took advantage of two 214 

monoclonal antibodies directed against AD2 that we have previously reported to neutralize HCMV 215 

infection[35]. Using the same experimental approach, we incubated HCMV with QG1 IgG and IgA 216 

monoclonal antibodies directed against the AD2 epitope as before at concentrations known to 217 

promote partial neutralisation. Similar to the data with HCMV37, we observed that the neutralizing 218 

activity of both the IgG and IgA of QG1 was more efficient if pre-incubated with HCMV virions in a 219 

standard neutralization assay. Specifically, for both antibodies the neutralizing activity was again lower 220 

when added to cells post virus absorption at +4oC although, unlike with HCMV37, neutralizing activity 221 

was not completely abolished (Fig. 2C). Thus whilst the pre-binding of HCMV to the plasma membrane 222 

at +4oC was potentially revealing neutralizing antibody activity in our vaccine sera it was not enhancing 223 

the activity of all the gB neutralizing antibodies used routinely in the laboratory.  224 

 225 



To understand the relative importance of the detection of antibodies with neutralizing activity in our 226 

vaccine recipient sera under these modified experimental conditions we investigated whether one 227 

explanation for the observed neutralization in some patients’ sera was that individuals who made 228 

large overall responses to gB[7] were also the individuals with evidence of neutralizing antibodies 229 

under these experimental conditions. To investigate this possibility the ‘neutralising activity’ and total 230 

gB antibody titre was determined from the previous clinical study[7] and analysed for correlations 231 

(Fig. 3). A very simple analysis of the two cohorts where sera was stratified into those with and without 232 

evidence of neutralizing antibodies pre transplant (based on a significant decrease in viral infection in 233 

the neutralization assay in Fig. 1A-C) showed that the mean gB antibody titre between the two groups 234 

was significantly higher in the individuals we detected nAbs although there was a substantial range to 235 

the gB IgG titres in both groups (Fig. 3A). Next we investigated whether we could find any correlation 236 

between antibody titre and neutralizing activity specifically in the sera of patients we identified as 237 

displayed neutralizing activity. Neutralising activity (0% infection = 100% neutralizing activity) was 238 

plotted against gB antibody titre (Fig. 3B). Inspection of the plot suggested that with increasing 239 

antibody titre there was an increase in neutralizing activity in the sera (Fig. 3B). However, this 240 

correlation was non-significant by both Pearson and Spearman Rank analyses although we noted that 241 

the p value for the Spearman Rank analysis was approaching a value of p<0.05 (Fig. 3B). Although not 242 

conclusive, it does suggest the possibility of a monotonic relationship between titre and neutralizing 243 

activity.  Thus whilst total gB IgG titre was an important factor it may not necessarily be the sole 244 

determinant of neutralizing activity in the assay.  245 

 246 

Previously, we have observed that HCMV seronegative individuals who were vaccinated prior to 247 

transplant displayed a rapid increase in gB antibody titre if the organ received was from an HCMV 248 

seropositive donor[33]. Additionally, we observed that this increase in antibody titre also revealed the 249 

presence of gB neutralizing antibody responses in post-transplant sera by our standard assays[33]. 250 



Thus we next asked whether the individuals with detectable neutralizing antibodies post-transplant 251 

were the same individuals in who’s sera we detected neutralizing antibodies pre-transplant using our 252 

modified  cold binding neutralization assay (i.e. in Fig. 1). To do this, we analysed the data from the 253 

vaccinated R- individuals who received a D+ organ who had been assessed for neutralizing activity in 254 

their pre and post-transplant sera. Ten patients fitted the criteria for the comparison. We plotted the 255 

relative neutralizing activity of the pre-transplant (modified assay) and post-transplant (standard 256 

assay) sera to test whether there was any correlation. Interestingly, the data show that individuals 257 

with evidence of neutralizing activity pre-transplant did not necessarily display the strongest 258 

neutralizing antibody response post-transplant (Fig. 4). Consistent with this, there was no direct 259 

correlation between the levels of neutralizing activity observed from paired sera taken pre and post 260 

transplant from the same patient (Fig. 4). For example, three individuals with high levels of neutralizing 261 

antibodies post-transplant had no detectable neutralizing antibodies pre-transplant in the cold 262 

modified assay. 263 

 264 

The utility of these serum samples is that retrospective analyses of parameters measured in the clinical 265 

study of the gB vaccine can be performed. Thus we investigated whether the detection of neutralizing 266 

antibodies in our modified assay was an indicative correlate of protection post-transplant. To 267 

investigate this, patient sera were again stratified into those that did and did not have detectable 268 

neutralizing antibodies in our modified assay as described previously (i.e. in Fig. 3). We focused our 269 

analysis on seronegative individuals who had received the gB vaccine and then received an organ from 270 

an HCMV seropositive donor. In all, 13 patients fitted these criteria – with 7 individuals displaying 271 

significant evidence of nAbs pre-transplant and 6 with no significant evidence of nAbs pre-transplant. 272 

A tabular analysis showed that 6/7 individuals with detectable nAbs had evidence of viraemia and 3/6 273 

of individuals without nAbs had evidence of viraemia with two requiring anti-viral treatment 274 

(summarized Table 1).  An analysis of specific clinical parameters provided no evidence that the 275 



presence of nAbs pre-transplant was a predictive correlate of protection (Fig. 5). Specifically, no 276 

statistical significant difference in peak viral load, length of anti-viral treatment and duration of 277 

viraemia was observed between the two cohorts (Fig. 5A-C). However, we have also observed that gB 278 

IgG titre correlated with neutralizing antibody levels (Fig. 3A)and thus a lack of correlation was puzzling 279 

given that gB IgG titre was the correlate of protection in the previous phase II study [7]. However, 280 

when we analysed the HCMV seronegative vaccine recipient sera just from patients who received a 281 

D+ organ there was no statistical difference between those displaying neutralizing antibodies versus 282 

those that did not (Fig. 5D) arguing the correlation of gB IgG titre with clinical outcome is much 283 

stronger than we report for neutralizing antibody activity here. 284 

 285 

These studies thus far had focused on the capacity of antibodies to ‘neutralize’ HCMV infection in an 286 

absence of complement. Thus in effect are acting as blocking antibodies that limit gB activity and 287 

function. However, it is well established that the repertoire of gB neutralizing antibody responses 288 

incorporate both complement independent [15] and complement dependent [38, 39] activities and it 289 

has also been demonstrated that complement can enhance neutralizing activity of antibodies 290 

produced in response to gB/MF59 challenge [40]. Thus we tested whether the addition of complement 291 

to the assay could enhance any neutralizing activity we observed (Fig. 6). First we confirmed 292 

complement did not specifically promote neutralization with HCMV seronegative sera and also did 293 

observe it had a minor enhancing effect on seropositive sera at the dilution used (Fig. 6A). Next we 294 

then performed a side-by-side analysis of all 30 heat inactivated patient sera samples with or without 295 

the addition of complement (Fig. 6B-E). The data suggest that addition of complement increases the 296 

general level of neutralizing activity observed but just failed to reach significance (Fig. 6B) when the 297 

means of the two conditions were compared. However, when the data was de-convoluted into 10 298 

paired analyses it was clear that complement enhanced some but not all patient sera which would be 299 



consistent with patient sera containing repertoires of complement and complement independent 300 

neutralizing antibodies(Fig. 6C-E).  301 

 302 

Discussion 303 

Standard neutralization assays (which we and others employ routinely) incubate cell free HCMV with 304 

sera or antibodies and then measure infection either via immuno-staining for viral gene expression or 305 

the gold standard plaque reduction assay. In this short report, we demonstrate that inclusion of a +4oC 306 

virus binding step to the assay has the potential to detect low levels of neutralizing antibodies directed 307 

against HCMV. In this case this was demonstrated using sera obtained from a phase II study of the 308 

gB/MF59 vaccine in individuals on the waiting list for organ transplantation[7].  309 

 310 

The motivation for the development of this approach was not to replace existing assays – the +4oC 311 

step to promote viral binding is clearly not directly applicable in vivo – but driven by our desire to 312 

better understand the composition and ontogeny of the immune response in our gB vaccine 313 

recipients. Previously, we and others have reported that the gB/MF59 vaccine does not induce readily 314 

detectable neutralizing antibody responses in cohorts from two phase II clinical trials[28, 29] and thus 315 

concluded that there was no evidence that neutralizing antibodies could be claimed as a correlate of 316 

protection. However, following natural infection, gB neutralizing antibodies are clearly made thus why 317 

the vaccine was comparatively poor at inducing neutralizing antibodies remained unclear[26]. A 318 

possible explanation is that the mutations introduced into the gB vaccine alter the structure. For 319 

example, the transmembrane domain has been deleted (to facilitate secretion for purification) and 320 

the furin cleavage site also has been mutated. Furin cleavage is considered important for the 321 

formation of the native gB trimer [41, 42] and removal likely leads to an increase in the gB monomer 322 

in the vaccine[43]. Indeed, work from Liu and colleagues demonstrated that the pre-fusion structure 323 



of gB could dramatically change the availability of known antigenic domains of gB when compared 324 

with the post fusion structure of gB [44] which again would be consistent with different humoral 325 

responses against the gB vaccine versus native gB. 326 

Despite this it was still surprising that neutralizing antibodies were largely undetectable in the sera 327 

and we remained intrigued that this is not a universal observation: other studies of gB vaccine 328 

preparations clearly demonstrate evidence of neutralizing antibody responses directed against other 329 

forms of gB[26, 29, 43]. Furthermore, in our own follow up study of sera taken from post-transplant 330 

gB vaccine recipients we could also detect evidence of an increase in the gB antibody titre which was 331 

concomitant with the detection of IgG neutralizing antibodies directed against gB as early as 7 days 332 

post HCMV challenge (i.e. 7 days post organ transplant)[33].   333 

 334 

When considering the implications of our later study[33] of the gB antibody response in our post-335 

transplant cohort two immediate explanations for the appearance of detectable neutralizing antibody 336 

responses directed against gB could be considered: either challenge with the virus (at the time of 337 

transplant with HCMV-positive organ) was boosting a small but pre-existing response generated 338 

against the vaccine or de novo responses against gB were being formed upon challenge with HCMV. 339 

We noted that IgM responses were rarely detected early post-transplant and IgG responses against 340 

other HCMV antigens not included in the vaccine developed much later with no difference between 341 

vaccine recipient and placebo controls. Furthermore, the development and maturation of IgG immune 342 

responses against HCMV is reported to take much longer than 30 days post transplant[45, 46]. This 343 

led us to hypothesize that the vaccine primes the humoral immune response against gB which is then 344 

rapidly boosted following challenge with HCMV and that a small component of the initial priming 345 

response may include gB neutralizing antibodies which become detectable in post-transplant sera 346 

using our conventional assays due to an increase in titre. 347 

 348 



A clear contradiction to our prime:boost hypothesis was our failure to detect neutralizing antibody 349 

responses pre-transplant in the same vaccine recipients[28]. However, we hypothesized that if the 350 

initial neutralizing antibody response was low it was plausible that a response was made but below 351 

the level of detection in our assays in vitro. Potentially, neutralising antibodies were present but not 352 

at sufficient concentrations to be effective against high titres of cell free HCMV used in vitro. This led 353 

us to investigate alternative strategies to assess for neutralization including cold neutralization. Using 354 

this approach, we identified low but reproducible levels of neutralizing antibodies directed against gB 355 

in some, but not all, of our vaccine recipients. The ability to detect neutralizing antibodies in our 356 

vaccine sera by this approach prompted a number of potential interpretations. 357 

 358 

One interpretation of the data from the vaccine sera was that this method was potentially more 359 

sensitive for the detection of neutralizing antibodies. Binding at +4oC changes the association and 360 

dissociation rates of antibody binding with a decrease in temperature favouring higher avidity 361 

antibodies[47]. Thus, potentially the low proportion of neutralizing antibodies in the vaccine sera are 362 

high avidity and the +4oC step favours the binding of these high avidity antibodies over competing low 363 

avidity antibodies present in the sera. However, we are cautious of this interpretation as in our original 364 

neutralization assays when we incubated HCMV with sera at +4oC prior to infection no overt evidence 365 

of neutralization was detected and thus likely does not wholly explain the differences[28]. 366 

Furthermore, known neutralizing antibodies against gB were much more effective when used at 37oC 367 

compared to +4oC arguing that the protocol itself does not non-specifically enhance neutralizing 368 

antibody responses – although of course the assays using purified gB antibodies were not performed 369 

in the presence of competing antibodies. That said, we note that it has been demonstrated that a 370 

bivalent AD2 antibody (but not an AD4 targeted antibody) can still neutralize HCMV infection post 371 

binding using a similar approach[48]. This appears to be partially in contrast to our data since we have 372 

previously shown that QG1 monoclonal antibodies used in our study are targeted against AD2[35]. 373 



That said, here we demonstrate that our AD2 antibodies are less effective at +4oC compared to 37oC 374 

but without detailed side-by-side characterization of different AD2 antibodies it is not sensible to infer 375 

too many conclusions apropos the prior study.  376 

 377 

A tantalizing alternative explanation for the vaccine sera data presented here is the presence of an 378 

antibody response directed against an epitope of gB that is only exposed transiently during the fusion 379 

process. The gB trimer undergoes multiple structural changes as it transitions from a pre-fusion to a 380 

post fusion form during the entry process[49] with recent evidence suggesting gB antibodies directed 381 

against AD-5 display different activity against different forms[50]. At 37oC the exposure of these 382 

epitopes is possibly more transient if compared to infection at +4oC where the virus is stalled at the 383 

plasma membrane and thus gB could be in a transitioning state for longer. Thus one possibility is that 384 

an epitope is being presented for longer in this assay that is being recognized by neutralizing 385 

antibodies in the pre-transplant vaccine sera. If this is coupled with the possibility that the gB/MF59 386 

vaccine presented these antigens more effectively then it may explain their detection in the sera of 387 

vaccine recipients.  388 

It is tempting to speculate that possibly strategies that could increase the concentration of these 389 

antibodies may serve to make them functional against HCMV under normal infection conditions – a 390 

hypothesis we considered when trying to explain the neutralizing activity of post-transplant vaccine 391 

sera where gB antibody titres are increased. That said, the lack of a correlation between the 392 

neutralizing activity of pre and post-transplant sera argues that this is not the explanation here but 393 

instead the neutralizing antibodies detected pre and post-transplant may be against different regions 394 

of gB. Indeed, neutralizing activity in the post-transplant sera was detected by conventional assays. If 395 

the cold neutralization approach identifies antibodies with different neutralization profiles then a lack 396 

of correlation, arguably, is unsurprising. Why these responses occur at all is less clear but it may reflect 397 

differential presentation of gB epitopes by the vaccine which has been modified[28, 29, 31, 32]. For 398 



instance, the presence of gB monomers in the preparation could lead to responses against epitopes 399 

hidden in normal virion associated gB. Additionally, these studies have only been performed in 400 

fibroblasts. It could be informative to assess the activity of these neutralizing antibody responses to 401 

gB in the context of infection of non-fibroblast cells. Upon infection of epithelial or endothelial cells 402 

the presentation of gB epitopes could be different during the process of endocytic entry compared to 403 

fibroblasts where binding and fusion occurs at the plasma membrane. Further characterization of 404 

specific responses responsible for these observations could lead to the development of antibodies 405 

that can be used to probe differential changes in gB structure during the entry into multiple cell types. 406 

 407 

Even though these humoral responses are generated against a vaccine preparation of gB, and thus 408 

may not be so common in natural infection, it does not mean they could not be important. Pathogens 409 

are adept at masking epitopes to limit de novo immune responses against them or to prevent 410 

recognition if they are made [51-53]. However, that does not mean if a humoral (or T cell) response 411 

can be generated (by vaccination, for example) that such responses could be biologically or clinically 412 

important. Our work identifying AD6 is direct example of this [32]. 413 

 414 

From a clinical perspective, we could find no evidence of neutralizing activity in the sera pre-transplant 415 

correlating with protection. Indeed, the trend was actually towards poorer clinical outcomes post-416 

transplant – but we highlight a major caveat that this is a retrospective study not powered to formally 417 

address this question and so remain cautious in our interpretation of the clinical implications of this. 418 

For example, once we stratified for specific parameters the number of patients eligible for inclusion 419 

in the analysis was small. That said, in our previous study of post-transplant sera we did observe a 420 

correlation between the detection of neutralizing antibodies post-transplant and better outcomes 421 

post-transplant[33] – thus the differential impact as a correlate on outcome of pre and post-transplant 422 



sera neutralizing activity likely explains the lack of a strong correlation between levels of neutralizing 423 

activity in paired sera pre and post-transplant.  424 

 425 

In summary, we report data from a modified approach for the characterisation of neutralizing 426 

antibody responses present at low levels in the sera of gB vaccine recipients and for some patient sera 427 

the addition of complement enhanced the neutralizing activity. In doing so, we identify evidence of 428 

low levels of neutralizing antibodies in HCMV seronegative patients who had received the HCMV gB 429 

vaccine. The importance of these neutralizing antibody responses is not fully understood as we 430 

observed no correlation between ability to detect neutralizing responses pre-vaccine with better 431 

outcomes post-transplant. This is consistent with the increasing evidence that a component of 432 

humoral immunity important for the control of HCMV by the gB vaccine includes non-neutralising 433 

antibody effector functions[26, 28, 29, 32, 54, 55]. That said, our drive to present the data from this 434 

study is to demonstrate the potential utility of this approach to enrich our understanding of clinical 435 

samples and also possibly for the study of HCMV entry and the role of glycoprotein conformation. For 436 

example, a panel of antibodies directed against known epitopes within a glycoprotein may show 437 

differential neutralizing activity at +4oC and 37oC which could aid the identification of regions 438 

important for the function of glycoproteins during the different stages of the complex entry process 439 

of HCMV. 440 
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 453 

 454 

Table 1: Thirteen HCMV seronegative individuals who received gB/MF59 vaccine and proceeded to 455 

transplant with a D+ organ 456 

Patient nabs Pre-tx Days Viraemia Peak viral load Anti-viral 
treatment (days) 

2 N 47 357470 49 

7 Y 147 132585 151 

8 N 53 69051 70 

5 N 0 0 0 

16 Y 102 279387 115 

9 N 0 0 0 

19 Y 1 206 0 

25 Y 14 4952 15 

28 Y 28 23217 28 

14 N 0 0 0 

6 N 23 2711 0 

22 Y 27 195774 36 

17 Y 0 0 0 

 457 
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 610 

Figure Legends 611 

 612 



Figure 1 Detection of low levels of neutralizing antibodies in gB vaccine sera pre-transplant A-E) Sera 613 

from 30 HCMV seronegative transplant recipients at time of transplant was heat inactivated (HI) and 614 

then either incubated with cells pre-infected with HCMV at +4oC (A-C; A=all samples and B&C reflect 615 

same analyses but separated into renal (18) and liver (12) transplant cohorts) or with HCMV prior to 616 

infection (D,E). Cells were then incubated at 37oC and analysed for IE gene expression by indirect IF 617 

staining 24 hours later. Infection was quantified by Hermes wiscan automated counting. For studies 618 

of human sera each dot represents the mean of three independent experiments performed in 619 

duplicate on individual patient sera. In B&C) a red dot denotes patients with sera that significantly 620 

(p<0.05) neutralized infection at +4oC compared to the same sera analysed at 37oC (D,E) in a standard 621 

assay. Also in B&C control HCMV seronegative sera (Lanes 19 & 13, respectively  and control HCMV 622 

seropositive sera (Lanes 20 and 12, respectively) are shown.  623 

 624 

Figure 2 Neutralising activity of known gB nAbs is not enhanced at +4oC A) HCMV was incubated with 625 

HCMV37 antibody at 100, 10 and 1ug/ml for 1 hour prior to infection and scored for neutralizing 626 

activity by indirect IF for IE protein expression. B&C) HCMV was incubated with HCMV37 (B) or QG1 627 

IgG or IgA (C) prior to infection (Pre) or HFFs were infected at +4oC for 1 hour then incubated for a 628 

further hour with HCMV37 (B) or QG1 IgG or IgA (C) before shifting to 37oC to promote infection (Post). 629 

At 24hpi, infection was scored by indirect IF for IE protein expression. The mean of four independent 630 

experiments performed in duplicate is shown.  631 

 632 

Figure 3 Total gB response does not completely predict those with neutralizing antibodies A) The 633 

total gB antibody titre in patient sera was calculated for pre-transplant sera from 31 HCMV 634 

seronegative vaccine recipients that had been defined as possessing neutralizing (nAb pre-tx) or no 635 

neutralizing (no nAb pre-tx) antibodies. A comparison of the means was performed using Mann-U-636 

Whitney test assuming a non-parametric distribution. B) Sera from patients identified as possessing 637 



neutralizing activity were then analysed by linear regression comparing neutralizing activity versus 638 

antibody gB antibody titre by Pearson and Spearman Rank analysis.  639 

 640 

Figure 4 No correlation between detection of neutralizing activity in paired sera from pre and post 641 

transplant samples The comparative neutralizing activity of sera of 10 seronegative patients receiving 642 

gB/M59 vaccine who proceeded to transplant with a seropositive organ was assessed pre and post-643 

transplant and subject to linear regression analysis for correlation. 644 

 645 

Figure 5 Presence of neutralizing antibodies pre-transplant does not predict better outcomes post 646 

transplant A-C) Thirteen HCMV seronegative individuals who received gB/MF59 vaccine and then 647 

proceeded to transplant with an organ from an HCMV seropositive donor were stratified into those 648 

with (nabs pre-tx) and without (no nabs pre-tx) and assessed for peak viral load (A), duration of anti-649 

viral treatment (B) and Total days viraemic (C). Means were compared using Mann-U-Whitney test 650 

assuming a non-parametric distribution. D) The total gB antibody titre in sera taken from 13 HCMV 651 

seronegative patients receiving gB/MF59 vaccine who went onto receive an organ from a HCMV 652 

seropositive donor was calculated for pre-transplant sera defined as possessing neutralizing (nAb pre-653 

tx) or no neutralizing (no nAb pre-tx) antibodies. A comparison of the means was performed using 654 

Mann-U-Whitney test assuming a non-parametric distribution. 655 

 656 

Figure 6 Complement enhances the neutralizing activity of vaccine patient sera in the cold 657 

neutralization assay A) Sera from healthy HCMV seronegative (circle) or HCMV seropositive (triangle) 658 

was incubated with HFFs previously infected for 1 hour at +4oC in the presence or absence of 5% 659 

Guinea Pig complement and then assayed for infection by IE IF and quantified by Hermes WiScan. The 660 

% infection is expressed relative to a virus only control (no serum). B) Sera from 30 HCMV seronegative 661 



individuals vaccinated with gB was analysed pre-transplant for neutralizing activity as described in (A) 662 

with (square) or without (circle) 5% guinea pig complement. A comparison of the means was 663 

performed by Mann U Whitney test (B). C-E) The cumulative data in (B) was presented as paired 664 

samples of sera showing the impact of complement on the activity of individual patient sera (C-E).   665 
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