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The influenza hemagglutinin
stem antibody CR9114:
Evidence for a narrow
evolutionary path towards
universal protection
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Human monoclonal antibodies (hmAbs) that protect against all influenza A and

B strains are considered the road to universal influenza vaccines. Based on

publicly-available data, we analyze the mechanistic and structural basis of pan-

influenza protection by CR9114, a hemagglutinin (HA) stem-reactive antibody

that protects against influenza subtypes from groups A1, A2, and B. The

mechanistic basis of CR9114’s universal protection is not limited to in

vitro neutralization, as CR9114 also protects in vivo from strains that escape

its neutralizing activity: some H2 strains and influenza B. Fusion inhibition, viral

egress inhibition, and activation of Fc-mediated effector functions are key

contributors to CR9114’s universal protection. A comparative analysis of

paratopes – between CR9114 (pan-influenza protection) and structurally

similar VH1-69 hmAb CR6261 (influenza A1 protection) – pinpoints the

structural basis of pan-influenza protection. CR9114’s heterosubtypic binding

is conferred by its ability to bind HA with multiple domains: three HCDR loops

and FR3. In contrast to other VH1-69 hmAbs, CR9114 uses a long and polar side

chain of tyrosine (Y) residues on its HCDR3 for crucial H-bonds with H3, H5,

and B HA. The recognition of a highly conserved epitope by CR9114 results in a

high genetic barrier for escape by influenza strains. The nested, hierarchical

structure of the mutations between the germline ancestor and CR9114
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demonstrates that it is the result of a narrow evolutionary pathway within

the B cell population. This rare evolutionary pathway indicates an immuno-

recessive epitope and limited opportunity for vaccines to induce a

polyclonal CR9114-like response.
KEYWORDS

broadly neutralizing antibodies, influenza virus, pan-influenza protection,
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The epidemic and pandemic threat
of influenza viruses

Influenza viruses cause epidemics and pose pandemic

threats. Influenza A and B cause seasonal influenza epidemics

in humans, resulting in significant morbidity [3-5 million deaths

yearly (1)], mortality [290,000-650,000 deaths (1)], and

economic burden [$10-$80 billion yearly in the US (2, 3)].

Elderly and immunocompromised individuals are at higher

risk of severe influenza A infection, whereas children and

adolescents are more susceptible to influenza B (4). New

influenza strains or subtypes from animal reservoirs could

cause a pandemic, as they can potentially evolve the ability for

human-to-human transmission (5–7). Such influenza

pandemics could result in vastly higher morbidity, mortality,

and economic burden than seasonal epidemics or the 2020

SARS-CoV-2 pandemic (8, 9).

The marked genetic variation between and within influenza A

and B impedes broad, pan-influenza protection. Influenza A and

B viruses are phylogenetically diverse. They can be grouped based

on their glycoproteins: hemagglutinin (HA), which binds sialic

acid and enables cell fusion (10), and neuraminidase (NA), which

enables egress through cleaving sialic acid (11). A wide variety of

influenza subtypes can thus be formed, with nomenclature based

on their HA (influenza A1, comprising H1, H2, H5, H6, H8, H9,

H11, H12, H13, H16, H17, and H18; influenza A2, comprising

H3, H4, H7, H10, H14, and H15; B/Yamagata lineage; B/Victoria

lineage) (12–14) and NA (group NA1, comprising N1, N4, N5,

and N8; group NA2, comprising N2, N3, N6, N7, N9; influenza B

NA). Further genetic variation is caused by the exchange of HA

and NA genes [antigenic shift (15)] and random point mutations

in viral epitopes [antigenic drift (16)].

Human monoclonal antibodies (hmAbs) protecting against

all influenza strains are therefore of interest for universal

influenza protection. However, human antibody responses

after infection typically lack cross-reactivity for other influenza

subtypes. Antibody responses after vaccination also mostly

induce neutralizing antibodies against the strain that elicited

them and closely related strains, and no pan-influenza vaccine
02
currently exists (17–19). As a consequence, influenza vaccine

efficacy is suboptimal: if the vaccine matches circulating strains,

it is around 60% for adults under 65 and 40% for the elderly,

whereas in the case of mismatch efficacy is around 45% for adults

under 65 and only 13% for the elderly (20, 21).
Eliciting protection against infection
and disease from influenza

To protect humans from influenza, various moments in the

lifecycle of virions can be targeted: viral entry, cell fusion, and

egress. When influenza virions reach the host’s respiratory

epithelium, they bind sialic acid on host cell receptors, leading

to viral entry. After internalization, the virion fuses with the

endosomal vesicle. Cell fusion is dependent on the HA structural

changes in response to endosomal acidification and consequent

proteolytic activation (10). The virus’s RNA is released in the

host cell cytoplasm and imported into the nucleoplasm, where

viral transcription and replication occur (22). The newly

synthesized viral surface proteins present themselves on the

infected host cell membrane, and after cleavage of sialic acid

by NA, new virions egress. NA cleavage also prevents virion

agglutination, ensuring the efficient spread of newly produced

virions in the host respiratory tract and, potentially,

transmission (23).

HmAbs can interfere at one or more moments in this viral

lifecycle. For pan-influenza protection, interference at certain

moments is more effective than at others. To distinguish between

mechanisms of protection, antibody activity can be assessed by

in vitro assays. Assays that are statistically correlated with

protection (‘correlates of protection’) can also be used to

predict breadth and potency in vivo (24). Although receptor-

binding inhibition is an effective strategy for protection by HA

head-reactive antibodies, such protection is not broad: epitopes

on the HA head are more susceptible to antigenic drift and shift

and vary within influenza subtypes (25).

On the other hand, the HA-stem domain is relatively

conserved within and across influenza groups A1, A2, and B
frontiersin.org
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HAs. Thus, HA-stem reactive antibodies show various degrees of

breadth, from subtype-specific to heterosubtypic (26). Even

within the realm of HA-stem reactive hmAbs, universal

protection is rare. For instance, the hmAbs 2G02 (27) and FI6

(28) are highly cross-reactive but fail to interact with B HAs. The

broadest HA-stem reactive hmAb is the VH1-69 antibody

CR9114 (29): prophylactic systemic administration of CR9114

fully protects mice from mortality and weight loss when

challenged with influenza A1, A2, B/Yamagata, and B/Victoria

strains (29–31) (Figure 1A). CR9114 was recovered from a

combinatorial display library constructed from human B cells

of healthy recently vaccinated volunteers (29). CR9114

neutralizes in vitro most influenza viruses except for some

H2N2 and H7, and influenza B strains (Figure 1B) (29, 32–

38). Although these are not neutralized in vitro by CR9114, the

hmAb still protects mice from lethal challenge with these viruses

(29, 30). This demonstrates that HA neutralization is not the

only mechanism by which CR9114 protects against influenza.

Microneutralization assays specifically detect whether antibodies

prevent infection of mammalian cells by (pseudo)virions. Even

though CR9114 does not neutralize some H2N2, some H7, or
Frontiers in Virology 03
influenza B in vitro, it still protects in vivo. This shows that in

vitro neutralization of HA is an imperfect correlate of protection,

as it is not always a predictor of protection (24).

Besides CR9114, another two broadly neutralizing

antibodies (bnAb) cross-react with influenza groups A1, A2,

and B: the camelid multi-domain Ab MD3606 (32) and the

hmAb 1G01 (34). MD3606’s broad breadth of cross-reactivity

rests on the four single single-domain antibodies of which it is

composed: two against influenza A and two against influenza B.

The efficacy and safety of camelid multi-domain antibodies in

humans have yet to be determined (42). 1G01 targets a

conserved epitope close to the NA’s active site and inhibits its

catalytic activity. Thus, 1G01 mostly acts by preventing viral

egress, whereas CR9114 interferes at more than one stage of the

viral lifecycle.

Mechanisms of pan-influenza
protection by CR9114

CR9114’s protection hinges on its ability to interfere with the

viral lifecycle (schematically depicted in Figure 2) at multiple
B

CA

FIGURE 1

In vivo protection and in vitro neutralization of CR9114 against influenza virus groups A1, A2, and B. (A) Phylogenetic tree of influenza A and B
viruses, indicating the subtypes for which CR9114’s prophylactic protection has been demonstrated through lethal challenges in the murine model
(circled in orange). CR9114 has been shown to fully protect mice against challenges with lethal doses of influenza A H1N1, H3N2 (29), H3N1, H5N1,
and H9N2 (31) in line with its ability to neutralize the same subtypes in vitro (B). Interestingly, CR9114 grants in vivo protection in mice challenged
with lethal doses of influenza virus B (Florida/4/2006 and Malaysia/2506/2004 and Phuket/3037/2013) (29, 31) and H2 (A/Ann Arbor/6/1960 and A/
swine/MO/4296424/06) (30), despite not showing any in vitro neutralizing activity against influenza B and H2 (B). (B) HA neutralization landscapes of
CR9114 in influenza virus A1, A2, and B strains. Neutralization results (IC50) have been measured by microneutralization assays. IC50 values have
been collected from various studies (29, 32–38), including all viral strains investigated in these studies. To allow for comparability across these
studies, results have been normalized (scaled) to virus subtypes that were in common in most studies. The set of reference strains includes pH1N1
(A/California/4/2009, A/California/7/2009 and A/England/195/2009) and H3N2 (A/Hong Kong/1/1968, A/Hong Kong/8/1968, and A/Aichi/2/1968).
Normalized IC50 results are presented in Supplementary Table 1. (C) NA inhibition landscapes of CR9114 in influenza virus A1, A2, and B strains. The
results (IC50), collected from various works and here presented in Supplementary Table 2, have been measured by ELLA assay (39–41). CR9114
inhibits NA activity through steric hindrance by blocking access to HA-bound sialic acid (39). Version of the landscapes in (B, C) with the names of
all the viral strains here investigated are presented in Figure S1.
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steps. CR9114 does not prevent host receptor binding, as

demonstrated by the absence of in vitro neutralizing activity in

HA inhibition assays against influenza groups A1, A2, or B (29).

This assay measures receptor-binding inhibition, typically

demonstrated by head-reactive antibodies, but not stem-

reactive antibodies such as CR9114 (43). Rather, CR9114

protects by preventing fusion of the viral envelope with the

endocytic vesicular membrane. CR9114 blocks HA acidification-

induced conformational changes associated with membrane

fusion (Figure 2B) (10). In influenza A1 and A2, CR9114

hampers the transition from pre- to post-fusion conformation

(29). On the other hand, CR9114 does not effectively prevent

influenza B HA from transitioning to the post-fusion

conformation and depends on other mechanisms of protection

for this genus (29, 32).

CR9114 further provides protection by harnessing the host’s

immune system through Fc-mediated effector functions. These

include antibody-dependent cellular cytotoxicity (ADCC) and

antibody-dependent phagocytosis by neutrophils and

macrophages (44, 45), which result in viral clearance. Fc-

mediated effector functions might represent the dominant

mechanism of protection against viral strains that CR9114

does not neutralize. CR9114 recruits effector cells, as shown by

ADCC reporter assays against strains of influenza virus groups
Frontiers in Virology 04
A1, A2, and B (30, 32, 34). Specifically, CR9114 has been shown

to activate FcgRIIIa in an ADCC reporter assay to H3 influenza

virus (H3 A/Wisconsin/67/05 (32)). When mutated to decrease

binding to FcgRs and knock down antibody effector function

(LALA mutant), CR9114 fails to induce activation of both

receptors FcRIV and FcRIII against H2 (30), indicating that

the LALA mutations ablate FcR binding. This translates to less

effective protection in mice treated with CR9114-LALA and then

challenged with influenza virus H2 (30), confirming that

CR9114 confers in vivo protection also through FcR-

dependent mechanisms. Similarly, CR9114 has been shown to

activate FcgRIIIa against H1N1 (A/California/07/09) and B

(Florida/4/2006) (46). Inducing ADCC is only one of the

possible Fc effector functions. Further work is needed to fully

understand whether this bnAb can recruit other populations of

immune cells. Of note, Fc-mediated effector functions triggered

by antibodies can lead to inappropriate amplification of local

inflammatory responses, also called ‘antibody-dependent

enhancement (47). Lung pathology data collected in the work

of Sutton et al (30) show that inflammation levels in the airways

of H2-infected mice are lower when treated with CR9114

compared to untreated mice.

In later stages of the influenza life cycle, CR9114 can prevent

viral egress (39, 40). CR9114 indirectly inhibits NA catalytic
B

C

D

A

FIGURE 2

Overview of the proposed mechanisms of protection by CR9114 against influenza virus throughout the viral life cycle. (A) Schematic pictograms
of the life cycle of influenza virus. Stages between membrane fusion/genome release and budding/viral egress are not depicted. (B) Structural
changes to and function of HA through different stages of the virus life cycle. (C) Function of NA through different stages of the virus life
cycle. (D) Stages at which CR9114 is known to interfere with the viral life cycle of influenza group A1 (light blue), A2 (red), and B (grey).
*Contrasting data regarding the implication of CR9114 in preventing the viral egress of influenza B virions (32, 40).
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activity by steric hindrance, as measured by enzyme-linked

lectin assay (ELLA) (Figure 1C) and confirmed by the NA-Star

assay (34, 39–41). CR9114 binds the stalk region of HA and

occupies the space on the side of the viral protein, blocking the

access of NA to the sialic acids bound by HA (39, 40). This steric

hindrance is dependent on the Fc tail of CR9114: an antibody-

binding fragment of CR9114 without Fc tail has reduced NI

activity (39, 40). Whether or not CR9114 can prevent the egress

of influenza B virions is in doubt, due to contrasting data

between different assays: the bnAb is able to neutralize B NA

subtypes by steric hindrance in an ELLA assay (Figure 1C) but

does not appear to prevent viral egress of influenza B (B/

Malaysia/2506/04) virus in a viral egress inhibition assay (32).
Structural basis for pan-influenza
protection by CR9114

To better understand the structural basis of pan-influenza

protection, we compared sequences, three-dimensional

structures, and interactions between HAs and CR9114 or

CR6261 (Figure 3). These two antibodies differ in breadth:

CR9114 is pan-influenza, whereas CR6261 protects only

against subtypes from group A1. In other respects, the

antibodies are very similar: they derive from similar germline

sequences, share a high percent sequence identity (86.2%, for the

heavy chain, Figure 3B) have similar 3D structures (RMSD of the

heavy chain = 1.34 Å) and bind a similar epitope with their

heavy chain only (Figure 3A) (29, 48). Both CR9114 and CR6261

use three heavy-chain complementarity determining regions

(HCDR1-3) and one framework (FR3) for binding HA.

Both CR9114 and CR6261 derive from the VH1–69

germline. This is one of the most polymorphic loci within the

human VH gene cluster (49–51) and is known for producing

heterosubtypic protection against influenza A1. The VH1–69

gene encodes two hydrophobic residues in the heavy-chain

complementarity determining regions (HCDR) 2 loop

responsible for the conserved hydrophobic epitope

recognition: (i) a canonical hydrophobic residue at position 53

(usually isoleucine) and (ii) phenylalanine at position 54

(Figure 3B). Some influenza VH1–69 antibodies also have a

conserved tyrosine in the HCDR3 important for binding to the

HA stem. The long HCDR3 loop helps access epitopes that are

partially obscured, especially by surrounding glycans, or which

require an extensive interacting surface (51).

Monoclonal antibody CR6261 was isolated from the

immune repertoire of a healthy, vaccinated individual by using

phage display selection on recombinant H5 HA (52). X-ray

structural analysis revealed that CR6261 recognizes a highly

conserved helical region in the membrane-proximal stem of
Frontiers in Virology 05
HA1 and HA2: despite contacting HA1 residues in the stem

region, the primary interactions are with the HA2 A helix (48).

CR6261 can neutralize multiple influenza subtypes, including

H1, H2, H5, H6, H8, and H9, and protects mice from lethal

challenges with H1N1 and H5N1 (52). However, this anti-stem

antibody’s neutralization function is limited to strains from

group 1 of influenza A viruses, in contrast to the pan-

influenza mAb CR9114 (48).

The comparative analysis shows that the several differences

in the binding paratopes of CR9114 and CR6261 result in

different binding profiles to HA. The I73 in the FR3 loop

allows CR9114 to flip into the hydrophobic groove of

influenza H5 (Figure 3C) and H3 (Figure 3D). I73 does not

form an internal H-bond: its side chain can freely rotate to

interact with HAs. At the same position, CR6261 has D73. Its

side chain has a different conformation and flips out of the

hydrophobic groove of H5 (Figure 3C). Within CR6261, R30—

D73 form a stable and preferable internal H-bond, potentially

explaining why that residue is not available for interacting with

HAs. The R30-D73 H-bond induces intramolecular H-bond

networks between D73(FR3)—R30 (HCDR1) —Y32 (HCDR1)

and A33(HCDR1)—G97 (HCDR3) in CR6261 resulting in a

larger loop conformation of HCRD1 of CR6261 as compared to

CR9114 (Figure 3C). CR6261’s expanded HCDR1 loop brings

F29 into the groove nearby for interacting with the hydrophobic

pocket of H5 (Figure 3C), compensating for the lost interaction

between D73 and HAs.

At HCDR2, one amino acid residue difference between

CR9114 and CR6261 makes a major contribution to their

dissimilar binding profi les: polar S52 (CR9114) vs.

hydrophobic I52 (CR6261). In CR9114, S52 establishes an

internal H-bond with Y98 (HCRD3) which can induce

enlargement of the HCDR2 loop of CR9114. As a result, the

HCDR2 loop of CR9114 can block a larger space at the binding

groove of HAs, and several residues at this loop can interact with

H3 HA (F54-W21(H3), Figure 3D) and H5 HA (F54-W21 and

P52A-Q40, Figure 3C). CR6261’s I52 is hydrophobic and cannot

form an H-bond with any residue. However, backbone atoms of

I52-G55/T56 and P52A-F54 pair form H-bonds (Figure 3C),

resulting in a small and rigid HCDR2 loop of CR6261. The small

and rigid loop cannot properly bind to HAs and several essential

interactions cannot be formed with H5 (Figure 3C).

The HCDR3 loop shows somewhat larger differences

between the two antibodies 96GNYYYYSG100C (CR9114) vs
96MGYQVRET100C (CR6261). In CR9114’s HCDR3, the long

and polar side chain of tyrosine (Y) residue promotes the

“quadruplet 98YYYY100A”. It establishes crucial H-bonds with

H5 HA (Y98-Q42, Y98/Y100A-D19, Figure 3C) and H3 HA

(Y98-T41/Q42, Y100A-D19, Figure 3D). A short distance

between Y99 (CR9114) to the backbone atom of V18 (H5 and

H3; approximately 4 Å as shown in Figures 3C, D) can induce a
frontiersin.org
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B

C

D

A

E

FIGURE 3

Comparison of 3D structures, sequence, binding, and interactions between CR9114 Fab and CR6261 Fab with different HA subtypes. (A) 3D structures of
CR9114 and CR6261. The heavy and light chains of the antibodies are displayed in magenta and in yellow, respectively. (B) Sequence alignment
between the variable part of the heavy chains of CR9114 and CR6261. (C) Comparison of the epitope mapping and the H-bond interactions between
the H5-CR9114 complex (left panels) and the H5-CR6261 complex (right panels). (D) Epitope mapping (left panels) and H-bond interactions (right
panels) of different H3- and B HA-CR9114 complexes. (E) Table summarizing the H-bond interactions between CR9114 and H3, H5, and HA of influenza
B. In all epitope mappings (Figure 3C, D), binding epitopes of HAs with antibodies are shown in light orange, while hot spots of HAs, defined as residues
of HAs that form H-bonds with the heavy chain of the antibodies as summarized in 3E (as indicated by residue name and ID), are shown in magenta.
The same colour scheme is used in Figures 3C, D for H-bond interactions: the magenta cartoons/sticks/lines/labels represent residues from the heavy
chain of antibodies; green and cyan cartoons and labels represent HA1 and HA2, respectively, of influenza H3, H5, and HA-influenza B; the molecular
surface of all HAs is depicted in white; H-bonds are shown as yellow dashed lines; the different loops of antibodies are indicated by arrows. The
comparative analysis reveals three main differences in the binding paratopes that make CR9114 a broad-spectrum antibody across HAs: (i) I73 in the FR3
loop does not form an internal H-bond, allowing CR9114 to flip into the hydrophobic groove of influenza H5 (C) and H3 (D); (ii) S52 in the HCDR2
establishes an internal H-bond with Y98 (HCDR3), inducing enlargement of the HCDR2 loop and blocking a larger space at the binding groove of HAs
(C, D); (iii) the “quadruplet 98YYYY100A” in the HCDR3 establishes pivotal H-bonds with H3 (D) and H5 (C). (E) Table listing CR9114’s residues involved in
interactions with the residues of H5, H3, or B HA. *The distance between Phe54 and Trp39 is 6Å. The following PDB IDs were exploited to investigate
interactions between HAs and antibodies by using PyMol program (PDB ID: 4FQI (H5-CR9114 complex), PDB ID: 3GBM (H5-CR6261 complex), PDB ID:
6CNV (HA Influenza B-CR9114).
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strong charge-charge interaction between CR9114 and HAs. For

CR6261, only Y98 can form an H-bond with a residue of the

fusion peptide domain of H5 (Y98—D19, Figure 3C) and

additional with Q42 (H5, Figure 3C) located at the helix.

Longer distances between CR6261 residues and HA residues

V18 and D19 result in very weak interactions: 7-8 Å for Q99–

V18 and 11 Å for R100A-D19 (Figure 3C).

In summary, CR9114 represents a broad-spectrum antibody

due to these key features: (i) I73 at the FR3 loop for binding with

the hydrophobic groove of HAs, (ii) the flexibility of the HCDR2

loop which can induce a formation of H-bonds with HAs, and

(iii), a quadruplet Y residue in the HCDR3 loop “ 98YYYY100A”

which can establish essential interactions with HAs.
The narrow evolutionary path
to CR9114

What led to the difference in the breadth of protection

against influenza virus between CR9114 and CR6261? And

why is CR9114’s signature broad protection so rare, even

within the VH1-69 family? Our hypothesis is that the

difference in the breadth of protection resides in the

evolutionary paths that, from the germline, led to the somatic

variants of CR6261 and CR9114. More specifically, in how the

two bnAbs’ evolutionary histories diverged. Mutational

pathways to CR6261 can simultaneously improve in affinity to
Frontiers in Virology 07
multiple A1 strains. The evolution of breadth in this antibody

could therefore have resulted from simultaneous exposure to

different strains of influenza group A1. On the other hand,

pathways to CR9114 are constrained to acquire affinity in a

sequential manner – first to A1, then to A2, and finally to B –

suggesting that sequential exposure to distinct antigens may be

needed to produce bnAbs like CR9114 (53).

The divergence of CR9114’s and CR6261’s evolution is

reflected in the number of mutations separating the germline

from the somatic variants that are required for broad binding

affinity (53): if only a few mutations are needed for CR9114 to

improve the germline affinity for H1, more mutations are

necessary to bind H3, and even more to bind B HA.

Moreover, these mutations are organized into a nested,

hierarchical structure: mutations beneficial for H1 are required

for binding H3, and mutations required for H3 are required for

binding influenza B HA. CR9114 has relatively few mutations

(16) from its germline (shown in Figure 4), but almost all of

them are required for binding influenza B, and most alternative

evolutionary routes lead to mAbs with a more limited breadth.

In contrast, many possible evolutionary intermediates leading to

CR6261 have intermediate affinity for both H1 and H9.

CR9114’s proven optimal binding affinity for the H1

subtypes corroborates the idea of a constricted path to broad

breadth acquisition, that required the exposition to A1 subtypes

as the first step(s). This also manifests itself in the inability of H1

subtypes to escape from binding to CR9114 and, thereby, in vitro
FIGURE 4

Structure of CR9114, indicating the 16 AAs that differ between the germline and the somatic variant. Mutated residues (53) (16 positions) are
shown in orange sticks. Residues IDs as labelled in orange are converted to the somatic sequence as in the PDB structure (table). Mutated
residues required (53) for gaining affinity for H1, H3, and B HA are indicated in the table (+ required mutation, *mutation improves binding).
Some key residues, such as F54 (HCDR2) and a quadruplet “YYYY” in HCDR3, are additionally displayed in magenta sticks. The heavy and light
chains are shown in magenta and yellow, respectively.
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neutralization and induced Fc-effector mediated functions (26).

Even after 15 passages of selection pressure from CR9114, H1

mutants do not escape binding and neutralization by, nor Fc-

mediated effector functions of CR9114. The resultant mutant is

unfit, and not lethal even when administered to mice at very high

dosages. The acquisition of binding affinity to the A2 group is

subordinate to the A1 group. Thus, the genetic barrier to escape

binding is smaller for H3 than H1. For H1, the relative resistance

of all escape mutants to CR9114 is low (54), and CR9114 retains

binding and in vivo efficacy to H1 escape mutants (26). For H3,

the relative resistance of the vast majority of variants to CR9114

is low, but three mutants escape in vivo protection by CR9114

(54). These three mutants have a point mutation at location 45

that rarely occurs in human H3: their natural occurrence

frequencies lie between 0.0001% and 0.01% (54).

Our structural analysis presented here is in accordance with the

work on CR9114’s evolutionary path (53). Most of CR9114’s

mutations from the germline sequence are mostly located

throughout FW3 and the HCDRs, specifically at the sites forming

hydrophobic contacts and hydrogen bonds with residues in the

conserved HA stem epitope. Three specific mutations are required

for binding to H3 (S52, I73, and F74) and eight specific mutations

are required for binding to influenza B (table in Figure 4). Notably,

many of these breadth-conferring mutations are absent in CR6261,

particularly those in HCDR2 (29, 48).

Three specific mutations to the germline ancestor enable

binding to H3 HA: I73 and F74 at the FR3, which form

hydrophobic contacts with HA, and S52 which reorients the

CDR2 loop. I73 and F74 bind at the hydrophobic groove of A1

HAs as previously described (and displayed in Figure 3), possibly

due to removing steric hindrance. For example, K-lysine (germline

ancestor) has a long side chain which may prevent the binding of

the germline ancestor with HAs, whereas I73 (CR9114) has a short

side chain that does not sterically hinder binding. In the case of S52

at HCDR2, the original I-isoleucine residue from the germline may

induce similar effects as observed in CR6261: the formation of an

internal H-bond with several residues at HCDR2 resulting in a

rigid loop that does not bind toHAs (Figure 3C). S52, S56, and T57

at HCDR2 may contribute to the flexible HCDR2 loop in CR9114.

S29 (CR9114) at HCDR1 doesn’t show direct interaction with

HAs, but it may have removed adverse effects of the original F29

(germline ancestor), which is a larger amino acid andmore likely to

cause steric hindrance.
Concluding

The quest for a universal influenza vaccine, inducing a

polyclonal CR9114-like response, has not yet been fulfilled.

CR9114 provides molecular insights into virtually universal

antibody protection that may guide those on the pan-influenza
Frontiers in Virology 08
quest. The protection that CR9114 provides in vivo exceeds its

broad neutralization span, due to its ability to evoke Fc-effector

mediated functions also against those strains that elude

neutralization in vitro. This is rooted in CR9114’s binding affinity

for a very broad range of viral hemagglutinin subtypes, covering

influenza groups A1, A2, and B. The analysis of CR9114’s binding

affinity to different HA subtypes reveals the history behind its

evolution from the germline and the path to the acquisition of its

heterosubtypic breadth. CR9114 is most likely the result of

sequential exposure to the different viral subtypes, as

demonstrated by the nested structure of the set of mutations that,

from the germline, led to its broad breadth. The acquisition of

affinity for all the considered viral subtypes happened progressively

and through a rare, highly constrained evolutionary path. For a pan

flu vaccine, it may be needed to find a way to shift from a recessive

response to theCR9114 epitope toadominantone.Alternatives toa

pan-influenza vaccine, such as passive immunization using

CR9114, could be considered for episodic prophylaxis.
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