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ABSTRACT

Alphaviruses are emerging public health threats. Broadly reactive anti-alphavirus
monoclonal antibodies (mAbs) have been shown to be protective in mouse models of
infection. However, the mechanism of Fc-dependent or Fc-independent heterologous
protection remains ill-defined in vivo. Here, we used two vaccine-elicited, broadly
reactive, anti-alphavirus mAbs, SKT05 and SKT20, to establish correlates of mAb-
mediated protection during Venezuelan equine encephalitis virus (VEEV) challenge.
SKT20 required Fc effector functions to prevent lethality. In contrast, SKT05-mediated
survival was independent of Fc effector functions, which is likely linked to early viral
control through potent egress inhibition. However, control of virus replication and spread
with SKTO05 was Fc-dependent; these findings extended to additional in vivo models
with alternative VEEV subtypes and chikungunya virus. During therapeutic delivery of
SKTO5, Fc effector functions were only required at 3 days post-infection. The necessity
of Fc effector functions for SKT20 was related to mAb binding avidity rather than
epitope and could be overcome by increasing the dose of SKT20 relative to the
functional avidity of SKTO05. Collectively, this study identified antibody avidity as a
correlate for in vivo efficacy and associated Fc-dependent mechanisms that can be

leveraged for therapeutic development of monoclonal antibodies against alphaviruses.

One sentence summary: Functional avidity of broadly reactive anti-alphavirus

antibodies dictates requirement for Fc-mediated protection.
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INTRODUCTION

Alphaviruses, which belong to the family Togaviridae, are emerging and re-emerging
mosquito-transmitted viruses of global concern. Alphaviruses are grouped based on
geographic origin or symptomatic presentation into the New World (NW), or
encephalitic, and Old World (OW), or arthritogenic, alphaviruses. The OW alphaviruses,
including chikungunya virus (CHIKV), can cause arthritis and acute to chronic
musculoskeletal disease. While CHIKV is globally distributed, the other OW
alphaviruses are more geographically isolated. The NW alphaviruses, including
Venezuelan equine encephalitis virus (VEEV), eastern equine encephalitis virus
(EEEV), and western equine encephalitis virus (WEEV), circulate in North, Central, and
South America, and infection can result in a range of symptoms from acute febrile
iliness to severe and potentially lethal encephalitis.

Alphaviruses circulate in enzootic and epizootic cycles using mosquitos and a
variety of animal reservoirs. While transmission to humans is predominantly through
mosquitoes, the encephalitic alphaviruses pose a potential biothreat due to ease of
aerosol infection. Accordingly, VEEV, EEEV, WEEV are classified as Category B priority
pathogens by the National Institutes of Health. Compounded by vector range
expansion, geographical overlap of endemic regions, global movement of humans, and
the absence of FDA-approved therapeutics, there is a need to develop broadly effective
vaccines and therapeutics that can provide pan-alphavirus protection.

Alphaviruses have a positive-sense RNA genome of approximately 11.5 kb. The
genome is comprised of four nonstructural (nsP1-4) and six structural proteins (capsid,

E3, E2, 6K, TF, and E1) that are encoded by two open reading frames (1, 2). The
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mature virion is comprised of a nucleocapsid, surrounded by an envelope containing
heterodimers of glycoproteins, E2 and E1, arranged as trimeric spikes. E1 and E2 are
critical for receptor binding and attachment; and E1 has a hydrophobic fusion loop that
aids in viral membrane fusion within the endosome (1, 2). E1 and E2 are also the
primary antigenic targets of neutralizing antibodies (2, 3). Protective monoclonal
antibodies (mAbs) have been identified against multiple alphaviruses that target E1 and
E2 and can inhibit various steps in the viral life cycle, such as attachment, entry, fusion,
and egress (3-7). Antibodies clear infected cells and opsonized virions, as well as
modulate the immune response through Fc mediated effector functions (2, 8-10).
However, few studies evaluated the requirement of neutralization and/or Fc effector
functions for optimal pan-alphavirus protection.

We previously identified two broadly reactive anti-alphavirus mAbs, SKTO05 and
SKT20, isolated from cynomolgus macaques vaccinated with a mix of VEEV, WEEYV,
and EEEV virus like-particles (VLPs) (11). SKT05 and SKT20 bound to NW and OW
alphaviruses but had differential neutralization of Env-pseudotyped lentivirus reporter
viruses expressing the glycoproteins of VEEV, EEEV, or WEEV (11). Both SKTO05 and
SKT20 protected mice from a lethal VEEV (strain TC-83) challenge. However, only
SKTO5 reduced viral loads in the brain (11). While both antibodies engage residues
near or at the highly conserved E1 fusion loop, SKT05 and SKT20 bound to distinct,
non-competing epitopes and with different angles of approach (11). Still, the
mechanism(s) of protection afforded by SKTO5 and SKT20 and the antibody
characteristics (e.g., avidity or epitope) that correlated with viral control in vivo has not

been defined.
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92 Here, we used a lethal mouse model of VEEV-induced encephalitis to elucidate
93  the mechanism of protection for SKT05 and SKT20 through evaluation of viral kinetics,
94  the inflammatory response, and histopathology using mAb variants with minimal binding
95 to Fc gamma receptors (FcyRs) and the complement component, C1qg. We find that Fc
96 effector functions were not required for SKT05-mediated survival, but necessary for late
97 control of viral burden. Similar phenotypes were observed with additional VEEV
98 subtypes and CHIKV. SKTO5 controlled early viral replication through egress inhibition
99 and Fc effector functions were dispensable for SKTO5 therapeutic protection up to two
100 days post-infection (dpi) with VEEV. In contrast, for SKT20, Fc engagement was
101  necessary to reduce a pro-inflammatory response and provide protection. Potency of
102  Env-pseudovirus neutralization and binding to infected cells related to the requirement
103 of Fc-mediated protection. Indeed, the Fc-dependency of SKT20 in vivo could be
104 overcome by administering an equivalent dose based on SKTO05 potency in vitro.
105  Overall, this study lends novel insight to predictors of in vivo efficacy and mechanism of
106  broadly reactive, anti-alphavirus antibodies.

107

108 RESULTS

109  Broadly reactive anti-alphavirus mAbs protect against lethal VEEV challenge.

110  Prophylactic administration of SKT05 and SKT20 prevented mortality in C3H/HeN mice
111 intranasally inoculated with the BSL-2 vaccine strain of VEEV, TC-83 (11). Numerous
112 studies have demonstrated that the C3H/HeN TC-83 model results in encephalitis,
113  similar to models with virulent strains of VEEV (12, 13). We sought to verify the

114  protective effects of SKTO5 in a fully virulent model of VEEV. BALB/c mice were
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115 administered SKTO5, an anti-E1 VEEV-specific mAb (SKV09), a positive control (1A3B-
116  7), or a control rhesus mAb (ITS103.01) one hour post aerosol challenge with a lethal
117 dose of VEEV Trinidad Donkey (TrD; subtype IAB). SKTO5-treated mice survived and
118  showed minimal weight-loss and clinical disease similar to mice treated with SKVQ09 or
119  positive control (Fig. 1A-C). With consistent findings between the models (Fig. 1A and
120 D), we proceeded with the C3H/HeN model of VEEV TC-83 induced encephalitis via
121 intranasal inoculation.

122 To determine the early impact of SKT05 and SKT20 on VEEV infection, mAbs
123  were administered one day before TC-83 infection and viral loads were measured in the
124  brain, serum, and spleen at 1, 3, and 6 dpi. SKT05 and SKT20 reduced viral RNA and
125 infectious virus in the brain at 1 dpi (Fig. 1E-F), which correlated with reduced viral RNA
126  in the serum and spleen (Fig. S1A-B). However, only SKTOS5 treatment controlled viral
127  burden across all assessed time-points. The viral load in the brain of SKT20-treated
128 mice was comparable to control-treated mice at 3 dpi but began to decrease by 6 dpi
129  (Fig. 1E-F).

130 While both mAbs reduced virus early, SKTO5 was superior at controlling virus in
131  the brain. This could not be explained by differences in antibody bioavailability as there
132 were no differences in the quantity of SKT05 and SKT20 in the brain or serum of mice
133 at 5 dpi (Fig. S1C). Our previous study demonstrated that VEEV Env-pseudotyped
134  viruses are differentially neutralized by SKTO5 (ICso: 0.01 pg/mL) and SKT20 (ICsp: 0.19
135 pg/mL) (Fig. S1D). Another explanation for the differential protection in vivo may be
136  increased neutralization of TC-83 by SKTO05. However, SKT05 and SKT20 failed to or

137  poorly neutralized TC-83, respectively, while neutralization was observed with an anti-
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138 E1 VEEV-specific mAb, SKV09 (ICso: 0.15 pg/mL) (Fig. S1E). These results suggest
139  that SKTO05 and SKT20 use distinct mechanisms to mediate VEEV protection in mice.
140

141  SKTO5 and SKT20 reduce pro-inflammatory cytokines and chemokines during
142 VEEV infection.

143  Poor clinical outcome and lethality are not directly correlated to viral load in the brains of
144  VEEV-infected mice. Indeed, neuroinvasion precedes blood brain barrier (BBB)
145  disruption and the development of encephalitis (14). Additionally, BBB disruption
146  coincides with elevated numbers of infiltrating immune cells, loss of tight-junctions, and
147 increased pro-inflammatory cytokine and chemokine expression (14-18). Intracellular
148 adhesion molecule -1 (ICAM-1), which promotes leukocyte adhesion and
149  transmigration, is increased, in conjunction with, the altered localization of proteins that
150 regulate permeability and integrity of the brain microvascular endothelium (19-21).
151  Given the differences in viral load in the brain, we analyzed transcriptional signatures
152  that correlate with BBB disruption by RT-qPCR from brains of mAb-treated mice at 5 dpi
153  (Fig. 2A). SKTO5-treated mice had reduced expression of ICAM-1, C-X-C motif
154  chemokine ligand (CXCL) 9 (CXCL9), and CXCL10 gene-transcripts compared to both
155  control and SKT20-treated mice (Fig. 2A). Notably, SKT20-treated mice upregulated
156 ICAM-1, CXCL9, and CXCL10 and the levels were not statistically different from control
157  mice. There was no difference in matrix metalloproteinase 9 (MMP-9) gene-expression
158  between the treatment groups at this time-point (Fig. 2A).

159 We next evaluated the level of pro-inflammatory cytokines and chemokines which

160  contribute to inflammation and immune cell recruitment. Cytokines, like TNF-a, have
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161  been associated with VEEV-induced BBB permeability and neurodegeneration (22).
162  Other cytokines and chemokines such as IL-6, IFNy, IL-1B, C-C motif ligand (CCL) 2
163  (CCL2), and CCL5 have positive correlation to VEEV-induced pathological findings (23).
164  Mice were treated with SKTO05, SKT20, or a control mAb one day before TC-83
165 infection. At 6 dpi, brains were harvested, and pro-inflammatory cytokines and
166 chemokines were analyzed by a Bio-Plex assay (Fig. 2B, Table S1). Naive mice were
167 included in the analysis to determine baseline levels. Overall, SKTO05 treatment
168  dramatically reduced proinflammatory cytokines and chemokines compared to control
169 and SKT20-treated mice (Fig. 2B). Notably, IL-6, TNF-a, IL-18, and IFNy were reduced
170  to levels observed in naive mice. Other cytokines like IL-10, as well as chemokines
171  CCL2, CCL5, and CXCL1, were also significantly reduced with SKTO5 treatment.
172 SKT20 reduced IL-6, TNFa, CCL2, CCL5, and CXCL1 compared to control treated
173  mice, albeit to a lesser degree than SKTO05 (Fig. 2B). These results suggest that SKT05
174  treatment dampens the inflammatory environment, presumably due to limited virus
175  within the brain, while a heightened inflammatory environment was evident with SKT20
176  treatment suggesting robust immune cell recruitment.

177

178 Fc effector functions are required for SKT20 protection but dispensable for
179  SKTO5-mediated survival during VEEV challenge.

180  Antibodies can reduce alphavirus infection and disease in vivo by blocking entry, fusion,
181  or egress of viral particles and through interactions of the Fc region with Fc receptors
182  (4-9, 24, 25). Since SKT05 and SKT20 lack robust TC-83 neutralization in vitro, we

183  assessed the necessity of Fc effector functions for in vivo protection. We generated
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184  LALA-PG variants of SKT05 and SKT20, which abrogate binding to FcyRs and Clq
185  (26). First, we confirmed equivalent neutralization of the wild-type and LALA-PG
186  antibodies against VEEV pseudovirus in cell culture (Fig. 3A). Then, we verified that the
187 LALA-PG mAbs fail to appreciably bind to the human high affinity FcyR, FcyRI, by
188  ELISA (Fig. 3B). Next, mice were administered wild-type or LALA-PG variants of SKT05
189  or SKT20 one day prior to TC-83 infection and were followed for weight-loss (Fig. 3C-D)
190 and survival (Fig. 3E-F). Notably, SKTO5-mediated survival was not dependent on Fc
191  effector functions (Fig. 3E), although SKTO5 LALA-PG-treated mice lost about 10% of
192  starting weight (Fig. 3C). In contrast, SKT20-mediated protection was dependent on Fc-
193 engagement as SKT20 LALA-PG-treated mice lost weight comparable to the control
194  mice (Fig. 3D) and only 25% of the mice survived (Fig. 3F). These results indicate that
195 SKT20 protects against VEEV lethality through Fc effector functions while SKTO05
196  primarily protects through an Fc-independent mechanism.

197

198 SKT20 alters the pro-inflammatory response and immune cell infiltrates in the
199  brain through Fc effector functions.

200 To determine whether SKT20 reduced viral burden and inflammation through Fc-
201  engagement, mice were administered SKT20, SKT20 LALA-PG, or a control antibody,
202 infected with TC-83, then viral RNA and pro-inflammatory cytokines and chemokines
203  were measured in the brain at 6 dpi. As previously observed, SKT20 reduced viral RNA
204 and levels of inflammatory cytokine and chemokines compared to the control treated

205 mice (Fig. 4A-B). However, mice treated with SKT20 LALA-PG failed to clear viral RNA
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206 and had levels of pro-inflammatory cytokines and chemokines similar to control
207 treatment (Fig. 4A-B).

208 Previous work has shown an influx of monocytes, macrophages, and T cells into
209 the brains of TC-83 infected mice between 3-7 dpi (15, 20). To determine if the modified
210 chemokine response altered the infiltrating immune cell populations, we harvested
211 brains from mAb-treated, TC-83 infected mice at 6 dpi and analyzed the immune cell
212 subsets by flow cytometry (Fig. S2A). Analysis of NK cells (NK1.1%), B cells (CD19%),
213 CD4" T cells, CD8" T cells, neutrophils (Ly6G"), macrophages (Ly6C™ F4/80%), and
214 monocytes (Ly6C™ showed increased numbers of neutrophils and monocytes with
215  SKT20 LALA-PG treatment compared to SKT20 (Fig. 4C). When the proportion of each
216  population amongst the CD45" cells was evaluated, SKT20 LALA-PG treated mice had
217  a higher percentage of monocytes compared to SKT20 mice, while the percentage of
218 CD4" T cells was higher in SKT20-treated mice as compared to SKT20 LALA-PG
219 treatment (Fig. S2B). However, the CD4" and CD8" T cells from SKT20-treated mice
220 had reduced expression of the activation marker, CD69 (Fig. 4D). Notwithstanding, the
221  total number of activated CD4" and CD8" T cells was similar between the groups (Fig.
222 S2C). Myeloid cell populations were evaluated for MHCII expression as a marker of
223 activation. Mice that received SKT20 had an increased percentage of activated
224 monocytes and macrophages as compared to SKT20 LALA-PG or control mice
225 although the total number of activated cells was similar across the groups (Fig. 4E &
226 S2D). These results suggest that SKT20 may mediate clearance of viral RNA through
227  Fc-FcyR interaction with monocytes and macrophages.

228

10
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229  SKTOS5 limits neuroinvasion and spread into caudal regions of the brain through
230 VEEV egress inhibition.

231 To determine if early viral control and reduced dissemination into the brain was
232 dependent on Fc effector functions, we administered wild-type or a LALA-PG variant of
233  SKTO5 to mice one day before TC-83 challenge and harvested brains at 1 and 6 dpi.
234  Both SKTO05 and SKTO5 LALA-PG reduced viral burden at 1 dpi (Fig. 5A). In contrast,
235  reduction in viral RNA was highly dependent on Fc-engagement at 6 dpi (Fig. 5A).

236 Our initial findings showed that TC-83 is not neutralized by SKTO5 despite
237 observed VEEV pseudovirus neutralization (Fig. S1E). Since early control of VEEV
238 infection was Fc-independent, we evaluated SKTO5 inhibition of different stages in the
239 viral life cycle. Our standard focus reduction neutralization test (FRNT) allows for
240  multiple rounds of VEEV replication which may permit VEEV to overcome early SKT05
241  entry inhibition. Entry inhibition was assessed using a single-cycle, viral entry inhibition
242  assay. mAbs were pre-incubated with TC-83 then added to cells. Following extensive
243  washing, cells were incubated in medium containing ammonium chloride to prevent de
244  novo infection. VEEV antigen® cells were determined by flow cytometry. SKV09, a
245 VEEV specific mAb that binds E1 and neutralizes TC-83, was included as a positive
246 control (Figure S1E) (11). In Vero cells, SKTO05 (ICsp: 0.6388 pg/mL) and SKT20 (ICso:
247  1.551 pg/mL) showed some level of entry inhibition compared to a control mAb (Fig.
248  S3A, left) while SKV09 provided nearly complete entry inhibition with only 3% relative
249 infection observed (Fig. S3A, left). Neuronal cells are one of the cellular targets of
250 VEEV infection via both hematogenous and intranasal routes of infection (27, 28). We

251 next used a neuronal cell line, Lund human mesencephalic cells (LUHMES), to

11
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252  determine if SKTO05, SKT20, and SKV09 differentially inhibit entry in a natural target of
253  VEEV infection. Surprisingly, there was minimal entry inhibition with all three antibodies,
254  SKTO05, SKT20, and SKV09 (Fig. S3A, right).

255 We next assessed inhibition of viral egress. Vero cells or LUHMES were infected
256  with TC-83, washed extensively, then serial dilutions of mAbs were added to the cells in
257 medium containing ammonium chloride. Viral RNA level was determined in
258  supernatants at 1 (Fig. S3B-C) and 6 hours post infection (hpi) (Fig. 5B-C). In Vero
259 cells, SKTO5 significantly inhibited egress in a dose-dependent manner at 6 hpi as
260 compared to control treated cells (Fig. 5B). In contrast, SKT20 only reduced virus
261 release at the highest concentration and to a lesser degree than SKT05 and SKV09.
262  SKV09 showed a similar reduction in viral RNA levels across all concentrations (Fig.
263 5B). In the LUHMES, SKV09 and SKTO05 showed a similar dose-dependent inhibition,
264  while SKT20 only significantly reduced virus egress at the highest concentration (Fig.
265 5C). Importantly, SKT05 was superior to SKT20 in VEEV egress inhibition suggesting
266  this may contribute to early VEEV protection in vivo.

267 Intranasal inoculation with VEEV results in initial infection of the olfactory
268  neuroepithelium. The virus disseminates into the brain by anterograde transport along
269 the axonal tracts through the cribriform plate and then seeds the olfactory bulb (27).
270 CNS pathology in infected mice may include necrosis and apoptosis of neurons,
271 endothelial cell injury, lymphocyte destruction, perivascular cuffing, and meningitis (12,
272 14, 15, 17). To determine if SKTO5-mediated restriction of VEEV dissemination into the
273 brain is Fc-dependent, we performed in situ hybridization (ISH) to probe for VEEV RNA

274 and Hematoxylin and Eosin (H&E) staining on sequential midsagittal skull and brain

12
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275  sections from mice treated with SKTO05, SKTO5 LALA-PG, or a control antibody at 1 and
276 5 dpi. We chose 5 dpi for this study to observe a time point just prior to the onset of
277  weight loss, so we could identify features that may promote disease. Mock-infected
278 mice showed no significant histopathologic changes, and no detectable viral RNA
279 labeling (Fig. 5D-E). At 1 dpi, control-treated mice had mild olfactory epithelial and
280 olfactory nerve tract necrosis (Fig. 5D and S3D). Consistent with previous reports,
281  control-treated mice had no observable viral RNA labeling in the respiratory epithelium,
282  but abundant labeling in regions of olfactory epithelium, olfactory nerve tracts and within
283  the olfactory bulb (Fig. S3E) (29). Similarly, SKTO5 LALA-PG treated mice showed mild
284  olfactory epithelial and peri-neural tract necrosis at 1 dpi. Viral RNA labeling was
285 present in the olfactory epithelium, olfactory nerve tracts, and olfactory bulb, but at a
286 more limited distribution compared to the control-treated mice. SKTO05 treated mice
287 displayed minimal necrosis of the olfactory epithelial and olfactory neural tracts. Viral
288 labeling was observed at a low distribution in olfactory epithelium, olfactory neural tracts
289 and in half of evaluated sections of olfactory bulb.

290 By 5 dpi, control-treated mice had moderate to severe neuroparenchymal
291 necrosis with abundant necrotic neurons and multifocal infiltrates of degenerate
292  leukocytes accompanied with multifocal, pleocellular meningitis and perivascular cuffing
293 (Fig. 5E and Fig. S3D). Remarkably, only minimal changes were observed in the
294  olfactory epithelium and olfactory neural tracts. In-situ hybridization revealed abundant
295 viral RNA labeling throughout the olfactory bulb, cerebrum, and brainstem (Fig. S3E).
296 SKTO5 LALA-PG-treated mice showed moderate necrosis and meningitis in the

297  olfactory bulb with perivascular cuffing. Abundant viral RNA was labeled throughout the
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298  olfactory bulb, cerebrum, and brainstem. In stark contrast, SKTO5-treated mice
299  exhibited minimal histopathologic changes in the brain. Similarly, viral RNA was rarely
300 observed with limited, small foci visible in either the olfactory bulb or cerebrum. These
301 results show that SKTO5 Fc effector functions are necessary to prevent spread of virus
302 into the brain while SKT05-mediated inhibition of viral egress aids in reducing the initial
303 infection in the olfactory epithelium.

304

305 Fc effector function necessity is dependent on functional avidity rather than
306 epitope specificity.

307 While SKTO5 and SKT20 both bind to the E1 protein and are broadly reactive, they
308 interact with distinct, non-competing epitopes and differ in their VEEV pseudovirus
309 neutralization potency (Fig. S1D) (11). It is unclear whether the requirement of Fc
310 effector functions for VEEV protection correlates with antibody epitope or avidity. To
311  begin to evaluate avidity as a correlate of protection, we measured binding of SKT05
312 and SKT20 to the surface of live TC-83 infected Vero cells by flow cytometry. SKV09
313  was included as a positive control. SKTO5 (ECso: 0.26 pg/mL) and SKV09 (ECso: 0.31
314 ug/mL) were the strongest binders while there was a roughly 10-fold difference in the
315  binding potency of SKT20 (ECso: 2.8 pg/mL) (Fig. 6A-C). Notably, differences in binding
316 to infected cells mirrored differences in VEEV pseudotyped virus neutralization where
317 SKTO5 and SKT20 ICs values differed by about 15-fold (Fig. S1D).

318 To test this in vivo, we administered approximately half log decreasing doses
319 (200 pg, 60 pg, 20 ug, or 2 pg) of SKTOS (Fig. 6E-G) or SKT20 (Fig. 6H-J) to mice prior

320 to challenge with TC-83. Mice were followed for weight-loss and survival. Tissues were
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321 collected at 5 dpi from a separate set of mice for analysis of viral load. Mice provided
322 200, 60, or 20 pg of SKT05 had 100% survival (Fig. 6F) and only mice treated with the
323 20 pg dose lost minimal weight (Fig. 6E). In contrast, 2 ug of SKTO5 failed to protect
324 mice from a lethal challenge (Fig. 6E-F). There was a dose-dependent effect on viral
325 load in the brain, with titers being equivalent to control-treated mice at 20 and 2 g of
326 SKTO5 (Fig. 6G). As expected, 100% of the mice administered 200 pug of SKT20
327  survived. In contrast, all mice provided 60, 20, or 2 pg of SKT20 lost weight and most
328 met the criteria for euthanasia (Fig. 6H-1). As anticipated, SKT20 dose did not impact
329 viral burden in the brain (Fig. 6J). Surprisingly, the dose needed for reduction of viral
330 RNA in the periphery was much lower; a 2 pg dose of SKT05 and a 20 pg dose of
331  SKT20 significantly reduced viral RNA in the spleen (Fig. S4). Importantly, a 10-fold
332 reduction in SKTO05 dose (20 pg) recapitulated the weight loss, survival, and brain viral
333  burden of the 200 pg dose of SKT20 suggesting that functional avidity correlates with
334  protection.

335 To separate the importance of epitope specificity from binding avidity for in vivo
336  protection, we used SKT14, a broadly reactive anti-alphavirus mAb that competes with
337  SKTO5 for binding to VEE VLP but has an I1Cs value (0.30 pg/ml) for VEEV pseudovirus
338 neutralization, i.e., a range similar to SKT20 (0.27 pg/ml) (11). First, we determined the
339  binding affinity to TC-83-infected cells and showed a binding curve similar to SKT20
340 with a 2.5-fold difference in ECso value (0.68 pg/ml) compared to SKTO5 (Fig. 6A, D).
341  When SKT14 was administered one day before TC-83 infection, mice gained weight
342  (Fig. 6K) and were protected from lethality (Fig. 6L). SKT14-treated mice had viral RNA

343 levels in the brain that were between those of SKT05 and SKT20 (Fig. 6M). These
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344  results suggest that reduction in viral RNA in the brain may correlate better with
345 antibody epitope. We next tested the Fc-dependency of SKT14 for VEEV protection.
346 SKT14 LALA-PG treated mice all lost weight and succumbed to the TC-83 challenge
347 (Fig. 6N-O). These results demonstrate that despite having a similar binding epitope to
348 that of SKT05, SKT14 is dependent on Fc-engagement for protection suggesting that
349  functional avidity is a better predictor for requirement of Fc effector functions.

350 To verify that avidity dictates Fc-dependency for in vivo efficacy, we administered
351 a 10-fold higher dose of the SKT14 and SKT20 LALA-PG variants to compensate for
352 differences in VEEV pseudovirus neutralization, as compared to SKT05. Mice received
353 200 pg of SKT14, 200 pg or 2 mg of SKT14 LALA-PG, or 2 mg of a control antibody in
354  prophylaxis to lethal TC-83 challenge. As expected, mice administered 200 pg of SKT14
355  survived while mice provided 200 pg of SKT14 LALA-PG lost weight and succumbed to
356 the infection (Fig. 6P-Q). However, mice administered 2 mg of SKT14 LALA-PG lost
357 weight but had 100% survival rate (Fig. 6P-Q). Similar results were seen with SKT20
358 (Fig. 6R-S). Mice that received 2 mg of SKT20 LALA-PG survived with only minor
359  weight loss (Fig. 6R-S). Despite the differing epitopes of SKT14 and SKT20, they both
360 share Fc-dependent mechanisms that can be overcome by providing an equivalent
361 potency dose as SKTO5.

362

363 SKTO5 reduces clinical disease during therapeutic administration and protects
364 against other alphaviruses with conditional requirement for Fc effector functions.
365 Goals of mAb development against alphaviruses include therapeutic efficacy and

366  breadth of protection against closely and distantly related viruses. Since SKT05 was
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367 superior in binding to infected cells, VEEV pseudovirus neutralization, and protection
368  when administered in prophylaxis, as compared to SKT20, we evaluated the therapeutic
369 potential and cross protection of SKTO5. In these studies, we also assessed the
370 necessity of Fc effector functions for protection. Following infection with TC-83, mice
371 were administered 200 pg of SKT05 or SKTO5 LALA-PG at 1, 2, or 3 dpi. We saw
372 nearly complete survival of mice administered SKTO5 at 1, 2, and 3 dpi with one of eight
373 mice meeting end-point criteria in the 2 dpi administration group (Fig. 7A). Mice
374  administered SKTO5 LALA-PG at 1 and 2 dpi were protected from lethal challenge but
375 only 20% survived in the group provided the mAb at 3 dpi (Fig. 7A). Mice receiving
376  therapeutic doses later during infection had a marginal increase in weight loss (Fig. 7B).
377  Treatment with the LALA-PG variant at 3 dpi resulted in significant weight loss and the
378  survivors did not recover to starting weight by study end (Fig. 7B, right).

379 Next, we assessed protection of SKT0O5 against epizootic and enzootic strains of
380 VEEV. Mice were inoculated by subcutaneous injection in the rear footpad with VEEV
381  subtype IC or subtype ID, to mimic the natural route of transmission. At 1 h post
382 infection, SKTO05, SKT05 LALA-PG, a positive control mAb (1A3B-7), or control mAb
383 was administered. For VEEV IC challenge, SKTO5 treatment protected mice from
384 lethality, weight loss, clinical disease, and viremia (Fig. 7C-F). Eight out of 10 mice
385 survived with SKTO5 LALA-PG administration: a result not statistically different from
386 SKTO5 administration (Fig. 7C). SKTO5 LALA-PG-treated mice showed maximally 5%
387 weight loss and minimal, but apparent, clinical disease compared to SKTO5-treated
388 mice (Fig. 7D-E). Viremic mice treated with SKT05 LALA-PG had viral loads similar to

389  control mice at 2 and 3 dpi (Fig. 7F). For VEEV ID challenge, SKTO5-treated mice were
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390 completely protected, and LALA-PG mice had 90% survival (Fig. 7G). SKT05 and
391 LALA-PG groups lost minimal weight (Fig. 7H) and had average clinical scores less
392 than 1 (Fig. 71). Importantly, viremia was not detectable in SKTO5-treated mice, while
393  viremia was only observed in one mouse administered SKTO5 LALA-PG at 2 and 3 dpi
394  (Figure 7J).

395 We next wanted to determine if the Fc-independent mechanism of protection
396 observed with VEEV extended to arthritogenic alphaviruses. SKT05, SKT05 LALA-PG,
397 or a control mAb were administered one day prior to CHIKV infection. Mice were
398  monitored for foot swelling and viral load was assessed at 1 and 3 dpi. SKT05 and
399 SKTO5 LALA-PG-treated mice had significantly reduced foot swelling compared to
400 control mice (Fig. 7K). However, LALA-PG mice had notable increases in foot swelling
401  at 6 dpi, which paralleled a peak in swelling observed in the control mice, although to a
402  lesser extent (Fig. 7K). At 1 dpi, SKTO5 and LALA-PG administration reduced viral load
403 compared to control mice in the infected (ipsilateral) ankle (Fig. 7L). At 3 dpi, LALA-PG-
404 treated mice had viral loads similar to control mice. A similar pattern was observed in
405 disseminated tissues (Fig. 7M and S5). Analogous to the VEEV subcutaneous
406  challenges, LALA-PG-treated mice, at 3 dpi, had detectable viremia (Fig. 7N). These
407  results indicate that Fc effector functions are not required for early therapeutic clinical
408 efficacy of SKTO5 but are necessary for control of viral burden for both encephalitic and
409  arthritogenic alphaviruses.

410

411  DISCUSSION
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412  Here, we defined the mechanism of protection for two broadly reactive anti-alphavirus
413 mAbs, SKT05 and SKT20, during TC-83-induced encephalitis. SKT05 and SKT20
414  reduced inflammation in the brain and protected mice from VEEV infection in the
415 absence of potent authentic VEEV neutralization. SKTO05 strongly bound to the surface
416  of infected cells and blocked viral egress in a neuronal cell line. This likely contributed to
417 the Fc-independent survival observed with prophylaxis and/or therapeutic administration
418  during infection with multiple VEEV subtypes or CHIKV. In contrast, SKT20 required Fc
419  effector functions for protection. Functional avidity, as a correlate of binding to infected
420 cells and potency of pseudovirus neutralization, rather than epitope, predicted
421 dependence on Fc effector functions for survival. Indeed, the requirement for Fc
422  mediated protection could be overcome by adjusting the mAb dose to compensate for
423  the lower binding and pseudovirus neutralization potency.

424 Virus-specific and broadly reactive mAbs targeting E1 epitopes have been
425 identified and characterized for multiple alphaviruses (2). Many broadly reactive E1-
426  specific antibodies fail to or poorly neutralize authentic virus which is thought to be
427 related to binding cryptic E1 epitopes that may only be exposed in certain stages of the
428 viral life cycle (2, 4, 30). Consequentially, anti-E1 antibodies may alternatively engage
429  with FcyRs for in vivo efficacy. In our study, SKTO5 and SKT20 reduced early viral RNA
430 in the brain. Using a single-cycle entry inhibition assay in Vero cells, we showed that
431  SKTO5 and SKT20 only mildly impacted TC-83 entry which is consistent with minimal
432  neutralization using our standard FRNT assay. This lack of inhibition was not cell type

433  dependent as the mAbs did not inhibit entry into the LUHMES.
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434 Broadly reactive El-targeting mAbs have previously been shown to inhibit viral
435 egress in Vero and Neuro2a cells (4, 7). We observed egress inhibition in Vero cells
436  with the most robust inhibition observed with SKT05 and SKV09 (5 — 10-fold reduction
437 in virion release). Surprisingly, SKTO5 inhibited TC-83 egress in LUHMES cells with
438  greater magnitude (60-fold reduction) than in Vero cells. SKT20 inhibited egress with
439  reduced potency relative to SKTO05, paralleling the limited control of viral replication in
440 the brain by this antibody. Since SKTO05 did not require Fc effector functions to mediate
441  survival or early control of virus replication, this data suggests that egress inhibition in
442  certain types of neuronal cells may be the primary mechanism of protection for SKTO5.
443  Furthermore, the requirement for Fc effector functions can be overcome by dose
444  escalation suggesting that egress inhibition may be a dominant mechanism of
445  protection. However, the clinical outcome relies on the potency of mAb binding to
446  infected cells.

447 SKTO05 provided superior therapeutic efficacy following TC-83 challenge. Other
448  Dbroadly reactive anti-E1 mAbs, DC2.112, DC2.315 (7), EEEV-138, EEEV-346 (4), and
449  1A4B-6 (30), demonstrated >70% survival in mice when administered prior to VEEV-
450 SINV, VEEV TrD, or EEEV (FL93-939) challenge. From the therapeutic perspective,
451 DC2.112 and DC2.315, administered at 1 dpi, provided 100% protection in mice
452  challenged with VEEV (ID) but only 20 and 50% protection when administered at 2 dpi,
453  respectively (7). EEEV-138 and EEEV-346 resulted in 30% and 40% survival when
454 administered 1 day following EEEV challenge (4). Notably, SKTO5 supersedes the
455  prophylactic and therapeutic potential of these antibodies, by providing 100% survival

456  with a 20 pg (1 mg/kg) dose in prophylactic dose and = 80% protection at 2 dpi and 3
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457  dpi in TC-83-challenged mice. Furthermore, Fc effector functions were only required
458 when SKTO05 was administered at 3 dpi, while Fc independent protection for DC2.112
459 was lost when administered 1 dpi. Other VEEV-specific mAbs have been shown to
460  protect in mice and non-human primates at 2 dpi (31-33). However, the necessity of Fc
461 engagement has not been well established. More recently, an E2-binding, humanized
462  VEEV-specific mADb, h5F, was shown to require Fc effector functions when administered
463 at 2 dpi following TC-83 challenge (9). While not addressed in our study, we
464  hypothesize that a combination therapy may extend the therapeutic window beyond 3
465 dpi. Additionally, the therapeutic efficacy of SKTO5 against arthritogenic alphavirus
466  challenge remains unclear. Previous work with anti-CHIKV mAbs suggests that Fc
467  effector functions would be required for therapeutic protection (7, 8). However, the
468  therapeutic window for Fc-dependent protection needs further investigation. Overall,
469 these results emphasize the potential for prophylactic and therapeutic use of SKT05
470 during alphavirus infections and warrant future studies evaluating SKTO5 efficacy in
471 non-human primate models toward a clinical application.

472 Unlike SKTO05, SKT20 required Fc effector functions for protection at our
473  standard (200 pg) dose. SKT20 reduced viral RNA in the brain at 6 dpi, presumably
474  through FcyR-mediated clearance, which may have contributed to survival. Based on
475  previous studies with CHIKV and Mayaro virus (MAYV) (7, 8, 10), virus was cleared
476  through Fc-FcyR interactions on monocytes. FcyR interaction on monocyte or
477  macrophage could increase cellular activation, as observed with SKT20 treatment.
478  However, SKT20 administration reduced the number of Ly6C" monocytes compared to

479 SKT20 LALA-PG treatment, which is supported by reduction in the monocyte
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480 chemoattractant, CCL2, and molecules produced by activated monocytes such as
481 CCL4, CCL5, IL-6, and IL-1B. An earlier study demonstrated increased Ly6C*
482  monocytes in TC-83 infected mice as early as 2 dpi in the olfactory bulb and significant
483 levels in the cortex until 6 dpi (14). It is unresolved whether monocyte recruitment into
484  the brain is protective or pathogenic during VEEV encephalitis and it could be that the
485  timing of infiltration is critical. Since we only assess a single time-point, it is possible that
486 SKT20 modulates early chemokine response and influx of monocytes to reduce
487 inflammation. Additional studies are needed to address timing and spatial distribution of
488 monocyte recruitment.

489 T cells are recruited to the brain starting around 6 dpi and aid in clearance of
490 VEEV (14, 34, 35). The proportion of CD4" T cells in SKT20 mice is increased
491 compared to SKT20 LALA-PG treatment, but the percentage of CD4" and CD8" T cells
492  expressing CD69 is reduced. This may be related to differences in T cell activation.
493  SKT20 controls viral replication in the periphery, which could reduce the amount of
494  antigen available for T cell activation. In the subcutaneous VEEV models, SKT05 LALA-
495 PG administration failed to control viral replication in the periphery past 3 dpi. While
496  peripheral viral loads were not assessed with SKT20 LALA-PG administration, it is likely
497  the same viral kinetic shift would be present and thus have provided similar antigen
498 levels as the control treated mice for T cell stimulation. Alternatively, fundamental
499  studies conducted with neuroadapted SINV showed that host-generated antibodies act
500 synergistically with interferon-y produced by T cells to control SINV infection through
501 noncytolytic clearance of neurons (36-38). However, this mechanism is primarily

502  observed with antibodies targeting E2 and does not require an Fc domain (39, 40).
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503 In this study, we established a direct relationship between functional avidity, as
504 determined by mAb pseudovirus neutralization and infected cell binding, and the
505 requirement of Fc effector functions in vivo. In vitro antibody neutralization is typically
506 used as a correlate for in vivo protection. However, our studies suggest that
507 pseudovirus neutralization and cell surface binding are just as important of predictors.
508 The pseudovirus particles only contain the alphavirus envelope glycoproteins. Without
509 capsid, the pseudovirus particles would likely be less structured compared to an
510 authentic alphavirus and may more closely resemble the E2/E1 trimers present on the
511 surface of infected cells, potentially providing analogous readouts. The ability to
512  overcome the requirement of Fc effector functions for SKT20 and SKT14 protection by
513 equalizing the dose relative to SKTO5 functional avidity indicates that mAbs are not
514 restricted to one mechanism for protection. Higher avidity would drive clustering of
515 mADs on the cell surface and promote antibody dependent cellular cytotoxicity, antibody
516 dependent cellular phagocytosis, and complement dependent cytotoxicity (41).
517 However, the same idea of increased mAb clustering could be connected to enhanced
518  egress inhibition. If early viral control in this model dictates clinical outcome, enhanced
519 egress inhibition may be sufficient to prevent lethality. Importantly, assessing mAb
520 avidity could accelerate the identification of broadly protective mAbs that are more
521  effective against emerging and re-emerging alphaviruses.

522

523  LIMITATIONS

524  The epizootic strains of VEEV (subtypes IAB and IC) are select agents and require high

525 containment facilities. For logistical reasons, we used the VEEV BSL2 strain TC-83
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526 (IAB) to evaluate the mechanisms of protection for SKT05 and SKT20, then performed
527  confirmatory experiments with virulent strains of VEEV and showed complementary
528 results. Furthermore, we did not address the therapeutic window for SKT05 against
529 virulent strains of VEEV. This would need to be evaluated in future studies. Finally, we
530 assumed that SKT14 and SKTO05 target the same epitope based on competition ELISA
531 data; however, structural analysis needs to be performed to confirm similar epitope
532  recognition and binding angle.

533

534  Materials and Methods

535  Study Design

536 The goals of this study were to determine the mechanisms of protection for two broadly
537 reactive anti-alphavirus antibodies using mouse models of alphavirus infection and
538 relate functional mAb features to the requirement for Fc effector functions for protection.
539 In vivo studies were conducted in mouse models that are well-established for
540 alphaviruses and the number of mice used for each study, to ensure the studies were
541  appropriately powered, was determined based on historical experiments and known
542  variation in the results. Male and female mice were used for the VEEV TC-83 and
543  CHIKV mouse studies and female mice were used for VEEV TrD, INH-9813, and ZPC-
544 738 studies. Predetermined endpoints were used for tissue collection. For survival
545  studies, mice were humanely euthanized once a pain score of 3 or weight loss criteria
546 was met. Number of independent experiments and experimental replicates are detailed

547 in each figure legend. All data points were used for analysis; no outliers were excluded.
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548  To remove bias, histological samples were blinded prior to processing and scoring by a
549  board-certified veterinary pathologist.

550

551 Cells

552  African Green Monkey Kidney Cells (Vero; CCL-81) and Baby Hamster Kidney cells
553 (BHK-21; CCL-10) were obtained from American Type Culture Collection (ATCC). Vero
554 and BHK cells were cultured at 37°C with 5% CO, in complete media [Dulbecco’s
555 Modified Essential Medium (DMEM) supplemented with 5% heat-inactivated fetal
556  bovine serum (HI-FBS; Omega) and 10 mM HEPES (Gibco)].

557 Lund Human Mesencephalic Cells (LUHMES) were obtained from Applied
558  Biological Materials Inc. (Cat. T0284). Cell culture flasks and dishes were sequentially
559  coated with 50ug/ml poly-l-ornithine hydrobromide (Sigma) overnight at RT followed by
560  1upg/ml fibronectin (Sigma) for 6 hr at 37°C, rinsed with ddH20, and allowed to fully air
561 dry at room temperature before cell plating. LUHMES were maintained in proliferation
562 media [DMEM:F12 (Sigma-Aldrich) containing 1% N2 supplement (ThermoFisher Sci.),
563  1X Penicillin-Streptomycin solution (Corning), 2mM L-glutamine (Corning)] with 40ng/mL
564 recombinant human Fibroblast Growth Factor (FGF-basic, Peprotech) added right
565 before use. Cells were plated at 100,000 cells/well in 24 well dishes. Media was
566 changed 24 h after plating and the cells were allowed to grow for 2 more days before
567  using for experiments.

568

569  Viruses
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570 The pVE/IC-92 cDNA clone encoding the full-length VEEV (strain TC-83) genome was
571  acquired from the World Reference Center for Emerging Viruses and Arboviruses at The
572 University of Texas Medical Branch, rescued as previously described (Kinney et al.,
573  1998), and passaged once on Vero cells. TC-83 stocks were sequenced to confirm the
574 absence of the A3SG mutation. VEEV INH-9813 (IC strain) stock was passaged three
575 times on Vero cells, VEEV Trinidad donkey (TrD; IAB strain) stock was received from
576  DynPort Vaccine Company (DVC) and prepared by Commonwealth Biotechnologies
577 Inc., and VEEV ZPC-738 (ID strain) stock was passaged once on BHK cells. Virus titer
578 was determined by standard plague assay on Vero76 cells. CHIKV (strain AF15561)
579 was generated from a cDNA clone as previously described (42) and passaged once on
580 BHK cells. Viral stocks were titrated by focus forming assay (FFA; TC-83 and CHIKV) or
581 plague assay (VEEV TrD, INH-9813, and ZPC-738), as previously described (6, 43). All
582 experiments with VEEV strains INH-9813, TrD, and ZPC-783 and CHIKV were
583  conducted in BSL-3/ABSL-3 conditions.

584

585 Antibodies

586 Macaque mAbs, SKT05, SKT20, SKV09, and ITS103.01 (anti-SIV control mAb) were
587 generated as rhesus macaque IgG1, as previously described (Sutton et.al, 2023). The
588 LALA-PG (L234A L235A P329G) mutation was inserted into the heavy chain plasmids.
589 The paired heavy and light chain plasmids were co-transfected to Expi293 cells by
590 Expifectamine 293 transfection kit following the manufacturer’s instructions. Full length
591 1gG was purified by rProtein A Sepharose Fast Flow antibody purification resin. SKTO05,

592  SKT20, and their LALA-PG variants all include the half-life extending LS mutation.
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593

594 Mouse studies

595 Experiments related to TC-83 and CHIKV challenges were carried out in accordance
596  with the recommendations in the Guide for the Care and Use of Laboratory Animals of
597 the National Institutes of Health in compliance with the National Institute of Allergy and
598 Infectious Diseases (NIAID) Animal Care and Use Committee (ACUC) under the
599 approved protocol LVD 6E. Experiments related to VEEV TrD, INH-9813, and ZPC-738
600 were conducted under an Institutional Animal Care and Use Committee (IACUC)
601  approved protocol at USAMRIID in compliance with the Animal Welfare Act, PHS Policy,
602 and other Federal statutes and regulations relating to animals and experiments
603 involving animals. The facility where this research was conducted is accredited by the
604  Association for Assessment and Accreditation of Laboratory Animal Care International
605 and adheres to principles stated in The Guide for the Care and Use of Laboratory
606  Animals, National Research Council, 2011.

607 VEEV TC-83 challenge

608 C3H/HeN purchased from Charles River Laboratories were used between 6-8 weeks of
609 age in equal ratio of male to female mice per experiment. Antibodies were diluted in
610 PBS solution and administered by intraperitoneal injection (i.p.). For therapeutic
611  administrations of antibody, mice were briefly sedated using isoflurane prior to
612  administration of antibodies. Mice were challenged intranasally either pre- or post-
613  antibody administration with 10" FFU of TC-83 virus in PBS (40 uL total; 20 uL per nare)
614 under anesthesia with 2,2,2-Tribromoethanol (Avertin; Fisher Scientific). For weight-loss

615 and challenge studies, mice were weighed daily and humanely euthanized when =225%
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616  of their starting weight was lost or they reached a pain score of 3. For tissues
617  collections, mice were euthanized and perfused with PBS prior to tissue harvest.

618 VEEV IAB (TrD), IC (INH-9813), or ID (ZPC-738) challenge

619  Six-to eight-week-old, specific pathogen-free, female BALB/c mice from Charles River
620 were used at ABSL-3. Mice were exposed to target dose of 10° PFU of VEEV IAB strain
621  via aerosol. The aerosol challenge was generated using a Collison Nebulizer to produce
622  a highly respirable aerosol (flow rate 7.5 £ 0.1 L/minute). The system generates a target
623 aerosol of 1 to 3 um mass median aerodynamic diameter determined by aerodynamic
624  particle sizer. For VEEV IC and ID challenges, mice were infected subcutaneously with
625 10° PFU in the rear footpad. Mice received a single dose of 200 ug of antibody
626  intraperitoneally 1 hour post virus exposure. On days 1, 2, and 3 post-exposure, blood
627 was collected from 3 animals/group for use in plaque assay to determine viremia.
628  Clinical observations were performed daily for signs of disease and weight loss. Once
629  mice reached a clinical score =3, observations were increased to twice daily. Mice that
630 displayed severe signs of disease were humanely euthanized. Clinical scores were
631 based on the below scale:

632 1 =reduced grooming — minor alteration in fur or soiled coat

633 2 = ruffled fur — severe alteration in fur; raised fur with ruffled appearance

634 3 = hunched posture — outward curvature of the spine at the back resulting in a hunch
635 4 = lethargic — decreased activity; animal not moving around as much as normal

636 5 = neurological signs (circling/hind limb paralysis) or unresponsive when stimulated —
637 animal does not respond or move even when provoked

638 CHIKV challenge
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639 All CHIKV challenge studies were conducted at ABSL-3. C57BL/6J mice were
640 purchased from Jackson Laboratory and used at 4-weeks of age in equal numbers of
641 males and females. Mice were administered SKTO05, SKTO5 LALA-PG, or a control
642 antibody (ITS103.01) (in PBS) by i.p. injection one day prior to subcutaneous
643 inoculation in the rear footpad with 10® FFU of CHIKV in Hanks Balanced Salt Solution
644 (HBSS) supplemented with 1% HI-FBS under isoflurane anesthesia. Swelling of the
645 ipsilateral foot was measured (width x height) prior to infection and for 10 days following
646  infection using digital calipers. Other mice were euthanized at 1 and 3 dpi, perfused with
647 PBS, and the indicated tissues were harvested for viral burden analysis.

648

649 RNA extraction and RT-gPCR

650 Perfused tissues were homogenized in 1 mL of viral infection medium (DMEM
651  supplemented with 2% HI-FBS, 10 mM HEPES, and 100 U/mL of penicillin and
652  streptomycin) using Zirconia/Silica beads in a MagNA Lyser for 60s at 6,000 rpm. For
653 viral load analysis, homogenates were clarified by centrifugation at 10,000 rpm for 5
654 min. For TC-83 and CHIKV-infected tissues, RNA was extracted from the clarified
655 homogenate using the Kingfisher Duo Prime with MagMax-96 Viral RNA isolation kit
656  (ThermoFisher) or RNeasy kit (Qiagen), respectively, following the manufacturer’s
657 instructions. To determine viral burden, equal quantities of RNA were added to Tagman
658 fast virus 1-step master mix (ThermoFisher) with TC-83 nsP3 specific primers/probes
659  (Forward: 5-CCATATACTGCAGGGACAAGAA-3, Reverse: 5'-
660 CACTGAAGAGTCGTCGGATATG-3',Probe:5'-

661 56'FAM/ATGACTCTC/ZEN/AAGGAAGCAGTGGCT/3IABKFQ/-3") or CHIKV E1 specific
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662  primers/probes (Forward: 5-TCGACGCGCCATCTTTAA-3, Reverse: 5-
663 ATCGAATGCACCGCACACT-3',Probe:5-/56

664 FAM/ACCAGCCTG/ZEN/CACCCACTCCTCAGAC/3IABKFQ/-3") (44). Reactions were
665 run on a QuantStudio 3-Real-Time PCR System and viral RNA isolated from TC-83 and
666  CHIKV viral stocks were used to generate a standard curve based on FFU equivalents.
667  All tissues were normalized to gram of tissue or mL of serum.

668 For host gene-expression analysis, 30 mg weight/volume of brain tissue
669 homogenate was mixed with 1:10 volume of TRIzol™ (ThermoFisher) and subjected to
670  phenol: chloroform phase separation per the manufacturer’s instructions. Isolated RNA
671 was quantitated by Nanodrop and equally added to Tagman RNA-to-CT™ 1-Step Kit
672  (ThermoFisher,) master mix for RT-gPCR with the Tagman assay primer/probes for
673 ~mouse gene-transcripts for lcam-1 (Mm00516023_m1), Mmp-9 (Mm00442991 m1),
674  Cxcl9 (Mm00434946_m1), Cxcl10 (Mm00445235 m1), and Gapdh (Mm99999915 g1).

675

676  Cytokine and chemokine analysis

677 Perfused brains were collected at 5 or 6 dpi and homogenized in viral infection medium
678 as described above. Following homogenization, samples were mixed with a 1x protease
679 inhibitor solution containing a cOmplete™, Mini EDTA-Free Protease Inhibitor Cocktall
680 to prevent degradation of respective analytes. Samples were stored at -80°C until
681  further use. Cytokines and chemokines from 5 dpi samples (SKTO05, SKT20, and
682  Control) were analyzed for respective analytes using a Bio-Plex Pro Mouse Cytokine
683  31-Plex Assay kit (Bio-Rad). Samples collected at 6 dpi (SKT20, SKT20 LALA-PG, and

684  Control) were analyzed using a Bio-Plex Pro Mouse Chemokine 23-Plex assay kit (Bio-
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685 Rad) following the manufacturer’s instructions. Each experiment included naive brain
686 homogenates for determination of baseline cytokine or chemokine concentrations for
687  respective Bio-plex assay kits.

688

689 Flow Cytometry

690 Following euthanasia and perfusion, brains were collected at 6 dpi and stored on ice in
691 HBSS prior to downstream processing. Brain tissue was minced then incubated in an
692 enzymatic digestion solution [RPMI (Gibco) supplemented with 2.5 mg/mL of Type IV
693 Collagenase (Thermofisher), 100 pg/mL of Liberase TL (Sigma), 10 pg/mL DNase |
694 (Sigma), and 15 mM HEPES] at 37°C on a plate rocker for 20 minutes. Tissue was
695 sporadically agitated by pipetting throughout the 20-minute incubation. Cells were
696 filtered through a 70-um cell strainer, pelleted, and resuspended in 70% Percoll. Cells
697 were isolated from myelin and other debris with a 30-37-70% Percoll gradient. Pellets
698  were washed with cold 1x HBSS and resuspended in fluorescence-activated cell sorting
699 (FACS) buffer (1% FBS in PBS). Single cell suspensions were counted and
700 compensation controls were made with a pool of single cell suspensions from both
701 infected and mock infected animals. Cells were blocked for FcyR binding (BioLegend
702  clone 93; 1:50), and surface stained using fluorochrome-conjugated anti-mouse
703  antibodies: CD45 BUV395 (clone 30-F11; BD Biosciences; 1:200), CD11B FITC (clone
704  M1/70; BioLegend; 1:200), CD19 BUV737 (clone 1D3; BD Biosciences; 1:200) CD3
705  PerCP-Cy5.5. (clone KT3.1.1; BioLegend; 1:100 ), CD4 BV605 (clone RM4-5;
706  BioLegend; 1:100), CD8 APC (clone 53.6.7; BioLegend; 1:100), NK1.1 PE-Cy7 (clone

707  PK136;BioLegend; 1:200), Ly6G APC-Cy7 (clone 1A8; BioLegend; 1:200), Ly6C BV650
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708  (clone HK1.4; BioLegend; 1:400), F4/80 BV421 (clone T45-2342; BD Biosciences;
709  1:100), MHCII BV711 (clone MF/114.15.2; BioLegend; 1:400), and CD69 PE (clone
710 S15049F; BioLegend; 1:100). Cell viability was determined by exclusion of fixable
711 viability dye (Aqua) (Thermofisher). Samples were run on a BD LSRFortessa flow
712 cytometer and analyzed using FlowJo version 10.10 (Flojo, LLC).

713

714  Egress inhibition assay

715 One day prior to infection, 1.0 x 10° Vero cells were seeded into 24-well plates in
716 complete medium. On the day of the experiment, extra wells were sacrificed to
717  determine cell count. Cells were washed 1x with PBS then infected at an MOI 1 in viral
718 infection medium for 1 h at 37°C. Following infection, cells were washed 4x with PBS
719  then mAbs diluted to 10 pg/mL, 1 pg/mL, and 0.1 pg/mL in egress medium (DMEM
720  supplemented with 2% FBS, 10 mM HEPES, and 25 mM NHCI to prevent de novo
721  infection) was applied to cells for 6 h at 37°C with 5% CO,. Supernatant was harvested
722 at 1 and 6 hpi and subjected to RNA extraction as previously described above. Egress
723  assays were completed similarly with LUHMES except proliferation media was used for
724  infections and proliferation media supplemented with NH4CI for subsequent incubation
725  with mADbs.

726

727  Histology and in situ hybridization of viral RNA

728 Mice were provided SKTO05, SKTO5 LALA-PG or a control antibody 1 day prior to
729 intranasal challenge with TC-83. At 1 and 6 dpi, mice were euthanized and perfused

730 with PBS. Mice were then perfused with 4% paraformaldehyde (PFA) in PBS for total
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731  fixation. After fixation, the heads were scalped, the calvarium were removed, and the
732 skulls were placed in 4% PFA at a minimum ratio of 1:10 (tissue volume: 4% PFA
733  volume), at room temperature for 24 h. Each skull was rinsed with PBS and water
734  followed by decalcification with 14% EDTA on a plate rocker, at room temperature, for
735 approximately 14 days. The EDTA solution was replaced initially after the first 24 h and
736  then replaced every 3 days during the period of decalcification. The skulls were rinsed
737  with water 3x and stored in wetted gauze with 10% neutral buffered formalin until further
738  processing. Tissues were divided using a midsagittal cut, dehydrated with increasing
739  concentrations of ethanol, and paraffin embedded. Sequential sections of one side of
740 the tissue were stained with H&E or probed for VEEV RNA using RNAscope2.5 VS
741 Universal AP reagent kit [Advanced Cell Diagnostics, Inc. (ACD)] with a VEEV nsp3
742 specific probe (ACD, Cat. 404509). Representative images were acquired with an
743  Olympus BX51 microscope and Olympus DP80 camera using cellSens software
744  (Olympus). All tissues were evaluated and scored blind by a board-certified veterinary
745  pathologist as described in the supplementary material and methods.

746

747  mAb binding to the surface of live infected cells

748 Vero cells were seeded at 1.0 X 10° cells/well in 6-well plates one day prior to infection.
749  On the day of infection, wells were sacrificed for counting. Vero cells were infected at an
750 MOI of 1 for 1 h in viral infection medium at 37°C. Following infection, viral inoculum
751 was removed, cells were washed 2x, and media was replaced with viral infection
752  medium. At 18 hpi, cells were trypsinized, washed, counted, and equally split into wells

753  of a 96-well U-bottom plate to ensure a minimum of 80,000 cells/well would be stained.
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754  Cells were stained with serial dilutions of mAb in FACS buffer for 1 h at 4°C. After
755  washing, goat anti-human AF647-conjugated IgG was applied in FACS buffer and cells
756  were stained for 1 h at 4°C. Following washing, cells were fixed in 4% PFA in PBS for
757 10 min at 4°C. Cells were washed and resuspended in FACS buffer and samples were
758 run on a BD LSRFortessa flow cytometer and analyzed using FlowJo version 10.10
759  (Flojo, LLC).

760

761  Statistical analysis

762  Statistical analysis was performed using GraphPad Prism Version 10. The statistical test
763 and multiple comparisons post-test, when applicable, used for each analysis is
764  described here or in the figure legend. The appropriate analysis was determined based
765  on number of groups being compared, variation, points at or above the limit of detection
766  for the assay, and normalization of the data. For area under the curve (AUC) analysis,
767  only time points where all mice were alive were included in the analysis. The day range
768  for each AUC analysis is included in the figure legends. The Kaplan-Meier curves with
769  more than one comparison were corrected for multiple comparisons. Unless otherwise
770  noted in the figure legend: *, p< 0.05; **, p< 0.01, *** p < 0.001, *** p < 0.0001, and
771  ns, not significant.

772

773  List of Supplementary Materials

774  Material and Methods

775 Fig. S1to S5

776  Table S1to S2
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926 Figure 1. Broadly reactive anti-alphavirus mAbs protect against lethal VEEV
927 challenge. (A-C) BALB/C were administered 200 pg of SKTO05, SKV09, a positive
928  control antibody (1A3B7), or control antibody at 1 h post-aerosol challenge with 10°
929 PFU of VEEV strain Trinidad Donkey (TrD). Mice were monitored for 14 days for
930 survival (A), weight-loss (mean £SEM) (B), and clinical score (mean +SEM) (C) (n = 10
931  mice/group; 2 independent experiments). (D-F) C3H/HeN mice received 200 ug of
932 indicated mAb 1 day prior to intranasal challenge with 10" FFU of VEEYV strain TC-83 (n
933 = 10/group; 2 independent experiments). (D) Survival was followed for 14 dpi. Brains
934 were harvested from a separate group of mice at 1, 3, and 6 dpi and viral RNA (E) or
935 infectious virus (F) was determined by RT-gPCR or FFA, respectively. Bars represent
936 the median. Statistical significance was determined by a Log-rank test (A, D), one-way
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937 ANOVA with a Dunnett’'s post-test of area under the curve (AUC) analysis from 0-5 dpi
938 comparing each treatment to the control group (B-C), and Kruskal-Wallis with a Dunn’s
939  post-test comparing all groups (E-F). The dotted line indicates starting body weight (B)
940  or the limit of detection (LOD; E-F).

941
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943  Figure 2. SKTO05 and SKT20 reduce pro-inflammatory cytokines and chemokines
944  during VEEV infection. C3H/HeN were administered 200 ug of indicated mAb at 1 day
945  before infection with TC-83. (A) Brains were harvested at 5 dpi for gene-expression
946 analysis by RT-gPCR (n = 10/group; 2 independent experiments). Samples were

947 normalized to Gapdh and then compared to naive tissue. Fold-change was calculated
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948  using 285

. The dotted line represents the average fold-change in naive mouse
949  controls (n = 5). Bars represent the median. (B) Brains were harvested at 6 dpi and the
950 concentration of cytokines and chemokines were determined using a Bio-plex assay.
951 The box and whisker indicate the min to max (n = 10/group; 2 independent
952  experiments). The min and max concentration of the analyte detected in the naive brain
953 homogenate is represented by the shaded regions within the graphs. The dotted line
954  represents the LOD of the assay. If naive samples were at the LOD, only a dotted line is
955 shown. (A-B) Statistical significance was determined by Kruskal-Wallis with a Dunn’s

956  post-test comparing all groups.

957
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Figure 3. Fc effector functions are required for SKT20 protection but dispensable
for SKTO5-mediated survival during VEEV challenge. (A) Neutralization curve for
wild-type and LALA-PG variants against VEEV Env-pseudotyped virus. Data is
representative of one independent experiment, conducted in triplicate. (B) Binding of
indicated mAbs to purified human (h) FcyRIl was assessed by ELISA. The data is
represented as the mean + SD of two independent experiments performed in duplicate.
(C-F) Indicated mAbs (200 pg) were administered to C3H/HeN mice 1 day prior to
inoculation with TC-83. Mice were followed for weight loss (mean £SD) (C, D) and
survival (E, F) for 13-14 days (n = 8/group; 2 independent experiments). Statistical
significance was determined by a one-way ANOVA with a Tukey's post-test of AUC

analysis from 0-7 dpi comparing all groups (C and D) or a Log-rank test (E and F).
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971  Figure 4. SKT20 alters the pro-inflammatory response and immune cell infiltrates

972 in the brain through Fc effector functions. C3H/HeN mice were administered an
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973  isotype control, SKT20, or SKT20 LALA-PG (200 pg) at 1 day prior to infection with TC-
974 83. (A-B) At 6 dpi, brains were harvested. (A) Chemokine and cytokine concentrations
975 were determined using a Bio-plex assay. The box and whisker plot indicates the min to
976  max (n=10/group, 2 independent experiments). The shaded bar represents the min and
977 max concentration for naive animals. The dotted line represents the LOD of the assay. If
978 naive samples were at the LOD, only a dotted line is shown. (B) Viral RNA in brain
979 homogenate was determined by RT-gPCR (n = 6-8/group; 2 independent experiments).
980 (C-E) At 6 dpi, brains were collected and digested. (C) Single cell suspensions were
981 stained, and flow cytometry was performed to assess the total number of indicated cells.
982  The percentage of activated (CD69") CD4" and CD8" T cells (D) and activated (MHCII™)
983 monocytes and macrophages (E) was determined by flow cytometry. (B-E) Bars
984 represent the median. For all graphs, statistical significance was determined by Kruskal-
985  Wallis with a Dunn’s post-test comparing all groups.

986

45


https://doi.org/10.1101/2024.11.03.619087
http://creativecommons.org/licenses/by-nc-nd/4.0/

987

988

989

990

991

992

993

994

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.03.619087; this version posted November 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

>

log,oFFU equivalents/g

leg1o FFU equivalents/mL

(9]

logio FFU equivalents/mL

109 wees

available under aCC-BY-NC-ND 4.0 International license.

Day 1 Post inoculation
Control LALA-PG

Days post-infection

e Control

O SKTO05 LALA-PG

e SKTO05

Vero, 6 hpi

10

[mAD] (ug/ml)

LUHMES, 6 hpi

10

[mADb] (ug/ml)

® SKT0S
SKV09

E Day 5 Post inoculation
~ Control SKTO05 LALA-PG

o a ‘3 N

ISH 20x

1 0.1

ISH 40x

ISH 100x

1 0.1

H&E

e SKT20

e Control %
L~ ~

Figure 5. SKTO5 limits neuroinvasion and spread into the brain through inhibition

of viral egress. (A) C3H/HeN mice were treated with 200 pg of SKT05, SKTO5-LALA-

PG, or a control one day prior to infection with TC-83. At 1 and 6 dpi, viral loads were

determined in the brains by RT-gPCR (n = 8/group; 2 independent experiments). The

median is represented, and the dotted line indicates the LOD of the assay. Statistical

significance was determined by one-way ANOVA with Holm-Sidak’s post-test. (B-C)

Viral egress inhibition by indicated mAbs was evaluated in Vero cells (B) and LUHMES
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(C). Supernatants were collected at 6 hpi to quantify viral RNA by RT-gPCR. Data is
representative of the mean + SD of 2-3 independent experiments performed in triplicate.
Statistical significance was determined by two-way ANOVA with Dunnett’'s post-test
comparing all groups to the isotype control. (D-E) C3H/HeN mice were pre-treated with
200 pg of SKT05, SKTO5-LALA-PG, or a control antibody one day before infection with
TC-83. At 1 and 5 dpi, skulls with brains intact were harvested, fixed, then decalcified
before paraffin embedding and sectioning. Representative images of sagittal skull and
brain sections stained for VEEV RNA by in situ hybridization (ISH) or with hematoxylin
and eosin (H&E). The red arrows point out focal VRNA staining, the yellow arrows
indicate meningitis, and the circles indicate perivascular cuffing. Data are representative

images of two independent experiments (n = 6 - 8/group).
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Figure 6. Fc effector function necessity is dependent on functional avidity rather
than epitope specificity. (A-D) Binding of indicated mAbs to the surface of live Vero
cells infected with TC-83 was determined by flow-cytometry. ECsy values were

determined by nonlinear regression of log transformed data. Data shows the median of
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1012 2 independent experiments performed in duplicate. (B-D) Histograms show binding of
1013  dilutions of SKTO5 (B), SKT20 (C), and SKT14 (D) to