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ABSTRACT

The development of specific, safe, and potent monoclonal antibodies (Abs) has led to novel therapeutic
options for infectious disease. In addition to preventing viral infection through neutralization, Abs can
clear infected cells and induce immunomodulatory functions through engagement of their crystallizable
fragment (Fc) with complement proteins and Fc receptors on immune cells. Little is known about the role
of Fc effector functions of neutralizing Abs in the context of encephalitic alphavirus infection. To
determine the role of Fc effector function in therapeutic efficacy against Venezuelan equine encephalitis
virus (VEEV), we compared the potently neutralizing anti-VEEV human IgG F5 (hF5) Ab with intact Fc
function (hF5-WT) or containing the loss of function Fc mutations L234A and L235A (hF5-LALA) in the
context of VEEV infection. We observed significantly reduced binding to complement and Fc receptors, as
well as differential in vitro kinetics of Fc-mediated cytotoxicity for hF5-LALA compared to hF5-WT. The
in vivo efficacy of hF5-LALA was comparable to hF5-WT at —24 and + 24 h post infection, with both Abs
providing high levels of protection. However, when hF5-WT and hF5-LALA were administered + 48 h post
infection, there was a significant decrease in the therapeutic efficacy of hF5-LALA. Together these results
demonstrate that optimal therapeutic Ab treatment of VEEV, and possibly other encephalitic alpha-

ARTICLE HISTORY
Received 27 October 2023
Revised 11 December 2023
Accepted 15 December 2023

KEYWORDS

Antibody dependent cell-
mediated cytotoxicity
(ADCC); antibody therapy;
complement; complement
dependent cytotoxicity
(CDQ); Fc effector function;
Fc-engineering; neutralizing
antibody; Venezuelan equine
encephalitis virus (VEEV)

viruses, requires neutralization paired with engagement of immune effectors via the Fc region.

Introduction

The stochastic outbreaks of emerging pathogens such as severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) provide
a visceral sense of the urgency and importance of developing
therapeutics that not only prevent virus infection, but also opti-
mally engage the body’s immune defenses to clear infected cells."
Alphaviruses are members of the Togaviridae family and repre-
senta class of emerging pathogens that can manifest in two clinical
‘flavors™ arthritogenic (e.g., chikungunya, CHIKV; Mayaro,
MAYV; Ross River virus, RRV) and encephalitic (Venezuelan
equine encephalitis virus, VEEV; Eastern equine encephalitis
virus; Western equine encephalitis virus). Of particular concern
as a potential bioweapon is VEEV, a category B select agent that
can induce febrile illness, body aches, and inflammation of the
central nervous system, leading to severe neurological symptoms
or even death in equines and humans.? In addition, VEEV can be
easily produced in large volumes and can spread by aerosol or
transdermal inoculation (e.g., a mosquito bite).

To mediate cell entry and initiate infection, alphaviruses have
two transmembrane glycoproteins E1 and E2 that form
a heterodimer subunit arranged into 80 trimeric spikes on the
virion. The main target of virus neutralizing antibodies (Abs) is

the trimer exposed on the surface of the virion, with domain A and
B of E2 as the dominant targets of neutralizing Abs.*”® However,
in infected cells the E1 and E2 proteins form a heterodimer on the
surface of the cell in preparation for budding and several recent
studies have identified multiple potent, pan-protective anti-
alphavirus monoclonal Abs that bind the E1 protein on the surface
of infected cells and prevent virion budding.>>'® Although several
promising neutralizing and non-neutralizing monoclonal Abs
have been identified, there is no approved vaccine or therapeutic
to combat encephalitic alphaviruses.>”'®

Ab-based protection against viral infections can be achieved by
direct binding of Abs to viral proteins blocking virus entry (neu-
tralization), blocking virion budding, and/or by effector functions
conducted via the crystallizable fragment (Fc) of the Ab. Effector
functions are mediated by interaction of the Fc with complement
or Fc gamma receptors (FcyRs) expressed on immune cells, facil-
itating clearance of infected cells, recruitment of immune cells to
reservoirs of infection, as well as other immunomodulatory func-
tions. The three main Fc-mediated effector functions are Ab-
dependent cell-mediated cytotoxicity (ADCC), Ab-dependent cel-
lular phagocytosis (ADCP), and complement-dependent cyto-
toxicity (CDC). ADCC and ADCP occur when the Fc domain
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of Abs bound to viral proteins on infected cells engage with FcyRs
on immune cells and either induce targeted cell death through the
release of cytotoxic granules or promote the uptake of the infected
cell or immune complex by phagocytosis. The Fc domain of Abs
bound directly to pathogen or infected cells can also elicit CDC
through activation of the complement cascade, resulting in direct,
localized lysis of infected cells and recruitment of immune effector
cells through their complement receptors.'>* It was previously
thought that prevention of virus cell entry through neutralization
was the primary mechanism for Ab efficacy against viral infec-
tions, but recent studies are starting to demonstrate the critical
role for Fc-mediated effector functions and virion egress inhibi-
tion as distinct modes of Ab-mediated protection against viral
infections. For example, abrogation of Fc effector function leads to
reduced serum half-life, affects bioavailability, and has been
shown to diminish therapeutic efficacy in a variety of disease
contexts including SARS-CoV-2, Mayaro virus, human immuno-
deficiency virus (HIV), Ebola virus, and Influenza.'**'">" Even
with these new findings there has been some reluctance to use Fc
effector function-competent Abs as therapeutics due to the poten-
tial for FcyR-mediated antibody-dependent enhancement of
infection, whereby viruses take advantage of immune complexes
to enter and infect immune cells, which is a particular concern for
some flaviviruses. In addition to antibody-dependent enhance-
ment of infection, the inflammatory response activated by
immune complex interactions with FcyRs may contribute to dis-
ease, so a balanced immune response is necessary for adequate
protection and is critical to avoid detrimental, excessive
activation.'”**** Neurotropic viruses, such as VEEV, pose
a unique challenge in that the central nervous system is an
immune-privileged site, where a measured immune response to
reduce long-term sequela is vital, but an overly robust immune
response may result in irreparable damage.” Therefore, it is
necessary to understand how anti-viral Abs interact with the
host immune system, to ensure clearance of the viral pathogen
while mitigating Ab mediated tissue damage.

Numerous studies have demonstrated the ability to engineer
Abs with Fc effector gain and loss of function mutations or post-
translational modifications that retain antigen-specificity.'*>*
However, the requirement for Fc effector function may be influ-
enced by the disease state at which efficacy is evaluated, the
infection route, reservoir, and kinetics that may change across
(or within) viral families. Therefore, detailed work must be done
to address the prophylactic and therapeutic value of Fc effector
function within the context of distinct infections. For alpha-
viruses, previous studies have demonstrated the value of Fc effec-
tor function for optimal protection of Abs against joint swelling
caused by arthritogenic alphaviruses.>*>**** A study from 2012
identified a broadly protective non-neutralizing E1 Ab against
VEEV-TrD, but the role of Fc effector function was not addressed
experimentally'’. More recently, a pan-alphavirus E1-binding Ab
required Fc effector function for prophylactic efficacy against
highly pathogenic VEEV ZPC738.> Additionally, a neutralizing
and non-neutralizing Abs binding WEEV have exhibited prophy-
lactic efficacy against lethal aerosol challenge with the pathogenic
WEEV-Fleming strain, suggesting that Fc function may contri-
bute to protection; however, Fc effector studies with these Abs
have not been described'”'®. In this study we demonstrate the
importance of Fc effector function for E2 binding, potently

neutralizing Abs in the treatment of established encephalitic
alphavirus infection.

We characterize the role of Fc effector function for an E2
binding, VEEV-neutralizing human IgG1 Ab F5 (hF5),'>'>?
by evaluating wildtype hF5 Abs with intact Fc function (hF5-
WT) or containing the loss of function Fc mutations L234A
and L235A (hF5-LALA) in the context of VEEV infection.
First, we confirmed that our WT and LALA hF5 Abs exhibit
comparable trimer binding and neutralization capacity, to
ensure alterations to the Fc did not affect potency. We next
evaluated the ability of hF5-WT and hF5-LALA to produc-
tively engage human and murine immune response elements
in vitro and assessed in vivo efficacy. Our studies reveal from
a series of pre- and post-exposure dosing studies in vivo that
hF5-WT and hF5-LALA can provide protection against lethal
infection when delivered before and shortly after infection.
However, at +48 h post infection (hpi), the hF5-LALA group
exhibited a significant reduction in survival compared to the
hF5-WT group, demonstrating that adequate protection and
clearance requires intact Fc effector function in the context of
an established VEEV infection.***!

Results

Fc-LALA mutations do not affect ab binding or
neutralization capacity

To assess the importance of Fc effector function in the context
of a VEEV neutralizing Ab, we generated both a parental hF5-
WT and Fc-LALA variant by engineering mutations L234A
and L235A in the Fc domain of a human IgGl construct.
Although we did not expect Fc mutations to alter antigen
binding, we verified intact affinity for both hF5-WT and hF5-
LALA to the virulent VEEV Trinidad donkey (VEEV-TrD)
E1E2 trimer and its live attenuated vaccine derivative, VEEV-
TC-83 E1E2 trimer (Figure la,b). Despite the presence of
mutations in E1E2 trimer of VEEV-TC83, we did not observe
major differences in binding between hF5-WT or hF5-LALA
to VEEV-TC-83 or VEEV-TrD E1E2 trimer.*? Furthermore,
we performed kinetic studies using biolayer interferometry
(BLI) comparing binding of the hF5-WT and hF5-LALA to
VEEV-TC83 E1E2 trimer. BLI sensorgrams reveal that both
hF5-WT and hF5-LALA exhibit comparably high-affinity
binding with low dissociation constants, indicating alteration
of the Fc region did not negatively affect antigen-binding
potency (hF5-WT Kp=0.86 nM, hF5-LALA Kp=1.00nM,
Figure 1c-e). Next, we assessed neutralization capacity against
VEEV-TC83 and SINV-VEEV-TrD-GFP. We found compar-
able neutralization capacities for the parental hF5-WT and
hF5-LALA against VEEV-TC83 with IC50 values hF5-WT =
0.8101 ng/mL, and hF5-LALA = 0.1919 ng/mL (Figure 1f), and
against a SINV-VEEV-TrD-GFP reporter virus in fluores-
cence-based neutralization assays, with IC50 values hF5-W'T
=1.074 ng/mL and hF5-LALA =1.623 ng/mL (p=0.9617),
reenforcing that binding and neutralization capacity are
retained in the hF5-LALA mutant (Figure 1g).”” Of note,
although hF5 was initially identified via binding affinity to
inactivated TC83, the researchers complemented their initial
study by demonstrating binding against several additional
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Figure 1. hF5-WT and hF5-LALA binding and neutralization potency. hF5-WT, hF5-LALA mutant, and human IgG isotype control binding to immobilized, recombinant
VEEV-TC83 E1E2 trimer (a), and VEEV-TrD E1E2 trimer (b) mean and standard deviation (SD) from experiments performed in duplicate on gyrolabs immunoassay
platform. BLI kinetic sensorgrams for hF5-WT (c) and hF5-LALA (d) against recombinant VEEV-TC83 E1E2 trimer. Table with equilibrium dissociation constant (Kp), on-
rate (k,), and Off-rate (ky) calculated from BLI kinetics experiments (e). TC83 neutralization and calculated 1C50 values for hF5-WT and hF5-LALA calculated from plaque
neutralization assay (PNA) experiments performed in triplicate (f). SINV-TrD GFP neutralization and calculated IC50 values for hF5-WT and hF5-LALA calculated from
focus forming unit neutralization experiments performed in triplicate (g). Representative data shown for one of three independent experiments.
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VEEV subtypes, including IAB, IC, ID, and IE, indicating hF5
could be a broadly neutralizing anti-VEEV therapeutic for
other VEEV subtypes."” Later work also demonstrated the
efficacy of hF5-WT against virulent VEEV-TrD in vivo pre-
and post-exposure (-/+24hpi), but, to our knowledge, prior to
this report no binding or neutralization studies have been
shown for hF5 and VEEV-TrD.”

hF5-LALA mutant displays a loss in productive
engagement with complement

The classical complement pathway is initiated by Ab-bound
pathogen or virus-infected cells interacting with the first sub-
component of the C1 complex, Clq, via the Ab Fc domain. The
productive engagement of Clq with Ab causes activation of
a series of proteolytic cleavage events and release of inflamma-
tion-inducing and immune cell-recruiting cleavage products.
Ultimately, deposition and insertion of complement compo-
nents onto and into the cell membrane facilitate phagocytosis
by responding immune cells, and/or direct lysis via the mem-
brane attack complex. To determine the impact of the LALA
mutation on the hF5 Ab, we characterized the ability of hF5-WT
or hF5-LALA to bind mouse and human complement compo-
nent, Clq. Although hF5-WT bound comparably well with both
murine and human orthologs of Clq from normal mouse
(NMS) and normal human serum (NHS), there was
a significant decrease in Clq binding for hF5-LALA in

_ NMS C1
4 : ® hF5-WT

® hF5 LALA

0.01 0.1 1 10 100
[Ab] ug/mL
c
NMS C3
4 ® hF5-WT
® hF5-LALA
3_

*kk

1
0.01 0.1 1 10 100

[Ab] ug/mL

comparison to hF5-WT over a range of serum concentrations
(p <.003 for 2.8 to 75 pg/ml) with a 5.1-fold (NMS) and 6.2-fold
(NHS) reduction in binding at 2.8 pg/ml (Figure 2a,b). Since the
complement system functions in a series of successive proteoly-
tic cleavages, we further assessed the productivity of Clq
engagement by assaying the level of downstream complement
fixation. As expected, hF5-WT demonstrated comparable levels
of murine and human C3 fixation, signifying successful activa-
tion of the complement pathway. As with Clq, there was
a significant decrease in complement fixation for hF5-LALA in
comparison to hF5-WT over a range of NMS serum concentra-
tions (p <.02 for 0.3 to 8.33 pg/ml) and NHS serum concentra-
tions (p <.001 for 2.8 to 75 ug/ml) (Figure 2c,d). Of note, C3
fixation via hF5-WT and NHS serum peaked at 8.33 ug/ml
(A450 = 2.24), but hF5-LALA reached a maximum A450 =
1.74 at the highest concentration of Ab (75ug/ml). While hF5-
LALA mutant showed a substantial reduction in C3 fixation,
complete ablation was not observed, suggesting that there may
still be some complement activation with the LALA mutation at
high concentrations of Ab. These findings are noteworthy, since
little is known about the effect of Fc mutations on cross-species
receptor-ligand interactions and downstream effector func-
tions. Some previous reports demonstrate that LALA mutants
abolish Clq binding and CDC*™* while others suggest an
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Figure 2. Complement binding and fixation with hF5-WT and hF5-LALA. hF5-WT and hF5-LALA mutant ab binding complement (C1q) from normal mouse serum (NMS)
and normal human serum (NHS), (panel a and b, respectively). hF5-WT and hF5-LALA ab complement C3 fixation in the presence of NMS and NHS (panels c and d,
respectively.) hF5-WT ab binds C1q in mouse and human sera, while hF5-LALA exhibits reduced binding to C1q and C3 fixation in human and mouse sera. Data are from
experimental conditions performed in triplicate, and the error bars represent the standard deviation from the mean. P values considered significant if < .05 (¥), or very

significant if <.01 (**), < .001 (***), or <.0001 (***¥),
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Figure 3. Real-time complement dependent cytotoxicity of hF5-WT and hF5-LALA. Schematic diagram illustrating RT-CDC assay conditions (a). Percent cell viability of
Vero cells over the course of VEEV-TC83 infection for 48 h with hF5-WT and hF5-LALA, wells spiked with mouse (b) or human (c) sera at 8hpi (red arrows). % viability =
[(number of blue cells — number of red cells)/number of blue cells] *100. Blue signal indicates Hoechst*, red and blue indicates Hoechst* propidium iodide*. Images of
NMS and NHS assays are taken from timecourse videos that span 9-25hpi (hours post infection). All image snapshots are taken at 24hpi. NMS treated hF5-WT (D, S1
video), hlgG1 (E, S2 video), and hF5-LALA (F, S3 video). NHS treated hF5-WT (G, S4 video), higG1 (H, S5 video), and hF5-LALA (I, S6 video). CDC activity was pronounced
in hF5-WT treated wells with both mouse and human sera, whereas hF5-LALA mutant treatment with mouse or human sera showed significantly reduced cytotoxicity.
In CDC-NMS assay, higG1 v hF5-WT p < 0.0001, hF5-WT v hF5-LALA p < 0.0001, higG1 v hF5-LALA p = 0.0001. In CDC-NHS assay, hlgG1 v hF5-WT and hF5-LALA p <
0.0001, hF5-WT v hF5-LALA p = 0.0013, by paired t-test. Data shown is representative of three or more experiments, each with three technical replicates (b and ¢),
quantified using Cellinsight Cx7High Content Analysis software. Images (d-i) taken at 10X magnification on a Celllnsight Cx7High Content imaging platform.



6 J. L. SCHWEDLER ET AL.

additional mutation is required to completely abrogate CDC
activity.’>*>*>* These referenced studies were performed with
human, primate, and rabbit serum; therefore, to our knowledge,
a hIgG1 Fc-LALA mutation has not previously been described
as compromising the interaction with mouse serum-derived
Clqand C3.

Although ELISA-based detection of binding to Clq and fixa-
tion of C3 informs successful initiation of the complement cas-
cade, it fails to provide cell-based, functional data. Also, reporter
endpoint assays, though useful for a single timepoint may obscure
the subtle differences in kinetic interactions in the context of an
infection over time.*®* Therefore, we developed a real time (RT)-
CDC assay to monitor the impact of Ab-dependent complement
activation on cell viability in the context of VEEV infection over
time (Figure 3). Uninfected cells and VEEV-TC83 infected cells
treated with isotype control Ab demonstrated no cytotoxicity up
to 20 hpi (Figure 3b,c). As expected, the VEEV-TC83-infected
cells treated with hF5-WT and complement containing murine
serum and human serum displayed rapid onset of cytotoxic effi-
cacy within 4 h and two h of serum spikes, respectively. The hF5-
LALA variant displayed a striking reduction in CDC activity over
time compared with hF5-WT in the presence of NMS (p <.0001)
and NHS (p=.0013) (Figure 3b,c). Cytotoxicity associated with
infection alone (isotype control Ab) started at 20 hpi (human) to
27 hpi (murine) and increased over time. Images of all wells were
captured hourly for the first 24 hpi, every 3 h until 30 hpi, with
a final timepoint taken at 48 hpi based on established viral replica-
tion kinetics of VEEV-TC83. Images of infected, hF5-WT treated
NHS wells at 24 hpi illustrate a robust cytotoxic effect with easily
visualized Hoechst” Propidium Iodide”, dead cells (Figures 3d
and S1-S6 Videos). Interestingly, infected hF5-LALA plus NHS-
treated wells exhibit comparably potent cytotoxicity by 24 hpi,
indicating a single timepoint or endpoint evaluation of LALA-
complement interactions may obscure more subtle loss of func-
tion phenotypic effects (Figures 3f and S1-S6 Videos).

Using our RT-CDC assay, we determined that there was a 2
(NHS) to 4-h (NMS) delay in hF5-LALA-mediated CDC activ-
ity initiation compared to hF5-WT. The pronounced 20%
reduction in cytotoxicity at 30 hpi in the hF5-LALA compared
with hF5-WT conditions demonstrate compelling evidence
that hIgG1-LALA variants fail to efficiently engage mouse
complement, even in this closed system. By examining the
kinetics of cytotoxicity between complement and hF5-WT
versus hF5-LALA, we gain insight into the significant reduc-
tion in CDC activity with LALA in mouse and human systems.
These results demonstrate the value of this assay to capture
rapid Ab-induced CDC activity, as well as differences in CDC
kinetics observed with Abs of differing functionality.

hF5-LALA mutant exhibits loss of functional binding to Fcy
receptors

Previous reports have suggested that human IgG1 is functionally
equivalent to murine IgG2a, with similar binding affinity for
murine FcyR and similar effects on immune activation.”>**~>

To determine the impact of the LALA mutation on hF5 IgGl
FcyR engagement, we assessed binding of hF5-WT and hF5-
LALA to four recombinant murine FcyRs and 6 human FcyRs
(Figures 4 and S1). As expected hF5-WT had high affinity for
murine FcyRI and IV (Figure 4a,d), but we observed little binding
to murine FcyRIIb, and unlike previous reports we did not
observe binding of hF5-WT to FcyRIII (Figure 4b,c), which has
been shown by Dekkers et al. using surface plasmon resonance
(SPR) measurements to have the lowest affinity to hIgGl (Kp
hIgG1 for mFcyRI = 0.035 pM, mFcyRIIb = 1.1uM, mFcyRIII =
9.3uM, and mFcyRIV = 0.28uM).”">* Based on the markedly low-
affinity interactions between hIgG1 and murine FcyRIIb and IIT
that we and others have observed, we expect the weak affinity of
these interactions goes beyond the limit of our ELISA-based
detection method. As expected, on the other hand, the hF5-WT
human IgGlI isotype demonstrated the greatest affinity for human
FcyRl, little binding to hFcyRITA and IIIA, and no binding of
human FcyRIIB or IIIB (Figures 4e and S1).*”>* Importantly,
there was little to no detectable binding of hF5-LALA mutant to
all murine and human FcyRs by ELISA (Figures 4a—e and S1).

Next, we determined how the altered binding affinity of the
LALA mutant would impact cytotoxicity using a novel assay for
real time observation of ADCC (RT-ADCC). We used murine
RAW264.7 macrophages, which express mFcyRI/IIb/III and IV,
and human THP-1 macrophages, which express hFcyRI and
I1.°*>> We exposed VEEV-TC83-infected cells to hF5-WT, hF5-
LALA, or isotype control Ab, spiked in activated murine or
human macrophages 8hpi, and assessed cell death over time
(Figure 5). hF5-WT facilitated significant and rapid ADCC activ-
ity with both human (hF5-WT v hIgGl p =.0004) and murine
(hF5-WT v higG1 p <.0001) macrophages, indicating productive
interaction with FcyRs. Importantly, the LALA mutant exhibited
a complete loss of specific ADCC activity (human: hF5-WT v hF5-
LALA p=.0006; mouse: hF5-WT v hF5-LALA p<.0001)
(Figure 5a,b). In the human (THP1) assay, the hF5-LALA variant
exhibited significantly reduced cytotoxic activity compared with
hF5-WT, with activity like the isotype control (Figure 5c). The
changes in cell viability over time in the isotype control recapitu-
late the expected cell death kinetics from VEEV-TC83 infection
in vitro and indicate a lack of ADCC-specific cell killing by
macrophages in the absence of virus-specific Ab (Figures 5b,c
and S7-S12 Videos). Representative images taken at 24 hpi illus-
trate the high level of ADCC-mediated death by the number of
Hoechst and propidium iodide double positive cells in the hF5-
WT-treated wells compared with hF5-LALA and isotype control
(Figures 5d-f and S7-S12 Videos). Taken together, the complete
loss of hF5-LALA binding to murine FcyRI and IV, and human
FcyRI, combined with the abrogation of Fc-mediated functional
engagement to drive ADCC activity, confirms a cross-species loss
of Fc effector function.

hF5 Fc effector mutants exhibit reduced therapeutic
efficacy against VEEV-TC83 in vivo

hF5-WT, hF5-LALA, or human isotype control Abs were
used in a series of pre- and post-exposure treatment studies
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Figure 4. FcyR binding with hF5-WT and hF5-LALA. hF5-WT and hF5-LALA mutant Ab binding murine FcyRs | (a), IIb (b), lll (c), and IV (d). hF5-WT and hF5-LALA Ab
binding to human FcyRI (). hF5-WT Ab binds to both mouse and human FcyR | orthologs, and mouse FcyRIV, but fails to bind to murine FcyR llb and Ill, while the hF5-
LALA mutant exhibits abrogated binding to all murine FcyRs and substantially reduced binding to human FcyRI. Data are from experimental conditions performed in
triplicate, and the error bars represent the standard deviation from the mean. P values considered significant if < .05 (*), or very significant if < 0.01 (**), <.001 (***), or

<.000T (****),

using VEEV-TC83 intranasal infection in C3H/HeN mice*'
to understand the importance of Fc effector function in the
context of VEEV infection (Figure 6). Animals dosed with
hF5-WT at —24 h, +24 h, and + 48 hpi exhibited little or no
severe neurological symptoms and had a consistently high
survival rate, across experiments (90% n = 20, 70% n = 20 and
85.7% n=35, respectively: Figure 6b-d). However,
a significant reduction in efficacy (50% survival), and devel-
opment of neurological symptoms by 4 days post infection

(dpi) was observed when hF5-WT was given at + 72 hpi (n =
10; Figure 5e).

The hF5-LALA-treated animals at -24 hpi showed
slightly decreased survival rates (70%, n=20) compared
with the —24 hpi hF5-WT group (90%, n=20), although
the difference was not statistically significant (Figure 6b).
Interestingly, mice treated with hF5-LALA at+24 hpi also
provided therapeutic protection (65%, n =20) comparable to
the hF5-WT group (70%, n =20, Figure 6¢), indicating the
potent neutralizing activity of the hF5 Ab does not require
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Figure 5. Real-Time Ab-Dependent-Cell-mediated-Cytotoxicity of hF5-WT and hF5-LALA. Schematic diagram illustrating RT-ADCC assay conditions (a). Percent cell
viability of Vero cells over the course of VEEV-TC83 infection for 48h with hF5-WT and hF5-LALA, wells spiked with RAW mouse (b) or THP1 human (c) macrophages
(Mo) at 8hpi (red arrows). % Viability = [(number of blue cells — number of red cells)/ number of blue cells] *100. Blue signal indicates Hoechst™, red and blue indicates
Hoechst™ propidium iodide™. Images of murine RAW macrophage-treated timecourse taken at 24hpi (hours post infection). hF5-WT (d, S7 Video), higG1 (e, S8 Video),
and hF5-LALA (f, S9 Video). Images of human THP1 macrophage-treated timecourse taken at 24hpi (hours post infection). hF5-WT (g, S10 Video), hlgG1 (h, S11 Video),
and hF5-LALA (i, S12 Video). ADCC activity was pronounced in hF5-WT treated wells with both mouse and human Mg, whereas hF5-LALA mutant treatment with
mouse or human M¢ completely abrogated ADCC; hF5-LALA cytotoxicity follows VEEV-TC83 infection cytopathic kinetics. In ADCC-RAWs assay, hlgG1 v hF5-WT p
<.0001, hF5-WT v p <.0001, hlgG1 v hF5-LALA was not significant. In ADCC-THP1 assay, higG1 v hF5-WT p =.0004, and hF5-WT v hF5-LALA p =.0006, higG1 v hF5-
LALA p =.0138 by paired t-test. Data shown is representative of three or more experiments, each with three technical replicates (B and C), quantified using Celllnsight
CX7 High Content Analysis software. Images (D-I) taken at 10X magnification on a Celllnsight CX7 High Content Imaging platform.
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Figure 6. in vivo efficacy of hF5-WT and hF5-LALA dosed prophylactically and therapeutically. Schematic of dosing and infection timeline through 14 dpi (days post
infection) survival (a). Prophylaxis study involved a -24-h pre-infection 100ug dose of Ab (b), while therapeutic studies included +24hpi (c), +48-h (d), and +72-h (e)
post-exposure 100ug dose. Animals were infected intranasally (IN) with 5e7pfu VEEV-TC83, and survival was measured to 14dpi. Pre-treatment (-24hpi) and early
exposure (+24hpi) animals receiving hF5-WT or hF5-LALA Ab showed comparable survival rates, while in the +48hpi post-exposure context, hF5-LALA-treated animals
did exhibit a significant reduction in survival. By +72hpi both hF5-WT and hF5-LALA -treated individuals showed similarly high degrees of mortality, indicating
a diminishing therapeutic benefit regardless of Fc effector function, in the context of an established VEEV infection. For the -24hpi (hours post infection) study hlgG1
v. hF5-WT ****p< 0001, higG1 v. hF5-LALA ****p <.0001, hF5 v. hF5-LALA was not significant (p =.1034). For the +24hpi study hlgG1 v. hF5-WT ****p< 0001, higG1
v. hF5-LALA ****p< 0001, hF5-WT v. hF5-LALA was not significant (p =.7818). For the +48hpi study hlgG1 v. hF5-WT ****p< 0001, hlgG1 v. hF5-LALA ****p< 0001,
hF5-WT v. hF5-LALA **p=.0036. For the +72hpi study higG1 v. hF5-WT *p =.0190, hlgG1 v. hF5-LALA *p = .0343, hF5-WT v. hF5-LALA was not significant (p=.3751), by
Log-rank Mantel-Cox test. In -24hpi and +24hpi studies n=20; in +48hpi studies n=35; and in +72hpi study n=10. Data shown represent at least two experiments,

except for the +72hpi study, performed once.

Fc effector function to protect early in infection. In contrast,
the hF5-LALA +48 hpi treatment group, showed
a significant reduction in therapeutic protection compared
with the hF5-WT group (hF5-WT 85.7%, hF5-LALA 51.4%,
**p=.0036, n=35), suggesting an important role for Fc
effector function in VEEV clearance and survival
(Figure 6d). The hF5-LALA +72hpi group also developed
neurological signs by 4 dpi and diminished survival com-
pared with hF5-WT (WT 50%, LALA 20%, n = 10), although
the differences were not statistically significant (p =.3751).
As expected, animals that succumbed to VEEV infection
exhibited neurological symptoms, including altered gait

causing circling, lethargy, weakness, and in later stages of
disease showed hyperactivity and even seizures, indicating
encephalitis. These data indicate that within 48hpi there is
a window of opportunity for Ab therapeutics to mediate
peripheral virus clearance and prevent the development of
VEEV-induced encephalitis, but this effective clearance at +
48 hpi is contingent on intact Fc effector function.

Discussion

Abs and Ab cocktails are promising prophylactic and ther-
apeutic treatments for many emerging and reemerging
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infectious diseases. While most studies focus on the ability of
Abs to potently neutralize the virus, several recent studies
have shown that the ability of Abs to engage innate and
adaptive immune responses is vital for in vivo protection
from influenza, SARS-CoV-2, flaviviruses, alphaviruses, and
filoviruses,>*">*27313236-%0 T fylly protect the host from
viral infections, Abs form immune complexes, engage com-
plement and FcyRs on immune cells to boost neutralization,
facilitate clearance of infected cells, opsonize virions, enhance
antigen presentation, and regulate inflammation.?*>> The
delicate balance between immune effector function, antimi-
crobial factors and their regulatory structures via Fc engage-
ment highlights an opportunity to improve therapeutic
outcomes for pathogen-specific disease states.

Most of the detailed studies characterizing the role of Fc
effector function during alphavirus infection have been per-
formed with Abs against the arthritic alphaviruses. However,
the requirement for Fc effector function within these studies is
variable, with some Abs requiring Fc effector function for
optimal prophylactic efficacy,”*** for therapeutic efficacy
(+24-72hpi),>**" and others not requiring Fc effector function
for optimal protection from disease.’>%>"®* These studies
demonstrate that the contribution of Fc effector function to
optimal Ab efficacy is affected by the virus targeted, its ability
to escape neutralization, the Ab epitope, dose, and timing of
administration. Therefore, detailed analysis is needed to char-
acterize the influence of these factors on the contribution of Fc
effector function to therapeutic efficacy in the context of viral
infection to develop optimized Abs as potential therapies.
Although a recent study determined that a pan-protective non-
neutralizing anti-alphavirus Ab (targeting E1) requires effector
functions for optimal prophylactic efficacy against VEEV
infection in vivo,” this is the first study to investigate the role
of Fc effector function for potently neutralizing (E2-binding)
Abs at different stages of encephalitic alphavirus infection.”?

Given the sustained affinity in our hF5-WT and hF5-LALA
Abs for both VEEV-TC83 and VEEV-TrD EI1E2 trimer
(Figure 1a,b), and effective neutralization of VEEV-TC83 and
SINV-TrD-GFP viruses (Figure 1fg), we utilized the VEEV-
TC83 model of infection for constructing our in vitro and
in vivo system for validation and characterization of anti-
VEEV Fc-engineered mutant antibodies. Importantly, the atte-
nuated VEEV-TC83 strain may be handled at a lower bio-
containment level (BSL-2), compared with the WT VEEV-TrD
(BSL-3), permitting more comprehensive assessment of Ab-Fc-
mediated immune functions in the context of infection. TC83
challenge in C3H/HeN mice represents an acute lethal infection
via intranasal inoculation, with 90-100% of animals succumbing
to overwhelming meningoencephalitis within 7-10 days
(Figure 6).*' Although viral replication kinetics and ensuing
neurovirulence are delayed in the VEEV-TC83 infection
model compared with WT VEEV-TrD infection, we can draw
parallels between disease progression parameters, neuropathol-
ogy, and lethality, that reenforce VEEV-TC83 as a highly infor-
mative model of VEEV infection.

In this study we investigated the impact of Fc effector
function on the efficacy of a potent neutralizing anti-E2

VEEV Ab. We evaluated the ability of the human F5-WT
and hF5-LALA (L234A and L235A) to bind human and mur-
ine orthologs of complement, verifying that the LALA muta-
tion indeed decreases binding to Clq and fixation of C3,
thereby significantly reducing Ab-mediated CDC in vitro, in
agreement with other studies.”>™*> We also confirmed that
hF5-WT IgGl is capable of robustly binding to mouse FcyR
orthologs I and IV, demonstrating similar immune effector
activating potential to murine isotype IgG2a. However, our
hIgGl LALA-Fc mutant Ab showed complete loss of binding
to mFcyR I and IV, as well as abrogation of ADCC in vitro.
Importantly, some reports evaluating the LALA mutations for
loss of function have historically shown varying results
depending on the specificity of the Ab, the isotype, and the
species of host Ab relative to the species of Fc receptor in an
ELISA or bioassay.””***® Wilkinson and colleagues performed
a highly comprehensive assessment of a series of Fc mutations
in 3 different human IgG1 antibodies comparing their binding
affinity to the WT affinities of each Ab for a panel of human
FcyRs. Interestingly, they found LALA mutations confer an
80% reduction in binding to human FcyRI, but achieve com-
plete abrogation of binding between hIgG1-LALA and mouse
FcyRI.

We developed comprehensive in vitro validation studies for
characterizing the loss of productive Fc region engagement
using two novel, high-resolution, real-time assays. Using our
RT assays, the hF5-LALA mutant displayed a significant
reduction in Fc-mediated CDC over time, an effect that may
not be readily apparent using traditional, single timepoint
analysis methods. The limited scope of such methods may
further explain the inconsistent reports regarding L234A and
L235A Fc mutations and their effect on CDC and Fc effector
functions.****®> In addition, our RT-ADCC assay illustrates
a striking abrogation of functional, Fc-directed cell death with
the hF5-LALA in comparison to hF5-WT over the course of
VEEV-TC83 infection. Traditional luciferase reporter cell line
assays rely on single endpoint analysis, which may obscure
differential Fc effector function capacities. The comprehensive
view of in vitro RT-CDC and ADCC activity in these assays
provides valuable, detailed insight into Fc-engineered Ab char-
acterization, thus facilitating thorough evaluation of the
impact of gain and loss of function mutations on effector
function capacity. Importantly, these assays are adaptable for
a variety of viruses, Ab isotypes, and effector cells. Our find-
ings demonstrate the importance of careful characterization of
novel therapeutics, considering that changes in mutations can
affect cross-species reactivity, which may confound in vivo
data, when left unaddressed. It will be important going for-
ward to use high resolution, time course-based methods to
thoroughly evaluate the Fc effector function of novel gain and
loss of function mutant Abs to accurately reflect differences in
effector function capacity.

Finally, we determined the impact of Fc effector function on
the efficacy of hF5 at different timepoints prior to and after
lethal VEEV-TC83 challenge in vivo. Our pre-exposure (—24
hpi) and early exposure (+24 hpi) dosage groups displayed
similar degrees of protection for both hF5-WT and hF5-
LALA, indicating that Fc effector function is not required for



protection at these disease stages. This is likely due in large part
to the high neutralizing capability of E2-targeting hF5 and that
the peripheral VEEV infection is not fully established.*”*' By
+ 48 hpi, however, when virus titers are at peak levels in all
tissues except the brain, hF5-WT continues to provide protec-
tion, while hF5-LALA exhibits a significant drop in therapeutic
capacity (Figure 6d).*>*' Our results demonstrate that Fc-
mediated clearance is required for therapeutic efficacy and
prevention of VEEV-induced neuropathogenesis and subse-
quent mortality.

While potent neutralization alone may be sufficient for
prophylactic and therapeutic protection at early timepoints
post-infection, our data suggest that optimal treatment of an
established infection requires Fc effector functions for clear-
ance and protection from lethal challenge and neuropatho-
genic disease. Although we did not delineate the exact Fc
effector function(s) required for in vivo protection + 48 hpi,
the in vitro assays performed showed a decrease in comple-
ment activation and abrogation in binding of mouse FcyRI and
IV for hF5-LALA in comparison to hF5-WT. Other studies
also suggest a role for complement activation in VEEV clear-
ance, where the use of C37/~ mice demonstrated impaired
survival during VEEV infection compared with C3*/* infected
controls.*® In addition to Fc-mediated activation of the com-
plement pathway for virus and infected cell clearance, produc-
tive engagement of Ab Fc with activating FcyRs such as human
FcyRI and mouse FcyRI and IV (largely expressed on macro-
phages, dendritic cells, and neutrophils) help to mobilize
a comprehensive innate and adaptive immune
r(=,sponse.19’32’36 Recent reports implicate macrophages as
important players for effective killing and clearance of VEEV
infected cells, a function which is greatly hampered in our
LALA mutant Ab, based on our in vitro data.”’ It is therefore
vital to improve our understanding of the immune mechan-
isms required for clearance of VEEV at different stages of
infection to better inform the design of therapeutic strategies
both in the periphery and ultimately with active blood-brain
barrier-penetrating functionality to treat neurotropic infection
without causing immune-mediated neuropathology.

Materials and methods
Ab and recombinant protein engineering

Sequences for hF5-WT and hF5-LALA mutants were designed
in gene blocks and cloned into pSF-CMV vectors.'?
Production of recombinant Abs was achieved using the
ExpiCHO system (Thermo Fisher Cat # A29133) according
to the manufacturer’s ‘Max Titer’ protocol. Briefly, Ab-
containing plasmids for heavy and light chain were transfected
into CHO-S cells, cultured at 32° C and 5% CO, shaking in
flasks. Cells were harvested by centrifugation at 4000 x g at 4°C
for 20 minutes. Clarified supernatant was applied to a HiTrap
PrismA column (GE Cat # 17549851) equilibrated in 20 mM
sodium phosphate (pH 7.4), 150 mM NaCl, and partially pur-
ified protein was eluted with 100 mM sodium citrate (pH 3.0)
and immediately neutralized with 1 M Tris (pH 9.0). Fractions
containing protein were pooled, concentrated, and subse-
quently purified by size exclusion chromatography on
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a Superdex 200 increase 10/300 GL column (Cytiva, Cat #
28990944) equilibrated in PBS. Protein was concentrated,
flash frozen in liquid nitrogen, and stored at —80°C.

pMTBip-TC83-E1E2 and pMTBip-TrD-E1E2 were con-
structed as follows and was adapted from other work to
express recombinant EI1-E2 heterodimer from Sindbis
virus.®® A double-stranded DNA fragment was commercially
obtained (IDT) encoding the following TC83 or TrD structural
protein coding sequences, E3 (1-59), E2 (1-344), and E1'7384).
A Strep-tag II sequence (GGGSWSHPQFEKGGGG) was pre-
sent in between the coding sequence for E2 and E1 in addition
to a C-terminal hexa-histidine tag followed by a Avi site
specific biotinylation sequence. Trans-membrane regions of
E2 and E1 were not included to produce soluble protein.
This DNA fragment was assembled with agarose purified
pMT/Bip/V5-HisA vector (Thermo), restriction digested with
BglIT and Xbal, and treated with phosphatase rSAP (NEB)
using NEBuilder HiFi DNA master mix (NEB).

VEEV-TC83 EIE2 trimer was produced using
a Drosophila S2 expression system. A Stable S2 cell line
that expressed VEEV-TC83 E1E2 protein under an induci-
ble promoter was generated as described in the technical
literature provided by Gibco (Drosophila Schneider 2 (S2)
Cells User Guide). In brief, S2 cells were cultured in com-
plete Schneider’s Drosophila Medium (10% heat inactivated
fetal bovine serum (FBS), 1% penicillin streptomycin). S2
cells were transfected using a CaCl, protocol. Cells were
transfected at 3.0 x 10° cells/mL with 19 ug of pMTBip-
TC83-E1E2 and 1pg pCoPuro in a 35mm plate as
described in the manufacturers protocol for 18 h at 28°C.
Cells were washed and media exchanged, then allowed to
grow in the absence of selection agent for 48 h. Cells were
then expanded in the presence of 7 ug/mL puromycin.
Stable polyclonal S2 cells were expanded and adapted to
EX-CELL 420 serum-free media (Sigma) supplemented
with 0.1% Pluronic F-68 over several passages with shak-
ing. Protein expression was induced at a cell density
reached 6 x 10° cells/mL with 500 uM CuSO,. Protein was
allowed to express for 5days after which the supernatant
containing recombinant E1-E2 protein was harvested. Cells
were centrifuged at 4,000 x g for 30 minutes at 4°C.
Supernatant was then clarified by 0.45um filter prior to
application to a 5mL HITrap TALON Crude (Cytiva)
equilibrated with 50 mM sodium phosphate 300 mM
NaCl. The column was washed extensively with buffer
followed by washing with equilibration buffer with 3 mM
and 5mM imidazole. The E1-E2 complex was eluted from
the column with equilibration buffer supplemented with
150 mM imidazole. Protein was concentrated and applied
to Superdex 200 Increase 10/300 GL (Cytiva) equilibrated
with phosphate-buffered saline (PBS). Fractions containing
E1-E2 complex were concentrated, aliquoted, and snap
frozen with liquid N,. Protein was stored at —80°C.

pSF-CMV human and mouse Fc receptors were con-
structed as follows. A double-stranded DNA fragment was
commercially obtained (IDT) encoding huFcyl (Metl-
Pro288), huFcylla (Metl-Ile218), huFcyIlb (Metl-Pro217),
huFcyIIINA1 (Metl-Ser200), huFcyIIINA2 (Metl-Ser200),
muFcyl (Metl-Pro297), muFcyIl (Metl-217), muFcyIIl
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(Met1-Thr215), muFcyIV (metl-Glu203) each followed by
TEV protease cleavage site, and a 10x His tag. This DNA
fragment was assembled with agarose-purified pSF-CMV vec-
tor, restriction digested with EcoRI and BamHI, and treated
with phosphatase rSAP (NEB) using NEBuilder HiFi DNA
master mix (NEB).

Expression of human and mouse Fc receptors was per-
formed in Expi293F cells (Thermo, A14527) in 50-100 ml
transfections at 1 pug DNA/mL. Transfections were fed 18-
22 h later according to the manufacturer’s specifications
and harvested 6 days post-transfection by centrifugation
at 4000 xg for 20 min and filtering through a 0.22 pm filter
(Nalgene). The filtered supernatant was run on first
a HisTrap Excel 5ml Column (Cytiva) equilibrated in 20
mM phosphate, 300 mM NaCl buffer at pH 7.4 and subse-
quently through a Superdex 200 Increase 10/300 GL SEC
column (GE) equilibrated in PBS. Purified proteins were
concentrated using 10 kDa MWCO concentrators
(Amicon) and quantified using the DC assay (Biorad).

VEEV E1E2 antigen-binding assay

Purified Avi tagged VEEV E1E2 proteins were biotinylated using
the BirA biotin-protein ligase reaction kit (Avidity) according to
manufacturer instructions, and free biotin removed on a Zeba
Spin desalting column (Thermo Fisher). Antigen binding assays
were conducted on a Gyrolabs Explore immunoassay system.
Assays were performed on a Bioaffy 1000HC CD, with
a capture antigen (VEEV EIE2) concentration of 1 uM.
Concentration curves for hF5-WT and hF5-LALA were prepared
as a 10-fold dilution series with a starting concentration of 1 uM.
AffiniPure F(ab’)2 Fragment Goat Anti-Human IgG (H+L) con-
jugated with Alexa 467 (Jackson ImmunoResearch) was used for
detection at a concentration of 10 nM. Antigen and antibody
dilutions were made in Rexxip A buffer, with Detection reagent
diluted in Rexxip F buffer (Gyros Protein Technologies).
Detection was performed at 0.1% and 1% PMT. Binding curves
were analyzed in Graphpad prism, using a Specific Binding with
Hill slope non-linear fit analysis function.

Biolayer interferometry

Kinetic parameters for each anti-VEEV IgG antibody were deter-
mined using an Octet® RED384 (Sartorius). Each IgG antibody
was immobilized on anti-human Fc sensors in 10 mM phosphate
(pH 7.4), 300 mM NaCl, 1 mg/mL bovine serum albumin (BSA),
0.02% NP-40. VEEV TC83 E1E2 was used as the analyte and
sensorgrams were fit to 1:1 global kinetics.

Complement ELISAs

NUNC 384-well plates (Thermo Fisher Cat # 464718) were
coated with 25 uL analyte (hF5-WT or hF5-LALA, at 75 pg/mL
in a 3-fold dilution series) overnight in amine labeling buffer
(100 mM NaCOj3, 150 mM NaCl, pH 8.3 at 25°C) at 4°C. Plates
were washed with 0.05% Tween20 (v/v) in 1X PBS and com-
mercial protein-free block (Thermo Fisher Cat #37572) was
added. Plates were incubated for 2 h at room temperature on
a tabletop shaker. Plates were washed and 25 pL/well of 3%

NMS or NHS (Complement Tech Cat # NHS and NMS) in
PBS was added for 1 h at room temperature. Plates were
washed and primary anti-human Clq or anti-human C3
(Abcam Cat #s ab11861 and ab11862) was diluted 1:1000 and
added at 25 pL/well. Abs were incubated at room temperature
for 1 h with shaking. Plates were washed and an anti-rat
horseradish peroxidase (HRP) secondary Ab (Thermo Fisher
Cat # 31470) was diluted to 1:5,000 or 1:2,000 for C1q and C3
plates, respectively, and added for 1 hour at room temperature
with shaking. Plates were washed and developed using 25 ul/
well 1-Step Ultra TMB-ELISA (Thermo Fisher Cat # 34029),
and the development arrested using an equal volume of 2 M H,
SO,. Absorbance readings were taken using the Tecan SPARK
at 450 nm and plotted using Prism (GraphPad).

FcyR ELISAs

NUNC 384-well plates (Thermo Fisher Cat # 464718) were
coated with human or mouse FcyRs in amine labeling buffer
(100 mM NaCOs3, 150 mM NaCl, pH 8.3 at 25°C) overnight at
4°C. Plates were washed with 0.05% Tween20 (v/v) in 1X PBS
and blocked using 0.5% BSA (w/v) and 0.05% Tween20 in 1X
PBS for 2h at room temperature with vigorous shaking.
Blocking solution was washed off as done previously, and
serially diluted hF5-WT and hF5-LALA primary Abs were
added to the plates and incubated for 2 h at room temperature
with shaking. Primary Abs were washed off, and secondary Ab
(Goat anti-human IgG H+L F(ab’)2-HRP; Sigma Cat #
AQI12P; 1:2000) was added for 1 h at room temperature
with shaking. Plates were washed and developed using 25 ul/
well 1-Step Ultra TMB-ELISA (Thermo Fisher), and the devel-
opment arrested using an equal volume of 2M H,SO,.
Absorbance readings were taken using the Tecan SPARK at
450 nm and plotted using Prism (GraphPad).

In vitro Fc effector function assays

Vero (African green monkey kidney, (ATCC CCL-81) cells
were cultured to 70% confluence and infected (MOI = 1) with
VEEV-TC83 in 96-well plates. At 4 h post infection (hpi), wells
were dosed with hF5-WT, LALA, or isotype control (BioXcell
Cat #BE0297) Abs (0.6 pg/mL). Cells were counterstained with
Hoechst 33,342 (Thermo Scientific Cat #62249) and Propidium
Iodide (Invitrogen Cat #699050) to identify live and dead cells,
respectively. For RT-CDC, at 8 hpi NHS or NMS was added
(10% final concentration) to each well. For RT-ADCC, at 8 hpi,
RAW264.7 (ATCC TIB-71) mouse or THP1 (ATCC TIB-202)
human macrophages [stimulated for 48 h with 10 ng/mL LPS
(Sigma Cat # L3024), then allowed to rest overnight] were
added in a 1:3 effector: target cell ratio to each well. Time
course imaging using a Thermo Fisher Scientific Cx7 micro-
scope was performed for 48 hpi to gauge cell viability over time.
Data analysis was performed using the Cx7Celllnsight High
Content Screening and Prism software, with paired t-test.

Virus stock and plaque assays

VEEV-TC83 was obtained through the National Institutes of
Health (NIH) Biodefense and Emerging Infections Research



Resources Repository, NIAID, NIH (NR-63). TC83 viral stocks
were propagated using cultured Vero cells grown to be 70%
confluent in alphaMEM complemented with 10% FBS and 1%
penicillin/streptomycin (P/S) (Gibco), incubated at 37°C in
5%CO,. The supernatant was collected 48 h post infection
and cleared of debris by centrifugation (1000 x g for 10 min).
Viral supernatants were then purified by ultracentrifugation,
resuspended in PBS; then aliquots were stored at —80°C, and
titers were determined by plaque assay.

The SINV-VEEV (TrD) GFP chimera was constructed
from the genetic backbone of SINV originating from the
addgene plasmid pSin REP5-GFP-GluR2 (https://www.
addgene.org/24003/). The cargo gene (GFP-GluR2) was
removed by restriction enzyme digest with Xbal and Sphl,
to generate a backbone containing the SINV non-structural
coding genes and cis-acting RNA elements required for
replication and transcription of the sub genomic RNA
(encoding the structural genes). Synthetic DNA was
designed containing the structural gene region of VEEV
TrD (NCBI Reference Sequence: NC_075022.1) with an
insertion of EGFP followed by a T2A self-cleaving peptide
sequence in frame between the VEEV TrD capsid and E3
genes and ordered from Twist Biosciences as clonal genes in
the pTwist amp high copy vector. The structural gene insert,
including > 25 bp terminal overlaps with the SINV backbone
were PCR amplified out of the cloning vector, and assembled
with the SINV non-structural backbone by NEB Hi-Fi
assembly. Final constructs contain constructs contain nt 1-
7647 of the SINV genome (5 UTR, non-structural genes,
and sub-genomic RNA promoter); nt 7647-8471 (825 nt)
capsid sequence (VEEV TrD); nt 8472-9260 (789nt) linker-
EGFP-T2A cleavage site; nt 9261-12,203 (2943 nt) E3, E2,
6K, and E1 glycoprotein sequence (VEEV TrD) and 12,215-
12,524 (310nt) SINV 3" UTR followed by a poly(A). After
purification and conformation of plasmid sequences by
enzymatic digest and Sanger sequencing, DNA was linear-
ized by digestion with Notl, and infectious RNA transcripts
were generated by in vitro transcription with the mMessage
mMachine SP6 transcription kit (Thermo Fisher). Virus was
rescued after transfection of BHK-21 cells, cultured in
DMEM complemented with 10% FBS, 10% Triptose
Phosphate Broth, and 1% P/S (Gibco), with infectious RNA
using Lipofectamine MessengerMax transfection reagent
(Thermo Fisher). Cells were monitored for GFP expression
and visible CPE, and virus containing supernatant was col-
lected at day 3 post transfection. SINV-VEEV (TrD) GFP
was propagated using Vero cells grown to be 70% confluent
in alphaMEM complemented with 10% FBS and 1% P/S
(Gibco), incubated at 37°C in 5%CO,. The supernatant was
collected 48 h post infection and cleared of debris by centri-
fugation (1000 x g for 10 min).

For plaque assays (PA) and plaque neutralization assays
(PNA), Vero cells were cultured to 70% confluence in
alphaMEM complemented with 10% FBS and 1% P/S. For
PA titers, Virus stocks or infected brain homogenates were
diluted with alphaMEM in a 10-fold dilution series using
12-well plates and inoculating with 200 pL per well, for 30
min at 37°C, 5%CO,. For PNAs, diluted virus was mixed
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with 10-fold dilutions of hF5-WT, LALA, or isotype con-
trol Ab for 1 h and then used to inoculate Veros with 200
uL per well for 30 min, as above, followed by addition of
1.5mL 0.5% agarose and 2XMEM overlay to each well.
Assays were stopped at 38hpi. Agarose plugs were
removed, cells were washed once with PBS, and then
stained with 2% paraformaldehyde (PFA) with 0.25% crys-
tal violet. Wells were rinsed twice with DI water and
plaques were counted.

For focus forming unit neutralization assays performed
with GFP reporter virus, Vero cells were cultured to 70%
confluence in alphaMEM complemented with 10% FBS and
1% P/S in a 384-well black clear bottom tissue culture plate
(Corning Costar). Diluted virus was mixed with 3-fold
dilutions of hF5-WT, LALA, or isotype control Ab for
1 hour and then used to inoculate Veros with 30 pL per
well. Assay plates were incubated for 48 h at 37°C, 5% CO,,
and fixed with 4% PFA containing Hoechst nuclear co-
stain. Cells were washed gently 1x with PBS and imaged
on a TECAN Spark Cyto plate reader. Total cell number
(Blue) and infected cell number (green) were quantified for
each well, and data were normalized to 100% infection (no
antibody) and 0% infection (no virus) control samples.

In vivo challenge studies

All animal work was performed in accordance with protocols
approved by the Lawrence Livermore National Laboratory
Institutional Animal Care and Use Committee (IACUC # 275).
Experiments were conducted under ABSL2 containment, with
C3H/HeN females aged 4-8 weeks (Charles River). Each animal
received 5e7pfu VEEV-TC83 by intranasal inoculation while
under isoflurane-induced anesthesia. Animals were dosed
with Abs either —24h prior to or+24, +48, or +72h
post infection via intraperitoneal injection (4 mg/kg), n =20
(—24 hpi, +24 hpi) and n =35 (+48 hpi) across two experiments,
and n =10 (+72 hpi). Mice were checked daily for neurological
symptoms and survival for 14 dpi. Survival data were analyzed
using a Log-rank Mantel-Cox test in GraphPad Prism.

Abbreviations

Ab Antibody

ADCC Antibody-dependent cell-mediated cytotoxicity,
ADCP Antibody-dependent cellular phagocytosis

BSA Bovine serum albumin

CDC Complement-dependent cytotoxicity

Fc Crystallizable fragment

FcyRs Fc gamma receptors

GFP Green fluorescent protein

hF5 VEEV-neutralizing human IgG1 antibody F5

hF5-LALA  Human antibody hF5 with loss of function Fc mutations
L234A and L235A

hF5-WT Wildtype human antibody F5 with intact Fc function

hpi hours post infection

HRP Horseradish peroxidase

IgG Immunoglobulin G

NHS normal human serum

NMS normal mouse serum

PFA paraformaldehyde

VEEV Venezuelan Equine Encephalitis Virus
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