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Introduction

Attenuated mumps virus vaccines have been effective in 
reducing the incidence of mumps.1 However, several outbreaks 
of mumps have occurred among individuals with a history of 
vaccination.2-9 One such outbreak affected Iowa college students 
in 2006.2,6 Several attenuated mumps virus strains have been used 
as vaccines.10 Jeryl-Lynn vaccine remains the most widely used in 
the United States. This vaccine is known to comprise two strains, 
JL5 “major” and trace amounts of JL2 “minor”11. In 29 outbreaks 
of mumps in vaccinated individuals in which the vaccine strain 
was identified, 14 followed vaccination with Jeryl-Lynn and 14 
followed use of the Rubini vaccine in the majority of vaccinees, 
alone or in conjunction with Jeryl Lynn and/or with Urabe strain 
vaccine.1,12 Only one outbreak followed use of another vaccine, 
Torii strain, but the vaccine coverage was only 21.6%. Two other 
recent reports document outbreaks following MMR Jeryl-Lynn 
vaccination.7,8 There is a growing consensus that re-evaluation of 
mumps vaccines may be warranted.1,13,14

Genotyping mumps has been based primarily on differences 
in the small hydrophobic (SH) protein,15 and the hemagglutinin-
neuraminidase (HN).12 It is, however, the HN protein of mumps 
which functions in receptor recognition and virus release, and 
which comprises the major neutralizing epitope of mumps 

mapped to amino acid positions 265 through 360.16-19 Mumps 
has been considered serologically monotypic.20 Antibodies to 
Jeryl-Lynn vaccine effectively neutralize virus from the Iowa 
2006 outbreak and other recent wild-type strains of different 
genotypes,20-22 but differences in neutralizing titer with date 
of isolation points to the gradual evolution of mumps virus.23 
Although HN protein is relatively conserved, sequence variants 
are found within the main epitope region. Of particular note is 
that amino acid 279 in JL5 is an isoleucine, but is a threonine in 
wild-type strains. JL5 287 is an isoleucine, but a valine in recent 
wild-type isolates. Other regions identified as possibly associated 
with escape mutations are amino acids 113–130, 375–403, and 
440–443.23

Antibodies to mumps virus vaccine have been detected up to 
21 y post vaccination under circumstances unlikely to provide a 
boost through exposure to natural infection.24,25 Memory B-cells 
to mumps virus are detected after MMR vaccination at rela-
tively lower levels compared with measles and rubella, but have 
not been evaluated over the long-term.26 Anamnestic responses 
have been documented following re-vaccination of individu-
als whose antibody titer has waned.27 Re-vaccination has been 
shown effective in curtailing outbreaks8 indicating a functional 
immunologic memory to the vaccine strain. In contrast to B-cell 
epitopes, little information is available on specific T-cell epitopes, 
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Resurgent mumps outbreaks have raised questions about the current efficacy of mumps vaccines. We have applied 
immunoinformatics techniques based on principal component analysis to evaluate patterns in predicted B-cell linear 
epitopes, MHC binding affinity and cathepsin cleavage in the hemagglutinin neuraminidase protein of vaccine strains 
and wild-type mumps isolates. We have mapped predicted MHC-peptide binding for 37 MHC-I and 28 MHC-II alleles 
and predicted cleavage by cathepsin B, L and S. By all measures we applied Jeryl-Lynn JL5 major strain is an outlier with 
immunomic features arising from a small number of amino acid changes that distinguish it from other virus strains. 
Individuals vaccinated with Jeryl-Lynn who are not exposed to wild-type virus until their protective antibody titer has 
waned may be unable to recall a protective immune response when exposed to wild-type virus. Dependence on serology 
to evaluate mumps vaccines may have overemphasized the conservation of one neutralizing antibody epitope, at the 
expense of monitoring other related changes in the HN protein that could affect recall responses.
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on MHC binding to mumps virus peptides, or on the role of 
CD4+and CD8+ cells in viral clearance. Cell mediated immunity 
has been shown to persist 10–20 y, as determined by stimulation 
with whole virus or whole virus lysates.28,29

T-cell epitopes are determined by a number of factors, includ-
ing the affinity of peptide binding within the MHC molecular 
groove, their excision from the parent protein sequence by pepti-
dases, and further peptidase trimming to the appropriate length 
to fit the MHC-I binding groove for their presentation on the 
surface of a presenting cell. In the case of MHC-II, the relatively 
open groove permits peptide binding to be followed by exopepti-
dase trimming to an approximately 15-mer length.30 The process-
ing of peptides for MHC-I loading involves proteasomic cleavage 
and delivery to the loading compartment by tapasin. Further 
trimming of delivered peptides is needed and C-terminal cleav-
age by a cathepsin appears to be a critical initial step necessary for 
MHC binding.31-33 Endosomal cathepsins have broad sequence 
specificities and are capable of cutting proteins at many sites 
thereby releasing the peptides for binding by MHC molecules 
while simultaneously reducing the number of peptides available 
for MHC binding. Binding of peptides by MHC molecules pre-
vents this further degradation and enables the peptides to be pre-
sented on the cell surface. Cross-correlation pattern analyses have 
shown a close association among the relative positions of multiple 
immunologically relevant motifs (BEPI, MHC-I and MHC-II, 
and cathepsin cleavage) within the primary amino acid sequences 
of proteins.34 We recently described techniques for applying prin-
cipal components of amino acids physical properties to predict 
MHC peptide binding affinity35,36 as well as to prediction of 
B-cell linear epitope (BEPI) contact points. We have applied 
similar methodology to extend immunologically relevant predic-
tions to the endosomal cathepsin cleavage.34 Combining these 
in silico processes provides a means of visualization of complex 

multivariate inter-relationships among different components of 
the immune system.

Noting the amino acid differences in mumpsvirus HN, we 
hypothesized that these mutations might impact not only B-cell 
epitopes, but also the availability of T-cell epitopes, including 
those stimulating CD4+ T-helper cells providing memory and 
enabling a vaccinated individual to recall antibody and cellu-
lar immune responses following wild-type virus challenge. We 
addressed this by comparing 54 mumps virus strains based on 
their predicted BEPIs and MHC binding affinities. We then 
compared predicted MHC binding and examined the impact 
of differential cathepsin cleavage on MHC-peptide binding in 
seven representative virus strains, paying particular attention to 
two regions of predicted highest affinity MHC-II binding. This 
analysis shows that there are differences in both predicted BEPIs 
and potential T-cell epitopes between JL5 and other virus strains 
and frames a hypothesis for the circumstances which can lead to a 
resurgence of mumps cases in previously vaccinated individuals.

Results

Cluster analyses of immunologic patterns in the HN protein 
of 54 mumps virus strains

Figure  1 shows 3D scatterplots of the first three principal 
components of the indicated immunological metrics. These 
graphics constitute a high degree of compression of the underly-
ing data but clearly show the relative distances among the differ-
ent viruses. Importantly, starting from this type of graphic, the 
differences can be traced to the effects of amino acid mutations 
on the binding affinity of specific alleles. Dendrograms support-
ing the scatterplots and providing the identity for each virus in 
the clusters are shown in Figure S3. Along with the BEPI contact 
points, the dendograms further show how the different strains 
cluster when consolidated by allele subgroups MHC-IA and 

Figure 1. Three dimensional patterns of the first 3 principal components of different immunological metrics within the HN proteins of 54 different 
mumps virus strains. Axes show principal components (Prin1, Prin2, Prin3) by permuted groups of alleles (all for BEPI, groups as indicated for MHC-I 
and MHC-II panels). (A) Based on predicted B-cell epitope contact points; (B) Based on permuted average predicted MHC-I binding for all MHC-IA and 
MHC-IB alleles; (C) Based on permuted average predicted MHC-II binding for all DR, DP, DQ alleles. For panels B and C the permuted averages of a meta-
population of all heterozygous and homozygous pairs for a composite of class I and class II alleles was computed as described in the methods. Vaccine 
strains are indicated by open triangles. Colors are randomly assigned to the clusters by JMP®.
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IB as well as by MHC II DP, DQ, and DR. Clustering based 
on BEPI prediction approximates to the sequence-based phy-
logenetic tree.20 In each scatterplot, JL5 is markedly separated 
from the other closely related clusters. Given its identical HN 
sequence, RIT4385 overlays JL5 exactly; other vaccine strains are 
distributed within the larger clusters. To examine the contribu-
tion of different HLA alleles to the pattern for both MHC-I and 
MHC-II binding, we then plotted the hierarchical clusters by 
each HLA. Figure  2 displays the first three principal compo-
nents of binding affinity for each virus HN-allele combination 
individually for all MHC-I and MHC-II alleles for which we 
have neural network (NN) training sets. A central cluster shows 
that peptides from a large number of virus HN proteins are very 
similar to each other and cluster together. Also visible are the 
JL5, RIT4385 pairs as outliers widely separated from the central 
cluster of the wild type viruses.

Analyses of seven selected viruses
Further analyses were conducted on the HN proteins of seven 

isolates, comprising representatives of major clusters plus JL5, 
JL2 and Rubini vaccine. In order to present figures of sufficient 
size and detail, output of JL5 and Iowa-06 are presented in the 
main text; equivalent output for the other 5 selected viruses are 
included in Figures S4-S7.

Population permuted plots of the selected viruses were gen-
erated to display predicted high affinity MHC binding regions 
and predicted BEPI contacts. In Figure 3A (JL5) and Figure 3B 
(Iowa-06) the principal neutralizing antibody epitope is clearly 
seen as a strong BEPI signal (orange baseline ribbon) in the region 
centered at amino acid 275. Notably Iowa-06 shows a strong 

BEPI centered at 443, which is absent in JL5. The MHC-II trace 
(blue line) shown in Figure 3 is that for DRB. In the case of JL5, 
three areas of predicted highest affinity MHC-II DR binding are 
indicated (blue baseline ribbon) in the transmembrane region (aa 
25–60), adjacent to the neutralizing antibody epitope (aa 275–
295) and between aa 410 and 445. The latter two regions, consid-
ered to be surface exposed, were selected for closer examination. 
For Iowa-06 and the other selected strains the very marked region 
of predicted DR high affinity binding in the 275–279 region is 
absent. This difference arises from the substitution at position 
279 of the hydrophobic amino acid isoleucine by threonine 
between JL5 and Iowa-06, impacting 15 peptide binding frames. 
In contrast Iowa-06 shows a slight increase in binding affinity 
at 415–445. Figure S2 includes predicted binding affinities for 
by DP and DQ alleles; DP alleles follow closely those of DR, 
whereas for DQ predicted JL5 peptide binding does not differ 
from the consensus of all strains.

No major differences in predicted MHC-I binding (red line) 
were noted in the permuted population plots between the seven 
strains. The permuted population plots show the average predicted 
MHC binding affinity at each position, a quantitative measure; 
they do not show which alleles are contributing to the binding 
and thus do not reflect the qualitative sequence differences which 
contribute to the separation seen in the scatterplots in Figure 2. 
Comparable plots for the other five viruses are show in Figure S4

Analysis of predicted cathepsin cleavage was conducted for 
the complete HN of each selected virus (Fig. S2); the output for 
the two regions of predicted highest MHC binding outside the 
transmembrane domain are plotted in Figures 4 and 5. In both 

Figure 2. Three dimensional patterns of the first 3 principal components of each (mumps virus)-(HLA allele) pair for the HN protein. Axes show principal 
components (Prin1, Prin2, Prin3) for each allele. (A) Combined MHC-I A and MHC-I B 54 viruses × 37 HLA alleles. (B) Combined MHC-II DR, DQ and DP 54 
viruses × 28 alleles. Vaccine strains are indicated by triangles. Colors are randomly assigned to the clusters by JMP®. JL5 datapoints are indicated by a 
large triangle containing a small triangle of the identical RIT4385.
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regions single amino acid changes are predicted to alter the prob-
ability of cathepsin cleavage by one or more of the important 
endosomal cathepsins. Specifically, in the region aa 265–295 
(Fig. 4), for JL5 there is a predicted probability >0.5 of cleavage 
by cathepsin B at 289–290, cathepsin S at 288–289 and cathep-
sin L at 279–280, 280–281, and 282–283 whereas for Iowa-06, 
the probability predicted > 0.5 for cathepsin B lies at 283–284, 
cathepsin S 282–283, and cathespin L at 279–280, 282–283 and 
289–290. These differences arise from the I279T and I287V 
amino acid differences. Figure 5 shows the multiple changes in 
predicted cathespin cleavage arising from the six amino acid dif-
ferences in the region 400–475. Comparable plots for the other 
five viruses are in Figures S3 and S4.

The occurrence of cathepsin cleavages can impact whether or 
not a particular peptide will be generated and thus displayed by 
an MHC molecule. Figure 6 shows the peptides that are excised 
by cathepsin B, L, and S and which have predicted high affin-
ity binding for JL5 and Iowa-06 across amino acid sequence 
260–475. The complete sequence for these viruses plus the cor-
responding plots for the other strains are shown in Figure S7. 
There are many minor differences between JL5 and Iowa 06, 
however the two regions which exhibit the highest density of 

predicted MHC-II binding are those which show most notable 
changes. These are the loss of predicted surviving high affinity 
peptides in Iowa-06 relative to their presence in JL5 on regions 
centered at 275 following cleavage by cathepsin B, L, and S and 
425 following cleavage by cathepsin L and S, but a gain following 
cathepsin B. The change at 275 arises as a consequence of the 
I287V mutation. In the region around 400, where there was less 
quantitative difference observed in predicted MHC binding, the 
mutations which invoke a predicted change in cathepsin cleavage 
have a marked impact on the residual peptides. In this region 
we also see more variability between the other five virus strains 
examined in detail (Fig. S7).

The region around amino acid 275 is of particular interest 
given the well documented role of the BEPI as a neutralizing epi-
tope.16-18 The JL5 I279 has a major effect in increasing average 
predicted MHC-II binding. This mutation also impacts the pre-
dicted cleavage pattern of the interferon γ -inducible cathepsin S. 
When a threonine occurs at 279, as in wild-type viruses, it creates 
a highly preferred combination for cleavage on the C-terminal 
side of F282. This would cleave and destroy the peptide imme-
diately downstream of the BEPI, thus precluding MHC bind-
ing. The I287 found in JL5 places a hydrophobic amino acid at 

Figure 3. Permuted population profiles of JL5 (A) and Iowa-06 (B). Amino acid positions in HN protein are arrayed N-C on X axis. Red line shows  
permuted average predicted MHC-IA and IB (37 alleles) binding affinity by index position of sequential 9-mer peptides. Blue line shows permuted  
average predicted MHC-II DRB allele (16 alleles) binding affinity by index position of sequential 15-mer peptides. Both are plotted in standard deviation 
units (Y axis). Orange lines show probability of B-cell binding for an amino acid centered in each sequential 9-mer peptide. Note that the standardized 
B-cell metric has been inverted (multiplied by -1) in order to overlay the standardized probability onto the same scale as the MHC data. Hence, low 
numbers (valleys) represent predicted high binding affinity of MHC and high BEPI contact probability. Bars (Red:MHC-I, Blue:MHC-II) indicate the top 
10% affinity binding. Orange bars indicate top 25% probability B-cell binding. Background shading shows membrane (green) extramembrane (yellow), 
intramembrane (pink) location. The downward orange spike at 269–275 correlates with the experimentally determined principal neutralizing antibody 
epitope. The two regions of high density predicted MHC-II binding are indicated by the blue brackets below.
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position P2 of the cleavage site octomer of cathepsin S cleaving 
on the C-terminal side of T288. A hydrophobic residue at this 
position enhances cleavage.37 Thus, this JL5 mutation provides 
for endosomal cleavage to release the high affinity peptide gener-
ated by the I279T mutation. The amino acid changes between 
400 and 475 lead to predictions of both the lower probability 
of a BEPI in JL5 and a change in residual high MHC binding 
peptides post cathepsin cleavage.

The HN protein is thought to be N-glycosylated. A potential 
glycosylation site has been identified at the N28438 and which 
we confirmed by submission to N-GlycoSite,39 this is unchanged 
between JL5 and the wild type strains. In addition there are 3 
predicted n-glycosylation sites in the 400–475 region, two of 
which are unchanged between JL5 and wildtype. Whether in 
fact these predicted sites are glycosylated is not known. MHC 
binding peptides have been shown to be disproportionately ung-
lycosylated relative to the parent proteins40 and lysosomes are 
known to have aggressive enzymatic machinery to deglycosylate 
proteins.41

Discussion

Mumps vaccine has historically been evaluated 
entirely based on its ability to generate neutralizing 
antibody. Our results show that distribution of pre-
dicted BEPI contact points in HN protein is consis-
tent with experimental findings of cross reactivity of 
neutralizing antibody among strains of mumps, given 
the conservation of the principal neutralizing epitope 
at 275. Furthermore, it points to additional potential 
differences in B-cell epitopes at 443 as identified by 
Santak et al.23 The high probability BEPIs we identify 
correlate well to the surface exposed residues identified 
by Kulkarni-Kale et al.16 In addition, our data indicates 
that there are distinct differences between the pre-
dicted MHC-I and MHC-II binding patterns in the 
HN protein of each mumps virus strain. Changes in 
a single amino acid result in both quantitative impacts 
in affinity of MHC binding and qualitative changes 
in the sequence of MHC-peptide presented for T-cell 
recognition. A single amino acid change affects 15 or 
more potential MHC binding frames. Single amino 
acid changes in the cleavage site octomer can likewise 
cause a marked change in predicted cathepsin cleav-
age. The combination of these effects can be substan-
tial. When the cathepsin cleavage pattern is overlaid on 
the MHC binding pattern, this results in a change in 
the peptides predicted to be available for presentation 
as T-cell epitopes. The predicted changes impact each 
HLA allele differentially and furthermore will depend 
on the differential cathepsin expression profile in each 
infected cell type and the cellular responses to inter-
feron gamma.42

By all measures we applied JL5 is an outlier, with 
immunomic features arising from a small number of 
amino acid changes that distinguish it from other 

virus strains. The amino acid changes do not appear to be a 
necessity for attenuation, although they may have arisen in the 
process of attenuation. Figure S8 summarizes the sequence 
alignments for all major attenuated vaccine strains.

The changes in predicted residual high binding peptides sur-
viving cathepsin may indicate that there is a mismatch between 
JL5 and wildtype of CD4+ helper cells derived from the region 
adjacent to the neutralizing antibody epitope. The role of cognate 
CD4+ helper T-cells immediately adjacent to a B-cell epitope, or 
within the same protein, in enabling a recall response has been 
noted by others30,43,44 and has been shown to provide contextual 
stimulation of T-helper cells essential to memory B-cell devel-
opment. In a recent analysis of proteins of multiple origins, we 
showed that predicted BEPI and MHC binding peptides have a 
strong positional interrelationship, suggesting a more specific rela-
tionship may exist between BEPI and local T-helper responses.34 
The loss of a key T-helper epitope adjacent to the neutralizing 
BEPI may remove local T-cell help essential for both immuno-
logical recognition and recall. Hence, an individual vaccinated 

Figure  4. Predicted cleavage sites for cathepsin B, cathepsin S and cathepsin L 
between amino acid positions 265–295. (A) JL-5, B: Iowa-06. X axis shows the amino 
acid positions from 265–295, one of the regions of high predicted epitope density. 
Y axis shows the predicted probability of cleavage by one of three different endo-
somal cathepsins, top to bottom cathespin (B) (pink), cathepsin S (red) and cathep-
sin L (green). The bar indicates a cleavage on the C-terminal side of the amino acid 
at that position. Only probabilities >0.2 are shown. The dotted lines indicate prob-
ability of 0.5.
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with JL5 may not receive appropriate T-helper stimulation to cor-
rectly mount an anamnestic response on exposure to wild-type. 
As a change in a single amino acid impacts MHC-II binding 
across 15 potential binding frames, multiple alleles are affected, 
as we show in Figure 4. Even recognizing that heterozygotes ben-
efit from the highest affinity for two alternative HLA alleles, a 
change in T-helper function is anticipated.

While the role of CD8+ T-cells in recovery from mumps is not 
well characterized, it is likely that CD8+ play a role in elimination 
of virus infected cells. Recall of CD8+ function is also predicated 
upon availability of CD4+ T-helper cells conditioned in the early 
exposure.45,46 Not only are there changes in potential MHC-II 
binding in the epitope region impacting the CD4+ role in CD8+ 
memory recall, but also changes in predicted MHC-I binding 
necessary for CD8+function.

Dependence on serology to evaluate mumps vaccines may 
have overemphasized the conservation of one neutralizing anti-
body epitope, at the expense of monitoring other related changes 
in the HN protein that might affect recall responses. Noting the 
unique features of JL5, we posit that differences in both T-cell 
epitopes as well as other B-cell epitopes in HN may contribute 
to the mumps vaccine failures now reported. In particular, the 
two single non-synonymous nucleotide changes resulting in the 
substitution of I279T and I287V between JL5 HN and wild-
type HN protein can, both individually and additively, lead to 
a mismatch of CD4+ and CD8+ responses on exposure to wild-
type virus, and hence potentially to a failure to mount a recall 

neutralizing antibody titer. Furthermore, the impact of these 
changes will vary with the immunogenetics of the vaccinee.

We can further speculate that individuals vaccinated in the 
early years of vaccine availability may have been more frequently 
exposed to a wild-type boost of immunity, with the correct com-
bination of B and T-cell epitopes, while they still had a protective 
neutralizing antibody titer from vaccination. As the potential for 
exposure to wild-type virus has decreased over time, due to the 
success of vaccination, such boosting has become less common 
and the likelihood has increased of a person encountering wild-
type mumps virus only after vaccinal antibody has waned. This 
would be consistent with the appearance of mumps outbreaks in 
adolescents and young adults. A number of recent mumps out-
breaks have been reported in ethnic groups which may have less 
genetic diversity.7,8 While social interactions within such a group 
may be a contributing factor, the role of immunogenetics should 
not be overlooked.

The significance of the change in predicted B-cell epitopes at 
443 is not known, as a neutralizing antibody epitope has not been 
experimentally mapped in this region. Memory B-cell relevance 
and performance may be affected by both changes in BEPIs 
and changes in MHC binding. Memory B-cells are reported 
to develop at a low level following mumps infection26,47 which 
may be an independent risk factor for infection on exposure after 
vaccination. However, the reactivation of memory B-cells on re-
infection may also affect outcome. CD4+ helper cells are needed 
for development of memory B-cells but may not be essential to 

Figure 5. Predicted cleavage sites for cathepsin B, cathepsin S and cathepsin L between amino acid positions 400–475. (A) JL-5, (B) Iowa-06. X axis shows 
the amino acid positions from 400–475. Y axis shows the predicted probability of cleavage by one of three different endosomal cathepsins, top to bot-
tom cathespin B (pink), cathepsin S (red) and cathepsin L (green). The bar indicates a cleavage on the C-terminal side of the amino acid at that position. 
Only probabilities >0.2 are shown. The dotted lines indicate probability of 0.5.
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Figure 6. Predicted high affinity MHC binding peptides following cleavage by cathepsin. (A) JL-5, (B) Iowa-06. Top left: cathepsin B, top right: cathepsin 
S, bottom: cathepsin L. Y Axis shows MHC-II alleles colored by cluster but ranked alphabetically. X axis shows peptide index positions from 260–475. The 
yellow baseline marginal bar shows the areas of high probability BEPI (orange) and high density MHC-II binding (blue) as in Figure 3. Peptides with high 
predicted binding affinity (-1 to -3 standard deviations below the mean) for each allele, that are between 15 and 20 amino acids in length and that are 
predicted to be excised by cathepsin cleavage are colored more intensely. The uniform background coloration indicates that there are no high affinity 
peptides in that region although there are numerous potential cleavages predicted. The difference in background colors are only to aid in identification 
of the operative peptidase. Peptides might be cut in any length ranging between 15 and 20 amino acids. They may have several different cut sites. The 
peptide pixel color intensity is indicative of the number of sites with > 0.5 probability of being cleaved i.e., the darkest colors might be cut in any one of 
six different positions. As the MHC-II binding groove accommodates multiple lengths of peptide any of the peptides is likely to bind. The arrows indicate 
the regions where most difference is seen at amino acid index positions 275 and 425.
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their reactivation.48,49 The presence of dual signals of BEPI and 
MHC binding peptide would be expected to provide optimal 
stimulation.

This analysis illustrates how a systems biology bioinformatics 
approach can serve to frame hypotheses for further experimental 
testing. Final resolution of whether the issues we raise are the basis 
for lack of protection will depend on field study of T-cell memory 
in vaccinates vs individuals who have been naturally infected.

Methods

Viruses
Mumpsvirus HN sequences comprising 582 amino acids were 

retrieved from NCBI and duplicate sequences eliminated. A total 
of 54 unique sequences were in the final set analyzed comprising 
wild type isolates spanning 1945–2011 and 11 attenuated vaccine 
strains. The listing is provided in Table S1 and overlaps those 
recently studied by others.22,23,50

HN proteins of seven viruses, JL-5 major/USA/63 (JL5) (gi 
15077510), JL-2 minor/USA/63 (JL2) (gi 19070176), Iowa.
USA/2006 (Iowa-06) (gi 338784253), Calgary.CAN/30.07 (gi 
376373394), 4991/Singapore/99–00 (gi 17902221), Lo1/UK/88 
(gi 1419691) and Rubini/Switzerland/74 (Rubini) (gi 1071691) 
were selected for more detailed examination, based on relevance 
to recent outbreaks and the initial predicted MHC-II binding 
cluster analysis. These include strains having different patterns 
of amino acid substitution in the two areas of predicted highest 
MHC-II binding affinity, within the principal epitope region at 
amino acid positions 275–28550 and positions 410–445 (Fig. 7).

Statistics and data analysis
Matrix algebra, statistical analysis, and data manipulation was 

performed with scripts and tools provided with JMP® Version 10 
(SAS Institute).

B-cell epitope prediction
Amino acid principal components and neural network (NN) 

predictions were trained and cross-validated on the output of a 
large random peptide set submitted to BepiPred 1.0 (cbs.dtu.
dk/services/BepiPred).51 This was necessary to provide a work-
able interconnected set of data processing tools. The predictions 
of this NN are highly concordant with those of BepiPred 1.0 
(r = 0.93). A comparison with BepiPred for the HN protein of 
mumps virus is shown in Figure S1. The NN was then used to 
predict sites in the HN proteins associated with antibody binding 
domains, as described previously.35 Probabilities were then stan-
dardized to zero mean and unit variance within each particular 
HN protein.

The NN provides a structurally-based predictor in which the 
output is not an “epitope” prediction per se, but a probability 
that an amino acid (within a window ± 4 amino acids) is on the 
outside of a protein and thus a likely contact point for a binding 
antibody. This predicts short linear sequences comprising parts 
of epitopes based on their biophysical properties. It does not 
predict whether such sequences participate in three dimensional 
(3D) epitope configurations, although combinations of the linear 
epitopes could comprise a 3D epitope.

MHC binding prediction
MHC binding prediction analysis followed methodology 

described previously35 with several improvements.34 Briefly, each 
9-mer and 15-mer indexed by single amino acid positions in 
HN protein was converted to vectors of principal components 
of amino acid physical properties, wherein each amino acid is 
replaced by three z-scale descriptors,9 (z
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proxy variables and comprise approximately 90% of the variabil-
ity in the physical properties of amino acids. With these multi-
dimensional descriptors, ensembles of neural network prediction 

Figure 7. Epitope region sequences of seven viruses selected as representatives of the different clusters. Mumps virus strains are listed by GenBank 
accession number (gi), top to bottom JL5, JL2, Lo1/UK/88,. Calgary.CAN/30.07, 4991/Singapore/99–00, Iowa-06, and Rubini. The sequences are shown 
only for the epitope dense region from 265–294 and from 400–475. Conserved regions between 400 and 475 are omitted. Differences in the amino acid 
sequence are shaded and underlined.



298	 Human Vaccines & Immunotherapeutics	 Volume 10 Issue 2

equation sets were used to predict the natural logarithm of 
50  percent inhibitory concentration (ln[IC

50
]) for MHC bind-

ing. Publicly available data sets of peptide-MHC binding data 
for multiple HLAs52,53 were used as training sets. Training of 
the NN has been enhanced using bootstrap aggregation, a pro-
cess for using random subsets of the training data for generating 
ensembles of prediction equations.54 Importantly, this process 
makes it possible to estimate both a mean and variation in the 
predicted binding affinity (Fig. S2) that is traceable to the com-
binatorial amino acid sequence composition of the peptide train-
ing set. It also results in a predictor less subject to overfitting 
than NetMHCIIPan55 and which outperforms NetMHCIIPan 
outside of the training sets.35 For each of the 9-mers predicted 
ln(IC

50
) values were computed for 37 MHC-I alleles, and for 

each 15-mer for 28 MHC-II alleles. Each peptide was indexed 
to the N-terminal amino acid and each prediction corresponds 
to the peptide downstream from that index position. Each MHC 
allele has a unique range and distribution of predicted binding 
affinities within a protein. To mitigate against potential scale 
effects that could lead to spurious relationships, all predictions 
are converted to a common scale prior to analysis. This is done by 
converting all metrics to a zero mean unit variance scale within 
the protein molecule using a Johnson Sb algorithm.56 This creates 
transformed predictions with standardized normal distributions 
and also ranks all peptides by affinity within the protein. Using 
this common scaling system a value of -1 standard deviation 
below the within protein mean for a particular allele is further 
used as a threshold for MHC binding and BEPI probability. This 
has been shown to be an appropriate value for discriminating 
endpoints in a meta-analysis of influenza epitopes.36 Also, for a 
number of alleles it corresponds to approximately the 500 nM 
value that has been used for thresholding purposes. Table S2 pro-
vides the matrix of predicted binding affinity to all sequential 
peptides by allele for the seven virus HN protein subset.

Cathepsin cleavage prediction
In a process similar to prediction of MHC binding affinity, 

each 8-mer peptide in the protein was converted to z-scale 
vectors to enable prediction of the probability of cleavage by the 
endosomal peptidases cathepsin B, cathepsin L, and cathepsin 
S. Ensembles of NN discriminant equations were applied 
which had been previously trained on large data sets of cleavage 
patterns derived from cleavage site labeling experiments for these 
cathepsins37,57 and shown to have good correlation. A probability 
was derived for cleavage at the amino acid 4–5 bond within 
each octomer and was tested in proteins with known cathepsin 
cleavage patterns.34 Table S2 provides the matrix of all predicted 
cathepsin cleavage probabilities.

Secondary pattern analysis
Two types of pattern classification routines, hierarchical 

clustering and principal component analysis, were conducted 
to reduce the dimensionality of the data. Cluster analyses were 
conducted following the method of Ward,58 based on each of 
predicted B-cell epitope contact points and predicted peptide 
binding by MHC-I or MHC-II. The resultant hierarchical clusters 
were displayed as dendrograms. Principal component analysis is 

a means of identifying patterns in complex multivariate data sets 
and expressing the data to identify similarities and differences. 
Covariance matrices within the HN sequences were computed 
among the intra-protein peptide metrics (various MHC, BEPI 
and cathepsin) across the 54 virus set. Principal components were 
computed by eigen decomposition of the matrices. The resulting 
first three eigenvalues (i.e., the first 3 dimensions) accounted for 
34–47% of the variance in the binding affinity patterns in the 
54 virus data sets. Thus, principal component analysis achieves 
substantial dimensional reduction of the data, with the intra-
protein patterns being reduced to 3 numbers for each of the HNs 
while capturing the essence of the variation among the viruses. 
The 3 dimensional plots of the principal components are thus a 
means of visualization of patterns showing the distances between 
the different viruses.

Permuted population analysis
For graphical representation of the distribution of B-cell 

epitope contact point probability and MHC binding on a 
population basis, the permuted minimum algorithm was derived 
as previously described.35 For every peptide locus within the 
primary amino acid sequence, the predicted binding affinity 
of two HLA alleles, comprising every possible heterozygous or 
homozygous pair is considered. The alleles offering the highest 
binding affinity at that locus are selected and averaged to provide 
a prediction of affinity at each locus for the metapopulation in 
which all alleles are given equal weight. The graphical output 
provides an overview of the high and low epitope density 
components of the protein.

Residual high affinity binding following cathepsin cleavage
The output of the predicted MHC binding analysis and 

the predicted cathepsin analysis were overlaid to determine the 
distribution of predicted high affinity MHC-II binding peptides 
which are predicted to survive cleavage by cathepsin B, L, or 
S. These are the peptides most likely to be presented as T-cell 
epitopes, depending on the cathepsin profile of the host cell.

The open binding groove of MHC-II molecules can bind 
peptides of variable sizes.30 All of our NN predictions are built on 
training sets of 15-mers. It is thought that the binding affinity is 
the result of molecular contacts within the 15-mer and that the 
longer peptides will bind to the molecule in a register with the 
most favorable contacts. To accommodate this possibility we use 
a consistent N-terminal indexing, but for the cathepsin cleavages 
assess the possibility of a cleavage occurring beyond the 15-mer in 
the training set (up to 20 amino acids in length). Further, several 
mouse alleles, routinely computed, are shown in some of the 
graphics. They are included only because of the importance of 
comparisons to human alleles for many experimental purposes.
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