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Cross-Reactive and Cross-Neutralizing
Activity of Human Mumps Antibodies
Against a Novel Mumps Virus From
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To evaluate the antigenic relationship between bat mumps virus
(BMV) and the JL5 vaccine strain of mumps virus (MuV’"%), we
rescued a chimeric virus bearing the F and HN glycoproteins of
BMV in the background of a recombinant JL5 genome
(rMuV’™?). Cross-reactivity and cross-neutralization between
this chimeric recombinant MuV bearing the F and HN glyco-
proteins of BMV (rMuV’*-F/HN®MV) virus and rtMuV’"” were
demonstrated using hyperimmune mouse serum samples and a
curated panel of human serum. All mouse and human serum
samples that were able to neutralize rMuV’" infection had
cross-neutralizing activity against rMuV'"*-F/HN®*MV, Our
data suggest that persons who have neutralizing antibodies
against MuV might be protected from infection by BMV.
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Mumps virus (MuV) is a contagious virus of the Rubulavirus
genus that typically causes painful swelling of the parotid and
other salivary glands [1]. Live attenuated mumps vaccines were
introduced in the 1960s and 1970s, with vaccine effectiveness
ranging from 91% to 94.6% after 2 doses [2]. Consequently, the
incidence of mumps morbidity has been greatly reduced in coun-
tries where high vaccine coverage has been achieved [3]. Recently
however, the epidemiology of mumps has changed, and mumps
is reemerging in the developed world, possibly as a result of wan-
ing immunity and/or a lack of broadly protective immunity.
MuV was thought to be an exclusive human pathogen with
no animal reservoir until recently, when the complete genomic
sequence of a conspecific mumpslike virus was obtained from
an African bat (bat mumps virus [BMV]) [4]. It is not currently
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known whether BMV is capable of infecting humans, but the
discovery of a possible animal reservoir for MuV raises con-
cerns that elimination of circulating virus and subsequent ces-
sation of vaccination might leave humans susceptible to disease
from such a reservoir-borne virus. The genetic proximity of
these 2 viruses suggests that antibodies against MuV might pro-
vide protection from zoonotic spillover events; thus, it is critical
for risk assessment to evaluate the BMV-neutralizing activity of
antibodies from MuV-seropositive individuals.

Evidence of functional and antigenic relatedness between
BMYV and MuV has been demonstrated by syncytia formation
resulting from heterotypic expression of the fusion (F) and at-
tachment (HN) envelope glycoproteins in tissue culture and the
presence of MuV-reactive antibodies in serum from African
bats [4, 5]. In this study, we used hyperimmune mouse serum
samples and a panel of human serum samples to characterize
the cross-reactive and cross-neutralizing activity of antibodies
against the F and HN glycoproteins of MuV and BMV.

METHODS

Cloning and Rescue of Recombinant Viruses

Each of the chimeric viruses and the recombinant parental virus
(rMuV) were rescued in 1 well of a 6-well plate of BSRT7 cells
by cotransfection of 5 ug of the antigenomic plasmid, 2 pug of a
plasmid encoding a codon-optimized T7 polymerase, and 0.3,
0.1, and 0.2 pg of T7-driven support plasmids encoding the
N, P, and L proteins, respectively. For efficient rescue, we used
the maximal T7 promoter to drive our antigenomic transcript
and a hammerhead ribozyme sequence in the transcribed 5’'-
end of antigenome [6] (Supplementary Figure 1). Transfection
was performed using Lipofectamine LTX reagent (Invitrogen)
according to the manufacturer’s instructions. At 7 days after
transfection, supernatants were collected from the rescue wells
and amplified by 2 sequential passages on DF-1 cells (American
Type Culture Collection CRL 12203), and clarified supernatants
were stored at —80°C.

Generation of Mouse Hyperimmune Serum

Purified stocks of rMuV and recombinant MuV bearing the F
and HN glycoproteins of BMV (rMuV’">-F/HN"™) were inac-
tivated by treatment with 0.03% formalin at 4°C for 48 hours and
delivered intramuscularly into the hind limb of 6-8 week-old fe-
male BALB/c mice, adjuvanted with polyinosinic-polycytidylic
acid (5 pg per injection; Invivogen). Blood samples were collected
at 3 weeks after vaccination, and serum samples were prepared by
centrifugation at 12 000 rpm for 5 minutes.

Quantification of Seroreactivity by Flow Cytometry
Vero cells were infected with rtMuV or rtMuV'™>-F/HN®*™V at a
multiplicity of infection of 0.75 and incubated at 37°C for 24
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hours. Infected cells were incubated in phosphate-buffered sa-
line (PBS) with 10 mmol/L ethylenediaminetetraacetic acid at
4°C for 20 minutes before being scraped and collected. Cells
were pelleted by centrifugation at 1250 rpm for 5 minutes,
washed with PBS, and resuspended in PBS plus 2% fetal bovine
serum (FBS). Cells were resuspended in hyperimmune mouse
serum diluted 1:200 in PBS plus 2% FBS and incubated at
4°C for 1 hour, washed twice with PBS plus 2% FBS and incu-
bated with a fluorescent secondary antibody (goat anti-mouse
AlexaFluor647; 1:1000 dilution) at 4°C for 1 hour. Cells were
washed twice with PBS plus 2% FBS and resuspended in PBS
plus 2% paraformaldehyde, and fluorescence intensity was mea-
sured by flow cytometry.

Study Subjects and Serum Samples

Serum samples were purchased from Innovative Research as de-
identified research reagents. Serum was collected between
August and November 2014 in Michigan, from donors aged
18-64 years. The serum was heat inactivated by incubation at
56°C for 30 minutes and stored at —20°C.

Generation of Purified F and HN Glycoproteins

Recombinant baculoviruses were used to produce the various
soluble F and HN glycoproteins. as described elsewhere [7],
and protein preps were purified by metal-resin affinity chroma-
tography, as described by Margine et al [8].

Mumps Immunoglobulin G Enzyme-Linked Immunosorbent Assay
Purified soluble F and HN glycoproteins were used to coat 96-
well plates (ThermoScientific 3855) and reactivity was quanti-
fied by means of enzyme-linked immunosorbent assay
(ELISA), as described elsewhere [9]. For comparison, serum
samples were also tested using a commercially available
mumps immunoglobulin G ELISA kit (Sigma-Aldrich
SE120093) according to manufacturer’s instructions.

Seroneutralization Assay

For each serum, serial dilutions were made in 200 pL of plain
Dulbecco’s modified Eagle medium and preincubated with
1000 infectious units of rMuV, rMuV'*>-F/HN"™Y, or recombi-
nant Newcastle disease virus (rfNDV) for 1 hour at 37°C before
the inoculum was transferred to 4 x 10* Vero cells that had been
seeded the day before infection. Infected cells were incubated at
37°C for 24 hours and fixed with formalin, and cells expressing
enhanced green fluorescent protein (EGFP) were quantified
using a plate reader. For each serum tested, the dilution series
for neutralization was performed in triplicate.

RESULTS

Phylogenetic Analysis of F and HN Glycoproteins From BMV and
Diverse Strains of MuV

The F and HN glycoproteins of MuV play critical roles in deter-
mining the viral host range and tissue tropism, and they contain
the primary antigenic determinants involved in virus neutrali-
zation. Thus, to assess the risk for zoonotic transmission of

BMYV, we first performed phylogenetic analysis of the F and
HN amino acid sequences using sequences from BMV and rep-
resentative MuV strains covering all 10 currently recognized ge-
notypes. For both the F and HN glycoproteins, BMV is
more distantly related to all MuV strains than any of the
MuV genotypes are to each other (Supplementary Figures 2A
and 2B and 3). Previous studies have shown that cross-neutral-
izing activity can vary across the distinct MuV genotypes [10],
so cross-neutralization of the more distantly related BMV
would not necessarily be expected a priori.

Syncytia Formation and Growth Kinetics of Chimeric rMuV''*-BMV
Viruses

We generated a series of isogenic chimeric viruses that would
allow for testing the cross-neutralizing and cross-reactive rela-
tionship between MuV and the distantly related BMV. We
cloned the F and HN genes of BMV into the homologous
open reading frames of a recombinant MuV (rMuV) encoding
the Jeryl Lyn 5 (JL5) vaccine strain containing an enhanced
green fluorescent protein reporter transgene. Three chimeric vi-
ruses were generated by substituting either the F gene only
(rMuV'>-FPMV) "the HN gene only (rMuV'">-HN®*MY), or
both F and HN genes (rMuV'">-F/HN"V) (Supplementary
Figure 4A). The parental rMuV and all 3 chimeras were rescued
successfully and formed syncytia in the rescue well, demonstrat-
ing a functional relationship between heterotypic envelope gly-
coproteins for the rMuV'™>-F*™Y and the rMuV/">-HN®MY
viruses. Whereas the heterotypic complementation previously
observed by Kruger et al [5] illustrates functional compatibility
of the F and HN glycoproteins in the absence of other viral pro-
teins, the viral replication and virus-induced syncytia observed
in our study further show that fusion-competent heterotypic F-
HN complexes are incorporated into viral particles and that het-
erotypic complementation can occur in the context of multi-
cycle viral replication.

To characterize the fusion activity and replication kinetics of
the chimeric rMuV’">-BMV viruses, we infected Vero cells with
the MuV-BMYV chimeras or rMuV. Very large syncytia were ob-
served in cells infected with rMuV; however, fusion was dramat-
ically reduced in cells infected with rMuV'">-F/HN®V or
rMuV"-FPMY and an intermediate fusion phenotype was ob-
served in cells infected with rMuV’">-HN"™" (Supplementary
Figure 4B), consistent with previous findings [5]. Reduced syn-
cytia formation in cells infected with rMuV'**-F*™V and
rMuV'">-HNP™Y might reflect some degree of inefficiency in
cell-cell fusion driven by heterotypic F-HN complexes. The hy-
pofusogenic phenotype of the rMuV'">-F®™V virus compared
with rMuV'">-HN"™Y suggests that the BMV F glycoprotein
might be responsible for a reduction in syncytia formation.

We sought to compare the replication kinetics of the chimeric
MuV-BMYV viruses with that of rMuV by multicycle growth
curves. Although rMuV'**-HN®MV replication was delayed
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relative to rMuV, it reached a similar peak titer (Supplementary
Figure 4C). In contrast, both chimeras containing the F glyco-
protein from BMV (rMuV'">-F*™V and rMuV’"*-F/HNPMY)
grew to significantly higher titers than rMuV. Thus, it seems
that substitution of the MuV F glycoprotein with the F glyco-
protein of BMV confers an increase in viral replication, regard-
less of which HN glycoprotein is encoded in the viral genome.

Cross-Reactivity in Mouse and Human Serum Samples

To evaluate the serological relationship between rMuV and
rMuV"">-F/HN"™Y, we tested serum samples from mice immu-
nized with each virus for cross-reactivity. Vero cells infected
with either virus were stained with mouse hyperimmune
serum, and seroreactivity was quantified by flow cytometry. Al-
though naive mouse serum samples were nonreactive to rMuV-
infected cells, serum samples from all immunized mice were
highly reactive to cells infected with either rMuV or rMuV’*>-
F/HN"™Y (Supplementary Figure 5A and 5B). These results
suggest that standard MuV vaccination in humans might elicit
a cross-reactive response that could provide protection from
BMV. Reactivity and cross-reactivity were also evaluated in a
panel of 54 serum samples from human donors. For each
serum, direct binding of reactive antibodies to viral envelope
glycoproteins was quantified by an enzyme-linked immunosor-
bent assay (ELISA) using purified soluble versions of the
envelope glycoproteins (sBMV-F, sBMV-HN, sMuV-F, and
sMuV-HN), as depicted in Figure 1A. Human serum samples
were reactive to the F and HN glycoproteins from both viruses,
and we found a highly significant cross-reactive relationship
between homologous glycoproteins (Figure 1B and 1C). The
HN-specific reactivity was significantly greater than F-specific
reactivity for both BMV and MuV, suggesting that mumps
vaccination or natural infection might elicit a stronger antibody
response against the HN glycoprotein than the F glycoprotein
(Figure 1D).

Cross-Neutralization in Human Serum Samples

Next, we sought to determine whether the cross-reactive human
serum samples also exhibited cross-neutralizing activity be-
tween MuV and BMV. Thus, we performed a neutralization
assay on the same panel of human serum samples (Figure 2A).
Of the 54 serum samples that were tested, 39 samples (72.2%)
were neutralizing against rMuV. The mean neutralizing dilu-
tions against rtMuV, rMuV'">-F/HN"™V, and rNDV were
85.6, 75.3, and 4.5, respectively (threshold for seropositivity,
10). All of the rMuV-positive serum samples were cross-
neutralizing against rMuV’">-F/HN"™", and the positive corre-
lation between the neutralizing activity against rMuV and
rMuV'">-F/HN"™Y was highly significant (Figure 2B). These
results demonstrate a strong antigenic relationship between
BMYV and MuV and underscore the potential for cross-protective
immunity by MMR vaccination.

DISCUSSION

Taken together, cross-complementation of the envelope glyco-
proteins, cross-reactivity, and cross-neutralization between the

A F, F,
NH, F glycoprotein ectodomain TriD| HTICOOH

1 484

Stalk Head
NH, SPl HTlTetD HN glycoprotein ectodomain COOH
119 582

B 105 c 108

‘g 104 E 104 e

= b oo

o ° -] sooe

L] LR NN o so0

E“’a ceocooo =z 10° oo

g i eeecoo0 I °

2 ieoee §

m 102 SR I & 102

L «

101 . 101
10" 102 10® 104 105 10" 102 10° 10* 105

sMuV-F Reactivity sMuV-HN Reactivity

D *
214 -
13 M. SE—
g2 -
= 212
5 211 T
@
& 210 L] 1
£ =
Qo
26
F HN F HN
BMV Glycoproteins MuV Glycoproteins
Figure 1. Reactivity of human serum to purified F and HN glycoproteins. A, Sche-

matic of soluble F and HN glycoproteins that were produced in a baculovirus system. To
mimic the oligomeric structure of the envelope glycoproteins, a T4 fibritin trimerization
domain and a hexahistidine tag was appended to the C-terminus of the F ectodomain
(amino acids 1-484), whereas a baculovirus gp64 signal peptide, a hexhistidine tag,
and a human vasodilator-stimulated phosphoprotein tetramerization domain was ap-
pended to the N-terminus of the HN ectodomain (amino acids 119-582) [11]. Thrombin
cleavage sites were place between the glycoprotein reading frames and the oligomer-
ization domains and tags in both constructs. Numbers below each glycoprotein dia-
gram indicate the amino acid residues that correspond to the full-length
glycoprotein. The soluble version of the bat mumps virus (BMV) F glycoprotein
(sBMV-F) could not be recovered in significant quantities, so the native proteolytic
cleavage site (RRRKR) was mutated to a linker sequence (GSGSG), which allowed
for the expression and recovery of higher quantities of SBMV-F. B, C, Reactivity repre-
sents the end-point dilution of serum for reactivity against purified F or HN glycopro-
teins from mumps virus (MuV) or BMV. sBMV-HN, sMuV-F, and sMuV-HN represent
soluble versions of BMV HN, MuV F, and MuV HN glycoproteins, respectively; dashed
lines represent the threshold limit of detection. B, F glycoprotein: Pearson r=0.6160;
P<.001. C, HN glycoprotein: Pearson r=0.8001, P<.001. D, Box-and-whisker plots
indicate human serum reactivity to purified F and HN glycoproteins, as measured by
enzyme-linked immunosorbent assay enzyme-linked immunosorbent assay end-point
serum dilution. The difference in reactivity to F and HN glycoproteins was evaluated
using a 2-tailed paired t test. *P<.001. Dashed lines represent the threshold limit of
detection. Abbreviations: COOH, carboxy terminus; HT, hexahistidine tag; NH,, amino
terminus; SP, signal peptide; TetD, tetramerization domain; TriD, trimerization domain.
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Figure 2. Neutralization activity in a panel of human serum samples. Each data
point represents the average neutralizing dilution of serum from 3 experimental
replicates (error bars not shown for the purpose of clarity in the figure). A, Bold
horizontal lines indicate the geometric mean neutralization values of each data
set; differences between mean neutralization values were evaluated by a 1-way
analysis of variance. * P<.001. The inhibitory dilution was determined as the low-
est dilution in each series with <50% infection. Dashed lines represent the thresh-
old of seropositivity. A threshold inhibitory dilution of 1:10 was used as a cutoff for
seropositivity, based on several factors: (1) the limit of detection of our assay was
1:8, (2) apparent nonspecific inhibition was observed at serum concentrations
>1:10, and (3) the vast majority of serum samples had an inhibitory dilution
<1:10 for the negative control group recombinant Newcastle disease virus
(rNDV). B, Pearson’s correlation was used to determine the significance of the
cross-neutralizing activity (Pearson r=0.5793; P<.001). Dashed lines represent
the threshold of seropositivity as defined above. Serum samples that were able
to neutralize rNDV in addition to recombinant parental virus (rMuV) and recom-
binant MuV bearing the F and HN glycoproteins of BMV {rMuV’-F/HNB™Y) were
considered cytotoxic or nonspecific (5 of 59 serum samples), and as such were
removed from further analyses.

2 mumps viruses implies significant structural and functional
overlap in the F and HN glycoproteins of MuV and BMV. Be-
cause the F and HN glycoproteins are the primary determinants
of viral entry and antigenicity, their high conservation provides
a structural basis for the antigenic relationship that allows for
cross-neutralization of the 2 viruses. Strikingly, mapping of
the sequence conservation between the envelope glycoproteins
of MuV and BMV onto the structure of MuV F or HN glyco-
proteins shows very few surface-exposed areas that are not iden-
tical or similar and absolute conservation of all 6 residues

known to be involved in sialic acid binding (Supplementary Fig-
ure 6A and 6B) [12]. Furthermore, whereas previously identified
neutralizing epitopes on helices a3 (N329-F340) and a4 (G352-
R360) of the HN glycoprotein have only 58% and 66% sequence
identity between MuV and BMYV, respectively, the neutralizing
epitope on helix 02 (T265-D266) is completely conserved,
which could indicate an important role in cross-neutralization
(Supplementary Figure 6C and 6D) [13].

The results of this study demonstrate a strong antigenic rela-
tionship between MuV and BMV. All mouse and human serum
samples used in this study that were found to have rMuV-
reactive or rMuV-neutralizing antibodies also have some degree
of activity against rMuV'">-F/HN"™Y, which supports the hy-
pothesis that the single serotype of MuV might extend to include
BMV. During our preparation of this article, Katoh et al [14]
published similar findings showing evidence of cross-neutralizing
activity between MuV and BMV. Our results confirm and extend
theirs by showing cross-reactivity and direct binding of human
serum to MuV and BMV envelope glycoproteins. Although
cross-protective immunity is difficult to determine, the cross-re-

BM
N v

active antibody response against rMuV’">-F/H in all

rMuV-immunized mice suggests that standard mumps vaccina-
tion may confer some degree of protection against BMV.

Supplementary Data

Supplementary materials are available at http://jid.oxfordjournals.org.
Consisting of data provided by the author to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the author, so
questions or comments should be addressed to the author.
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