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Rift Valley fever virus (RVFV), an emerging arboviral and zoonotic
bunyavirus, causes severe disease in livestock and humans. Here, we
report the isolation of a panel of monoclonal antibodies (mAbs)
from the B cells of immune individuals following natural infection in
Kenya or immunization with MP-12 vaccine. The B cell responses of
individuals who were vaccinated or naturally infected recognized
similar epitopes on both Gc and Gn proteins. The Gn-specific mAbs
and two mAbs that do not recognize either monomeric Gc or Gn
alone but recognized the hetero-oligomer glycoprotein complex
(Gc+Gn) when Gc and Gn were coexpressed exhibited potent neu-
tralizing activities in vitro, while Gc-specific mAbs exhibited rela-
tively lower neutralizing capacity. The two Gc+Gn–specific mAbs
and the Gn domain A-specific mAbs inhibited RVFV fusion to cells,
suggesting that mAbs can inhibit the exposure of the fusion loop in
Gc, a class II fusion protein, and thus prevent fusion by an indirect
mechanism without direct fusion loop contact. Competition-binding
analysis with coexpressed Gc/Gn and mutagenesis library screening
indicated that these mAbs recognize four major antigenic sites, with
two sites of vulnerability for neutralization on Gn. In experimental
models of infection in mice, representative mAbs recognizing three
of the antigenic sites reduced morbidity and mortality when used at
a low dose in both prophylactic and therapeutic settings. This study
identifies multiple candidate mAbs that may be suitable for use in
humans against RVFV infection and highlights fusion inhibition
against bunyaviruses as a potential contributor to potent antibody-
mediated neutralization.
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Rift Valley fever virus (RVFV) is an emerging arbovirus and
zoonotic threat to human and animal health with pandemic

potential because of the global presence of its vectors and hosts
(1). First identified in 1931 (2), RVFV causes ongoing infections in
Africa, with occasional rises in incidence related to the propagation
of mosquitos due to alternating weather patterns (3). These out-
break episodes are characterized by mass livestock die-off events,
particularly in young animals and abortions in pregnant females.
Spillover events to humans occur by infected mosquito exposures or
contact with the blood and/or organs of infected animals (4).
Human-to-human transmission of RVFV has not been docu-
mented, but concern is growing that RVFV can be transmitted from
mother to fetus in utero (5, 6). In humans, disease presentation
ranges from a mild influenza-like illness to a potentially lethal
hemorrhagic fever syndrome. The World Health Organization
(W.H.O.) has reported more than 4,600 cases and 957 deaths from
2000 to 2016 due to RVFV infections, with a case fatality rate of
more than 20% (7). RVFV outbreaks typically occur in sub-Saharan

and North Africa, but in 2000, the first reported cases outside the
African continent occurred in the Arabian Peninsula (8). Given the
increasing observed mortality rate, spread to new regions, and
potential use as a bioterrorist agent (9), the W.H.O. and the US
National Institute of Allergy and Infectious Diseases have des-
ignated RVFV as a priority pathogen for urgent research and
therapeutic development (10, 11).
RVFV, a member of the Phlebovirus genus in the Phenuiviridae

family of the Bunyavirales order (12) has a tripartite RNA genome
containing large (L), medium (M), and small (S) gene segments.
The sequences in the M segment encode for the viral envelope
glycoproteins (Gc and Gn). These two glycoproteins allow for viral
attachment, entry, fusion, and assembly when oriented as a pen-
tamer of heterodimers (13–16). Data from animal and human
vaccine trials indicate that high-serum neutralizing titers and
protection (in animals) are associated with responses to Gn, Gc,
or entire virion particles (17–23). Protection against experimental

Significance

Rift Valley fever virus (RVFV)–specific monoclonal antibodies
from survivors of natural infection and vaccination were isolated
to understand how RVFV is targeted for neutralization by the
human immune system. These antibodies bind to specific regions
of the viral surface, some of which are complex quaternary
epitopes, and they block RVFV infection at extremely low con-
centrations. A new mechanism by which these mAbs can neu-
tralize RVFV is described whereby the antibody may prevent
necessary structural rearrangements in the viral proteins for in-
fection. The antibodies isolated here have potential use in pre-
exposure prophylaxis or post-exposure therapy against RVFV
infection and should be studied further in that context.

Author contributions: N.S.C., H.Z., A.D.L., D.H.F., and J.E.C. designed research; N.S.C., H.Z.,
N.K., J.B.W., B.K., R.B., J.R., R.S., J.G., F.M.M., A.N.F., and B.B.G. performed research; P.R.P.
contributed new reagents/analytic tools; N.S.C., H.Z., N.K., J.B.W., R.B., A.N.F., B.B.G.,
D.H.F., and J.E.C. analyzed data; and N.S.C. and J.E.C. wrote the paper.

Competing interest statement: J.E.C. has served as a consultant for Luna Biologics and Eli
Lilly; is on the Scientific Advisory Boards of CompuVax and Meissa Vaccines; is a recipient
of previous or active unrelated research grants from Astra Zeneca, Takeda, and IDBio-
logics; and is a founder of IDBiologics. Vanderbilt University has applied for patents
concerning RVFV antibodies that are related to this work.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1To whom correspondence may be addressed. Email: james.crowe@vumc.org.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2025642118/-/DCSupplemental.

Published March 29, 2021.

PNAS 2021 Vol. 118 No. 14 e2025642118 https://doi.org/10.1073/pnas.2025642118 | 1 of 11

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
28

, 2
02

1 

https://orcid.org/0000-0001-5123-5537
https://orcid.org/0000-0001-8364-6867
https://orcid.org/0000-0002-9000-7008
https://orcid.org/0000-0003-1787-759X
https://orcid.org/0000-0001-8413-8960
https://orcid.org/0000-0001-9113-2575
https://orcid.org/0000-0002-8544-2689
https://orcid.org/0000-0002-0049-1079
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2025642118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:james.crowe@vumc.org
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2025642118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2025642118/-/DCSupplemental
https://doi.org/10.1073/pnas.2025642118
https://doi.org/10.1073/pnas.2025642118


www.manaraa.com

RVFV challenge is observed in vaccinated animals with high-
serum titers of neutralizing antibodies (22, 23).
On the viral surface, Gn and Gc organize into a pentamer or

hexamers of Gc-Gn heterodimers with icosahedral symmetry (13,
14). Receptor engagement of DC-SIGN or possibly other re-
ceptors like heparan sulfate (24) by Gn allows for cellular at-
tachment and initiates caveolae-mediated endocytosis (25, 26).
Premature fusion and extension of the fusion loop is prevented
by Gn, which provides a shield for the fusion loop in Gc (27).
Upon exposure to acidic conditions in the late endosome, Gn
repositions, and the class II fusion protein, Gc extends so that its
fusion loop interacts with the host membrane (27–29). The ex-
tended Gc conformation subsequently rearranges so the mem-
branes organize in close proximity to fuse (29). Given the broad
host, tissue, and cell tropism of RVFV (24), inhibiting RVFV by
blocking DC-SIGN engagement may not fully explain the neu-
tralizing and protective capacity of potent mAbs. The fusion
process, a common mechanistic feature of RVFV entry facili-
tating broad tropism, may be a desirable target to enable neu-
tralization. These observations may explain why neutralization is
observed in cells that do not express DC-SIGN.
Here, we report the isolation of 20 human monoclonal anti-

bodies (mAbs) from the circulating B cells of RVFV MP-12
vaccines or survivors of natural RVFV infection using neutrali-
zation as the primary screening method. This panel of antibodies
targets diverse antigenic sites on Gc, Gn, and an undefined
epitope that may present only in the glycoprotein complex
(Gc+Gn) of properly hetero-oligomerized Gc-Gn. Here, we
refer to mAbs that bind to coexpressed full-length Gc-Gn pro-
teins but not to monomeric Gc or Gn as “Gc+Gn–specific
mAbs.” Four competition groups for binding to viral antigen on
the RVFV surface were recognized by neutralizing antibodies,
and all groups contained antibodies that cross-neutralized di-
verse strains of RVFV. Antibodies from both vaccinated and
naturally infected individuals primarily neutralized virus by tar-
geting domain A on the Gn protein. Previously, mAbs derived
from a single patient in China inhibited receptor engagement by
binding to Gn domain A (30). We sought to explore the role of
fusion inhibition as a second major mechanism of neutralization,
by which mAbs could contribute to the overall potent neutral-
izing activity observed and prevent infection even in cells and
tissues that do not readily express DC-SIGN. Fusion-inhibiting
activity of anti-RVFV–specific mAbs has not been reported to
date but has been observed for murine mAbs (31). We observed
two classes of potently neutralizing antibodies, those that target
domain A and cause partial inhibition of fusion and Gc+Gn–
specific mAbs that cause complete inhibition of fusion. Studies
of a representative mAb from each group indicate the Gn do-
main A-specific mAb loses fusion inhibition activity when used as
Fab fragments, whereas the Gc+Gn–specific mAb retains fusion
inhibition activity as a Fab, suggesting different mechanisms of
action for these two classes of mAbs. Antibodies that recognize
domain A, domain B, and Gc+Gn–specific epitopes neutralized
RVFV with varying potencies, and all provided protection
against lethal ZH501 wild-type (wt) virus challenge in prophy-
lactic or therapeutic mouse models of experimental infection
when used as a monotherapy. These results suggest these mAbs
can be investigated as therapies against RVFV infection and that
multiple antigenic sites of vulnerability for neutralization by in-
hibition of viral fusion exist on the virion surface.

Results
Isolation of Neutralizing Antibodies for RVFV. Peripheral blood
mononuclear cells (PBMCs) were isolated from whole blood
samples of two sets of immune individuals. Samples were obtained
from individuals who had received MP-12 vaccine approximately
5 y before blood sample collection as part of an occupational
health program at the United States Army Medical Research

Institute of Infectious Diseases (USAMRIID). PBMCs were also
obtained from individuals with prior history of laboratory-confirmed
RVFV infection in Kenya due to natural exposure but who were
healthy at the time of sample collection as a part of seroprevalence
study in Kenya (32). The collected PBMCs were isolated, cry-
opreserved, and transferred to the Vanderbilt research site where
they were thawed and transformed in vitro with Epstein–Barr virus
(EBV) to generate B cell–derived lymphoblastoid cell lines
(LCLs). The supernatants from the LCLs, containing soluble
antibodies secreted by the LCLs, were screened using a focus
forming assay (FFA) for the presence of RVFV neutralizing ac-
tivity. Cultures with transformed B cells secreting antibodies that
fully reduced infection in the FFA were selected and electrofused
with a nonsecreting myeloma cell line. The resulting hybridoma
cells were cloned by single-cell flow cytometric sorting to generate
clonal hybridoma cells secreting fully human mAbs.
Total RNA was obtained from hybridoma cells to perform

sequence analysis of antibody variable regions using a 5′ rapid
amplification of cDNA ends (5′RACE) methodology (33) (SI
Appendix, Table S1). Denoted mAbs (regardless of original iso-
type of IgG, IgA, or IgM) was converted to a recombinant IgG1
isotype molecule for the remainder of the studies, while others
were derived from hybridoma cells. In vitro neutralization ac-
tivity of each mAb was tested to determine the half maximal
inhibitory concentration (IC50) of 80 foci forming units for
RVFV vaccine strain MP-12. Eight mAbs exhibited ultra-potent
(IC50 <10 ng/mL) neutralizing activity for MP-12, with mAb
RVFV-268 exhibiting the strongest neutralization activity (a re-
markable IC50 value of ∼0.1 ng/mL) (Table 1 and SI Appendix,
Fig. S1). It was difficult to calculate an accurate IC50 value for
the RVFV-268 antibody since the activity is so high, and the 95%
confidence intervals for results were wide, but it is clear that it is
an ultra-potent antibody with superior potency. MAb CCHFV-4
(a similarly prepared human mAb directed to Crimean–Congo
hemorrhagic fever orthonairovirus that we isolated previously)
was used as a negative control. These mAbs had similar IC50
values for neutralization of wt strains ZH501 (genetic lineage A)
or SA51 (genetic lineage G), except mAb RVFV-144 which lost
activity to strains SA51 and ZH501 (Table 1). This finding may
be explained in part by amino acid differences between the
strains. A subset of mAbs (RVFV-326 and RVFV-121) saw a
minor reduction in neutralization potency for wt strains com-
pared to the MP-12 vaccine strain. A wide range of IC50 values in
the mAbs obtained from both vaccinated and naturally infected
individual is present in the panel, with some mAbs from both
donors achieving ultra-potent (IC50 values <10 ng/mL) or potent
(IC50 values <120 ng/mL) activity.

Antigen Specificity and Epitope Determination of RVFV-Reactive
mAbs. To determine antigenic specificity of these mAbs, we
performed enzyme-linked immunosorbent assay (ELISA) with
recombinant Gc or Gn proteins (34, 35) and flow cytometry
with M gene–transfected cells. These results reveal three binding
patterns: mAbs that bound 1) in a Gc-specific manner, 2) in a Gn-
specific manner, or 3) only to cells expressing both Gc and Gn
simultaneously (SI Appendix, Figs. S2 and S3). MAbs that recog-
nized Gc-Gn–coexpressing cells but not monomeric Gn or Gc
independently expressed were designated Gc+Gn–specific mAbs.
To identify the number of major antigenic sites on the viral surface

that can be bound by human mAbs, we performed competition-
binding analysis. Identification of antibody groups with similar
epitopes was achieved by competing antibodies for binding to
293F cells that were transfected transiently with full-length M
gene segment to recapitulate the quaternary structures formed by
Gc-Gn. For competition-binding experiments, M-segment com-
plementary DNA (cDNA)–transfected 293F cells were stained
with a high concentration of the first mAb (unlabeled). Following
this step, a second mAb conjugated to Alexa Fluor 647 was added
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in a lower concentration. The ability of the second mAb to bind in
the presence of the first mAb was determined. We calculated the
results as a percentage of signal for the second mAb in the pres-
ence of the first mAb compared to maximal binding of the second
mAb alone. This analysis identified four major competition-binding
groups, with group A also containing three subgroups (desig-
nated group A1, A2, and A3; Fig. 1). Group A1 contained the
Gc+Gn–specific mAbs RVFV-140 and RVFV-144, indicating
these mAbs recognized similar sites. Interestingly, group A1-
specific mAbs competed with mAbs from group A2 when group
A1 antibodies were added first. Group A2 and A3 mAbs partially
competed with each other, and those mAbs bound to Gn, while
mAbs in group A3 competed very weakly with each other. MAbs
from group B, C, and D all recognize different regions on Gc.
To map the epitopes of mAbs that bound to monomeric Gc or

Gn, a mutagenesis screening approach was used with Gc and Gn
independently expressed in 293T cells. Gn-specific mAbs were
screened for the loss of binding to variants from a library in
which individual surface-exposed residues in Gn had been sys-
tematically mutated (Fig. 2A and SI Appendix, Fig. S4). The
highest number of critical residues for a single mAb was noted
for mAb RVFV-142, a vaccine-induced antibody, which was af-
fected by multiple residues in the amino acid spans of 164 to 186
and 270 to 294. Amino acids E175, A177, K274, and K294 were
critical for binding of the most potently neutralizing mAb,
RVFV-268. MAb RVFV-226 was affected by changes in domain
B amino acids and Y275. Comparison of the antigenic sites
identified by the loss-of-binding and competition-binding analy-
sis demonstrate that competition group A2 relies on amino acids
in the surface-exposed residues of domain A, whereas group A3
may recognize both domain A and B but may bind in a different
orientation (RVFV-429) or primarily to domain B (RVFV-226).
The weak competition observed in group A3 is explained by the
diverse amino acid recognition throughout the Gn protein, sug-
gesting these antibodies may not directly compete for binding to
the same epitope. Antibodies binding to Gc were mapped using a
similar strategy (Fig. 2B and SI Appendix, Fig. S5). Changes in

amino acids R792, G781, N812, K813, and G819 (domain II
region adjacent to the fusion loop) caused the loss of binding of
RVFV-121, RVFV-250, and RVFV-326, all in group B. RVFV-
128, in group C, bound a unique epitope recognizing amino acids
(C777, R792, N812, K813, G819, W821, C823, and C825), thus
mapping to the fusion loop and adjacent region in domain II.
The epitope for RVFV-249 (group D) mapped to domain I and
decreases binding significantly when amino acids F882, G886, or
V888 were mutated. Comparison of amino acid mutational
mapping with competition-binding group analysis indicates that
group B and C primarily recognize amino acids near the fusion
loop of domain II, while group D mAb (RVFV-249) bind do-
main I of Gc.

Fusion Inhibition of RVFV by Human mAbs. Previously, investigators
reported blocking activity for binding of virus to the receptor
DC-SIGN by mAbs that bound the Gn domain A of RVFV (30).
Given evidence that RVFV uses diverse receptors and entry
factors, we sought antibodies that could inhibit virus replication
at a stage after attachment of the virus to permissive cells. We
performed pre- versus postattachment neutralization assays in
Vero cell monolayer cultures (Fig. 3A). All antibodies tested
neutralized MP-12 in Vero cells with similar IC50 value when the
pre- and postattachment assays were compared. These data
suggest that a significant level of neutralization is contributed at
the postattachment step and may be independent of receptor
blocking activity.
We reasoned that since these mAbs function at a postattach-

ment step and conformational rearrangements in the Gc-Gn
interface occur during fusion (26–28), these mAbs may inhibit
the pH-dependent fusion events of RVFV infection. To measure
this activity, we used a fusion-from-without (FFWO) experi-
mental design where fusion occurs on the plasma membrane to
mimic endosomal fusion. Normally, viral fusion to cells occurs in
the acidic environment of endosomes (27), but fusion of RVFV
can be induced by exposing the virus to low pH on the surface of
the plasma membrane, although the efficiency of fusion in this

Table 1. Neutralization of RVFV wild-type (wt) or vaccine strains by human mAbs

MAb (RVFV-) Antigenic target

IC50 value for neutralization of indicated strain (ng/mL)*** Source of human B cells

ZH501 wt strain SA51 wt strain MP-12 vaccine Individual ID Infection type

268 Gn ∼0.2 ∼0.5 ∼0.1 0006 Vaccine
142 Gn 1.5 1.5 5.9 0002 Vaccine
436 Gn 4.6 4.6 2.5 445 102 Wild-type
429 Gn 4.6 4.6 0.9 311 802 Wild-type
379 Gn 4.6 13 1.3 442 Wild-type
140 * 13 4.6 1.1 0002 Vaccine
426 Gn 41 120 9.1 311 802 Wild-type
296 Gn 120 120 638 0006 Vaccine
220 * 120 120 157 0002 Vaccine
250 Gc 120 120 51 0006 Vaccine
401 Gn 370 1,110 2,120 325 001 Wild-type
128 Gc 370 370 38 0002 Vaccine
121 Gc 1,110 1,110 35 0002 Vaccine
326 Gc 1,110 370 70 0006 Vaccine
144 * 3,330 3,330 1.9 0002 Vaccine
381 Gn 10,000 10,000 4,435 442 Wild-type
226 Gn 10,000 3,330 7,692 0002 Vaccine
229 NT** 10,000 10,000 3,040 0002 Vaccine
405 Gn > > > 325 001 Wild-type
249 Gc > > 6,687 0006 Vaccine

* indicates antigenic target could not be mapped. ** NT indicates not tested. *** MP-12 neutralization assay was performed three times with three
technical replicates in each assay. SA51 and ZH501 neutralization assays were performed three times with two duplicates. Results were similar between
biological replicates; data shown are the mean values of technical replicates from one assay. > indicates neutralization was not detected even at the highest
concentration tested of 10 μg/mL.
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environment is thought to be relatively low compared to that
during the natural modes of infection, as has been seen for fla-
viviruses (36). RVFV-specific mAbs were tested for their ability
to block fusion on the plasma membrane in low pH conditions.
RVFV was allowed to attach to the surface of Vero cell culture
monolayer at 4 °C and then incubated at 4 °C with an RVFV
mAb IgG protein, no mAb, or a control mAb DENV-2D22 di-
rected to an unrelated virus (dengue, DENV); a Fab form of
RVFV mAbs was also used in some experiments. Cells then were
warmed to 37 °C in pH 5.5 or pH 7.5 medium. At pH 5.5,
viral–plasma membrane fusion is induced, and the cell mono-
layer was assessed for viral infection 18 h later by staining for
viral antigen. Importantly, in all conditions, 20 mM NH4Cl was
added to ensure the decoupling of the proton pumps of the
endosomes (37) to prevent de novo infection via the canonical
receptor-mediated endocytic route. We defined the pertinent
result as a relative infection ratio (normalized permissive pH cell
count/normalized nonpermissive pH cell count). For all anti-
bodies tested, we observed negligible counts of infected cells at
the nonpermissive pH of 7.5 (<3% of total positive cells com-
pared to permissive pH in the absence of mAb). At the per-
missive pH of 5.5, the presence of the heterologous mAb DENV-
2D22 did not inhibit fusion detectably. RVFV-140 and RVFV-
144, the Gc+Gn–specific neutralizing mAbs, fully reduced in-
fection in the FFWO assay. A panel of Gn domain A-specific
antibodies showed limited ability to reduce infection (Fig. 3 B
and C). Similarly, when antibodies were tested at a concentration
of 30 μg/mL, we observed complete reduction of viral infection in
the FFWO assay for RVFV-140 and 144, with limited reduction
for a subset of Gn domain-A antibodies. Surprisingly, neither

Gn-specific domain B (RVFV-226) nor Gc-specific antibodies
prevented infection in the FFWO assay (Fig. 3 B and C).
We then tested whether the neutralizing mAbs require biva-

lent attachment to glycoprotein pentamers to inhibit fusion. We
reasoned that if a mAb was inhibiting fusion by attaching to two
Gn protomers in the pentameric ring, this configuration could
lock the pentamer and prevent subsequent conformational
rearrangements necessary to allow fusion. To test this activity, we
repeated the FFWO assay with Fab fragments of representative
antibodies (RVFV-140, RVFV-268, and RVFV-226) from three
competition-binding groups. A marked reduction in infection
was detected for RVFV-140 Fab at a 15 or 30 μg/mL concen-
tration, which is consistent with the activity of the corresponding
full-length IgG molecule. Furthermore, RVFV-268 Fab showed
a reduction of fusion inhibiting activity as a Fab (Fig. 3D).

Prophylactic or Therapeutic Effects of RVFV-Specific Neutralizing
mAbs in Murine Models of Infection. We next sought to deter-
mine whether representative mAbs could prevent or treat RVFV
infection or disease in murine models of infection. We used two
mixed-sex models of infection that were established previously
(38, 39), measuring survival and viral titers in liver, spleen, and
blood. We tested the ultra-potent domain A mAb RVFV-268,
the weakly neutralizing domain B mAb RVFV-226, and the
Gc+Gn–specific mAb RVFV-140. First, we tested whether an-
tibodies could reduce viremia and increase survival in a pro-
phylactic model of mAb administration before RVFV infection
of inbred C57BL/6 mice. Here, each mAb was administered by
the intraperitoneal (IP) route at 10 or 200 μg per mouse 2 h
before subcutaneous (SC) challenge with 300 plaque-forming

mAb (RVFV- ) 144 140 142 268 379 436 426 296 401 226 381 429 405 326 121 250 128 249
144 10 4 11 6 9 8 4 13 18 67 69 72 63 73 73 74 69 72

140 17 6 15 8 14 13 9 18 22 81 92 98 85 95 93 96 97 89

142 102 94 30 4 7 4 3 13 22 116 102 107 101 107 116 110 114 112

268 117 110 93 5 24 64 14 35 43 103 100 113 98 111 111 114 100 104

379 114 103 72 6 4 34 8 20 30 103 98 105 94 113 110 107 104 105

436 115 103 75 1 5 13 1 14 24 107 106 109 95 111 113 113 106 113

426 121 114 90 5 17 53 7 29 38 109 102 118 100 111 115 115 112 111

296 109 103 96 64 74 87 75 14 24 101 92 106 91 107 105 105 102 105

401 125 116 106 67 74 90 78 17 14 111 103 118 116 123 125 118 113 121

226 89 98 87 175 32 78 120 36 27 59 88 92 73 101 102 101 97 90

381 101 94 73 47 57 68 55 5 6 86 57 82 20 95 96 98 95 89

429 99 93 82 77 76 81 78 60 62 82 86 12 45 101 107 101 91 84

405 111 104 94 77 86 94 87 46 105 96 83 88 18 105 104 100 100 99

326 116 115 101 101 109 112 114 103 107 108 101 118 110 6 2 5 148 113

121 111 106 104 99 103 105 109 100 103 102 96 111 109 16 5 12 127 105

250 123 114 111 112 113 113 113 107 105 105 102 120 115 10 3 7 143 118

128 92 83 93 89 95 92 100 89 94 99 93 104 98 118 137 117 5 94

249 119 115 110 107 110 110 118 105 109 108 99 116 114 110 117 115 111 3
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Fig. 1. Competition binding of RVFV-specific mAbs on Gc-Gn coexpressing cells. We tested 18 mAbs in competition-binding assays. The mAbs are displayed in
four groups (designated A [with A1, A2, or A3 subgroups], B, C, or D) based on their ability to compete for binding with each other. The values shown are the
percentage of binding that occurred during competition compared to noncompeted binding of the mAb and derived from the mean fluorescence intensity
(MFI). MFI values were normalized against a mock transfected control. The values are also indicated by the box fill color; darker colors toward black indicate
higher competition, and lighter colors toward white indicate less competition, on a gradient scale. Values shown are the average of three technical replicates
from three independent experiments.
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Fig. 2. Mutation library screening for loss-of-binding to identify critical residues. Expression clones containing key mutations in (A) Gn (for groups A2 and A3)
and (B) Gc (for groups B, C, and D) from loss-of-binding screening are shown. The color of the mAb clone names corresponds to the competition group
assigned in Fig. 1. The reactivity of each mAb tested for mutants is shown as a percentage of the reactivity of that mAb to wt Gn or Gc. A larger library of
mutants was tested, but here, results are shown only for residues that reduced binding of at least one mAb. Amino acids were considered critical if the level of
binding was <30% of wt binding. Data shown are the average of technical duplicates from two independent experiments. The location of residues at which
amino acid substitution disrupts mAb binding are mapped onto the crystal structure of Gn (A) or Gc (B) and are designated by color-coded spheres. Color
coding is as follows: gray (RVFV-142), shades of blue (residues that influence the binding of multiple competition group A2 mAbs), magenta (residues that
influence the binding of mAbs in both A2 and A3 competition groups), light orange (RVFV-429), dark orange (RVFV-226), purple (group B mAbs), light green
(group C mAb, RVFV-128), and yellow (group D mAb, RVFV-249). A side-view of Gn (A) is shown and is also shown rotated 180°. Gn (domain A, B, or C in cyan,
green, or magenta) or Gc (domain I in red, domain II in yellow, or domain III in blue) are shown as cartoon. Gc models has been adapted from PDB (Protein
Data Bank):4HJ1, and the Gn model has been adapted from PDB:5Y0W as their respective templates.
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units (PFU) of RVFV wt strain ZH501. Subsets of animals were
euthanized 3 d postinfection (d.p.i.) for viral titer analysis of
serum and liver or spleen homogenates. The remaining mice
were observed for morbidity and mortality for 21 d after inoculation.
Each of the mAbs RVFV-268, RVFV-140, and RVFV-226 admin-
istered prophylactically 2 h before viral inoculation provided steriliz-
ing immunity at a dose of 200 μg, and similar effects were observed at

the dose of 10 μg, except for the detection of some virus in spleen and
liver of animals treated with RVFV-226 (SI Appendix, Fig. S6). Each
antibody and dose tested provided significant improvements in sur-
vival and weight maintenance in the prophylactic setting, with RVFV-
226 at 10 μg showing the weakest protective capabilities (Fig. 4A).
Next, we assessed the effects of these mAbs when used as a

postexposure therapy. To assess efficacy, we used a BALB/c mouse
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Fig. 3. Fusion inhibition is mediated by RVFV mAbs against Gn domain A or Gc+Gn epitopes but not Gn domain B or Gc mAbs. (A) Representative mAbs from
each domain of Gn, one Gc binding mAb, and Gc+Gn–specific mAbs were titrated in a pre- versus postattachment assay to determine relative contribution of
neutralization before or after attachment in Vero cells. (B–D) A FFWO assay was used to assess antibody inhibition of viral fusion with Vero cell membranes
under low-pH conditions at the cell surface to mimic acidified endosomes. Virus was adsorbed on a Vero cell monolayer at 4 °C for 45 mins. Virus then was
removed, and RVFV-specific mAbs were added for 30 min. Cells were exposed to a prewarmed pH 5.5 medium or a control neutral pH medium for 2 min at
37 °C. The medium was removed, and the cells were incubated in supplemented DMEM for 16 h before fixing on plate, permeabilizing, and staining for viral
antigen. Quantification of intracellular viral antigens was done by counting infected cells relative to a virus-only control on a BioSpot CTL plate reader. Three
independent experiments were performed in triplicate for each antibody for all assays. (A) Pre- versus postattachment of representative mAbs. (B) Full di-
lution curves for 10 IgG mAbs in the FFWO assay. (C) Relative infection ratio at 30 μg/mL for 20 IgG mAbs in the FFWO assay. (D) Relative infection ratio at
15 or 30 μg/mL for 3 mAbs tested as Fab fragments in the FFWO assay.
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model of infection, since the time to death is longer in this strain
than in C57BL/6 mice, which allowed us to test the mAbs during
a brief therapeutic window after viral inoculation. SC adminis-
tration of RVFV was followed with the administration of a mAb
on 2 or 4 d.p.i. by the IP route with 200 μg of RVFV-140, RVFV-
268, or RVFV-226. Subsets of animals were euthanized on 5
d.p.i. to assess viral titers. Each of the antibodies mediated re-
duction in viral titers in the serum, liver, and spleen with sig-
nificant therapeutic benefit when administered 2 d.p.i. When the
antibody was administered 4 d.p.i., a significant reduction in sur-
vival was observed, and for those animals that survived, weight
gain was normal except in the RVFV-226 treatment group
(Fig. 4B). We were unable to obtain sufficient data for viral titers
in animals treated with RVFV-226 on 4 d.p.i. due to the rapid
death that occurred at this time point, but a small therapeutic
benefit was observed for animals treated with RVFV-268 or
RVFV-140 on 4 d.p.i. (SI Appendix, Fig. S7)

Discussion
These studies reveal common features of antigenic recognition
of RVFV among human B cells secreting neutralizing antibodies
in vaccinated or naturally infected donors. The neutralizing an-
tibodies from individuals in both groups recognized similar sites
of vulnerability and exhibited an interesting mechanism of neu-
tralization of RVFV through an indirect mode of fusion inhibi-
tion that prevents exposure of the viral fusion loop. The structure
of bunyavirus surface glycoproteins in Gc-Gn hetero-oligomers is
complex and incompletely understood, which posed a challenge
for designing the antigens for an effective mAb discovery cam-
paign. To identify neutralizing antibodies, we did not screen with
binding assays using monomeric Gc or Gn proteins (which do not
recapitulate the complex oligomeric structure of the Gc-Gn
complex), rather, we chose to use an unbiased screening ap-
proach based on neutralization of the MP-12 vaccine strain. This
approach was successful and identified potently neutralizing an-
tibodies that bind to both known Gn-specific, Gc-specific, and
Gc+Gn–specific epitopes. Gc-reactive mAbs typically did not fully
reduce viral infection in the neutralization assay but instead
allowed some residual viral focus formation even at the highest
mAb concentrations tested. These findings highlight the impor-
tance of Gn-specific neutralizing mAbs in prevention of viral in-
fection. RVFV Gn-specific domain A-specific mAbs exhibited the
highest neutralizing capacity, and Gc+Gn mAbs also possessed
potent neutralizing abilities. This previously unknown pattern of
binding to an unmapped Gc+Gn antigenic site that is likely
quaternary in nature and is only present in the full Gc-Gn het-
erodimer glycoprotein complex is of interest and merits structural
definition in future studies.
This panel of human mAbs appears to identify a substantial

portion of the diversity of antigenic recognition patterns for the
surface proteins, as competition-binding analysis suggested three
major sites of recognition in the Gc glycoprotein, two major
overlapping sites on the Gn glycoprotein, and an unmapped
Gc+Gn–specific site recognized by mAbs of group A1. Both Gc
and Gn antibodies can bind to the viral surface simultaneously,
since they did not compete with each other for binding to proteins
expressed from the full-length M-segment gene transfection sys-
tem we used to recapitulate the viral pentameric heterodimer
structure on the surface of cells. The competition between group
A1 and group A2 mAbs was asymmetric, possibly due to differ-
ences in affinity or binding pose. The competition-binding study
used full-length IgG molecules, so the unilateral competition be-
tween groups A1 and A2 also might be explained by indirect ef-
fects in which one antibody may prevent access to the antigenic
site recognized by the other group of mAbs by Fc-related steric
hindrance. Mutagenesis of Gn or Gc proteins to determine critical
residues for binding supported the groupings assigned by the in-
terpretation of competition-binding experiments. Antibodies that

recognize Gn domain A (group A2) rely heavily on amino acids
from two pockets on Gn (amino acids: 164 to 186 and 270 to 294)
with K274 contributing to an especially critical antigenic patch.
Antibodies in group A3 appear to bind in different orientations in
domain A or to domain B but regardless appear to compete
weakly with mAbs from group A2 with some overlap in amino acid
usage. MAbs within the competition group A3 weakly impede
each other from accessing their epitopes, and their diverse amino
acid recognition explains this weak competitive observation. An-
tibodies in competition groups B and C on the Gc glycoprotein
mapped to residues on or adjacent to the fusion loop, and mAb
RVFV-249 (group D) mapped to domain I of Gc. In the cases of
Gc and Gn domain A, a high level of sequence conservation is
observed for different isolates of RVFV (40). MAbs mapping to
these sites cross-neutralized strains from different clades of wt
RVFV that cause differing levels of disease severity in mice (41),
suggesting the feasibility of developing a pan-RVFVmAb therapy.
Further analysis against contemporary strains of RVFV could be
of interest in the future.
The neutralization mediated by antibodies recognizing Gn

domain A that block receptor engagement on cells expressing
DC-SIGN have been reported (30), but infection of cells and
tissues lacking DC-SIGN also have been observed (24). Because
of the wide tropism of RVFV infection for diverse species and
tissues, it is desirable to identify antibodies that neutralize virus
independent of the specific attachment factor(s) used for entry
to cells. The fusion process is a step in the virus life cycle that
could be more generally vulnerable to antibodies in diverse tis-
sues. Since many of the mAbs isolated here potently prevent
infection at a postattachment step on cells lacking DC-SIGN, we
explored fusion inhibition as a potential mechanism of neutral-
ization. We observed potent fusion inhibition by Gc+Gn mAbs
targeting a complex quaternary site, while the fusion inhibition
mediated by mAbs binding to Gn domain A was less potent. We
suggest that receptor blockade activity together with fusion in-
hibition activity likely explains the ultra-potent (<10 ng/mL IC50)
neutralizing capabilities observed in these Gc+Gn mAbs.
It may not seem logical that antibodies against Gn prevent

fusion, while Gc contains the critical fusion loop. However, it has
been established that the Gn protein of bunyaviruses shields the
fusion loop of Gc protein from premature exposure and aberrant
fusogenic rearrangements. Upon exposure to acidic pH, Gn
shifts position and allows Gc to extend its fusion loop and engage
with host membranes (27). Given the role Gn plays as a shield
and the requirement to conformational rearrangements in the
Gc-Gn hetero-oligomer for fusion to occur, we reasoned that
antibodies against RVFV likely inhibit fusion by providing an
impediment for this rearrangement process to occur. Given the
reduction in fusogenic activity of RVFV in the surrogate FFWO
assay that we observed for group A1, A2, and A3 mAbs, it is
possible that they function to prevent the Gc-Gn heterodimer
fusion-related rearrangements in the cellular infection process and
thus prevent the exposure of the Gc fusion loop following acidi-
fication in endosomes. Furthermore, Gn domain A mAb RVFV-
268 functioned only as a full-length IgG, indicating that bivalent
recognition is necessary to prevent fusion, which might suggest a
“stapling”mechanism that prevents Gn movement or dissociation.
Conversely, competition group A1 mAb RVFV-140 prevented
fusion as a Fab, indicating a different mechanism of inhibition.
Obtaining structural information is of interest for both antibody
classes to further elucidate these mechanisms. Furthermore, the
Gc+Gn mAbs RVFV-140 and RVFV-144 potently inhibit fusion
in the FFWO assay. Further investigation into the specificity and
epitopes for these Gc+Gn–specific antibodies will be of interest
for future studies.
The development of vaccines and antivirals against RVFV is a

high priority (10, 11), and testing of the antibodies in larger animal
models that are also natural hosts of RVFV, such as sheep, are
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warranted as a future direction. Demonstration of in vivo protective
efficacy of three mAbs targeting different sites on the RVFV
surface provides evidence that mAbs to diverse epitopes on the
surface of RVFV contribute to protection. These studies support
the investigation of the MP-12 vaccine or other vaccines that
display multiple protective epitopes as a method for vaccination
over single-epitope display strategies. Furthermore, antibodies,
such as RVFV-140 and RVFV-268 that have fusion inhibition
properties, likely would potently reduce viral replication in vivo
because of this desirable mechanism of action. Overall, the studies
presented here show that natural infection or MP-12 vaccination

of humans induces B cells encoding diverse potent neutralizing
antibodies that can provide preventative and therapeutic benefit.
This work lays the foundation for future therapeutic antibody
development as an antiviral agent against RVFV.

Materials and Methods
Human Samples. Human PBMCs were obtained from two sets of immune
individuals. First, PBMCs were collected from survivors of RVFV in Kenya well
after the illness had resolved, following informed written consent through a
program maintained by the Technical University of Mombasa Institutional
Review Board (IRB-P183/04/2107). Second, human PBMCs of vaccinated do-
nors were obtained from individuals who had received MP-12 vaccine
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in a C57BL/6 mouse model of RVFV infection. MAb (200 or 10 μg) was administered once by the IP route to mice (n = 14) 2 h prior to SC inoculation of 300 PFU
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***P = 0.0002; ****P < 0.0001.
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approximately 5 y before collection as part of an occupational health pro-
gram at the USAMRIID. The studies were approved by the Institutional Review
Boards of Vanderbilt University Medical Center, USAMRIID, and the Kenyatta
National Hospital/University of Nairobi Ethics and Research Committee.

Cell Culture. Vero (monkey, female) cell lines were obtained from the
American Type Culture Collection (ATCC CCL-81), and HEK-293T (human,
female) were maintained at 37 °C in 5% CO2 in Dulbecco’s Modified Eagle
Medium (DMEM, Thermo Fisher Scientific) containing 10% (vol/vol) heat-
inactivated fetal bovine serum (FBS) (HyClone), 10 mM Hepes pH 7.3, 1 mM
sodium pyruvate, 1× nonessential amino acids, and 100 U mL of penicillin–
streptomycin. Expi293F cells (Thermo Fisher Scientific, A1452) were maintained
at 37 °C in 8% CO2 in Expi293F Expression Medium (Thermo Fisher Scientific,
A1435102). The HMMA 2.5 nonsecreting mouse–human heteromyeloma cell
line (female mouse and female human) was provided by L. Cavacini and
M. Posner and was cultured as previously described (42). Mycoplasma testing
of Expi293F and Vero E6 cultures was performed on a monthly and bimonthly
basis, respectively, using a PCR-based mycoplasma detection kit (ATCC, 30 to
1012 K), and all tests were negative during the time of study.

Viruses. The RVFV vaccine strain MP-12 was used at the Vanderbilt University
site. The RVFV strains ZH501 and SA51 were obtained from Dr. Tetsuro
Ikegami at the University of Texas Medical Branch. The virus was passaged
and titrated by plaque assay in Vero E6 cells. Infectious work was approved
by the University of Texas Medical Branch Institutional Biosafety Committees
and conducted in approved biosafety level 4 (BSL-4) facilities. For the animal
efficacy studies, we used the molecular clone of RVFV ZH501, kindly pro-
vided by Dr. Stuart Nichol (Centers for Disease Control and Prevention,
Atlanta, GA).

Mouse Models of Infection. Seven- to eight-week-old male and female C57B/6
and BALB/c mice were obtained from The Jackson Laboratory (Bar Harbor,
ME) and Charles River Laboratories (Wilmington, MA), respectively. Mice
were housed in microisolator cages and provided water and food ad libitum.
The mouse RVFV challenge efficacy studies were approved by the Utah State
University Institutional Biosafety Committees and conducted in Select
Agent–approved animal BSL-3 facilities.

Virus Neutralization Assay. Virus neutralization assays were performed in the
FFA format using the MP-12 vaccine strain of RVFV. The virus was incubated
with increasing concentrations of mAb in triplicate for 1 h at 37 °C, and then
each suspension was added to a monolayer of Vero cells of a 96-well plate
for 1 h at 37 °C. Following incubation, a 1:1 mixture of fully supplemented
(5% FBS) DMEM and 2.4% methylcellulose mixture was added onto the cells.
After a 3-d incubation in 5% CO2 at 37 °C, cells were fixed for 1 h with 1%
paraformaldehyde and stained with a 1:3,000 dilution of mAb-1D8 (BEI
Resources) for 1 h in 2% milk in phosphate-buffered saline (PBS) containing
Tween (PBST). Following primary incubation and washing, a 1:3,000 dilution
of anti-human HRP conjugated secondary antibodies was added for one h in
the same buffer. Cells were washed and stained with TrueBlue peroxidase
substrate (SeraCare5510-0030) for 30 min. Cells were washed in dH2O, im-
aged on a BioSpot CTL plate reader, and foci were counted. The percent
relative infection was determined based on the virus-only control. Assays for
ZH501 and SA51 were performed in the plaque reduction neutralization
format. After the virus/mAb incubation step, the suspension was added to a
monolayer of Vero cells in a 24-well plate for 1 h at 37 °C. Following incu-
bation, cells were overlaid with MEM containing 2% FBS, 1% penicillin–
streptomycin, and 0.5% methylcellulose. After a 5-d incubation in 5% CO2 at
37 °C, cells were fixed in 10% buffered formalin for 30 min and stained with
crystal violet. Plaques were enumerated by visual examination. Tests were
performed for each antibody using MP-12 (triplicate), ZH501 (duplicate), or
SA51 (duplicate) strains, respectively. IC50 values were determined using a
sigmoidal, four parameter logistic nonlinear fit analysis in Prism software
version 8 (GraphPad).

Hybridoma Generation. Vaccinated individuals, who had received MP-12
vaccine as part of an occupational health program at USAMRIID, were
identified. Naturally infected individuals in Kenya were identified with prior
history of laboratory-confirmed RVFV infection but who were healthy at the
time of sample collection. After written informed consent was obtained,
peripheral blood was collected and stored at room temperature until PBMCs
could be purified using SepMate tubes (STEMCELL Technologies) per the
manufacturer’s protocol and then cryopreserved in 10% (vol/vol) dimethyl
sulfoxide in FBS and stored in the vapor phase of liquid nitrogen. Samples
derived in Kenya were transferred to the Vanderbilt site. Approximately 107

cryopreserved PBMCs were thawed, and LCLs were generated as previously
described (42) from memory B cells within the PBMCs by transformation with
EBV (obtained from B95.8 cells) and supplemented with cell cycle checkpoint
kinase 2 inhibitor (Sigma-Aldrich), CpG (Sigma-Aldrich), and cyclosporin A
(Sigma-Aldrich) in Medium A (STEMCELL Technologies). One week later, LCLs
were counted and then expanded on a feeder layer of gamma-irradiated,
human PBMCs from discarded leukofiltration devices. After 7 d, LCL super-
natants were screened for the presence of RVFV neutralizing mAbs by an
adaptation of the neutralization assay with MP-12 previous described
without overlay. LCLs from wells containing virus-neutralizing antibodies
were fused to HMMA 2.5 myeloma cells by an established electrofusion
technique (43). After fusion, hybridoma lines were cultured in a selection
medium with hypoxanthine, aminopterin, and thymidine medium supple-
ments (Sigma-Aldrich) and ouabain (Sigma-Aldrich) in 384-well cell culture
plates before screening for RVFV-specific antibody production in super-
natants. Two weeks later, supernatants from the hybridoma cell lines were
screened by neutralization and then cloned by single-cell flow cytometric
sorting on a BD FACSAria III sorting cytometer with aerosol containment in
384-well plates. These cloned cells were expanded in Medium E in 12-well
tissue culture-treated plates (Corning) upon reaching 50% confluence, and
their supernatants were screened for neutralizing activity. MAb-producing
hybridoma cell lines were selected from wells displaying neutralizing activity.

Antibody Production and Purification. For hybridoma-derived mAb, clonal
cells were grown in 75 cm2 flasks to 70% confluency in hybridoma growth
medium (ClonaCell-HY medium E from STEMCELL Technologies, 03805). The
hybridoma cells were grown to exhaustion in Hybridoma-SFM (1×) serum-
free medium (Gibco Hybridoma-SFM, Invitrogen, 12045084) in four 225 cm2

flasks. Exhausted hybridoma supernatant was harvested after one month.
For the recombinant mAb production, the genes of heavy and light chains
were synthesized into cDNA. The fragments were cloned into a full-length
IgG1 DNA plasmid expression vector (44). The heavy and light chains were
transformed into Escherichia coli cells to produce large amounts of DNA.
Following the manufacturer’s protocol, plasmids encoding heavy and light
antibody chains were transiently transfected into Expi293F cells to produce
mAb proteins. Secreted IgGs from recombinant and hybridomas were puri-
fied from filtered supernatants by affinity chromatography using Protein G
columns (Cytiva, HiTrap Protein G HP columns) on an ÄKTA pure instrument.
Purified mAbs were processed by buffer-exchanging into PBS using buffer-
exchanged into PBS using Zeba Spin Desalting Columns (Thermo Fisher Sci-
entific), filtered using sterile 0.45 μm Millipore filter devices, concentrated
using Amicon Ultra-4 50 kDa Centrifugal Filter Units (MilliporeSigma), and
stored at −80 °C. Recombinant mAbs were used for all in vivo experiments,
and designated mAbs were either hybridoma or recombinant derived
in vitro experiments.

Fab Fragment Production. DNAs encoding heavy and light chains of Fabs were
inserted into Fab DNA plasmid expression vectors, processed, and transiently
expressed similarly as full-length IgG expression. Fab fragments were puri-
fied using CaptureSelect Anti-CH1 columns (Thermo Fisher) on an ÄKTA pure
instrument. Final Fab fragments were buffer-exchanged into PBS, concen-
trated, and stored at 4 °C until use.

MAb Isotype and Gene Sequencing Analysis. The antibody heavy- and light-
chain variable region genes were obtained from hybridoma cell lines that
had been cloned by flow cytometric single-cell sorting. Total RNA extraction
was performed using RNeasy Mini Kit (QIAGEN) per the manufacturer’s
protocol. Amplification of cDNA ends was done using a modified 5′ rapid
amplification approach (33). Briefly, a mixture of 5 μL of total RNA and cDNA
synthesis primer mix (10 μM each) was incubated for at 70 °C (2 min), fol-
lowed by a 42 °C incubation step (1 to 3 min) for synthesis primer annealing.
Post incubation, added to the total RNA reaction was a mixture of 5× first-
strand buffer (Clontech), dithiothreitol (20 mM), 5′ template switch oligo (10
μM), deoxynucleotide triphosphate (dNTP) solution (10 mM each), and 10×
SMARTScribe Reverse Transcriptase (Clontech) (60 min incubation) at 42 °C.
The first-strand synthesis reaction was purified using Ampure Size Select
Magnetic Bead Kit (ratio of 1.8× [Beckman Coulter]). After purification, a
single PCR amplification reaction with 5 μL of first-strand cDNA, 2× Q5 High-
Fidelity Master Mix (New England Biolabs), dNTP (10 mM each), forward
universal primer (10 μM), and reverse primer mix (0.2 μM each in heavy-chain
mix and 0.2 μM each in light-chain mix) was subjected to the following:
initial denaturation for 90 s followed by 30 cycles of denaturation at 98 °C
for 10 s, annealing at 60 °C for 20 s, and extension at 72 °C for 40 s, followed
by a final extension step at 72 °C for 4 min. Primers used here were previ-
ously detailed (33). Using the AMPure Size Select Magnetic Bead Kit (ratio of
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0.6× [Beckman Coulter]), the first PCR was purified. Amplicon libraries were
prepared per the Multiplex SMRT Sequencing protocol (Pacific Biosciences)
and sequenced on a Sequel instrument (Pacific Biosciences). Raw sequences
were demultiplexed, and circular consensus sequences were determined
using SMRT Analysis tool suite (Pacific Biosciences). The identities of gene
segments, complementarity-determining regions (CDRs), and mutations
were determined using the ImMunoGeneTics database (45).

Gc and Gn Recombinant Protein Production and ELISA. A gene encoding the
ectodomain of Gc and Gn was synthesized, cloned, and expressed in SF9 cells
described previously (34, 35). These recombinant proteins were isolated by
metal affinity chromatography on HisTrap Excel columns (GE Healthcare).
For ELISA binding assessment of mAbs, 384-well ELISA plates were directly
coated with either Gc or Gn at 1 μg/mL (diluted in PBS) and incubated
overnight at 4 °C. Plates were washed three times with PBST using an EL406
combination washer dispenser instrument (BioTek) and blocked for 1 h at
room temperature with 5% milk powder and 2% goat serum (diluted in
PBS). After washing three times with PBST, 30 μL antibody diluted in DMEM
was added to plates and incubated for 1 h at room temperature. Plates were
then washed three times, and 30 μL of goat anti-human HRP-conjugated
secondary antibodies (Meridian Life Science) diluted 1:3,000 in PBS was
added to plates and incubated for 1 h at room temperature. Plates were
washed three times, and 25 μL of 1-Step Ultra TMB-ELISA (Thermo Fisher
Scientific-34029) was added for 7 mins, and the reaction was quenched with
25 μL of 1 M HCl. Plates were read for optical density at 405 nm immediately
using a BioTek plate reader.

MAb Competition-Binding Assay Using a Gc-Gn Cell-Surface Display System. For
antibody preparation, mAbs were directly fluorescently labeled. Briefly,
mAbs were labeled with Alexa Fluor 647 NHS ester (Thermo Fisher) by fol-
lowing the manufacturer’s protocol. Labeled mAbs were purified and buffer
exchanged into PBS using desalting Zeba columns (Thermo Fisher) and
stored at 4 °C until use. For cell display of Gc-Gn, plasmid encoding full-
length M segment of RVFV ZH501 [a gift from the laboratory of Dr. Frie-
demann Weber (46)] was transiently transfected into Expi293F cells per the
manufacturer’s protocol. Cells were cultured to produce antigen for 3 d, and
cells were either processed for staining or frozen and stored in the vapor
phase of liquid nitrogen until use. Cells (1 × 107) were fixed and per-
meabilized using BD Cytofix Cytoperm according to the manufacturer’s
protocol. Cells (50,000/well) then were plated into 96-well V-bottom plates
in permeabilization buffer. Cells were incubated with a saturating concen-
tration (typically 20 μg/mL) of the first unlabeled mAb at room temperature
for 30 min. Second, fluorescently labeled mAb (5 μg/mL) was added for
30 min without prewashing to minimize the dissociation of the first mAb.
Cells were washed, fixed in 1% paraformaldehyde, and resuspended in 30 μL
of fluorescence activated cell sorting (FACS) buffer (Dulbecco’s phosphate
buffered saline [DPBS], 2 mM EDTA, and 2% FBS). Staining was analyzed
using an Intellicyt IQue flow cytometer, and mean fluorescence intensity
values were used for analysis. Background values were determined from
binding of the second (labeled) mAb to mock-transfected expi293F cells.
Results were expressed as the percent of binding in the presence of com-
petitor mAb minus the background signal over the second mAb-only
(maximal binding) value minus the background signal. Antibodies were
considered competing if the presence of the first antibody reduced the
signal of the second antibody to less than 30% of its maximal binding or
noncompeting if the signal was greater than 70%.

MAb Binding Assay Using a Gc-Gn Cell-Surface Display System. RVFV-144 and
RVFV-140 were prepared by using Alexa Fluor 647 NHS ester (Thermo Fisher)
per the manufacturer’s protocol and used to stain RVFV M-segment trans-
fected 293F cells. Briefly, cells were stained with 30 μg/mL of primary anti-
body for 20 min at room temperature and then assessed using the IQue flow
cytometer. Untransfected cells were used as the negative control.

Mutagenesis EpitopeMapping. Independently expressed Gn and Gc expression
constructs (based on RVFV ZH501) were synthesized with designated mu-
tations to generate a mutation library focusing on predicted surface-exposed
residues. In total, 76 or 98 mutants were generated for Gn or Gc, respec-
tively. Each RVFV Gn or Gc mutant was transfected into 293T cells with
FuGENE 6 transfection reagent and allowed to express for 40 h. Mock-
transfected cells were included as control. Cells were fixed in 4% (vol/vol)
PFA, washed with PBS, and permeabilized with staining buffer (PBS sup-
plemented with 0.1% [wt/vol] saponin [Sigma-Aldrich] and 1% bovine serum
albumin [BSA]). Cells then were incubated with purified mAbs at concentration
of 1 or 2 μg/mL for 1 h at 4 °C, washed twice, and stained with FITC-conjugated

goat anti-Human IgG, IgM, IgA (H+L) secondary antibody (Invitrogen, 1:500).
Mouse anti-HA antibody (Covance, 1:500) was included to monitor Gn or Gc
protein expression. Flow cytometry was performed on a MACSQuant Analyzer
(Miltenyi Biotec), and the data were analyzed using FlowJo software. Binding
to mutant gene-transfected cells was calculated relative to wt Gn- or Gc-
transfected cells. Mutations were categorized as critical if they supported
binding of other RVFV-specific mAbs but showed <15% (RVFV-142) or <30%
(most of the mAbs) reactivity relative to wtprotein. The incorporation of this
strategy assists in the exclusion of mutants that are misfolded or cannot
properly express.

Pre- or Postattachment Inhibition Assays. 96-well tissue culture plates were
treated with poly-D lysine at 50 μg/mL overnight at 4 °C and dried before
seeding 20,000 Vero cells/well the day before use in the assay. In the pre-
attachment assay, 600 PFUs of virus was added with antibody for 1 h. Cells
were washed and incubated at 4 °C for 15 min. Virus and mAb mixture was
added to cells for 1 h at 4 °C and then washed and incubated at 37 °C. A
methylcellulose layer was added, and cells were allowed to incubate for
three days. In the postattachment assay, Vero cells were plated as before
and washed twice and allowed to cool in 4 °C for 15 min. In total, 300 PFUs
of RVFV was added to each well and allowed to incubate for 1 h at 4 °C.
Diluted mAb was added to cells after free virus was washed and allowed to
incubate for 1 h at 4 °C. Antibody was washed off, and cells were allowed to
incubate for 15 min at 37 °C before adding methylcellulose and incubating
for 3 d. Both pre- and postattachment plates were then fixed and processed
as described before.

FFWO Assay. Cells were plated as described in the pre- versus postattachment
section. The supernatant was decanted and washed with binding medium
(Roswell Park Memorial Institute Medium [RPMI] 1640, 0.2% BSA, 10 mM
Hepes pH 7.4, and 20 mM NH4Cl) and incubated 4 °C for 15 min. RVFV MP-12
was prepared to an multiplicity of infection (MOI) of 1 in binding medium
and added to cells for 45 min at 4 °C, and then free virus was removed.
Following incubation, dilution medium (DMEM with 2% FBS) with or with-
out RVFV-specific or DENV-2D22 control mAbs was added to cells for 30 mins
at 4 °C. FFWO was induced by adding prewarmed fusion media (RPMI 1640,
0.2% BSA, 10 mM Hepes, and 30 mM succinic acid at pH 5.5) for 2 mins at
37 °C. In identical wells, control media (RPMI 1640, 0.2% BSA, and 10 mM
Hepes at pH 7.4) was added for 2 min at 37 °C to ensure infection occurs only
via the pH-dependent plasma membrane fusion. The medium was removed,
and cells were incubated at 37 °C for 16 h in DMEM with 5% FBS, 10 mM
Hepes, and 20 mM NH4Cl (pH 7.4). Following incubation, cells were fixed in
1% PFA for 2 h at room temperature, washed three times, stained with a
mixture of murine mAbs (3C10, 1D8, and 1F6 [BEI Resources]) with a 1:3,000
dilution in permeabilization-wash buffer (1× DPBS, 0.1% BSA, and 0.1%
saponin). Plates were washed three times, and 50 μL of 1:3,000 dilution of
anti-mouse HRP-conjugated antibodies in permeabilization wash buffer was
added, and plates were incubated for 1 h at room temperature. Following
incubation, plates were washed three times, and 40 μL of TrueBlue peroxi-
dase substrate (SeraCare) was added. Cells were allowed to develop, washed
with dH2O, and imaged as described previously for neutralization assays.

RVFV Challenge in Mice and Viral Titer. Experimental groups (n = 14 for the
treatment group with four animals per group for the 3 d.p.i sacrifice for viral
titers) in the prophylactic study consisted of 7- to 8-wk-old male and female
C57BL/6 mice (n = 5 for sham-infected controls, with two euthanized for viral
titer controls). Animals were treated once by IP injection with either 200 μg
(∼10 mg/kg) or 10 μg (∼0.5 mg/kg) of individual mAb at a time point 2 h
before SC inoculation of 300 PFU of RVFV strain ZH501. Experimental groups
(n = 14 for the treatment group with four animals per group for 5 d.p.i.
sacrifice for viral titers) in the therapeutic study consisted of 7- to 8-wk-old
male and female BALB/c mice (n = 5 for sham-infected controls, with two
euthanized for viral titer controls). Animals were inoculated with 100 PFU of
RVFV (ZH501 strain) by the SC route. Animals were treated with 200 μg
antibody once IP on 2 or 4 d.p.i. In both prophylactic and treatment studies,
human mAb DENV 2D22 (specific to an unrelated target, dengue virus) was
used as the negative control. Mice were monitored daily from 0 to 21 d.p.i.
for survival and body weight, and survivors were euthanized on 21 d.p.i.

Viral titers were assayed using an infectious cell culture assay, previously
described (47). Here, a volume of tissue homogenate or serum was diluted
and added to triplicate wells of Vero cell monolayer cultures. Viral cyto-
pathic effect was determined 7 d after plating to calculate 50% endpoints.
Lower limits of detection were 1.49 log10 50% cell culture infectious dose
(CCID50)/mL in serum and 2.1 log10 CCID50/g in tissue.
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Quantification and Statistical Analysis. Kaplan–Meier survival curves were
analyzed using the logrank test, and viraemia was compared using ANOVA
with multiple comparisons test. Statistically significant differences were in-
dicated by P < 0.05. Technical and biological replicates are indicated in the
methods and figure legends. Error bars in figures represent SD unless oth-
erwise indicated. Statistical analyses were performed using Prism version 8
(GraphPad).

Data Availability. All study data are included in the article and/or SI Appendix.
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