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The emergence of Middle East respiratory syndrome coronavirus (MERS-CoV) as a cause of

severe respiratory disease highlights the need for effective approaches to CoV vaccine

development. Efforts focused solely on the receptor-binding domain (RBD) of the viral Spike

(S) glycoprotein may not optimize neutralizing antibody (NAb) responses. Here we show

that immunogens based on full-length S DNA and S'l subunit protein elicit robust serum-

neutralizing activity against several It/ERS-CoV strains in mice and non-human primates.

Serological analysis and isolation of murine monoclonal antibodies revealed that immuniza-

tion elicits NAbs to RBD and, non-RBD portions of 51 and 52 subunit. Multiple neutralization

mechanisms were demonstrated by solving the atomic structure of a NAb-RBD complex,

through sequencing of neutralization escape viruses and by constructing MERS-CoV 5

variants for serological assays. lmmunization of rhesus macaques confers protection against

MERS-CoV-induced radiographic pneumonia, as assessed using computerized tomography,

supporting this strategy as a promising approach for MERS-CoV vaccine development.
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it pS iddle East respiratory syndrome coronavirus

# E d * (MERS-CoV) has emerged as a highly fatal cause of
& 'B' B severe acute respiratory infection. Since April 2012, 1,348

cases and 479 deaths in over twenty-five countries have been
attributed to this novel beta-coronavirusl'2. As human-to-human
transmission of the virus is not sustained, a large zoonotic reservoir
may senie as a principal source for transmission events3-6. The
high case fatality rate, vaguely defined epidemiology, and absence
of prophylactic or therapeutic measures against this novel virus
have crcated an urgent need for an effective vaccine should the
outbreak expand to pandemic proportions.

Past efforls to dwelop coronavirus vaccines have used whole-
inactivated virus, live-attenuated virus, recombinant protein
subunit or genetic approachesT. The primary target for
neutralizing antibodies is the Spike (S) glycoprotein, cleaved
into two subunits: S1, which is distal to the virus membrane and
52, which contains both a transmembrane domain and two
heptad-repeat sequences typical of class I fusion glycoproteinss'g.
The Sl subunit has been the focus of most immunization
strategies against MERS-goy10-12, as it contains the receptor-
binding domain (RBD) that mediates virus attachment to its host
receptor, dipeptidyl peptidase-4 (DPP4)13. Expressing the RBD
on multiple vaccine-platforms can elicit neutralizing antibodies
of high potencyl4-lS that prevent viral attachment across many
strains but will not elicit antibodies that contribute to
neutralization through fusion inhibition. We developed an
alternative vaccine regimen, based on full-length S DNA and a

truncated Sl subunit glycoprotein, to elicit a broad repertoire
of antibodies with diverse mechanisms of viral neutralization,
and found that imnrunization with these constructs protected
non-human primates (NHPs) from severe lung disease after
intratracheal challenge with MERS-CoV.

Results
Spike glycoprotein immunogen construction and characterization.
We originally designed five vaccine constructs on the basis of
sequences from the MERS-CoV Spike glycoprotein (Fig. 1a). The
Englandl strain (GenBank ID: AFY13307) was chosen on the
basis of the availability of its sequence and its proximity to a

consensus among published sequences, particularly within the
RBD. We constructed three plasmid vaccines that encoded
(1) full-length, membrane-anchored Spike; (2) transmembrane-
deleted (ATM) Spike containing the entire ectodomain; and
(3) S1 subunit only. All three plasmids were delivered intra-
muscularly by needle and syringe, followed by electroporation.
The two protein subunit vaccines included S-ATM and Sl and
were delvered intramuscularly by needle and syringe with zubi
adjuvant. These five candidate vaccines were systematically
evaluated in mice according to eight immunization regimens
(Fig. 1a). To test the immunogenicity of our vaccine candidates
against multiple MERS-CoV strains-without the requirement of
a biosafety level 3 facility-we developed a pseudotyped repo^rle-r

virus nzutralization assay, as we did previously for SARS-CoVtv-4.
We confu'med that the assay measured viral entry via the
MERS-CoV receptor, DPP , by demonstrating that HEK 293
cells required DPP4 expression on their surface for efficient
infection and that soluble DPP4 or anti-DPP4 antibody prevented
infection (Supplementary Fig. 1a-d).

FullJength S DNA and Sl protein elicit high titers of NAb in
mice. Mice primed either once with Sl protein or twice with S

DNA and then boosted once with Sl protein generated the
highest neutralizing antibody (NAb) titres among all groups
(Fig. 1b). The full-length S DNA regimen induced a significantly
higher antibody response than the truncated S-ATM or 51 DNA

regimens. Antibody titres tended to be either low or undetectable
after the fust dose of DNA but were boosted l0-fold after
immunization with 51 protein. Two doses of S1 protein achieved
an IGo neutralization titer (90% inhibitory concentration) near
that of the DNA./protein regimen. Three of the eight vaccine
regimens- S DNA, S DNA-SI protein and 51 protein alone-
werc carried forward for detailed evaluation. S-ATM gave low
production yields from transfected HEK 293 cells and was not
evaluated further. Immune sera (5 weeks after final boost) from
these three regimens were tested against a panel of eight pseu-
doviruses and found to generate equally robust NAb titres against
all strains (Fig. lc). The sequence homology across strains
(Supplementary Fig. 2) likely accounted for the breadth of
neutralization. SARS-CoV pseudovirus was not neutralized by
sera from any of the immunized mice. Pseudovirus neutralization
results were compared with a live virus microneutralization
assay for the fordanN3 strain (GenBank ID: KC776174.1). The
pseudovirus neutralization assay was - l0-fold more sensitive
to neutralization than the live virus, although the two assays

correlated well with one another on the basis of relative
magnitude (Supplementary Fig. 3).

Neutralizing antibodies to epitopes on different Spike domains.
We analysed the specificity of NAb responses against the different
subunits of the MERS-CoV Spike glycoprotein using several
methods. First, sera were pre-adsorbed with HEK 293T cells
expressing transmembrane-anchored versions of S, S1, 52 and
RBD (Fig. la and Supplementary Fig.  a) and were screened for
neutralization (Fig. 2a). Sera pre-adsorbed with untransfected
cells retained 95% of their original neutralization activity, while
negative control pre-immune sera showed no capacity for virus
neutralization. The full-length Spike-transfeaed cells adsorbed
virtually all neutraliz-ation activity from the immune sera of all
three vaccine groups, while the RBD expressed by itself on the cell
membrane only adsorbed about half of the neutralizing activity,
and only in the SI protein group, suggesting the possibility that
the conformation of RBD presented in the full-length Spike and
in the truncated versions may differ. Adsorption with Sl also
removed all neutralization activities in the Sl protein group and
*60ort of neutralizing capacity in the two DNA-primed groups.
In contrast, 52 fid not deplete neutralization activity in any of the
groups, except slightly in mice vaccinated with DNA alone.
It is tikely that expression of 52 by itself on cells resulted in
rearrangement to the post-fusion conformation, and therefore
neutralizing epitopes present on the prefusion structure would
not have been available for adsorption. Flow qtometric analysis
of serum bound to cells that expressed different Spike subunits
gave consistent results (Supplementary Fig. 4c).

Protein competition neutralization assays recapitulated the
findings of the Spike-transfected cell adsorption assays (Fig. 2b).
Competition with >2pgml-r soluble RBD (Supplementary
Fig.  b) reduced immune sera neutralization aaivity by - 50-60X
in the S1 protein vaccination group. As seen in the cell adsorption
assay, soluble Sl protein removed neutralizing activity of sera
from all three vaccine groups, although to a higher degree in the
mice immunized only with S1 protein compared with the groups
primed with S DNA. Soluble 52 (Supplementary Fig. 4b) had no
impact on serum neutralization capacity and fullJength Spke
was not used as a competitor as it could not be expressed in the
soluble form. Overall, these data indicated that the serum
neutralization activity in the protein-only immunization group
was directed primarily against the RBD. The S DNA-only or S

DNA-Sl protein-induced immune sera were more complex as

more than half of the neutralizing activity was directed against Sl;
however, there was residual activity that was not absorbed or
competed by Sl. It is not conclusively known why 52 did not
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Figure 1 | MERS.CoV Spike glycoproteln vacclne deslgn and immunogenicity ln mice. Candidate vaccine immunogens were designed on the basis of the
Spike glycoprotein sequence ol the Englandl MERS coronavirus and elicited high neutralization titres. (a) Schematic representation of MERS-CoV Spike

protein cDNAs and recombinant proteins. Five vaccine constructs were made: three DNA and two protein subunits. DNA constructs consisted ol full-length
Spike or truncated versions that either had the transmembrane domain or the entire 52 subunit deleted. The protein constructs contain either a truncated
Spike molecule with the transmembrane domain deleted (S-ATM) or the S1 subunit. RBD, receptor-binding domain; SP, signal peptide; TM, transmembrane
domain; FTH, foldon (trimerization domain). thrombin (cleavage site) Iollowed by histidine tag; 3CHis, Human rhinovirus 3C protease cleavage site,

{ollowed by 6 x histidine tag. (b) lmmunogenicity ol eight vaccine regimens. Five mice per group were immunized with plasmid DNA only at weeks O, 3

and 6 (groups 1-3); plasmid DNA at weeks 0 and 3 and protein plus Ribi adjuvant at week 6 (groups 4-6); or protein plus Ribi adjuvant at weeks O and 4
(groups 7 and 8). Two weeks after each immunization, sera were collected and neutralizing antibody titres were measured against pseudotyped MERS-CoV

Englandl virus. Open, grey and black bars, respectively, represent the lCgc neutralization titres (GMT {rom five mice per group with 95% confidence
interval) from the post-prime, lirst post-boost and second post-boost sera. Each sample was tested in triplicate; all assays were repeated once.

A nonparametric two-tailed t-test (Mann-Whitney) was used for statistical analysis, and the relevant P values are indicated. (c) MERS-CoV vaccines

induced cross-neutralization to eight MERS-CoVstrains. The sera lrom the mice immunized with MERS-CoV S DNA three times, primed with S DNA and

boosted with S'l protein plus Ribi adjuvant, or primed and boosted with 51 protein plus Ribi adjuvant were assayed lor neutralization to the eight strains of
MERS-CoV and SARS-CoV pseudotyped viruses as indicated. lCes titre is shown. Data are presented as the mean of triplicates with s.e.'s.

adsorb or compete with these sera; however, it is likely that
the expressed 52 protein was in a post-fusion conformation as

stated above.

Vaccine regimens elicit antibodies of different IgG subclass.
Sera were also analysed for the quality of the humoral response
induced by the different immunization regimens and found to
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priming with a protein, DNA priming generated a T helper
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viral infections.
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Sera from mice immunized with MERS-CoV S DNA-only, S DNA prime and 51 protein plus Ribi adluvant, or 51 protein plus Ribi adjuvant prime and boost
were evaluated for neutralization activity against pseudotyped MERS-CoV Englandl after adsorption with HEK 293Tcell-surface-expressed MERS-CoV
Spike proteins: S, RBD, 51, 52. Serum neutralization was tested at a single dilution. Sera adsorbed with untransfected HEK 293Tcells served as controls and
retained 95olo of neutralization activity. Each bar represents the mean of triplicate assays with s.e.'s. The experiment was repeated once to ensure

reproducible results; one of the two experiments is shown. (b) Protein competition neutralization assay. Sera at a single dilution from the immunized mice

were also assayed {or neutralization of MERS-CoV Englandl pseudovirus in the presence of soluble MtRS-CoV RBD, Sl and 52 proteins at concentrations of
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Mouse monoclonal antibody functional characterization.
We sought to further investigate the humoral response to the S

DNA-SI protein vaccine by isolating and characterizing mono-
clonal antibodies (mAbs) of different specificities. Hybridomas
were generated from S DNA-primed and Sl protein-boosted
mice and were screened for binding to the S1, RBD and 52
domains. The final round of hybridoma screening generated 45
subclones (Supplementary Fig. 6), four of which (D12, F11, G2
and G4) were selected for additional characterization on the basis
of their binding specificity and neutralization potency (Fig. 3,

Table 1 and Supplementary Fig. 7). All four mAbs demonstrated,
using immunofluorescence (IF), binding to live virus (EMC
strain)-infected cells (Supplementary Fig. 8). Dl2 and Fl 1 bound
the RBD within the Sl subunit. The mAb G2 was also speci-fic for
Sl; however, it bound outside the RBD. G4 bound only to the 52
subunit (Fig. 3). Although not as potent as the RBD-specific
mAbs (Table l), G2 and G4 were unique as compared with other
reported mAbs against MERS-CoV-14-17 in their ability to
neutraliz.e virus despite targeting epitopes outside the RBD.
Soluble protein competition neutralization results were consistent

.::,. ir '.) jl: :.,; .. .rl5:77'12 lDOl: 10.1038/ncommsSTl2lwww.nature.comlnaturecommunications
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with the binding assays result (Supplementary Fig. 9a). D12 and
Fll neutralizations were diminished in the presence of RBD and
S1, while G2 was competed by Sl and G4-neutralizing activity
was only abrogated by high concentrations of 52.

Although the two most potent neutralizing mAbs-Dl2 and
F I I -targeted the RBD, their neutralization profiles were different,
when mAb neutralization was tested against the panel of eight
pseudotyped reporter viruses (Fig. 1c). Notably, FlI was unable to
neutralize the Bishal strain (GenBank ID: KF500620.1) of MERS-
CoV (Supplementary Fig. 9b), which differs from other strains by
an aspartic acid to glycine substitution at residue 509, rendering it
resistant to F1l while still susceptible to D12 neutralization. This
finding was recapitulated in a pseudotyped virus neutralization
assay where FII neulralization activity against wild-type Englandl
was ablated with the introduction of a D509G mutation
(Supplementary Fig. 9b). D12, in contrast, neutralized both viruses
irrespective of the amino-acid change at position 509. In addition,
the RBD 509G mutation abrogated Fll binding using enzl,rne-
linked immunosorbent assay (ELISA) but did not affect D12
binding (Fig. ae).

Structural and mutational analyses o6 rrsll6alizing antibodies.
To provide an atomic-level understanding of neutralizing activity,
the Dl2 antibody was crystallized as an Fab in complex with
the Englandl RBD (Fig. 4a,b, Supplenentary Table I and
Supplementary Fig. 10). In addition, the unbound structure of
Englandl RBD was determined (Fig. ac) and found to be nearly
identical to the RBD of the EMC strain (GenBank ID:
JX859059.2), either by itself or in complex with DPP4 (ref. 28), as
it has only one amino-acid difference (F506t) in the RBD
(Supplementary Fig. 2). The Dl2 antibody forms direct contacts
with the receptor-binding motif of the RBD, and the heavy-chain-
interacting region overlaps with the contact region between MERS
RBD and human DPP4 as defined in ref. 28. RBD residues W535
and E535, which bind to the conserved glycan on DPP4, are
bound by the CDR H2 and CDR H3 within the D12 paratope
(Fig. ac). Mutation of both residues abrogated the ability of D12
to bind (Fig. ad,e) and neutralize virus (Supplementary Fig. 9c).
Additional vims neutralization escape analysis demonstrated that
another residue within the epitope was critical for Dl2 neu-
tralization activity. The EMC strain of MERS-CoV escaped neu-
tralization by D12 when the serine at position 532 was mutated to
either a proline or tryptophan. The introduction of a proline at
position 531 removes two hydrogen bonds to the DI2 antibody
(Fig. 4c and Supplementary Table 2), while successive prolines at
531 and 532 (proline 532 is native to the RBD) are predicted to
alter the side-chain orientation of adjacent residues, likely
affecting W535 and E535 interactions with D12. Mutation to a

bullcy tryptophan side chain would cause a direct clash with the
CDR L3, precluding the binding of Dl2 (Fig. 4c-e). Although it
also targets the RBD, Fll neutralizes MERS-CoV by a different
mechanism than D12. Site-directed mutagenesis and iompetition-
binding studies indicate that Fl1 makes contact with the RBD on
the opposing side of the binding site of D12, at and around
residue 509. Binding studies also show that both D12 and Fl1 can
bind to the RBD at the same time (Supplementary Fig. lla-c),
suggesting the potential for additive neutralization effects. The
differing points of contact made by Fl l and Dl2 on the MERS-
CoV RBD are analogous to those of other mAbs specific for the
SARS-CoV RBD (Supplementary Fig. tza-d)2e'10, suggesring
convergent mechanisms of neutralization. Furthermore, these
data elucidate mechanisms for virus neutralization that involve
the disruption of binding between the N-terminal end of the
MERS-CoV RBD and its host receptor DPP4.

Potent and durable NAb titres in NHPs. Of the eight vaccine
regimens tested in mice, the three most immunogenic were taken
forward for evaluation in NHPs (Fig. 5a). Comparable to the mice,
NHPs primed with either Sl protein (plus aluminium phosphate
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Table t I mAb-binding afflnlty and neutralizaUon*

Antibody Antigen Bindirc kinetics Neutralization (pg ml - l)
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D12

F11
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5t
RBD

s1
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s2
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0.o13
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shown as sticks, and hydrogen bonds represented by dotted lines. (d,e) Crystal structure of MERS Englandl RBD and effect of critical RBD mutations on

binding. RBD residues 506 and 509, identiiied by mutagenesis analysis, are highlighted in green. Critical RBD residues 532, 535 and 536, identified by

structural definition and viral resistance evolution, reduce or eliminate Di2 binding (shown in red). ELISA results show that this set o{ mutations eliminate

F11 or D12 binding-

(AIPO4) adjuvant) or S DNA (followed by electroporation) and
boosted with Sl protein (plus AIPOa adjuvant) generated the
highest NAb titres, as measuled by the pseudotyped virus neu-
tralization assay, compared with the S DNA-only group (Fig. 5b).

Both groups initially had low antibody titres after priming that
increased 10- to 1O0-fold after boosting. IQ6 neutralization titers
after the final boost were ! 1 logls higher in mice than in NHPs,
which could be because of the different animal models, vaccine

6 : . : l6:7712l DOl; 10,1038/ncomms8712 l www.natlre.com/naturecommunications
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doses or adjurants used in the two studies. Antibody titres
remained high, however, at more than 2.5 logro at l0-week post
boost and persisted at higher levels in the DNA-protein group. A
microneutralization assay with the MERS-CoV |ordanN3 strain
was compared with the pseudotyped neutralizsli6t assay and
demonstrated similar results. Sera from the two groups immunized
with S DNA bound all epitopes recognized by the four previously
characterized murine antibodies (Supplementary Fig. l3). Sera
from NHPs immunized with 51 protein alone, however, blocked
mAbs targeted to the RBD (D12 and F11) and non-RBD 51 sub-
unit (G2) but not the 52 subunit (G4).

Reduced abnormalities on chest CT in immunized NHPs.
Immunized NHPs were challenged with the |ordanN3 strain of
MERS-CoV at 19 weeks post boost and demonstrated earlier and
diminished peak lung infiltrates compared with unvaccinated
NHPs (Fig. 5c). Immunization with the S1/S1 protein or S

DNA/Sl protein resulted in a respective four- to six-fold
reduction in the peak proportional volume of pulmonary con-
solidation (Fig. 5c), as demonstrated using high-resolution com-
puted tomography (Cf, Fig. 5d and Supplementary Fig. 14a-c)
and-analysed by a previously tested method of lung segmenta-
tionrr. NHPs immunized with S DNA/SI protein experienced a

lower peak volume of pulmonary disease than the S1/Sl protein
group and cleared the pulmonary infiltrates more rapidly. All
three groups exhibited a boost in anti-Sl IgG antibody and virus
neutralization titres after challenge. A greater magnitude of rise
in titres was observed in the unvaccinated group. Although
virus isolates could not be consistently obtained from oral,
nasopharyngeal or tracheal swabs h any of the three challenged
groups, anti-Sl IgG and neutralizing antibodies were detected 2
weeks after the challenge in the unvaccinated group and were
boosted in the vaccinated groups (Supplementary Fig. l5a,b),
suggesting that viral antigen was produced by infection.
No pre- or post-challenge differences between vaccinated and
unvaccinated NHPs were observed in clinical symptoms,
laboratory test values or histopalhology parameters. In addition,
there was no statistically significant correlation between
neutralization antibodies either on the day of challenge or at
peak (2 weeks after the last boost) with the percentage of
abnormal lung volume (Supplementary Fig. l5c,d).

Discussion
In summary rve developed DNA expression vectors and soluble
protein immunogens that elicited cross-reactive neutralizing
antibodies against known, circulating strains of MERS-CoV.
Specifically, immunization with DNA expressing full-length Spike
(plus electroporation) followed by the Sl subunit protein yielded
potent neutralizing mAbs in both mice and NHPs. The current
immunization strategy is the fust to induce MERS-CoV-
neutralizing antibodies that target multiple epitopes, both within
and outside the RBD, which may potentially improve immuno-
genicity and reduce the [kelhood of escape mutations. In the
context of MERS-CoV, this is also the first time that a

combination of DNA and protein immunogens has been tested
in an animal model and the first time any immunization regimen
has been evaluated and demonstrated protection in NHPs, with
the caveats mentioned below.

Recently, two other animal challenge models have been
reported in immunized mice. The first is of mice transduced
with an adenoviral vector expressing human DPP4 (ref. 32). In
this model, Zhao et al. were able to demonstrate productive
infection in challenged mice and reduction of viral titres in the
lungs of mice immunized with a Venezuela equine encephalitis
replicon particles expressing the MERS-CoV Spike glycoprotein.

M6l

S6rum cdldld
o Pre-lmmun€
r Wod( 2
tW6*6
t we* 10
. wo* 12
. We* 18

4b

2

oI

o
o,!
d

o

o

tr.,T
+

I.-itr.

t
Prims

Boost I
Boost 2

s S

S1

S1

c

3x ONA 2x DNA-protein 2x Prolein

. Cantd d
, 2r DNAJrotcin

o
E

o

E
oto

Day 6

"*,-,S
2x DNA-rroleln

2x Prolein

36
Post chall6ng6 (days)

Figure 5 | MERS{oV Splke immunogerc elicit potent lory-lived
neutralization ln ilHPs and protectfrom severe lung infiltrates. Selected

immunogens from mouse studies were evaluated in NHPs. (a) Schematic

representation of lull-length MERS-CoV Spike protein cDNA and

recombinant 51 protein. The DNA construct consists oi full-length Spike

and transmembrane domain. The protein construct contains a truncated
Spike with the 51 subunit RBD, receptor-binding domain; SB signal peptide;

TM, transmembrane domain; 3CHis, Human rhinovirus 3C protease

cleavage site, followed by 6 x histidine tag. (b) lmmunogenicity o{ three
vaccine regimens. Six NHPs, per group were immunized intramuscularly
using plasmid DNA with electroporation at weeks 0, 4 and 8; plasmid DNA
with electroporation at weeks 0 and 4; and protein plus AIPOa at week 8 or
protein plus AIPOa at weeks 0 and 8. Two weeks alter immunization and at
weeks 12 and 18, neutralizing antibody titres were measured against
pseudotyped MERS-CoV Englandl. Different symbols indicate sera irom six

NHPs per group collected at indicated time points. lCe6 neutralization titres
(GMTwith 95% confidence interval) from sera were determined.
Nonparametric two-tailed t-test (Mann-Whitney) was used for statistical
analysis. (c) Spike immunogens protect against pulmonary disease in NHPs.

Six unimmunized NHPs and 12 NHPs were immunized with one of two
selected candidate vaccine immunogens ((1) full-length S DNA prime,/S]

subunit protein boost; (2) 51 subunit protein primelS1 subunit protein

boost) and challenged with MERS-CoV 19 weeks after last vaccine boost.

lntratracheal inoculation of 5 x 105 p.i.u. oI the JordanN3 strain (GenBank

lD KC776174.1) was performed on each animal. The per cent abnormal
lung volume in all NHPs peaked on day 3 post challenge; however, the lung

infiltrates were significantly more extensive and prolonged in the

unvaccinated compared with vaccinated NHPs. A nonparametric two-tailed
t-test (Mann-Whitney) was used. -P value < 0.O5; .* P value < O.O1.

(d) Abnormal lung segmental images from selected animals on day 6 post

challenge. The images correspond to NHP lung volume data points circled

in black in Fig. 5c. The CT images and abnormal lung segments lor all 18

animals are shown in Supplementary Fig. 14 a-c.

I
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Although representing an advance in the development of a viable
animal model for MERS-CoV, transduced mice are still limited in
their relevance to human infection by the inconsistent expression
of the transduced protein, in this case human DPP4. A potentially
more sustainable transgenic lethal mouse model reported by
Agrawal e, al. demonstrated productive, disseminated MERS-
CoV infection, with most viral recovery in the |ungs and brain33.
Rhesus macaques do not demonstrate overt clinical disease;
however, they develop lower respiratory tract infections33 with
pulmonary infiltrates when challenged with MERS-CoV.
Virologic sampling from the lungs of these NHPs is
complicated as a bronchoalveolar lavage, although increasing
the yield of virus recovery would likely confound the radiologic
findings. In addition, the )ordanN3 strain used to challenge the
NHPs may have been less virulent than the DMC strain used in
other challenge studies of rhesus macaques. Nonetheless, the
pattern of pulmonary disease on high-resolution CT differed
significantly between vaccinated and unvaccinated NHPs.

In mice, induced mAbs were cross-reactive against multiple
MERS-CoV strains and were directed against the RBD of the
Spike glycoprotein-preventing attachment-and against epi-
topes outside the RBD, in the S1 and 52 subunits. The co-crystal
structure and analysis of escape mutations provided a mechanistic
explanation for neutrali"ation by the RBD-directed neutralizing
antibodies. The RBD-specific antibodies we isolated are compar-
able to others reported in the literature, particularly those isolated
from human antibody phage libraries'*. However, Dl2 and Fll
target different epitopes and are approximately a 1,000-fold more
potent in their neutralization capacities than those prwiously
reported. Dl2 appears to be highly novel in epitope recognition,
while Fl I shows some epitope overlap with the mAb 38l2 in the
T5l2 loop region. However, the added sensitivity of 3Bl2 to
mutations at positions 540 and 542 is not seen with Fll, thus
highlighting the difference in their respective epitopes.

Compared with protein alone, S DNA prime-Sl protein boost
immunization yielded a more funct-ionally diverse repertoire of
neutralizing antibodies and also generated a Thl-biased immune
response. The DNA-primed regimen also offered greater and
earlier protection from radiographically defined pneumonia in
challenged NHPs on the basis of earlier clearance of lung infiltrates,
suggesting the potential contribudon of effector CD8 * T cells
elicited by DNA immunization. Thus, while a protein-only MERS-
CoV vaccine may be the simpler approach, there are potential
adrantages to include DNA priming, includingimprovement in the
potency and durability of immune responsesr5. In the context of
SARS-CoV we have previously shown, in mice, that a DNA prime
coupled with an inacti-vated virus boost enhanced both cellular and
humoral immunitiesro. Through modifications in the boost
interval, additional improvements in the magnitude and
functional properties of the antibody response may also_ b^e

achieved, as is the case for conventional influenza vaccinesr/-rv,
although further studies would be needed to confum this for these
MERS-CoV immunogens.

The presentation of the Spike trimer in a more native
conformation on the surface of transduced cells after DNA
immu.nization may have contributed to the generation of a

diverse set of antibodies that could neutralize MERS-CoV by
targeting the RBD and also epitopes outside the RBD, which may
be more capable than RBD-specific antibodies at preventing viral
escape variantsn. In addition to providing a broader array of
functional antibody responses, non-RBD-directed antibodies may
aid in solving the trimeric Spike glycoprotein structure by
targeting quarternary epitopes and stabilizing the prefusion
conformation. Structural information on native pre-triggered
glycoprotein trimers will be impofiant for informing second-
generation immunogen designs, as it has been for respiratory

syncytial ,'i*r4l'42. Experimenta[ vaccines that yield mAbs
provide information on the key viral structures and
mechanisms of neutralization to guide improvements in MERS-
CoV immunogens. A similar iterative cycle of rapid, empirical
antigen design, antibody discovery and development of reagents
and assays to characterize immunogenicity in different animal
models may also be applicable to other emerging viral
pathogensal.

Methods
Ethle statentent. Animal experiments were anied out in compliane with all
pertinent US National IfftituteJ of Health regulatioro and policies. The National
Institutes of Health, National Institute of Allergy and Infectious Dsercs, Vaccine
Resmch Center Animal Care and Use Committee revicwed ard approvcd aJI

animal speriments.

DtlA atd proteln vector construsts. We constructed DNA vrcins of
MERS-CoV Englmdl stnin Spike (stmin Englandl, GenBank lD: AFYI3307) and
two trun@ted vorions, S-ATM md Sl (Fig. 1a). Arnino-acid seqwnces were
obtained from Gen3anlc reverse-translated and codon-optimized for human cell
*prsion. Seventy-five-base pair (bp) oligonudeotide sets with twenty-five-base
pair ovdaps woe synthaizcd and gel-punfied. Oligonucleotides wse assmbled
into DNA Fagrnents uing the .flir 'lurbo Hotsttrt DNA polymerase (Stratagene
La Jolla, CA) at a 50-65 oC gndient unealing temperatue. DNA fragments were
doned into the pcR-Blurt II-Topo vator (Invitrogen, Culsba4 CA) and were
sequenced before doning into the mmmalian *pression vector VRC8400
(refs 43,,14).

All oths trunated and domain-swapping mutmts wcre synthcized with PCR"
uing a fi:llJength Spike template (Fig. la) and cloned into Ore *qwnce-confimed
VRC8400 plasmid. Prcteim were upresed by transfection with vectors er,coding
corresponding genes in the Expi293 cell line. Transfeaed cell cr:ltue supematants
were co.[ected and purified through HisTrap HP Hiload 16/60 Superdex colmns
(GE Healthme Pistaway, NL USA).

We synthesized cDNAs encoding Spike using the QuikChange XL kit
(Stratagme) md introduced divergent mino acids into the puental Spike stmin
(Englandl) prediaed from trmslated sequencs of other stmins Batint, CenBank
ID 1G600628, Bishal, GenBark ID: IG600620, Bwidahl, GenBank ID:
IG600630, EMC GenBank ID; AFS88936, Hm14b, GenBank ID: KF600643,
lordmN3, CenBank lD: KC776174 md Munich, GmBank ID: KFI92507.
All constructs rvere confirmed using squmcing.

Cell lines and pseudwlrus productlon, HEK 293T cells rvere obtained from
ATCC (Manassa, VA, USA), and Huh7.5 cells were prcvided by Dr Debomh R.
Taylor of the US FDA CelI lines were cultured in DMEM with 109o BSA, 2mM
glutamine md I x penicillin/streptomycin (D10) in a 37'C inobator containing
5% CO:. Ovemll, 15 x 100 HEK 293T cells wcc aliquoted into a 15-m plate and
co-transfected with three plasmids (17.5 pg of packaging plasmid pCMVAR8.2,
17.5 1tg of trmsdming plmmid pHR CMV-Lrc and I pg of CMV/R-MERS-CoV S

plasmid) md calcium phosphate transfection reagent (Invitrogen)21'22. After
overnight incubarion, tle medim re replaced with frch D10. Forty-eight hows
later, the supematmts were collated flltered, aliquoted and frozen at - 80 oC.

Peudovirus was titrated by first plating 1 x ld Huh7.5 cells per well in a 96-wel1
whiteltlacl Isoplate (PerkinElmer, Walthm, MA) md cultuing ovemighl The
medim m removed and twofold serial dilutiom of pseudwinrs were added to
the cells. After 2 h of incubation, I 00 pJ of fresh media was added Cells were lysed
72h later md 50 pl of luciferase substrate (Promega, Madison, WI) was added to
each well. LrciGrae activity w6 measured rcording to relative luciferase unit
(CPS, comt per econd) uing the Microbeta luminescence counter (PerkinElmer).

Phylogerctic analysls. FuJlJength amino-acid sqrcncer of Spike fiom
MERS-CoV stnins Englandl, Mmich, EMC Buraidahl, Bishal, Batinl, Hasal4b
md JordmN3 were aligned using MAFFT L-lNS-i (version 6.8.6.4, http://t q.
uqam.a). A phylogmetic tre sas generated by the average Iinkage (UPGMA)
met}od The phylogenetic tre m dram on an iTOL seruer (http://itol.emb1.de).

Mouse lmmunizatlott. Female BAIB/cj mice aged 6-8 weks (Irkson
Laboratory, Bu Hubor, ME) were immunizd according to several regimms:
(i) 3x S DNA" (ii) 2x SDNA-S1 proteinand(in) 2x St protein. Withinthe
DNA-only ategory (i) three groups of mioe were injected with plasmid DNA
encoding either MERS-CrV fi:IlJength Spike (group 1), Spike with a deleted
transmembrane unit (S-ATM; group 2) or 51 (group 3) intramucr:larly, followed
by elearopomtion (manufacturer-recommended setring) with the AgilePulse
System (Haruud Apparatus, Holliston, MA) at week 0,3 and 6. The DNA-protein
groups (ii) were injected twice with plasmid DNA either encoding MEPS-CoV
fi:llJength Spike (group 4), S-ATM (group 5) or Sl (group 6) at week 0 and 3
r desaibed md boosted with either MERS-C-V S-ATM (group 5) or Sl

: ': . l6;7712lDOl; i0.'l038,hcomms8712 lwww.nature.com/naturecommunications
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(groups 4 and 6) protein plus Ribi adjuvant (Sigma-A1drich, St. Luis, MO) at week
6. The proteinonly groups (iii) were injected twice witl MXRS-CrV S-ATM
(group Z1 or Sl protein (group A) plus Ribi adjuvant at weks 0 md 4.

Twmty microgms of plasmid DNA in a total. volme of 100 ptl of PBS l0 pg of
protein in 50 pl PBS mixed witl an equal volume of Ribi adjuvmt compried the
DNA md protein immuniations, re;rectively. Two wels after ach injation, sem
were collected for masurement of mtibody rsponss.

NHP lmmunlzations. Eighten (6 female md 12 male) Indian rheus maaqus
(Macaca mulatta) that weighed between 3.2 and 4.8 kg and had a mean age of 4.4
yers were mndomly asigned to the three groups mcording to w and weight and
were immmired aaording to one of the thre different vaccine regimens: 3 x S

DNA, 2 x S DNA-SI protein or 2 x Sl protein. Sample sire wx bard on
conwntion. In the DNA-onIy group, six NHPs woe injected with 1 mg of plrmid
DNA encoding MIRS-CIV fi:Il-length Spike at weeks 0,4 md 8. Six NHPs in the
S DNA-SI protein grotp were injected with l mg of plamid DNA encoding
MERS-CoV fullJength Spike at weeks 0 and 4 and were bosted with 100p9 of
MERS-CoV 51 protein and AIPOa adiuvant (Brenntag Biosctor, Frederilssunrl
Demrk) at wek 8. Six NHPs in the protein-only group were injcted with 100 gg
of MERS-CoV 51 protein and AIPOr adiuvant at wtrks 0 md 8. Pl*mid DNA was
given intramuscularly, followed by electroporation, and prctein was injected
intmmwularly. Sm were collected 2 weeks after erch injmtion and wery
2-4 weeks thereafter through week 18.

t{HP challerge. Eighteen lndian rhesus macaqus-six mvaccinated, six
wccinated with the S DNA,/SI protein and six vaccinated with the S1/Sl
protein-wtre challmged with the JordanN3 strain of MERS-CoV (GenBank ID:
KC776174.7) in m approved high-containment facilitv 19 weel<s a.fter the lmt
immuniztion. NHPs were inoculated intmtracheally with 1ml of 5 x 106 p.f.u. via
Iaryngoscope md lubrieted etheter. Viru challenge inculm ms mved to
rletermine deiivered dose. Delivered doses were 3.1"x 106,3.6 x 105 md l.a x tO6
p.fu. for cohons 1,2 and 3, respectively. AJI NHPs rvere monitored by diniel
laboratory and mdiologic pammeters at days 3, 6, 9 and l4 posrchallenge. On &y
28, all NHPs undement nenopsy.

NHP radiologic assessment. Before and after virus challenge, NHPs undswent
chest CT, with the PET/CT Gmini TOF imager (Philips, Andover, 16a). CT
imags were evaluted md analysed by two blinde{ board-certified mdiologists.
Lurg patholog.v ms msesed longitudinallv ming a published pulmonary imaging
analysis techniquerl. An image segmentation method \ffi ued to detemine the
lung region of interst, followed by a machine-l@rning algorithm (Random
Forest), that asesed the tisu'das (rhat is, normal or abnomal) for ech pixel
within the region of inrerst and that quntilied disw severity bced on
quntitative total lung apacit)', pathology volume (if prsmt) and proportion
(ntio of pathology volume to total lmg volume). The Rmdom Forst algorithm
ms tmexl according to gromd glcs opacity and onsolidation pattems as lh*
two patt€rns haw constituted pathological fomations in prwiou uperiments.

Pseudovirus neutralization assay. Hulr7.5 cells (10,000 ells per rvell) were
plated into 96-well white/blacl Isoplates (PerkinEhner) the &y before infeaion.
Serum serial dilutions were mixed with different stmins of titrated pseudoviru,
incubated for 30min (min) at room temperature and added to Huh7.5 cells in
triplicatc. Following 2 h of incubation, wells were replenished with 100 pl of frcsh
media. Crlls rvere lysed 72h later and luciferase activity ms masured. IQu
neutraliation titres were calculated for each individual moux wrm sample.

Microneutralization assay. Twofold dilutions of heat-inactivated grouped
sem were tsted for the preence of antibodia that neutralired the infectiriry of
100 x TCiDso of MERS-CIV JordanN3 strain in Vero cell monolayers, using four
wells per di.lution in a 96-well plate. Viral qtopathic effect was read on days 3 and
4. The serum dilution that complctely prevented cytopathic effea in 50% of the
wells wc calculated using the Reed-Muench formula45.

CelFsurface blnding using FACS. HEK ?93 cells were transfected u,ith piasmirls
uprsing MERS-CoV fullJength S, RBD-HATM (Spike RBD with an inlluenz
hamagglutinin tmnsmembrane domain), Sl-TM md S2-TM. Twmty-four houm
later, cells wac detached with 4 mM EDTA in PBS and stained with Vivid viabi.lity
dye (Invitrogen). Ce.[s were then stained with moue sem (1:200 dilution). Cells
were subsequently stained with goat mti-mouse IgG-Phycoeryrhrin (Santa Cruz
Biotechnology, Santa Cru-a CA) and sorted with an ISR (BD Bioriences, San Jos,
CA). Data rvere analyed using the Flowfo softr'are (Tree Star Inc., Ashlan{ OR).

ELISA measurement of lgc r€ponse. EIJSA plates were cmted with the
MERS-CoV Sl protein at 1 Fgml- I in PBS at 4 oC ovemighr A-fter standard
washes md blocla, plates were incubated with serial dilutions of moue wra.
Anti-moue IgGl or IgG2a-horeradish peroxi&se conjugate flackrcn
Iabomtory) were used s recondary antibodics" md 3,53'5'-tetrameth,l'ibenzidine

(TMB) (KPI" Gaithersburg, MD) wm urd a the substEte to detect MERS-C,V
Sl-specific IgGl or IgG2a mtibody responses. End point titrs were calcr:lated a
the highst sm dilution that gave an optical density ueeding flve tims the
bad<gromd rmding.

Mlcroscopy. Sixty pm cent conllrent WHCJ-Vero cclis on glass coverslips were
infected with MERS-CoV at I p.fu. per cell. At 24 hours post infection, cells were
fixed and pemeabilized in methanol at - 20 oC. There steps occured uder BSL3

conditions using protocols approved by the lnstitutional Bimafety Crmmittee of
Vandabilt University md the CDC. Cells were rehydmted in PBS, blocled in PBS

and 5Yo BSA and rinsed with IF wash (PBS with 1% BSA and 0.05% Nonidet P-40).
Cells were inobated in primary antibodies at indiated dilutions for 45min and
then rin*d with IF wash for 3 x 5min and incubated with wcondary mtibodies
(Goat ry,-mow-AlqaFluor 5,16 (1:1,500), Moleolu Probc) for l0min. Cells were
mshed for 3 x Smin in IF reh, 1 x with PBS md then 1 x with distilled water.
Coverslips woe mounted with Aquapolvmount (Polyrienm) md visualized uing
IF microrcopy on a Nikon Eclipe TE-2000S wide-field l1mrsent micrcrope
uing x 40 oil-imersion through differential irterference contrut, Cy3 md
4,6-dimidino-2-phen)'lindo.le 6.ltes. Image were merged and asembled uing
Nikon Elements, Image| and Adobe Photmhop CS2. Infeaed and mmk-infcted
cells were processed in parallel.

Hybrldoma g€neration. Mice in grcups 1 and 4 were bomted intravmomly with
an additional 20 pg of 51. Thre days later, splenmyts were huested and fi.ued
with Sp2/0 mleloma cells (ATCC) uing polyethylene glycol (PEG) 1450 (50% (dv),
Sigma-Aldrich) aaording to the stmdard methods. Cells were cultued and scremed
in RPMI complete mediun that contained 20Yo F'CS and I x 100 pM hypoxanthine
0.4 pM aminopterin and 16 pM thymidine (Signa-Al&ich). Supematants from
rezulting hltridomas were sened for binding uing ELIS,L to MERS Sl, RBD or
S-ATM as well u for notralizing aaivity. Subdone rvere gmerated by limiting
dilution. A-fter thre rcurds of screming and subcloning, stable mtibody-producing
dons wse idated and adapted to hy'bridoma-sem-fre medim (life Technol-
ogies Corp., Gmud Islm{ NY, USA). Supematmts rvere collected from elcted
hybridoma dons md pwfied through a protein A-sepharo* colmn (GE
Ha.lthrc). mAbs *'se isotlped with the Piere mpid isotlping kit-

Blnding studies of mAb3 using biolayer lnterferometry. Binding kinetia of
MERS-CoV molecules to antibodies wcre carried out using a Fort6Bio Octet
Red384 instrument- Assays with agitation set to 1,000r.p.m. in PBS buffer
supplemented with 19o BSA (40-50 pI per well) were pcrformed at 30 oC in solid
blrck tilted-bottom 384-well plats (Geiger Bio-One). Mow mtibodies
(40-50 pg ml - t) were ued to lmd mti-mouse IgG Fc apture probes for 300 s (s)

to eptule Ievels of 1 - 1.5 nm. Biorensor tips were then equilibmted for 180 s in
PBS-1Yo BSA buffer before binding assment of MEPS-CoV molmrles for 300 s

followed by disociation for 300s. A hmm-Fc-MERS-CiV 52 chimeric molecule
(S2-hFc) m ued to load mti-human IgG Fc eptue probes for 300 s, md
binding to G4 Fab rvc assed. Data analysis md cuwe fitting were cmied out
with the Octet mftwre, v 8.0.

X-ray crystall.rgraphy. A onstruct encoding the RBD (residua 367-606) with a
c-teminal HRV-3c cleavage site and His6 puriliation tag ws produced in GnTi -
cells. Protein ms purified ming NiNTA affinity chromtogmphy. The DI2 Fab ws
prepared using the Pierce Moue IgGl Fab kit. The RBD molecule wro mixed with
the D12 Fab in a 1:1.5 molar mtio and was aLlowed to sit for 30min at room
temperature. All proteins were purified using size exclusion chromatography
(Superder 5200) md concentrated to -5-8mgml- l. Crystallization screning
rru arried out uing a Mosquito crystalliation robot, uing the hmging drcp
rapour diffuion method at 20 oC by mixing 0.1 pI of protein complu with 0-1 pl of
rcwoir solufion followed by manual optimization.

RBD Englandl crystals were obtained uing a rerruoir mlution of 0.1 M Tris-HCl
pH 8.5, 107o 2-methyl-2,4-pentmeliol (MPD) md 29% polyethylre glycol (PEG)
1,500. Crystal fom 1 of the D12 Fab:RBD Englandl complex re grom in 0.1 M
mdium aetate pH 5.5, 50mM mdium ctrloride t0% PEG 400 and l19o PEG 8,000.

Both crystals woe cryo-cmled in liquid nitrogen uing mother liqmr containing 20-
22% ethylene glycol as a cryoprctectilL Cnstal fom 2 of D12 Fab:RBD Englandl
wtr grcwn in 0.1M sodim Car-odylate pH 5.5, 80mM magnesim aetate, 14.5%

PDG 8,0m uing 15% 2R-3R butanediol s a cryoprotectml
Data wcre collected at a wavelength of 1.00 A at SER-CAT beamlines ID-22 and

BM-22 (Advanced Photon Sowg Argonne National laboratorv). All diftrtion
data were proces*d with the HKI2000 suite46, stmct[res were solved by molemlil
replacement uing PHASERa;' and itemtjve model build.ing and refinement wqe
performed in COOf8 and BUSTER-TN'I{e, rapectively. For the RBD Englandl
crystal$ a solution wc obtained using the PDts ID 4KR0 (ref 28) molecule B as a

erch model For the two crystal forms of the D12: RBD Englandl comploq a

mlution ws obtained uing PDB ID 4KR0 molecule B c a sach model for the
RBD, PDB ID 1IGM (ref. 50) m a mrch model tbr the Fab variable domain, and
the moue constant region of the Fab F26Gl9 PDB ID 3BGFsl u a sruch model
for the Fab constant domin. In both clvstal forms, two RBD-Fab complexe were
obtained per c,vmetric mir
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A acs-validation tst st using 5% of the data was wd to asss the
mqlel relin_mcnt process with stmcture model validation mied out wing
MolProbity5'/5r. The RBD [nglmdl model was refned to a final ft;6". value of
22.1Yo and, R,i". valu of 25%. The D12: RBD Englandl crystal fom I gave a
structule model with a 6nal Rlirctor va.lue of 18.5yo and Rfie va.lre of 24.8%. Thc
D12: RBD Englandl crystal fom 2 gave a structure model with a flnal Rfactor of
22.5% and Rfrre value of 26.7%. AIl structues had 99% residus in the faloued
region of the Rarnachandmn ploL

MERICoV mAb escape mutations. WHO-Vero or Vero81 elLs (Verc) were
provided by Ralph Buic at the University of Nort} Ca'olina-Chapel Hill md werc
maintained in Dulbecco's modified [,agle's medim (Invitrcgen) containing 7%
FBS, supplemented with penicillin, streptomycin and amphotcricin B. MERS-CoV
tsMC sGin generated from an infectous clone (from Ralph Buics) wa
propagated md c*sd ming plaqm assay on Vero clls. All cell and virus
incubations u,ue at 37oC in 5% COr. All viral studis were perfomed in ertfied
BSL3 laboratories and exduively within biological efety abinets using protmols
for safe study, maintenance md trmsfer that have been rwiewed and approved bv
the Institutional Biosfety Committees of the Vmderbilt Universirl.

Plaque reduction neutralizatlon asray. Starting at a concentration of
10 pg ml - l, mAbs were serially diluted fivefold and mixed with m equal amount
of virus for a total of six times. Virus-mAb mixtues were incubated at 37 oC for
30 min, md then 200 pl of each mixture ms med to inoculate Vero ell monolayers
in six-well plates in dupiiate. Following l-h incubation, cells were orerlaid with
complete media plu l% aga. Plaqus were visualizrd and counted between 48 md
52h post infection. Amomt of infectiou virus in d:e prsence of each mAb
concentmtion wc calculated and graphed

Passage for antibody escape. mAb wa added to ach 25-cm2 fluk of Vero ells
in 3 ml DMEM containing 3.5% sm, followed by MERS-CoV at an multipLicitl,
of infcrion of 0.1 p.f u ml - '. Two days later, mAb and l0 pJ of the supernatant
6om the proious infction ms added to new flask of Vero cells. Thre separate
Iinages were aried in pamllel with increasing amounG of mAb at ruh pmge.
Following the 6-fth passge the supernatant wc removed, aliqrcted md &oren,
and then tharved md titred uing plaqu asay in the praence and absence of mAb.
Ten p.laques from wells with mAb from ach linage were pickecl, md then ued to
inoculate a 25-m2 flask for 2 da,vs. The supernatant was removed aliquoted md
frozen, Cells were lysed rxing TRIzol reagent (Life Technologic C,orp.) acording
to the mauufacturer's instructions and frozen.

Sanger (dideoxy) seguence analysis of the Splke glycoprotein. Total cellular
RNA was ex[acted from lyste infected with mAb-rsistmt plaqw clones md
thcn subjected to RT-PCR, and the MERS-CoV Spike gene was amplified in two
orerlapping mplicons uing primers 5'-CCICATCTGAACGATTCC-3'; 5/-AAT
CA'MGTCflGC-I Gffi -3,; 5,-CACCAATAGTG.ITI(rcCC-3/; Y.CATACCAG
'|TTTGGAGG-3'; s'-GATGGTCCTACCGAACAT-3'; S'-TATACGCAGACCT
ATAGACT-3'. Each amplicon ras sequenced to give complete gene mvemge. The
resulting sequence were msmbled and compred with the expected, thrcretical
wquence for MERS-CoV Spike.

Statistical analFis. We calculated GMT md 95% confidence intervals for all
antibody titres. The mms md s.e.'s were calculated for all other data. P va.lrcs wse
calculated with a two-hile4 unpairet! nonpmretric Mm-Whitney tat using the
Prisrn software (Version 6.04, GnphPad, La Jolla CA). Statisti.iily signiimt dif-
ferenccr met a tlreshold (a) of 0.05. Statistical vaiation within ruh data set is
repremtql re the standard enor in ech of the figum. Psruon conelation ceffi-
cients and assmiated P rnlws were calculated using the Prism softme Variances
were gtncmlly similm to jutifr the use of nonpametric statistical t6ts.
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