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Intranasal administration of a
panreactive influenza antibody
reveals Fc-independent mode of
protection

Anna L. Beukenhorst?*/, Keira L. Rice?, Jacopo Frallicciardi?, Martin H. Koldijk?,

Carolyn M. Boudreau?, Justin Crawford?, Lisette A. H. M. Cornelissen3, Kelly A. S. da Costa*,
Babette A. de Jong?, Stephanie Fischinger?, Boris Julg®®, Jaco M. Klap?, Clarissa M. Koch?,
Zoltan Magyarics?, Faez A. Nait Mohamed?®, Vintus Okonkwo®, Lindsey Adams?®,

Caitlin M. McCarthy®, Larance Ronsard®, Nigel Temperton*, Helene Vietsch?,

Kanin Wichapong®’, Bertjan Ziere?, Daniel Lingwood® & Jaap Goudsmit®®

Monoclonal antibodies have two core mechanisms of protection: an antibody’s antigen-binding
fragment (Fab) can bind and neutralize viral pathogens and its fragment crystallizable domain (Fc)
catalyzes effector functions. We investigated the relative contribution of Fab- versus Fc-mediated
mechanisms of protection through passive administration of distinct forms of the pan-reactive
anti-influenza antibody CR9114. We demonstrated that the contribution of Fc-independent (Fab-
dependent) versus Fc-dependent mechanisms of protection is defined by the route of administration.
We used CR9114 variants (wild-type, two Fc-silenced variants, or the bivalent antigen-binding
fragment F(ab’),), administered either intravenously or intranasally. We found that intravenously-
administered CR9114 requires the Fc domain to provide potent, pre-exposure protection against
influenza A and B viral challenge. In contrast, when CR9114 was administered locally to the nasal
mucosa, the main mode of protection was provided by F(ab’),, and was largely Fc-independent.
Importantly, this mode of protection following intranasal administration also applied to non-
neutralized influenza B strains. Moreover, intranasal administration resulted in an increase in potency
against influenza A/H1IN1, A/H5N1, A/H3N2, B/Yam and B/Vic compared to intravenous administration
up to 50-fold. These results shed new light on the application of monoclonal antibodies such as CR9114
to combat viral infection locally, and will help inform clinical strategies of pre-exposure prophylaxis.
More fundamentally, this study uncovers distinct modes of protection for systemic versus intranasally-
administered prophylactic antibodies.

Influenza A and B viruses cause seasonal epidemics, leading to a substantial disease burden worldwide!.
Furthermore, influenza A viruses pose a significant zoonotic threat to humans?. The passive transfer of broadly-
neutralizing monoclonal antibodies (mAbs) may provide simultaneous prophylactic protection against both
seasonal epidemic strains and future, potentially pandemic, strains®. The broad reactivity of these anti-influenza
mAbs stems from their ability to bind conserved epitopes within target viral proteins that are shared across
various strains*®. For example, the human monoclonal antibody CR9114 targets a region on the central stem
of hemagglutinin (HA) that is conserved between all influenza A subtypes and both influenza B lineages and
protects mice against lethal challenge with seasonal influenza strains H1, H3, and B as well as zoonotic strains
like H2 and H5°8.

Neutralization by immunoglobulin G (IgG) is a traditional metric of humoral immunity and a mechanism of
protection of antibodies**~%; however, the effector functions organized by the antibody fragment crystallizable
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domain (Fc) are increasingly recognized as a source of immune protection in vivo!*-!>. The Fc domain of the
antibody interacts with Fcy receptors (FcyRs) that are dynamically regulated on diverse immune cell subtypes
to coordinate a broad range of innate and adaptive immune reactions'®!’. Indeed, Fc-dependent protection is
widely described for antibodies with broad anti-viral target specificities, including pan-neutralizing influenza
antibodies that engage invariant features of the viral spike glycoprotein hemagglutinin (HA)*'>18-20, For
example, intravenous CR9114 requires Fc effector functions (but not complement pathway activation) for
protection of mice in vivo against lethal challenge with a non-neutralized A/H2N2 strain®. Whether the Fc
domain of an antibody is required for protection may depend on the location of the epitope?!, the ability to
neutralize influenza virus in vitro®?, and its ability to protect through other mechanisms like neuraminidase
inhibition by steric hindrance?*
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«Fig. 1. Pan-recognition characterization of the anti-hemagglutinin stem antibody CR9114. (A) Dendrogram
of all known hemagglutinin (HA) subtypes and hemagglutinin esterase fusion proteins (HEF) belonging to
four genera of influenza viruses: influenza A (group 1 and group 2; IAV), influenza B (Yamagata and Victoria
lineages; IBV), influenza C (ICV) and influenza D (IDV). (B) 3D structures of CR9114 Fab in complex with
H3 and B/Vic HA, and in silico models for CR9114 Fab in complex with ICV HEF and IDV HEE (C) Surface
representation of the CR9114-Fab paratope (yellow) and residues on CR9114-Fab that constitute binding
hotspots (red) with H5, H3, and B/Vic HA. (D) In silico models of the CR9114-Fab paratope (yellow) that
constitute binding hotspots (red) with H1 and B/Yam HA, as well as ICV and IDV HEEF (E) Binding Free
Energy (kcal/mol), binding affinity (K, M), and live virus and pseudotyped virus microneutralization potency
(Icso’ pg/mL) of CR9114 against H1, H3, B/Yamagata and B/Victoria HA, as well as ICV and IDV HEF (- : not
neutralized). Affinity measurement experiments were performed with CR9114 Fab, IgG, IgM, IgA, and dIgA
formats. Only the affinity for Fab is shown here, while the affinity for the other formats is presented in Fig. S2.
IC, s derived from the live virus neutralization assay represent four technical replicates.

The role of Fc-dependent protection has been experimentally defined in mice by passive antibody transfer
followed by viral challenge, wherein the host FcyRs are genetically ablated or the transferred antibodies harbor
Fc-disrupting mutations?"24-%’. This work suggested that Fc-dependent immunity provides protection when
the circulating immunoglobulin concentration is below the effective titer needed for neutralization. However,
passive transfer of the neutralizing HA stem antibody MEDI8852 has also been shown to provide Fc-independent
protection against sublethal challenge of non-human primates with influenza A/H5N1%,

We sought to add to this work by simultaneously manipulating two parameters of passive antibody transfer
in mice: (1) the route of administration, i.e., intravenous injection or intranasal administration, to modulate
antibody concentration at the site of infection; and (2) molecular configuration of the IgG (wild-type IgG, IgG-
Fc-mutants, or F(ab’), bivalent antigen binding site only) to control ligation of FcyRs, investigating pre-exposure
protection against neutralized and non-neutralized influenza strains.

Results

In vitro pan-influenza characteristics of the anti-hemagglutinin stem antibody CR9114

In this study, we used the human mAb CR9114, which binds all known influenza A subtypes and both influenza
B lineages that cause influenza in humans and animals®8. CR9114 targets the conserved central stem region on
the surface membrane fusion glycoprotein hemagglutinin (HA) of influenza A and B viruses (Fig. 1A,B, and Fig.
S1). It uses residues on three heavy chain complementary determining regions (HCDR1-3) and one framework
region (FR3), which form flexible loops that can flip into the hydrophobic groove on HA or have polar side chains
that can form H-bonds with a variety of influenza HAs. The polar side chain of tyrosine residues *YYYY!004
is crucial for forming H-bonds with H5 (residues on CR9114: Y*8, Y!004) H3 (Y®, Y!004) and B/Vic (Y%
Fig. 1C, Table S1)23. For influenza H1 and B/Yam, no crystal structures in complex with CR9114 are available,
but molecular dynamics simulations show a key role for the same tyrosine residues of CR9114 for interacting
with H1 (Y%, Y*?, Y1%04) and B/Yam (Y*3; Fig. 1B,D, Table S1). The residues W21 and Q42 in the hydrophobic
groove of HA, and D19 on the fusion peptide domain are conserved between influenza group Al and A2 viruses
and form H-bonds with CR9114 residues. CR9114 demonstrates a greater propensity to form hydrogen bonds
with the hemagglutinin of influenza A compared to influenza B. This difference is evident in higher binding free
energies calculated in silico for influenza A subtypes H1 and H3 in contrast to B/Yam and B/Vic. Analysis of the
binding affinity of CR9114 to H1, H3, B/Yam, and B/Vic reveals that it binds strongest to H1, followed by H3, B/
Vic, and B/Yam, consistent with the results of binding free energy simulations (Fig. 1E).

Using molecular dynamics simulations, we found that hotspots for CR9114 binding are partially present in
the stem regions of the functionally analogous hemagglutinin-esterase-fusion (HEF) glycoprotein from influenza
Cand D viruses (ICV and IDV)*-*!, potentiating wider breadth than previously thought (Fig. 1B,D,E, Table S2).
While no detectable affinity for HEF by CR9114 Fab was found by bio-layer interferometry, a low apparent
affinity (> 100 uM) was observed for the bivalent IgG and multivalent IgM formats of this antibody (Fig. 1E).

We also tested the neutralizing activity of CR9114 against influenza A and B viruses. CR9114 shows
neutralization activity for group 1 and group 2 influenza A (H1 and H3, respectively), but not for influenza B
(Fig. 1E), consistent with prior studies®”. Notably, neutralizing activity against influenza B becomes detectable if
the apparent affinity provided by bivalent IgG is further increased by reconfiguring CR9114 as dimeric IgA (four
antigen binding sites) or as pentameric IgM (ten antigen binding sites; Fig. S2), akin to the antibody isotype-
associated avidity effects previously reported for neutralization of both influenza virus**-** and SARS-CoV-2%.

Furthermore, we examined the ability of these CR9114 isotypes to interfere with the catalytic activity of
neuraminidase (NA), the other surface glycoprotein of influenza virus A and B. As shown previously?>3¢-3,
CR9114 inhibits neuraminidase activity in an enzyme-linked lectin assay (ELLA, Fig. S2); the antibody sterically
hinders the active site of neuraminidase and prevents cleavage of sialic acid by N1 and N2, and B/Yam NA.
However, CR9114 IgG does not inhibit B/Vic in an ELLA. We show that avidity effects extend to neuraminidase
inhibition, in which high avidity formats of CR9114 more potently inhibit NA than their IgG1 counterpart (Fig.
S2). In conclusion, CR9114 is unique in its ability to bind influenza A, B, C and D viruses. As it has different
mechanisms of action in vitro, it is the perfect candidate for investigating the contribution of various mechanisms
of action to in vivo protection.
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Dose-sparing effect of intranasal administration of CR9114 compared to intravenous
administration, independent of in vitro microneutralization or neuraminidase inhibition
In mouse models, passive transfer of anti-influenza antibodies is typically performed through a peripheral,
systemic injection route®”11:2!, We hypothesized that relative to direct application to the respiratory mucosa,
peripheral administration would lower prophylactic efficacy due to a reduced antibody concentration at the
site of viral infection. To test this principle, we delivered de-escalating doses of CR9114 IgG (15-0.2 mg/kg)
via intravenous injection or intranasal instillation 24 hours before challenging the animals with A/HIN1 (A/
WSN/1933, Fig. 2A,B) or B/Victoria (B/Malaysia/2506/2004, Fig. 2C,D). We compared survival proportions
at day 21 and change in body weight to the control groups, where animals received phosphate-buffered saline
(PBS) either via intranasal or intravenous administration.

As expected, we observed a strong reduction in prophylactic efficacy against both influenza A and B strains
(increased mortality and weight loss) during dose down-titrations in the intravenous but not intranasal groups:

Doses tested:

A Antibody
15 malkg i @ (ntravenous
5mglkg / =] orintranasal)  chalienge
—— 1.7 mgkg | i
— 0.5 mglkg f T
e 0.2 mglkg 2. 24h oh 21d
Vehicle control
Intravenous Intranasal
A oE———————— R e e —
g 80: g 80
T 60 T 60
2 2

Influenza A & 40 L @ 40

Group 1 20 20
(A/WSN/1933) ol o

4.3 Logqo 7 14 21 7 14 21

TCIDs, 20.
g w0 1 g

3 o AR e
3"\']2'_"9- N £ o] N i £ -

g S 20 T s
NAI: + 5w ] .. 5
2 . 1 ns. 2
-50-
7 14 21 7 14 21
Time (days) Time (days)
mn-t} 00—
~ 80 < 80
B 2
T 60 3 60

Inﬂuenng 5 w0 % “©
(B/Malaysia/25

06/2004) 20 2

5.5 L0ogso o oy

7 14 21 7 14 21
TCIDsy

Binding: + z
VNA: e
NAI: g -

2
14 21 14 21
Time (days) Time (days)
Full down-titration Doses tested:

w10 mglkg 0.2 mg/kg

3.3 mglkg —— 0.067 mglkg A
e 1.1 mglkg f — 0.022 mg/kg n
=== 0.037 mg/kg = 0.007 mg/kg

- A E Vehicle control F Vehicle control
nfluenza

Group 2 1001 . ‘

(A/Hong g 8 g 8 ]
Kong/1/1968) 3w 5 o [ —

2.5 Logy S . & w0

TCIDso 2 EDy; 2 "’—| ED,;

- 4.423 mglkg 0.083 mg/kg
Bl - T TR TR TR
NAI: + s s

E E
0]

Time (days) Time (days)

Fig. 2. Intranasal administration of CR9114 at the site of viral entry has dose-sparing effect compared with
intravenous administration, for neutralized influenza A/HIN1 and A/H3N2 as well as non-neutralized B/
Victoria. Kaplan-Meier survival curves showing in vivo protection by intravenous or intranasal CR9114 in a
murine lethal challenge model against influenza A or B viruses. Efficacy of (A) intravenous or (B) intranasal
CRO9114 against lethal challenge with A/WSN/1933 (A/H1IN1). Efficacy of (C) intravenous or (D) intranasal
CR9114 against lethal challenge with B/Malaysia/2506/2004 (Victoria lineage). Efficacy of (E) intravenous or
(F) intranasal CR9114 against lethal challenge with A/Hong Kong/1/1968 (H3N2). Survival curves (top panels)
and change in body weight (bottom panels) of mice treated with indicated doses of CR9114 via intravenous or
intranasal administration or PBS control are shown. Grey panels (left) show challenge strain, challenge dosage
and indicate whether CR9114 can bind, neutralize (‘VNA), and inhibit NA activity of viruses (‘'NAT’) with yes
(‘+) or no (“=’). Asterisks indicate significant differences in survival proportions at day 21 and bodyweight
change relative to day 0 compared with PBS control (P<0.05). “n.s.” indicates not significant compared with
PBS control. These experiments were performed with 8-10 mice per group.

Scientific Reports|  (2025) 15:10309

| https://doi.org/10.1038/s41598-025-94314-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

mice receiving CR9114 intravenously were fully protected from mortality at 1.7 mg/kg against influenza A/
HINI1 virus (Fig. 2A) and at 5 mg/kg against influenza B/Vic virus (Fig. 2C), whereas mice receiving CR9114
via intranasal administration were fully protected at the lowest dose tested of 0.2 mg/kg against both influenza
strains (Fig. 2B,D). Following intravenous administration of CR9114, mice suffered weight loss at some dosages
that protected from mortality (1.7 mg/kg and 5 mg/kg), whereas no weight loss was observed in mice receiving
intranasally-administered CR9114.

For protection against influenza A/HIN1 and influenza B/Vic, we could not precisely quantify the dose
reduction, as intranasal CR9114 was still 100% protective at the lowest dosage tested. We therefore also tested
protection against A/H3N2, titrating down to lower dosages. Following intravenous administration, CR9114
only provided significant protection against mortality and weight loss at a dose of 10 mg/kg (Fig. 2E). Following
intranasal administration, CR9114 provided significant protection against mortality and weight loss at doses as
low as 0.2 mg/kg and 0.067 mg/kg (Fig. 2F). The median effective dosage (ED,,) was 4.423 mg/kg for intravenous
CR9114 and 0.083 mg/kg for intranasal CR9114 (Supplementary Table S6). Thus, intravenously-administered
CR9114 was 53-fold less potent than intranasally-administered CR9114 (fold change in median effective dosage:
53.1;95% CI: 25.1 - 112.3).

We also seized the opportunity to confirm whether the breadth of protection exhibited by CR9114 via
the intravenous route, as previously demonstrated in the work of Dreyfus et al.%, is conserved when CR9114
was administered intranasally. To this end, we administered de-escalating doses of CR9114 (15-0.2 mg/kg)
intranasally in mice challenged with A/H5N1 (A/Hong Kong/156/1997) or B/Yamagata (B/Florida/4/2006).
Intranasal administration of CR9114 potently protected mice from mortality and weight loss (Fig. 3): all tested
doses down to 0.2 mg/kg provided significant protection against mortality and weight loss from lethal challenge
with H5N1 and B/Yamagata.

Taken together, these data demonstrate that i) direct administration of CR9114 to the respiratory mucosa
requires a lower effective dose to ensure a protective effect; ii) intranasally-administered CR9114 protects at low
dosage independent of microneutralization read-out (positive for HIN1, H5N1, H3N2; negative for B/Yam and
B/Vic) and neuraminidase inhibition (positive for HIN1, H5N1, H3N2, B/Vic; negative for B/Yam).

Intranasal prophylaxis with CR9114 is independent of the Fc domain

The effect of the administration route provided the opportunity to examine the hypothesis that neutralizing
activity is operable when the antibody titer is high, whereas Fc-dependent effector functions are essential for
protection atlow antibody titers. Accordingly, we again performed dose down-titrations of passively-administered
antibody through the intravenous and intranasal administration routes 24 hours before challenge. This time, we
varied the CR9114 configuration, using wild-type IgG (CR9114-WT), LALA* or N297Q*' mutants (CR9114-
LALA, CR9114-N297Q; harboring substitutions that disrupt the binding of the Fc region to Fc receptors on
immune cells, thereby reducing or ablating Fc-mediated effector functions) or the bivalent antigen-binding site
only (F(ab"),) (Figs. 4 and 5).

For intravenous protection against A/HIN1, the downregulation of Fc effector functions (CR9114-LALA
and CR9114-N297Q) and the removal of the Fc tail (F(ab’),) resulted in a marked increase in the median
effective dosage (ED,,) compared to wild-type (Supplementary Fig. 4 and Table S6). The ED, for CR9114-LALA
(1.623 mg/kg) was 7.3-fold higher than CR9114-WT (0.222 mg/kg). This difference was statistically significant
(95% CI: 2.32-23.5). The ED for CR9114-F(ab’), (71.419 nmol/kg) was 7.9-fold higher than CR9114-N297Q
(9.055 nmol/kg; Fig. 6A, Supplementary Fig. 5 and Table S6), also a statistically significant difference (95% CI
3.50-17.8).

On the contrary, when CR9114 was instilled intranasally, low-dosage protection was also observed for all
configurations. Neither downregulation of Fc-mediated effector functions nor removal of the Fc tail resulted in
statistically significant increases in the ED, (S5 and Table $6), although there was a trend towards slightly higher
ED,, for the Fc-mutants and F(ab’), compared to wildtype IgG. The difference in ED, between intranasally-
administered CR9114-WT and CR9114-LALA was not statistically significant (1.82-fold; 95% CI 0.56-5.90),
nor the difference between CR9114-N297Q and CR9114-F(ab’), (1.75-fold; 95% CI: 0.66-4.61).

When mice were challenged with B/Yamagata, intravenous administration of CR9114-WT, -LALA, and
-N297Q protected from mortality and weight loss only at the highest dosage(s) (Fig. 5). The downregulation of
Fc effector functions heavily reduced the protective efficacy of intravenously-administered CR9114. The ED,
for CR9114-LALA (5.530 mg/kg) was 29.8-fold higher than CR9114-WT (0.186 mg/kg). The difference was
statistically significant (95% CI: 9.2-97.0). Moreover, none of the tested F(ab’), doses (up to 45 mg/kg; molar
equivalent of 68 mg/kg CR9114 IgG) yielded significant protection compared to PBS controls, hence no dosage
provided 50% protection and no fold difference between ED s could be calculated.

In contrast, when CR9114 Fc mutants or F(ab’), were administered intranasally, mice were protected against
mortality and weight loss. Intranasal administration was also marked with a less prominent increase in median
effective dosage. The ED,  for CR9114-LALA (0.326 mg/kg) was 3.1-fold higher than CR9114-WT (0.104 mg/kg;
Fig. 6A). This difference was statistically significant (95% CI: 1.16-8.50). CR9114-N297Q and CR9114-F(ab’),
protected more than 50% of mice from lethal challenge at the lowest dosages tested, so it was not possible to fit
a dose-response curve, calculate ED,j and determine the fold difference. These data indicate that intranasally-
administered antibody is more potent if it contains the Fc domain (Supplementary Figs. 4 and 5), although the
relative contribution of Fc is much lower than for intravenously-administered antibody.

We further extended our studies and antibody dosing ranges to evaluate protection against influenza A/
H3N2, an influenza group A2 virus that is bound and neutralized by CR9114, albeit less potently compared to
A/HIN1 (Fig. 1E; Supplemental Fig. 6). Intravenously-administered full-length CR9114 protected against A/
H3N2 at 10 mg/kg, but CR9114-F(ab’), did not protect even at the highest dosage tested (75 mg/kg; given its
lower molecular weight, this is equimolar to a dosage of 113 mg/kg of CR9114 IgG).
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Fig. 3. Intranasal administration of CR9114 potently protects against neutralized avian influenza A/H5N1
and non-neutralized B/Yamagata. Kaplan-Meier survival curves showing the in vivo protection by intranasal
CR9114 in a murine lethal challenge model against (A) A/Hong Kong/156/1997 (A/H5N1) and (B) B/
Florida/4/2006 (Yamagata lineage). Survival curves (left panels) and change in body weight (right panels)

of mice treated with indicated doses of CR9114 via intranasal administration or PBS control are shown.

Grey panels (left) show challenge strain, challenge dosage and indicate whether CR9114 can bind, neutralize
(‘VNA), and inhibit NA activity of viruses (‘NAT’) with yes (‘+’) or no (‘). Asterisks indicate significant
differences in survival proportions at day 21 and bodyweight change relative to day 0 compared with PBS
control (P<0.05). The highest dosage of B/Yamagata challenge differ slightly from that in the H5N1 model.
This did not have a scientific reason but was due to a miscalculation in the dilution process (animals in the B/
Yamagata challenge model received 13.2 mg/kg—blue line in panel B; animals in the H5N1 challenge model
received 15 mg/kg—blue line in panel A).

In contrast, when administered intranasally, both full-length CR9114-WT and the CR9114-F(ab’), protected
against mortality (at 0.2 mg/kg and 1 mg/kg, respectively) and weight loss (at 0.067 mg/kg and 0.11 mg/kg,
respectively). When comparing ED,s from the dose-response curves, CR9114-WT provided 4.45-fold more
potent protection compared to CR9114-F(ab’), (95% CI: 2.03-9.72). This data further supports the observation
that the Fc-tail is necessary for intravenous protection, but not for intranasal protection, although it does
contribute to intranasal potency.

In summary, following challenge with influenza A and B, we recapitulated the impact of administration route
as was observed for full-length, wild-type CR9114 (Fig. 2): efficacy of CR9114 was less affected by de-escalating
the dose following intranasal administration compared to intravenous administration for all configurations
of the antibody. Moreover, we demonstrate that in contrast to intravenous administration, where prophylaxis
requires the antibody Fc-tail to protect against both influenza A and B, intranasal protection is Fc-independent.
Without its Fc domain, the potency of CR9114 is generally lower than the other full-length IgG configurations,
but F(ab"), is sufficient to provide local prophylactic protection if administered directly to the site of infection.
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Fig. 4. Intranasal administration route reveals low dose protection against influenza A independent of the
antibody Fc, conferred by F(ab’), alone. (A, B) Kaplan-Meier survival curves showing the in vivo efficacy of
(A) intravenous and (B) intranasal administration of CR9114, CR9114-LALA, CR9114-N297Q, and CR9114-
F(ab’), in protecting mice against lethal challenge with influenza A/HIN1 (A/Puerto Rico/8/1934). Mice
were treated with indicated doses of CR9114 or PBS via intravenous or intranasal administration 24 h before
challenge as shown in the legend. Asterisks indicate significant differences in survival proportions at day

21 compared with PBS control (P <0.05). “n.s” indicates not significant compared with PBS control. Table

S4 provides detailed information on the dose titration for each mouse group. Changes in body weight are
presented in Fig. S3 and Table S5. These experiments were performed with 8-10 mice per group.

Discussion

We demonstrate that the Fc-dependence or independence of antibody-based immune protection is conditional
on the route of antibody administration. Protection conferred by intranasal administration to the site of viral entry
and initial infection does not require the Fc domain (Fig. 6). Protection conferred by systemic administration, on
the other hand, hinges on the contribution of the Fc domain for both neutralized and non-neutralized strains,
and is necessary for non-neutralized strains (Fig. 6).

Furthermore, the dose-sparing effect of intranasal compared to systemic administration suggests that
delivering anti-influenza prophylactics to the respiratory mucosa maximizes potency. Systemic administration
greatly dilutes antibody concentration at the mucosal site of infection in mice?>** and humans*, making Fc
effector functions essential for effective protection®2:2>-? and sufficient half-life’.
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Fig. 5. Intranasal administration of CR9114—unlike intravenous administration—results in protection against
influenza B independent of the antibody Fc, conferred by F(ab’), alone. (A, B) Kaplan-Meier survival curves
showing the in vivo efficacy of (A) intravenous and (B) intranasal administration of CR9114, CR9114-LALA,
CR9114-N297Q, and CR9114-F(ab’), in protecting mice against lethal challenge with influenza B/Yam (B/
Florida/4/2006). Mice were treated with indicated doses of CR9114 or PBS via intravenous or intranasal
administration 24 h before challenge as shown in the legend. Asterisks indicate significant differences in
survival proportions at day 21 compared with PBS control (P<0.05). “n.s.” indicates not significant compared
with PBS control. Table S4 provides detailed information on the dose titration for each mouse group. Changes
in body weight are presented in Fig. S3 and Table S5. These experiments were performed with 8-10 mice per

group.

We have shown that neither Fc effector functions nor in vitro neutralization are necessary for in vivo
protection by intranasally-administered CR9114. CR9114-F(ab’), protects against influenza B when
administered intranasally, directly to the respiratory mucosa, but not when administered intravenously. Hence,
protection against influenza B by CR9114 IgG is not captured by in vitro microneutralization as a correlate of
protection. The lack of neutralization against influenza B virus can be overcome by increasing the avidity of
CR9114, consistent with avidity effects reported for viral neutralization by antibodies in other studies*>~3.

For intravenous administration, CR9114 also provides effective protection against neutralized strains in the
absence of Fc effector functions (albeit at higher dosages), highlighting the primary role of neutralization under
these conditions. This is consistent with a recent study in non-human primates demonstrating that intravenous
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Fig. 6. Administration route reveals Fc-dependent versus independent mechanisms of protection. (A)
Schematic showing the observed differences in the median effective dose (ED, ) of CR9114 IgG, IgG Fc-
mutants, or F(ab’), when administered via the intravenous (left panels) or intranasal route (right panels). (B)
Schematic showing the necessary and sufficient mechanisms of action mediated by intravenously-(left) or
intranasally-administered (right) pan-influenza antibody CR9114.
administration of a neutralizing antibody provides effective protection against sublethal challenge with influenza
A/H5NI1, even when the antibody harbors mutations that disrupt Fc effector functions?.

Antibody half-life likely plays a role in the lower efficacy of intravenously-administered F(ab’),, given that it
has a lower serum half-life in mice compared to IgG*. Even if equimolar dosages are administered at the start of
the study, serum concentrations of IgG/LALA/N297Q versus F(ab’), may differ at the time of challenge. When
administered intratracheally, half-life of IgG and F(ab’), in the respiratory tract are comparable?’, but to date, no
studies on half-life following intranasal administration in a murine model have been published??.

We used Fc-knockdown and knockout formats in BALB/c mice and 129X1/Sv] mice to test Fc-dependence,
rather than Fc-knockout mice. Our results on intravenously-administered CR9114 are consistent with a study
of Fc-dependence testing CR9114-wildtype in Fc-knockout mice against neutralized versus non-neutralized
H2N2 strains®. This study also found that intravenously-administered CR9114 requires Fc effector functions for
protection against non-neutralized strains.
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It was previously reported that intranasal CR9114 does not protect against influenza B virus in a post-
exposure setting®®. Therapeutic applications of intranasal CR9114 may therefore be different or require
alternative approaches. Once the virus has spread to the systemic compartment, systemic antibody penetration
and Fc effector functions may confer more benefits than in the pre-exposure setting®!.

Collectively, our observations reveal in vivo antiviral activity by the bivalent antigen binding site that is
neither reliant on the antibody Fc, nor captured by standard microneutralization measurements in vitro. One
should not generalize this finding to influenza prophylaxis in general until Fc-independence of the intranasal
administration route has been investigated for an additional antibody, for example against the hemagglutinin
receptor-binding domain or against neuraminidase.

We conclude that the local molarity of the antibody at the relevant site of infection will not only determine the
strength of humoral immunity but will also dictate the dominant mode (Fc-dependent versus Fc-independent) of
antibody protection. We anticipate that these results will inform the design of clinical strategies for pre-exposure
protection to achieve maximal prophylactic potency, including in populations where immune response after
influenza vaccination is suboptimal, like the elderly and immunocompromised.

Materials and methods

Study design

This study was designed to determine the protective activity of influenza mAb CR9114 following intranasal and
intravenous administration in murine challenge models. The study aimed to define route-specific mechanisms
of broad protection, namely, how the role of CR9114 F(ab’)2 and the Fc-tail differ across the administration
route and influenza virus. Comparisons were made by administering wild-type (WT), Fc-variants, or F(ab’), of
CR9114 via the intravenous or intranasal route prior to virus challenge with influenza A or B. In each case, we
compared the dose-dependent response of CR9114 against morbidity and mortality in mice. Mice were assigned
to groups using a computerized randomization procedure.

Group sizes were determined on the basis of a 2-sided Fisher’s exact test with at least 80% power to detect an
absolute difference of 60-80% in survival between a treatment and control group at the two-sided 5% significance
level. In case multiple comparisons were planned, the significance level was adjusted according to Bonferroni.

Details on study numbers and inclusion/exclusion criteria for statistical analysis are described under “In
vivo efficacy of CR9114 against influenza”. Studies have been reported according to ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines for animal research.

In silico modeling
The three-dimensional (3D) structures of the H5-CR9114 (PDB ID: 4FQI), H3-CR9114 (PDB ID: 4FQY), and
B/Victoria-CR9114 (PDB ID: 6CNV) complex were obtained the Protein Data Bank. The H1-CR911 complex
was built by using PDB ID: 5VLI (Computationally designed inhibitor peptide HB1.6928.2.3 in complex with
influenza hemagglutinin (A/Puerto Rico/8/1934) and PDB ID: 5CJQ (Crystal structure of a trimeric influenza
hemagglutinin stem in complex with a broadly neutralizing antibody CR9114). The B/Yamagata-CR9114
complex was modeled based on the PDB ID: 6CNV and PDB ID 4M40 (Crystal structure of hemagglutinin
of influenza virus B/Yamanashi/166/1998). The 3D structures of the Hemagglutinin-Esterase-Fusion (HEF)
protein of influenza C (PDB ID: 1FLC) and D (PDB ID: 5E64) were also retrieved from the PDB. The complexes
between CR9114 and HEF-Influenza C/HEF-Influenza D were generated using the HADDOCK 2.2 webserver®’.
All these complexes were subjected to molecular dynamics (MD) simulations and binding free energy (BFE)
calculations by applying standard parameters and protocols as previously described®®°!. Briefly, the Amber
ff19SB force field was assigned for influenza proteins (HA and HEFs) and CR9114, and the OPC water model
was used. The time step of MD simulations was set to 2 fs by applying SHAKE constraint. The temperature and
pressure of the systems were fixed to 300 K and 1 bar, respectively. The MD simulations were performed for
500 ns and the snapshots from the last 50 ns of MD simulations (450-500 ns, 100 snapshots) were extracted for
BFE calculations by using molecular mechanics/generalized Born surface area (MM/GBSA) method (igb=8

model). MD simulations and BFE calculations were executed by the utilization of the AMBER 22 program®2.

Antibodies
Human IgG1 antibodies, CR9114, CR9114-LALA, CR9114-N297Q, and CR9114-F(ab’)2 were expressed and
purified as recombinant mAb in HEK293-253 cells. The heavy and light chain variable regions were cloned
into a single expression vector, which was used to transfect HEK293-253 cells. Six days post-transfection,
the expressed antibodies were purified from the medium using MabSelect PrismA chromatography. Protein-
containing fractions were pooled and concentrated before an additional purification step by gel filtration using
a Superdex200 Increase26/40 column. Protein-containing fragments were analyzed by LapChip® capillary
electrophoresis and antibody-containing fractions were pooled.

Two other batches of CR9114-IgG1 were also produced in PerCé cells (used for the in vivo studies shown in
Figs. 2 and 3).

Live virus microneutralization assays

Twofold serial dilutions of CR9114 (highest final concentration of 100 ug/mL) or Ribavirin (500 ug/mL)
were mixed with 500 PFUs of the following viral strains in a 96-well plate: A/Michigan/45/2015 (HIN1), A/
HongKong/01/1968 (H3N2), B/Brisbane/60/2008 (B Victoria lineage), and B/Florida/04/2006 (B Yamagata
lineage). The mixtures were incubated with MDCK cells for 90 min at 35 °C and 5% CO, and then washed with
medium containing CR9114/Ribavirin at the same dilution but with no virus. The places were then incubated
for ~24 h (for HIN1 and H3N2) or~48 h (B Victoria and Yamagata lineage) at 35 °C and 5% CO,. To control
for the quantity of virus input, working dilutions of the virus were also back-titrated onto cells in the absence
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of CR9114/Ribavirin. These cells were first incubated for 90 min, and then medium containing carboxymethyl
cellulose (CMC) to confine viral progeny to the site of infection was added to facilitate the microplaque count;
the cells were then incubated for~48 h in the presence of CMC. After completion of the incubation period
of CR9114/Ribavirin-treated cells and the back titrated cells, the cells were formalin-fixed (in the presence of
Triton X-100), and immunolabelled with an anti-influenza A or B nucleoprotein primary antibody and anti-
horse radish peroxidase secondary antibody. TrueBlue™ peroxidase substrate was used for visualization of the
virus-positive cells using a CTL Immunospot analyzer. The percentage of virus-positive cells (virus signal) was
used to calculate the IC, as described in®’.

Pseudotyped virus microneutralization assays

The pseudotype neutralization assay was performed following the protocol by Ferrara et al.>* with the following
Influenza strains: C/Minnesota/33/2015, D/Bovine/Italy/46484/2015, and D/Bovine/France/5920/2014.
Antibody concentrations ranging from 0.49 to 1000 ng/mL were used. Briefly, 50 uL of PV at a titer of 1.0x 10°
RLU/well, as determined by titration, was added to the mAb. The mixture was then incubated for 1 h at 37 °C
with 5% CO2. Afterwards, 50 pL of HEK293T/17 cells at a concentration of 1.5 x 10* cells/well were added to
each well. PV-only controls (representing 0% neutralization) and cell-only controls with no virus (representing
100% neutralization) were also included on the test plate. Plates were then incubated for 48 h at 37 °C and 5%
CO,. Media was removed and 25 pL of the Bright-Glo® luciferase assay substrate added to each well. Plates were
read using the GloMax® Navigator (Promega, Southampton, UK) using the Promega GloMax® Luminescence
Quick-Read protocol.

Relative Light Unit (RLU) values were normalized against the PV-only and cell-only controls, which represent
0% and 100% neutralization responses, respectively. The resulting neutralization-antibody dose-response curve
was modeled using a 4-parameter logistic curve with fixed plateaus at 0% and 100%, incorporating a sample-
specific slope and IC, . The IC, values presented in Fig. 1E are the geometric mean of the IC, values calculated
from two technical replicates.

Enzyme-linked lectin assay (ELLA)

To measure the NA inhibitory activity of CR9114 using an immobilized substrate, the ELLA assay was
performed. To determine the amount of virus to use in the ELLA assay, each virus (H1 A/Puerto Rico/8/1934,
H3 A/Cambodia/e0826360/2020, B/Malaysia/2506/2004, and B/Phuket/3073/2013) was serially diluted twofold
and added to fetuin-coated plates for a 16-18 h incubation period at 37 °C and 5% CO,. Plates were then washed
and incubated with Arachis hypogaea Lectin-Horseradish Peroxidase for 1 h. Next, the plates were washed again,
and incubated for 15 min with o-Phenylenediamine dihydrochloride as a substrate. Absorbance was detected
at 490 nm using the Spectramax Paradigm plate reader. The working virus dilution for each virus Lot was
determined as the dilution that corresponds to 90% NA activity. To assess NA inhibition by CR9114, the same
protocol was followed but with the addition of CR9114 (starting concentration: 64 pg/mL). CR9114 was serially
diluted threefold and added to an equal volume of the virus. The mixture was then added to fetuin-coated
plates and processed as described above. All samples were assayed in technical triplicate. Raw OD values were
imported into GraphPad Prism, and data were analyzed using 4-parameter logistic curve analysis to calculate
the IC,  value for each sample.

HEF proteins and biolayer interferometry (BLI)

Therecombinant HA or HEF ectodomains frominfluenza A virus (A/PuertoRico/8/1934and A/HongKong/1968),
influenza B virus (B/Florida/4/2006 and B/Brisbane/60/2008), influenza C virus (C/Johannesburg/1/1966)>
and influenza D virus (D/swine/Oklahoma/1334/2011), were affinity purified following expression in 293F
cells according to established methodology!'®!1:*7>. The proteins were expressed using pVRC8400, a plasmid
containing the CMV IE Enhancer/Promoter, HTLV-1 R Region and Splice Donor site, and the CMV IE Splice
Acceptor site upstream of the open reading frame®. In each case, the fold on Avi-His tag was attached to the
C-terminus of the ectodomain!®!"%7-5°. The 293F cells were with grown in Freestyle media (Life Technologies)
were transfected with 500 ug/L of expression plasmid + pBirAFlag [CMV expression for secreted form of BirA
(the enzyme catalyzing biotinylation at the Avi tag sequence); Plasmid # 64395, Addgene] using 293fectin™
Reagent (Life Technologies). After 5 days, the culture was centrifuged (2,000 x g, 10 min) and the supernatant
was filtered (VacuCap 8/0.2 um filters, Pall Corporation) and loaded on Ni Sepharose FF resin (GE Healthcare)
by gravity flow. The resin was washed (6 column volumes of PBS containing 20 mM imidazole) and the
biotinylated-HEF were eluted in 500 mM imidazole. The eluate was separated by size exclusion FPLC (Superdex
200 10/300 column; GE Healthcare) and buffer exchanged into 1xPBS. After concentration of the HEF fraction
(Amicon Ultra concentrators, 30 kDa, cut off), the biotinylated-HEFs were immediately deployed for bilayer
interferometry (BLI).

BLI was performed using the Personal Assay BLItz System (Fortebio)!®!!¢!. Biotinylated HEF were
immobilized onto streptavidin biosensors (Sartorius, Cat#18-5019). After establishing a baseline in kinetic buffer
(PBS containing 0.02% Tween20, 0.1% BSA), CR9114 (Fab or IgG or IgM) was applied at 0.625 pM, 1.25 uM,
2.5 uM, and 5 uM, with 60 s of association and 60 s of dissociation. The equilibrium dissociation constant (K)
values were calculated by fitting a 1:1 binding isotherm using software provided by the vendor. Our instrument
cannot resolve K, values > 100 uM!®1161,

In vivo efficacy of CR9114 against influenza

Female BALB/c and 129X1/Sv] specified pathogen-free mice were purchased from Charles River Laboratories
and Jackson Laboratories, respectively. Except for the H3N2 challenge study, which used 129X1/Sv] mice, all
experiments were performed with the BALB/c mice. In experiments with CR9114, treatment and vehicle control

Scientific Reports |

(2025) 15:10309 | https://doi.org/10.1038/s41598-025-94314-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

groups consisted of 10 animals each. In experiments with CR9114-LALA or CR9114-F(ab’),, treatment and
vehicle control groups consisted of 8 and 10 animals each, respectively. Mice were removed from statistical
analysis if study deviations occurred resulting in 8-10 animals per group in some challenge studies. Criteria for
exclusion from the statistical analysis included: incorrect dosing, death on study day —1 and day 0. Animals were
anaesthetized by either inhalation with isoflurane or ketamine (87.5 mg/kg) and xylazine (11 mg/kg) cocktail
mixture via the intraperitoneal route.

MADbs were administered by intranasal instillation (15 uL or 50 uL per nostril) or by intravenous injection
(5 mL/kg, tail vein) volume of solution containing a total amount of the indicated protein per dose 24 h before
inoculation. For dose calculation purposes, an average weight of 20 g was assumed. Antibody treatment or PBS
control groups consisted of 8 or 10 mice each, unless specified otherwise. The dosing of antibodies was calculated
such that mice received equimolar doses of CR9114, CR9114-LALA, CR9114-N297Q, or CR9114-F(ab’),

The anesthetized mice were held such that the nose pointed upwards, and the inoculum (15 pL or 25 pL per
nostril) was administered dropwise into the nose. The mouse was held upright to allow the virus to be inhaled
thoroughly and then returned to its cage. A full list of viruses used for the challenge and the corresponding
TCID,, information can be found in Table S3. Clinical signs and body weights were determined daily from
one day before the viral challenge (- 1 days) until the end of the study on day 21. Any animals meeting pre-
determined humane endpoint criteria, as well as all animals surviving to the end of the study were humanely
euthanized by CO, asphyxiation or cervical dislocation.

Survival proportions at day 21 and change in body weight were compared to the PBS control group using
a Fisher’s exact test and a Welch’s t-test, respectively. For change in body weight, repeated measurements in
the challenge phase were summarized as a single outcome per animal using an Area Under the Curve (AUC)
approach where missing values for animals that died before day 21 were imputed with a last-observation-carried-
forward method. Bodyweight data are expressed as the change relative to the day 0 measurement. The AUC was
then defined as the summation of the area above and below the baseline.

When multiple treatments were compared to the control group, a Bonferroni adjustment for multiple
comparisons was applied. Within each treatment, dose-wise comparisons to the control group were performed
using a stepwise approach, starting with the highest antibody dose and conditionally testing a lower dose if
the previous dose was statistically significant. All analyses were performed using R, all statistical tests were
performed two-sided and P values of < 0.05 were considered significant. Where applicable, in the Kaplan-Meier
survival curves, lines were nudged relative to the y-axis to improve visual representation.

ED,’s were estimated from survival dose-response curves using Probit regression. In case of survival in the
vehicle control group, survival proportions were adjusted for the natural response rate using Abbott’s method®
and to adjust for differences in molecular weights, doses (in mg/kg) were converted to nmol/kg.

All animal procedures were performed in accordance with the protocols and reviewed and approved by
the Dutch Central Authority for Scientific Procedures on Animals. In IITRI’s animal biosafety level-2 suite,
all animal procedures were performed in accordance with the protocols approved by the animal care and use
committee at IIT Research Institute (IACUC protocol #22-013).

Data preparation
Graphs generated in GraphPad Prism and, where necessary, imported into Adobe Illustrator for aesthetical
adjustment.

Data availability

The following protein structures are freely available from the Protein Data Bank: H5 HA - CR9114 complex
(PDB ID: 4FQI), H3 HA - CR9114 (PDB ID: 4FQY), B/Victoria HA - CR9114 complex (PDB ID: 6CNV), H1
HA (PDB ID: 5VLI and PDB ID: 5CJQ) B/Yamagata HA (PDB ID: 6CNV and PDB ID: 4M40), influenza C HEF
(PDB ID: 1FLC) and influenza D HEF (PDB ID: 5E64). Nucleotide sequences for CR9114 variable regions have
been deposited in GenBank (accession numbers JX213639 and JX213640 for VH and VA, respectively). Corre-
spondence and requests for materials should be addressed to A.L.B.
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