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Abstract (244 words)

Herpes simplex virus (HSV) encodes surface glycoproteins that are host defense
evasion molecules, allowing the virus to escape immune clearance. In addition to their
role in neuropathogenesis and cell-cell spread, glycoproteins E and | (gE/gl) form a viral
Fc receptor (vFcR) for most subclasses and allotypes of human IgG and promote
evasion of humoral immune responses. While monoclonal antibodies (mAbs) protect
mice from neonatal HSV (nHSV) infections, the impact of the vFcR on mAb-mediated
protection by binding to IgG is unknown. Using HSV-1 with intact and ablated gE-
mediated IgG Fc binding, and Fc-engineered antibodies with modified ability to interact
with gE/gl, we investigated the role of the vFcR in viral pathogenesis and mAb-mediated
protection from nHSV. The gD-specific human mAb HSV8 modified to lack binding to
gE exhibited enhanced neutralization and in vivo protection compared to its native IgG1
form. This improved protection by the engineered mAbs was dependent on the
presence of the vFcR. Human IgG3 allotypes lacking vFcR binding also exhibited
enhanced antiviral activity in vivo, suggesting that vaccines that robustly induce IgG3
responses could show enhanced protection. suggesting the value of vaccination
strategies that robustly induce this subclass. Lastly, analysis of longitudinal responses to
acute primary genital infection in humans raised the possibility that unlike most viruses,
HSV may exhibited slow induction of IgG3. In summary, this study demonstrates that
mAbs lacking the ability to interact with the vFcR can exhibit improved protection from

HSV—offering new prospects for antibody-based interventions.
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Main Text:
Introduction

Herpes simplex viruses are enveloped double-stranded DNA viruses that are
ubiquitous in human populations primarily due to their unique life cycles and multiple
strategies for evasion of the host immune system (7). HSV-1 and HSV-2 primarily infect
mucosal surfaces before traveling to the peripheral nervous system and infecting
sensory ganglia (2). The development of a successful vaccine has been elusive due to
the ability of HSV to establish latency and its ability to evade innate and adaptive
immune responses (3, 4). In lieu of an efficacious vaccine, monoclonal antibodies
(mAbs) may serve as potent antiviral therapies to augment the standard of care—
especially for vulnerable populations such as immunocompromised individuals and
neonates, who are at higher risk from severe primary and/or reactivated disease (5, 6).

Pre-clinical studies utilizing mAbs that can neutralize and/or mediate effector
functions have demonstrated great efficacy for HSV prevention (7-12), motivating
translation of mAbs to clinical trials for both preventative and therapeutic purposes in
adults. However, these trials have yet to report success, and there are currently no
approved mAb treatments. Consistent with this gap between pre-clinical and clinical
prospects, epidemiological evidence is somewhat split. The protective role of antibodies
is well-established in the setting of primary infection, both in neonates and in adults.
Birthing parent HSV seropositivity greatly reduces the risk of infection in neonatal HSV
acquisition (<3% vs. 50%) (13-17) in association with transplacental transfer of IgG to

the fetus, and HSV-1 seropositivity in adults decreases the severity of HSV-2 infection
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(18). Further, protection from HSV-1 infection afforded by a candidate vaccine based on
HSV-2 antigens was correlated with neutralization titers against HSV-1 (19, 20). Other
studies support the notion that antigen specificity, antiviral functions such as reducing
cell-cell spread, antibody and IgG receptor polymorphisms, as well as humoral immune
response deficiencies, could contribute to the severity and/or frequency of HSV
reactivation (27-24). On the other hand, the presence of endogenous binding and
neutralizing Abs is usually insufficient to prevent reactivation (21, 25). Such gaps in the
protective capacity of antibodies raise questions as to how to improve the activity of
mADb therapeutics or vaccines.

To this end, one hurdle in the development of an efficacious vaccine or mAb
therapeutic is viral evasion of humoral immunity through glycoproteins E and | (gE/gl).
The gE/gl heterodimer is expressed on the surface of HSV and infected cells (26, 27)
and is critical for cell-cell spread, establishment of latency (28-30), and
neuropathogenesis (31, 32). Beyond these roles, gE/gl also binds to the Fc region of
IgG, allowing the virus to evade humoral immunity by functioning as a viral Fc receptor
(VFcR) (33-36). The gE/gl complex binds to human IgG1, IgG2, and IgG4 subclasses,
but not all IgG3 allotypes, and can protect virally infected cells from antibody-dependent
cellular cytotoxicity (ADCC) and antibody-dependent complement activity (37—40).
Additionally, the vFcR aids in humoral immune evasion through a mechanism known as
antibody-bipolar bridging (ABB), in which antigen-bound antibody is simultaneously
bound by gE/gl on the Fc region (41, 42). This ternary complex can then be

endocytosed and through the pH-dependent binding of gE to Fc, IgG is released in
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86 acidifying endosomes and subsequently degraded (42). The vFcR may traffic back to
87 the surface, potentially enabling continuous degradation of HSV-specific antibodies. The
88 disparity of vFcR binding among IgG subclasses suggests that engineering a better
89 antibody is possible and that improving our understanding of gE/gl mediated humoral
90 immune evasion has the potential to contribute to antibody-based interventions.
91 Of the different clinical indications of HSV infections in humans, nHSV is perhaps
92 the most amenable to antibody (Ab) therapeutics and vaccination strategies. While
93 cases are rare, nHSV frequently results in severe life-long morbidity, and neonates
94  contend with high mortality rates even with antiviral therapy (43—-45). Our work has
95 previously demonstrated that mAbs can protect neonatal mice from HSV-mediated
96 mortality (7) through both neutralization and effector functions (8). Beyond clinical
97 relevance, neonatal mice provide a useful model system to decipher Ab-virus
98 interactions to enhance understanding of how Abs may protect against HSV infections
99 more broadly.
100 Here, using an Fc engineering approach for IgG1 and naturally-evading 1IgG3
101  mAbs, as well as mutated virus, we investigate the role of vFcR activity in mAb-mediated
102  protection. We find that the vFcR reduces mAb efficacy, and that optimizing antibody
103  antiviral activity through Fc- and subclass-engineering can significantly improve the
104 efficacy of HSV8 in the prevention and treatment of viral infection.
105

106 Results
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107  gD-specific antibodies with Fc mutations extending half-life provide improved protection
108 independent of mAb pharmacokinetics.

109 HSVS8 (9), a potently neutralizing IgG1 antibody targeting the viral entry mediator
110 gD, protects adult and neonatal mice from HSV-1-mediated mortality (8, 9) and has

111  been evaluated for safety in a phase | clinical trial (NCT02579083) (46). With an eye
112 towards clinical translation, we evaluated the effect of Fc mutations that extend serum
113 half-life (47) via interactions with the human neonatal Fc receptor (FcRn) and which are
114  becoming standard in mAb therapies for infectious diseases. We evaluated variants of
115 HSV8 IgG1 with three common human half-life extension mutations:

116 M252Y/S254T/T256E (YTE) (48), M428L/N434S (LS or Xtend) (49), and M428L/N434A
117  (LA) (50). In humans, including neonates, these mutations have been shown to increase
118  antibody half-life from ~21 days to upwards of 100 days for some antibodies (47) —

119 motivating investigation of the impact of these Fc mutations on mAb-mediated

120 protection in the mouse model of nHSV-1 infection. To evaluate whether the efficacy of
121  HSV8 was compromised by the inclusion of the half-life extending Fc mutations, 2-day
122 old C57BL6/J (B6) mice were injected intraperitoneally (i.p.) with either 40 or 10 pg of
123 mAb and then immediately challenged with 10* plaque forming units (PFU) of HSV-1
124  st17 intranasally (i.n.).

125 Each HSV8 variant robustly protected mice from a lethal HSV-1 infection at both
126  high (40 ug) (Figure 1A) and low (10 ug) (Figure 1B) doses — providing statistically
127  significant protection (p<0.0001) as compared to an isotype control (VRCO01) (57). While

128  similar levels of protection for unmodified (WT) and human half-life extension mutants
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(LS, LA, and YTE) were observed at the 40 ug dose, we observed striking differences at
the 10 ug dose. HSV8 LA and HSV8 LS provided significantly better protection than the
WT IgG1, whereas 10 ug of the WT HSV8 IgG1 and HSV8 YTE protected only about
50% of pups (Figure 1B). Weights among surviving pups were similar (Figure S1). The
variable impact of human half-life extension mutations on antibody effector function
provided a potential explanation of variable protection observed: YTE mutations extend
half-life at the cost of reduced FcyR affinity and ability to mediate effector functions (52),
which are known to contribute to protection (8). Given the short time frame of this
challenge model, and prior reports that these mutations do not improve antibody
pharmacokinetics (PK) and half-life in mice, we sought an explanation for the improved
protection seen at the 10 ug dose.

We therefore measured the ability of these mAbs to bind to human and mouse
FcRn at both extracellular and near-endosomal pH (Figure 1C, Figure S2A). As
expected, HSV8 YTE, LA, and LS all displayed improved binding to human FcRn at low
pH. As has been reported previously (48), HSV8 YTE showed somewhat greater binding
to mouse FcRn than HSV8 WT, but overall, each of the engineered mAbs exhibited
similar binding to IgG derived from mouse sera. To directly evaluate the potential of
differences in mAb bioavailability to influence survival, we evaluated mAb PK in serum
following i.p. administration of a 10 ug dose in adult C57BL/6J mice. There was no
difference in mADb kinetics between any of the four Fc variants (Figure 1D), as

previously reported (48, 53, 54). Taken together, these data indicate that the survival
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150 benéefit observed for HSV8 LS and HSV8 LA is independent of improved half-life in mice
151 and an additional property must explain these findings.

152

153 Functional Characterization of HSV8 half-life variants

154 As these half-life mutations may also impact FcyR affinity and effector functions,
155  we characterized the ability of these antibodies to bind to human and mouse Fcy

156  receptors. HSV8 WT, LA, and LS all bound equivalently to the activating Fcy receptors:
157  human FcyRIIA, human FcyRIIA, murine FcyRIIl and murine FcyRIV; HSV8 YTE, in

158 contrast and as expected, displayed reduced binding to all Fcy receptors tested (Figure
159  S2B). Consistent with receptor binding profiles, all variants of HSV8 were able to

160 mediate effector functions such as ADCC, phagocytosis, and complement deposition in
161  simplified assays, and some of these activities were somewhat reduced for HSV8 YTE
162  (Figure S2C).

163 In contrast to their comparable Fcy receptor binding and effector function

164 profiles, HSV8 LA, LS, and YTE demonstrated improved neutralization potencies against
165 multiple HSV-1 and HSV-2 strains as compared to WT IgG1 (Figure 2A). HSV8 as a WT
166 1gG1 molecule is a potently neutralizing antibody, with a 50% effective concentration
167 (ECso) of 1.01 nM against HSV-1 st17 as measured by plaque reduction. However, LS,
168 LA, or YTE mutations in the Fc region, typically considered to be independent of antigen
169  binding, improved neutralization and reduced the ECs, of these mADbs, in some cases to
170  sub-nanomolar ranges (Figure 2B). Variation in the degree of enhancement afforded Fc

171  variants was observed across strains, with a particularly substantial impact on the
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172 neutralization of HSV-2. This result was unexpected, as modifying the Fc region is not
173  canonically thought to impact Fab-dependent functions such as viral neutralization.
174  Indeed, testing of mAb binding to recombinant soluble and cell surface-expressed gD
175 was comparable across variants (Figure 2C). However, differential binding of both

176  HSV8 WT and LA forms as well as isotype control mAb in WT and LS form was

177  observed for virally-infected cells (Figure 2D). As a first indication of the potential of
178 vFcR-mediated ABB to result in decreased susceptibility to mAb, the half-life extension
179  mutation LA resulted in increased levels of infected cell surface binding of HSV8

180 (Figure 2E). In contrast, the low level of binding observed for the isotype control was
181 reduced by the half-life extension mutation LS.

182

183  Human half-life variants impact HSV-1 gE binding

184 We next wanted to more directly address the hypothesis that these half-life

185 extension mutations on the Fc region may impact binding to gE, as FcRn and gE

186  recognize overlapping epitopes. This hypothesis is consistent with the crystal structure
187  of the gE:Fc complex(37) (Figure 3A). The YTE set of mutations at positions 252, 254,
188 and 256 in the CH2 domain of the Fc region all map directly to known interaction site
189  with gE. Additionally, LS and LA mutations at positions 428 and 434 in the CH3 domain
190 also flank one of the most important gE contact points His435 (40). To test this

191 hypothesis, we recombinantly produced soluble gE from HSV-1 st17 and measured gE
192  binding to WT and engineered mAbs. We first measured the ability for gE to bind

193  antibody-antigen complexes, mimicking ABB, in which Ab is simultaneously bound to gD
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194  through the Fab domain, and gE through Fc. HSV-1 gE bound WT HSV8 but was unable
195 to bind HSV8 LA, LS, or YTE (Figure 3B). Like FcRn, HSV-1 gE is reported to exhibit
196 pH-dependent binding (55). As expected, at low pH, we observed reduced binding to
197 the WT IgG1 mAb, while the inability of HSV8 LA, LS, and YTE to bind was unchanged
198 (Figure 3C).

199 Lastly, for a more sensitive and label-free readout of the protein-protein

200 interactions between HSV-1 gE and each IgG1 mutant, we turned to biolayer

201 interferometry (BLI) to define the kinetic profile of association and dissociation (Figure
202 3D). WT HSV8 showed characteristic binding curve of concentration-dependent

203  association with gE with a fast on- and fast off-rate profile. In contrast, no binding was
204  observed for HSV8 LA, LS, or YTE. We hypothesized that elimination of gE binding
205 disrupts this mechanism of immune evasion, resulting in improved viral neutralization
206 and in vivo protection.

207

208 HSV-1 gE discriminates between IgG3 allotypes

209 Natural human IgG subclasses and allotypes also differ in binding to human FCRn
210 and prior reports demonstrate that the vFcR displays both species and human IgG

211  subclass specificity (38, 56). We therefore measured gE binding to several allotypes of
212 human IgG3 (57) as well as murine IgG2a via BLI (Figure 4A). Consistent with prior
213 work (56), HSV-1 gE did not bind murine 1gG2a, but allotypes of human IgG3

214  demonstrated differential binding to HSV-1 gE. Of the six allotypes selected for testing

215 on the basis of sequence variation in their predicted contact residues, four displayed no
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216  binding to gE while two retained binding. This difference could be explained by amino
217  acid sequence differences at two known gE interaction residues, His435 and Tyr436
218 (37) on IgG Fc (Figure 4B). IgG3m15* and IgG3m16*, the two allotypes that bound

219 HSV-1 gE, differ from the other IgG3 allotypes but match human IgG1 at these positions
220 (Figure 4B). Allotypes of human IgG3 with H435R replacement with or without Y436F
221  mutation did not bind HSV-1 gE, pointing to their differential importance. Overall, these
222  data align with reported differences among IgG3 allotypes for HSV-1 vFcR inferred from
223  experiments evaluating binding to infected cells (68), but extend prior work by providing
224  direct kinetic analysis of protein-protein interactions. This allotype-dependent profile is
225 shared with Staphylococcal Protein A binding to IgG Fc (58), potentially pointing to

226  broader benefits of this variation that, all else being equal, is expected to result in

227  reduced steady state serum IgG3 levels.

228

229  Natural HSV-1 vFcR-evading mAbs show improved neutralization activity

230 Given the similar patterns in HSV-1 gE binding associated with natural IgG

231 variation in human populations and engineered versions of HSV8, we tested non-binding
232 murine IgG2a, human IlgG3m15* (s*, binding), and IgG3m5* (b*, non-binding) in

233 neutralization assays to define the importance of natural variation in vFcR activity to the
234 antiviral activity of antibodies induced by vaccination or natural infection. HSV8 variants
235 lacking vFcR binding displayed greater neutralization potency for HSV-1 NS as

236 compared to HSV8 WT (Figure 5A). Among natural human IgG variants tested, IgG3 b*

237  was most potent, and IgG3 s* the least.
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238

239  gE mutant virus is insensitive to vFcR-evading variants of HSV8

240 As a complement to mAb modifications, we next turned to viral genetics to

241  address the impact of vFcR activity by using the HSV-1 NS gE264 (gE mutant) that

242  contains a four amino acid insertion in gE that disrupts IgG Fc binding. This mutant

243  strain, however, largely maintains other gE activities and viral pathogenesis (39), unlike
244  gE null strains that are largely non-pathogenic in mice (30, 59, 60). In contrast to the
245  vFcR-binding mAbs HSV8 WT IgG1 and IgG3 s*, which exhibited potent neutralization of
246 the gE mutant virus, HSV8 LA, LS, YTE, mlgG2a, and IgG3 b* neutralized the parental
247 NS, gE mutant, and gE revertant strains similarly well both qualitatively (Figure 5B) and
248  quantitatively (Figure 5C). Overall, viruses with intact gE were resistant to neutralization
249 by HSV8 variants that can undergo ABB (IgG1 and IgG3 s*). In contrast, neutralization
250 activity of HSV8 variants that lacked gE binding were unaffected by gE vFcR activity.
251

252 Eliminating vFcR:Fc interactions improves mAb-mediated protection in neonatal mice
253 We next defined the relevance of viral vFcR activity to HSV8 antiviral efficacy
254  across natural and engineered Fc variants in vivo using the vFcR-modulated HSV-1 NS
255  strains. For these strains, HSV8 WT at a dose of 10 ug was sufficient to provide a high
256 level of protection (Figure S3). However, at 5 ug, both HSV8 LA and HSV8 LS provided
257  substantially (~80 and 40% survival, respectively) and significantly better protection than
258  WT antibody (~5% survival) against a lethal HSV-1 NS challenge (Figure 6A). Despite

259  evading gE binding, 5 ug HSV8 YTE provided similarly poor efficacy, potentially due to
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260 compromised effector function, and weights among surviving pups were similar (Figure
261 S4).

262 When pups were instead challenged with HSV-1 NS gE mutant virus, treatment
263  with any of these HSV8 variants resulted in >75% survival (Figure 6B), demonstrating
264  the impact of vFcR activity on mAb efficacy. In contrast, pups treated with an isotype
265  control mAb all succumbed to viral infection, demonstrating the maintained

266  pathogenicity of gE mutant virus. While the HSV-1 NS gE rescue virus exhibited an

267 intermediate rather than fully reverted phenotype, the same rank order of mAb activity
268 to the WT NS strain was observed (Figure 6C). Overall, experiments with engineered
269 virus and engineered HSV8 demonstrate that intact vFcR activity reduces mAb efficacy,
270 and mAbs engineered to lack vFcR binding provide robust protection even at a low

271  dose.

272 Natural vFcR-evading HSV8 variants (mlgG2a and IgG3b*) afforded a similar

273 degree of protection as the LA and LS engineered forms across these virus strains

274  (Figure 6D-F). Interestingly, the IgG3 versions of HSV8, regardless of susceptibility to
275 the vFcR, provided significantly improved survival as compared to the WT IgG1 for the
276  parental HSV-1 NS challenge (Figure 6D), suggesting more broadly enhanced antiviral
277  activity of this subclass. In sum these results demonstrate that eliminating the ability for
278 the vFcR to interact with the Fc region of an HSV-specific mAb results in improved

279 neutralization potency and improved in vivo survival. Moreover, commonly used human

280 half-life extension mutations that eliminate vFcR binding may provide a therapeutic
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281 advantage through both increasing half-life in humans and eliminating susceptibility to a
282  key immune evasion mechanism by the virus.

283

284  Kinetics of HSV gB and gC-specific IgG subclasses in humans

285 As subclass switching to IgG3 improved HSV8-mediated protection in vivo and
286 the vFcR binds IgG1 but not IgG3 (38, 61), we wanted to understand the kinetics of the
287 IgG response to primary HSV infection in humans. We profiled the antibody response
288 against three HSV surface glycoproteins, gD, gC, and gB, in a cohort of individuals with
289 laboratory-documented primary genital HSV-1 infection at serial time points for 12

290 months postinfection. For all antigens profiled, we observed stereotypic increases in
291 IgG1 responses over time (Figure 7A-C, Figure S5). Interestingly, unlike gB and gD,
292 detectable IgG1 responses against gC were not observed at the first time point (2 weeks
293  post study enroliment) (Figure 7B, Figure S5B), suggesting differential kinetics across
294  glycoproteins. Unexpectedly, both gB and gC IgG3 responses slowly increased over
295 time (Figure 7B-C), rather than arising early and waning over time as typical of acute
296 viral infections (62), and as was the case for gD. As the HSV vFcR cannot bind most
297 allotypes of IgG3, these unconventional IgG subclass kinetics may be relevant for

298 improved viral control against HSV.

299

300 Discussion

301 In the last decade, mAbs have rapidly emerged as important biologics for the

302 treatment and prevention of infectious disease. Specifically, mAbs have been
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303 successfully used to treat acute viral infections such as Ebola, SARS-CoV-2, and RSV,
304 the latter in neonates (63-67). Additionally, mAbs with half-life extension mutations have
305 not only been used, but also are safe in infants (68-70). The clinical value of mAbs for
306 other indications in neonates suggests that mAb treatment for nHSV should be explored
307 to improve outcomes for nHSV infection. This study highlights an avenue for engineered
308 mADs to treat or prevent otherwise devastating nHSV infections. Moreover, it also

309 establishes the potential importance of IgG3 subclass in mediating protection from HSV
310 infection, in part by avoiding viral immune evasion mediated by gE, an attribute that may
311 be important for vaccine development.

312 However, the use of mAbs in humans for either prophylaxis or therapeutic

313  purposes for chronic viral infections caused by the Herpesviridae is a relatively nascent
314  area of study. These viruses are extremely successful pathogens due to their life cycle
315 and mechanisms of immune evasion — posing notorious challenges to vaccine

316  development. Notably, many chronic viral infections have evolved Fc binding proteins to
317 evade humoral immunity, broadly indicating that evasion of the Ab response is key to
318 pathogen fitness. HSV-1, HSV-2, varicella zoster virus, and human cytomegalovirus

319 (HCMV) each express Fc binding proteins that aid in immune evasion (71) and that may
320 reduce the efficacy of mAb therapy. Fc engineering offers the possibility to evade vFcR
321  while maintaining other mAb functions, though viral Fc binding proteins can share

322 footprints with host FcRs and C1q (36, 37), and mutating Fc residues can result in

323  decreased effector function. This challenge was evident here, as HSV8 YTE eliminated
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324  binding of the vFcR, resulting in improved neutralization, but also reduced effector

325 functions, resulting in a lack of improved in vivo efficacy relative to WT HSV8 mAb.

326 Recent studies have increased appreciation for the importance and role of Fc
327 effector functions in mediating protection against herpesvirus infections(8, 72-74). Our
328 understanding of how natural IgG subclasses and allotypes differ in their activity against
329 HSV not only provides insight into the Ab response to natural infection, but also informs
330 vaccine design. IgG3 is functionally distinct from IgG1, and can better promote effector
331 function and neutralization of some viruses (75-77). Few studies have directly compared
332 the efficacy of IgG3 and IgG1, but in HIV, IgG3 mAbs have demonstrated greater

333 neutralization potencies (78), improved Fc-mediated functions (79), and phagocytic

334  activity (75, 80), each of which can contribute to viral clearance. Relative to IgG1, IgG3
335 has also demonstrated greater complement activity and bacteriolysis of Neisseria

336 meningitidis (81), and IgG3 versions of an IgG1 antibody against Streptococcus

337 pneumoniae provided greater in vivo protection in mice (82). Together, the expected
338 improvement in effector functions of IgG3 combined with a natural lack of vFcR binding
339 makes this subclass an attractive option. Indeed, we observed that IgG3 versions of

340 HSVS, regardless of vFcR binding, provided improved efficacy as compared to IgG1.
341 Canonically, IgG3 responses against viral antigens arise early in infection and
342  wane, sometimes rapidly, over time (62, 83, 84). This kinetic profile is consistent with the
343 arrangement of the human IgH locus and the radical biology of class-switching, in which
344  upstream subclasses are excised from the genome. In contrast to these previous

345 observations, we observed low or slowly increasing IgG3 responses to HSV-1 gB and
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346  gC over the course of primary genital HSV-1 infection. While gD was not among these
347 antigens, the improved efficacy of HSV8 that resulted from subclass-switching to IgG3
348 provides evidence that HSV may have evolved to alter the typical induction of this “early
349 responder” subclass. Consistent with our data for HSV, IgG3 responses in humans to
350 HCMV rise over time for some antigens (gB and pentamer) but not others (tegument)
351 (85). Like HSV, HCMV encodes Fc binding proteins (86) that serve to evade humoral
352  immunity (87, 88). While HSV encodes a single vFcR, HCMV encodes four — gp34,

353 gp68, gpRL13, and gp95. Of these, gpRL13 and gp95 cannot bind to the Fc region of
354 IgG3 (86), however the precise affinities, binding sites on IgG Fc, and roles in viral

355 pathogenesis for all four vFcRs have yet to be described. Despite this knowledge gap,
356 the fact that gpRL13 and gp95 cannot bind IgG3 is interesting given the atypical

357 longitudinal profile of IgG3 directed against HCMV gB and pentamer throughout

358 infection.

359 Further study will be needed to investigate IgG profiles in a larger number of
360 individuals and in response to primary HSV-2 infection, nHSV infection, and in

361 association with host IgG allotypic diversity. Similarly, while the efficacy improvements
362 afforded by Fc engineering and subclass-switching are exciting and improve our

363 understanding of antibody-mediated protection against HSV infection, we evaluated only
364 one mAb, HSVS8, which targets gD. Other mAbs, including those targeting gB have also
365 shown efficacy in preclinical models and are being evaluated clinically (70, 12). If Fc
366 modification is a general means to improve in vivo efficacy, the clinical prospects of

367 these mAbs might likewise improve. Understanding the mechanistic basis for how Fc
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368 modifications affect mAb efficacy will provide a basis for engineering more effective

369 antibodies. Lastly, while we observed greater neutralization potencies of vFcR-evading
370 HSVS8 variants against HSV-2, we did not evaluate efficacy in vivo for HSV-2. To the best
371  of our knowledge, no equivalent to the HSV-1 gE mutant virus used here exists for HSV-
372 2, posing a barrier to dissection of the impact of vFcR activity in mAb-mediated

373  protection against HSV-2.

374 In sum, this study demonstrates that HSV vFcR activity may be an important

375 consideration in evaluating mAb therapeutics and antibody responses to infection or
376  vaccination. vFcR activity, mediated by gE:Fc interactions, directly influenced both mAb
377 neutralization potency and in vivo efficacy, reducing the ability for HSV8 IgG1 to protect
378 neonatal mice from HSV-mediated mortality. Both natural and engineered Fc variants of
379 HSV8 that lacked vFcR binding were more potently neutralizing and displayed improved
380 efficacy. Collectively, these results demonstrate that the uncoupling of the HSV vFcR
381 binding to IgG Fc is possible, leading to a generalized approach for creating more

382 potent therapeutic antibodies.

383

384 Materials and Methods

385  Experimental Design

386 The rationale for this study was based on previous studies (7, 8). Overall, we wished to
387 determine the impact of the HSV vFcR on mAb-mediated protection and whether Fc
388 engineering to eliminate vFcR interactions produced a more potent therapeutic. Sample

389 sizes were determined from previous work using HSV-specific mAbs in the mouse
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model of nHSV infection. One to four litters are represented in each graph with the
exact n listed in the inset for each survival curve. Endpoint criteria for the survival
experiments were defined as excessive morbidity (hunching, spasms, and/or paralysis)
and/or >10% weight loss from the previous measurement. Animal procedures were
performed in accordance with Dartmouth’s Center for Comparative Medicine and
Research policies and following approval by Institutional Animal Care and Use

Committee (Protocol number: 00002151 — approved 240809).

Human Samples

All participants provided written informed consent, and the study was approved by the
University of Washington Human Subjects Division. Participants with virologically
confirmed first episode genital HSV-1 infection were followed for one year as previously
described (89). A subset of participants (n=11) with negative HSV Western Blot at the
screening visit, confirming primary HSV-1 infection, were enrolled into an immunologic

substudy, with serial blood draws at defined time points (2 4, 6, 12, 26 and 52 weeks).

Mouse procedures and viral challenges

Wild Type C57BL/6J (B6) mice were either purchased from The Jackson Laboratory or
bred in house in accordance with Institutional Animal Care and Use Committee
protocols. mAbs were administered via the intraperitoneal route with a 25uL Hamilton
Syringe in a 20uL volume under 1% isoflurane anesthesia. The wild-type viral strains

used in this study were HSV-1 st17syn+(90), HSV-2 strain G(917) (provided by Dr. David
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412  Knipe), and HSV-1 NS (provided by Dr. Harvey Friedman)(92). HSV-1 NS gE264 (HSV-1
413  gE mutant) and its revertant (HSV-1 gE rescue) were also provided by Dr. Harvey

414  Friedman(39). Viral stocks were prepared using Vero cells as described previously(93,
415 94). Newborn pups were infected intranasally (i.n.) on day 2 postpartum with 1x10"4
416  PFU of the indicated HSV-1 strain in a 5uL volume under isoflurane anesthesia. Pups
417  were then monitored for survival and infected pups were weighed daily through day 21
418 post infection. Endpoint criteria for the survival experiments were defined as previously
419 described (8).

420

421  Viral Neutralization

422  Viral neutralization of all HSV strains was performed via plaque reduction neutralization
423  tests (8). Briefly, serially diluted mAb and 50 PFU of HSV-1 st17, or HSV-2 G, or HSV-1
424 NS, or HSV-1 NS gE mutant, or HSV-1 gE rescue were incubated for 1 hour at 37°C

425 before being added to confluent vero cells grown in 6 well plates (Corning). Plates were
426  incubated for 48 (HSV-1 st17) or 72 hours (HSV-2 G, HSV-1 NS, HSV-1 NS gE mutant,
427 HSV-1 NS gE rescue). Viral neutralization (%) was calculated as [(number of plaques in
428 virus only control well - number of plaques counted at mAb dilution)/# of plaques in virus
429  only control well]*100. Assays were performed in technical and 2-3 biological replicates.
430 ECso values were calculated using a 4 point sigmoidal curve fit in Prism 10.

431

432  Infected Cell Binding

433 A confluent monolayer of vero cells in a 96 well plate was infected with HSV-1 stl7 at a

434  multiplicity of infection of 1 and incubated for 18 hours at 37°C with 5% CO2. Media was
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removed and cells were washed with PBS before being fixed with 4% PFA. Fixed cells
were then permeabilized with 0.1% Triton X-100 in PBS. Vero cells were washed and
then blocked with 2.5% Normal Goat Serum (NGS) in PBS with 0.1% Triton X-100.
Cells were washed and then incubated with serially diluted HSV-specific mAbs or
isotype control for 1 hour at RT. Cells were washed once again before being incubated
with a FITC-conjugated goat anti-human IgG (H+L) secondary antibody and 1uM TO-
PRO-3 lodide nucleic acid stain for 1 hour at room temperature. Cells were washed a
final time before being imaged with an Incucyte (Sartorius) at 20x with 9 images per
well. Green Intensity (GCU x um”2/image) was calculated using Incucyte Software

(Sartorius)

Measurement of HSV-1 gE binding via Biolayer Interferometry (BLI)

50nM of biotinylated HSV-1 gE was immobilized onto streptavidin biosensors (Sartorius)
in 1x Kinetics Buffer followed by association and dissociation measurements in 2-fold
diluted mAb (15.63 nM to 1000nM) on an OctetRed96 instrument (ForteBio).
Association and dissociation were measured for 300 seconds respectively. Binding

curves were calculated following normalization to association baseline.

Statistical Analysis
Prism 10 (GraphPad) was used for all statistical analyses. For survival studies, HSV-
specific mAbs were compared to the isotype control and HSV8 Variants were compared

to the WT IgG1 using the Log rank Mantel-Cox test. For human data, trendlines over
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457  time were generated using the LOWESS curve fit method for each IgG subclass for a

458  given HSV-specific antigen.
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Figure 1: Improved protection against lethal HSV-1 challenge is afforded by human
half-life engineered HSV8 mAb without improved pharmacokinetics. A-B. Survival
of pups following mAb treatment. Immediately before lethal intranasal (i.n.) challenge
with 1x10* plaque forming units (PFU) of HSV-1 st17, 2-day-old C57BL/6J mice were
given 40 ug (A) or 10 pg (B) mADb by intraperitoneal (i.p.) injection. The number of mice
in each condition is reported in inset. Statistical significance as determined by the log-
rank (Mantel-Cox) test (*p < 0.05, ***p < 0.0001) for each mAb compared to isotype
control is reported in legend and between HSV8 WT and variants in inset. C. Area under
the curve (AUC) of binding of HSV8 WT and its variants to human (left) and mouse
(right) FcRn. Error bars represent standard deviation from the mean of technical
replicates. D. Pharmacokinetic profile of HSV8 WT and variants following 10 pg i.p. mAb
administration in adult C57BL/6J mice (n=3 per mAbD).
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Figure 2: FcRn affinity mutations impact mAb neutralization and infected cell
binding. A. Ability for HSV8 variants to neutralize HSV-1 st17 (top), HSV-1 NS (center),
and HSV-2 G (bottom) by plaque reduction assay. B. Heatmap of neutralization midpoint
Effective Concentration (ECso) values for each HSV8 variant and virus strain. C. Ability
for HSV8 WT and variants to bind to recombinant gD conjugated to magnetic beads
(top) or cell-surface expressed HSV-1 gD (bottom). D. Immunofluorescence images
acquired at 20x magnification of IgG (green) bound to the surface of HSV-1 st17-
infected cells (nuclei stained blue) across a titration range. E. Quantitation of infected
cell binding. Error bars represent standard deviation from the mean. MFI — median

fluorescent intensity. Assays were performed in technical and biological replicate.
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Figure 3: Half-life extension mutations impact HSV-1 gE binding. A. Visualization of
half-life mutations modeled on the co-crystal structure of the HSV-1 gE (tan) and IgG Fc
(blue) complex (pdb: 2jg7). gE contact residues on IgG Fc are colored in red, Fc contact
residues on gE are in purple. YTE mutations are colored in orange and LS/LA mutations
in green. Insets detail the contact regions and mutated residues. B-C. Ability for
tetramerized HSV-1 gE to bind to the Fc region of gD-bound mAb at pH 7.2 (B) and 6.15
(C). Area under curve (AUC) values are plotted in inset. D. Association and dissociation
curves of HSV8 variants over a concentration range binding to HSV-1 gE as measured

by Biolayer Interferometry. Assays were performed in technical and biological replicate.
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818 Figure 4: HSV-1 gE discriminates between species and human IgG3 Allotypes. A.

819  Association and dissociation curves of human IgG1, human IgG3 allotypes, and murine
820 1gG2a binding to HSV-1 gE as measured by Biolayer Interferometry. B. IgG Fc domain
821 sequence alignment of known gE contact residues for each mAb and IgG allotype

822 tested. Dots represent consensus as compared to human IgG1 (IgG1m3). Amino acid

823 residues are colored by their chemical properties.
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826 Figure 5: Eliminating gE-Fc interaction improves mAb neutralization for

827 engineered and natural vFcR evading antibodies. A. Neutralization curves for

828 engineered, species-, and subclass-switched HSV8 mAbs tested against WT HSV-1 NS
829 by plaque reduction assay. B. The ability for HSV8 mAb panel to neutralize HSV-1 NS
830 (red), as compared to a non-IgG binding HSV-1 NS gE mutant (blue), and reverted HSV-
831 1 NS gE rescue strain (pink) as measured by plaque reduction assay. C. Heatmap of
832  neutralization ECs values observed for each HSV8 variant and virus tested. Dots

833 represent the mean and error bars represent standard deviation. Neutralization assays

834  were performed in technical and biological replicate.
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Figure 6: Natural or engineered evasion of HSV-1 gE:Fc interactions results in
improved mAb potency in vivo. A-F. mAbs (5 pg) were delivered intraperitonially to
two-day old pups immediately before a lethal (1x10* PFU) challenge with HSV-1 NS (A,
D), HSV-1 NS gE mutant (B, E), or HSV-1 NS gE rescue (C, F). Number of mice in each
condition and statistical significance of indicated variant to WT HSV8 determined by the

log-rank (Mantel-Cox) test (*p < 0.05, ***p < 0.001, ***p < 0.0001) are reported in inset.
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845 Figure 7: HSV-1 gB and gC display altered IgG subclass kinetics over time. A-C.
846  Antibody responses to HSV-1 gD (A), gC (B), and gB (C) were measured in a cohort
847 (n=11) of individuals with primary HSV-1 genital infection over the first year of infection.

848 Population means for IgG1 (blue) and IgG3 (green) responses are shown with a thick
849 line, and individuals with thin lines.
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