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SUMMARY

IGHV1-69 is frequently utilized by broadly neutralizing influenza antibodies to the hemagglutinin (HA) stem.
These IGHV1-69 HA stem antibodies have diverse complementarity-determining region (CDR) H3 sequences.
Besides, their light chains have minimal to no contact with the epitope. Consequently, sequence determi-
nants that confer IGHV1-69 antibodies with HA stem specificity remain largely elusive. Using high-throughput
experiments, this study reveals the importance of light-chain sequence for the IGHV1-69 HA stem antibody
CR9114, which is the broadest influenza antibody known to date. Moreover, we demonstrate that the CDR H3
sequences from many other IGHV1-69 antibodies, including those to the HA stem, are incompatible with
CR9114. Along with mutagenesis and structural analysis, our results indicate that light-chain and CDR H3 se-
quences coordinately determine the HA stem specificity of IGHV1-69 antibodies. Overall, this work provides
molecular insights into broadly neutralizing antibody responses to influenza virus, which have important im-

plications for universal influenza vaccine development.

INTRODUCTION

Influenza viruses pose a constant threat to public health, result-
ing in substantial morbidity and mortality with approximately
500,000 deaths worldwide each year." Although vaccination re-
mains the foremost measure for preventing and controlling influ-
enza virus infection, the effectiveness of the annual seasonal
influenza vaccine has varied widely, ranging from 19% to 60%
over the past decade.” This variability is largely due to the contin-
uous antigenic drift of human influenza virus, especially at the im-
munodominant head domain of hemagglutinin (HA), which canin
turn lead to vaccine mismatch in some influenza seasons.®* In
addition, the current seasonal influenza vaccine is designed to
protect against influenza A H1N1 and H3N2 subtypes, as well
as influenza B virus, but not avian influenza A subtypes with zo-
onotic potential, such as H5N1 and H7N9. Therefore, significant
efforts have been made to develop a universal influenza vaccine
that targets the highly conserved HA stem domain,>® with an ul-
timate goal to elicit broadly neutralizing HA stem antibodies like
CR9114, which can bind to both group 1 (e.g., H1 and H5) and
group 2 (e.g., H3 and H7) HAs as well as influenza B HAs.”
Many HA stem antibodies, including CR9114, are encoded by
IGHV1-69.57° Structural analyses have shown that the paratopes
of these IGHV1-69 antibodies are dominated by the heavy chain
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with minimal to no contribution from the light chain.”"'"~'® Consis-
tently, diverse light-chain germline genes are found among
IGHV1-69 HA stem antibodies (e.g., IGKV1-44,” IGLV1-51,%12
IGLV10-54,"" and IGKV3-20"%). Similarly, the complementarity-
determining region (CDR) H3 sequences, which are formed by
VDJ recombination, are highly diverse among IGHV1-69 HA
stem antibodies.'* Although most IGHV1-69 HA stem antibodies
encode a Tyr in the CDR H8, the position of this Tyr varies, and
some do not even have a Tyr in the CDR H3."* Based on these ob-
servations, IGHV1-69 HA stem antibodies do not seem to have
strong sequence preferences in the CDR H3 and light chain. At
the same time, it is impossible that all IGHV1-69 antibodies can
bind to the HA stem, given that many IGHV1-69 antibodies are
specific to other pathogens.'® Besides, some IGHV1-69 anti-
bodies bind to the HA head instead of the HA stem.'®"” Therefore,
despite the first IGHV1-69 HA stem antibody being discovered 15
years ago,’ it remains unclear what sequence features make an
IGHV1-69 antibody bind to the HA stem.

In this study, we performed two high-throughput experiments
to probe the sequence constraints in the light chain and CDR
H3 ofthe IGHV1-69 HA stem antibody CR9114, which is the broad-
est influenza neutralizing antibody known to date.” Our first
high-throughput experiment examined the compatibility of 78
light-chain sequences from diverse IGHV1-69 antibodies with
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CR9114 heavy chain. Our findings indicated that despite having no
contact with the HA stem epitope, the light chain of CR9114 con-
tained sequence determinants for its binding activity. Specifically,
we demonstrated that the amino acid sequences at variable light
chain domain (V) residues 91 and 96 hugely influenced the
compatibility of light chain with CR9114 heavy chain for binding
to the HA stem. Of note, the Kabat numbering scheme is used
throughout. Our second high-throughput experiment measured
the binding affinity of 2,162 diverse CDR H3 variants to the HA
stem and showed that most CDR H3 variants, including many
from other IGHV1-69 HA stem antibodies, were incompatible
with CR9114. These results indicate that the sequence constraints
in the CDR H3 and light chain of IGHV1-69 HA stem antibodies are
stringent yet complex.

RESULTS

Light-chain sequence of CR9114 is important for HA
stem binding

A previous structural study has shown that CR9114, which is en-
coded by IGHV1-69 and IGLV1-44, does not use light chain for
binding (Figure 1A).” In addition, the HA-stem-binding activity
of CR9114 is not affected by replacing its light chain with one
from an antibody of different specificity.'® Here, we aimed to sys-
tematically investigate if the sequence of CR9114 light chain is
truly unimportant for HA stem binding. Briefly, we compiled a
list of 120 antibodies from GenBank that are encoded by
IGHV1-69 with different A light chains (Table S1). The light-chain
sequences from these 120 antibodies were synthesized and
paired with the germline sequence of CR9114 heavy chain to
create a light-chain variant library. We also included 10 light-
chain sequences with premature stop codons as negative con-
trols. As a result, our light-chain variant library contained 130
different light-chain sequences, all of which paired with the
germline sequence of CR9114 heavy chain. The germline
sequence of CR9114 heavy chain was used because we wanted
to avoid any incompatibility between heavy-chain somatic hy-
permutations (SHMs) and light-chain variants. This heavy-chain
germline sequence of CR9114 was reconstructed in a previous
study,'® which reverted the SHMs on V and J genes to germline
sequences.

Subsequently, this light-chain variant library was displayed on
the yeast cell surface and two-way sorted based on antibody
expression level as well as binding activity to mini-HA, which is
a trimeric HA stem construct without the head domain (Fig-
ure 1B).° Four sorted populations were collected, namely no
expression, high expression, no binding, and high binding. The
frequency of each light-chain variant in each sorted population
was quantified by next-generation sequencing. Among the 130
light-chain variants in the library, 78 had an average occurrence
frequency of >0.2% across different sorted populations and
were subjected to downstream analyses (Table S1). These 78
light-chain variants include the one from CR9114 (i.e., wild
type [WT]), 13 from other influenza antibodies, 55 from non-influ-
enza antibodies, and 9 negative controls with premature stop co-
dons. For each light-chain variant, an expression score and a
binding score were computed based on its frequency in different
sorted populations (see STAR Methods). Both the expression
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and binding scores were normalized such that the scores for
WT equaled 1 and the mean scores for negative controls (i.e.,
variants with stop codons) equaled 0. Pearson correlation coef-
ficients of 0.75 and 0.74 were obtained between two replicates of
the binding and expression sorts, respectively (Figure S1), con-
firming the reproducibility of our results.

Except for the negative controls, most light-chain variants had
an expression score of around 1 (Figure 1C), indicating that the
light-chain sequence of the CR9114 germline had minimal influ-
ence on expression. However, many light-chain variants had a
low binding score (Figure 1C). In addition, the binding scores
of light-chain variants from influenza antibodies (mean = 0.84)
were significantly higher than those from non-influenza anti-
bodies (mean = 0.49, p = 0.005, two-tailed Student’s t test),
despite having similar expression scores (mean = 1.03 and
0.99, respectively, p = 0.35, two-tailed Student’s t test). These
results imply that the light-chain sequence of the CR9114 germ-
line is an important determinant for its HA-stem-binding activity.

Importance of CR9114 light-chain residues 91 and 96
Next, we aimed to understand the molecular mechanism of how
the light chain modulated the HA-stem-binding activity of the
CR9114 germline. Since CR9114 light chain has no contact
with the HA stem epitope (Figure 1A),” its sequence determi-
nants likely locate at the heavy-light chain interface. Structural
analysis of the previously determined crystal structure of
CR9114 in complex with HA” suggested that V| residues 91
and 96 in CDR L3 are critical for stabilizing the conformation of
CDR HS3, which in turn is important for binding (Figure 2A).
CR9114 has an aromatic residue Trp at V| residue 91, which
forms an extensive -7t stacking network with four aromatic res-
idues in CDR H3, namely variable heavy chain domain (V) Y98,
V41 Y99, VY100, and Vi Y100a, as well as Vy W47 in the heavy-
chain framework region 2. In contrast, CR9114 has a small amino
acid Ala at V| residue 96, which points toward the heavy chain
with limited space in between. These observations suggested
that the compatibility of different light-chain variants and the
CR9114 germline heavy chain depended on the amino acid iden-
tities at V|_residues 91 and 96. Specifically, we hypothesized that
amino acids F/Y/W, which are both aromatic and bulky, were
required at V| residue 91 but forbidden at V| residue 96.

We then compared the amino acid sequences at V| residues
91 and 96 between high-binding and low-binding light-chain var-
iants using an arbitrary binding score cutoff of 0.8 (Figure 2B). At
V| residue 91, all light-chain variants with a binding score >0.8
contained an aromatic amino acid (i.e., W/Y/F), whereas non-ar-
omatic amino acids could be observed among variants with a
binding score <0.8. Conversely, aromatic amino acids were en-
riched at V| residue 96 among variants with a binding score <0.8.
Specifically, Trp and Tyr exhibited 5- and 4-fold enrichments,
respectively, whereas Phe was absent among variants with a
binding score >0.8 but present at 5% among variants with a
binding score >0.8 (Figure 2B; Table S2). These observations
are consistent with our hypothesis above.

To further experimentally validate our findings, we introduced
different mutations at residues 91 and 96 of CR9114 light chain,
recombinantly expressed them by pairing them with the CR9114
germline heavy chain, and then tested their binding affinity to
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Figure 1. Yeast display of light-chain variant library with CR9114 germline heavy chain

(A) Interaction between HA and CR9114 (PDB: 4FQlI).” Gray: HA1; yellow: HA2; blue: heavy chain; pink: light chain. Cy1 indicates constant domain 1 of heavy
chain, and C indicates constant domain 1 of light chain. V,, and V|_indicate variable domains of antibody heavy and light chains, respectively.

(B) Schematic illustration of measuring the expression level and HA-stem-binding activity of many light-chain variants in parallel using yeast surface display.
Briefly, an antibody light-chain (LC) variant library was paired with CR9114 germline heavy chain (HC), displayed on the yeast cell surface, and subjected to
fluorescence-activated cell sorting (FACS) based on surface expression level and binding to mini-HA. The sorted populations were analyzed by next-generation

sequencing. Two independent replicates were performed.

(C) Relationship between binding and expression scores. One datapoint represents one light-chain variant. The datapoint corresponding to CR9114 WT light
chain is labeled as “WT.” Cyan: light-chain variants from known IGHV1-69 antibodies to influenza virus. Blue: light-chain variants from IGHV1-69 antibodies to

non-influenza antigens. Red: negative control variants with stop codons.
See also Figure S1 and Table S1.

mini-HA. Hereafter, CR9114 with germline heavy chain is abbre-
viated CR9114 gHC. The binding activity of CR9114 gHC to mini-
HA was abolished by substituting V. W91 with non-aromatic
amino acids T/R/A but not aromatic amino acids Y/F (Table 1;
Figure S2A). Likewise, the binding activity of CR9114 gHC to
mini-HA was abolished by substituting V_ A96 with aromatic
amino acids W/F but not non-aromatic amino acids V/S/R
(Table 1; Figure S2A). We also assessed the binding activity of
these CR9114 light-chain mutants to the HA protein from
H1N1 A/Solomon Islands/3/2006 (SI06) and observed a similar
trend (Table 1; Figure S2B). Therefore, our binding experiment
confirms that V| residues 91 and 96 in the CDR L3 are important
for CR9114 to interact with the HA stem, despite not being part of
the paratope.

Additional sequence constraints in CR9114 light chain

Although our results indicated that aromatic amino acids were
required at V|, residue 91 but forbidden at V| residue 96 of
CR9114, exceptions existed in our light-chain variant library

(Table S1). Specifically, we noticed that some light-chain vari-
ants with a low binding score had aromatic (i.e., F/Y/W) and
non-aromatic amino acids (i.e., non-F/Y/W) at V| residues 91
and 96, respectively (i.e., Vi 914 m/96non-Fvw)- This observa-
tion suggests that there are additional sequence constraints in
the light chain of CR9114.

Members of our light-chain variant library were from three
IGLV families, namely IGLV1, IGLV2, and IGLV3. For light-chain
variants in the IGLV1 family, those with V. 91g~xa/96n0n-Fryw
had significantly higher binding scores than those without
(p = 2e—4, two-tailed Student’s t test; Figure 2C). In contrast,
while the light-chain variants in the IGLV2 family with V|
91 W/96n0on-Fry/w also had higher binding scores than those
without, such a difference was not as significant (p = 0.10,
two-tailed Student’s t test; Figure 2C). Furthermore, the binding
scores of light-chain variants in the IGLV3 family with and without
the VL 91/ m/96h0on-Fvw Motif had no significant difference
(p =0.94, two-tailed Student’s t test) and were generally low (Fig-
ure 2C). Of note, in all three IGLV families, the expression scores
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Figure 2. Light-chain sequence determinants for HA-stem-binding
activity of CR9114

(A) Left: an extensive -7 stacking network at the heavy-light chain interface of
CR9114 that involves Vi W47, Vy; Y98, Vi, Y99, Vi, Y100, Vi Y100a, and Vi
W91. Right: side chains of V| W91, A96, and F98 at the heavy-light chain
interface of CR9114, with heavy chain in surface representation. PDB: 4FQl is
used.” Light blue: heavy chain; pink: light chain. Vi and V| indicate variable
domains of antibody heavy and light chains, respectively.

(B) Frequency of amino acid usage at V| residues 91 and 96 of light-chain
variants with binding scores >0.8 (red) and <0.8 (blue) is shown.

(C) Binding scores of light-chain variants in different IGLV families with and
without V| 91¢/vw/960n-F/yv/w are compared. Red: with V| 91 m/96non-Fvw;
blue: without V, 91 F/y/w/gsnon_p/y/w.

P values were computed by two-tailed Student’s t test.

See also Figures S2 and S3, and Table S2.

of light-chain variants with and without V_ 91rxm/96n0n-Frvw
had no significant difference (p = 0.31-0.84, two-tailed Student’s
t test; Figure S3A). These results show that besides the amino
acid sequences at V_residues 91 and 96, sequence differences
among IGLV families could also influence the binding activity of
CR9114 to the HA stem.

Our additional analysis suggested that a CDR L3 length of 11
was optimal for CR9114 binding to the HA stem (Figure S3B)
since the binding scores of light-chain variants lowered when
the CDR L3 lengths deviated from 11. In contrast, the expression
scores were similar across light-chain variants with different
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CDR L3 lengths (Figure S3C). We also analyzed the relationship
between binding scores and the number of V. SHMs, but no sig-
nificant correlation was found (p = 0.39-0.98, Pearson correla-
tion test; Figures S3D-S3F). Overall, our analyses demonstrate
that light-chain germline features, including CDR L3 length and
germline gene usage, are important sequence determinants for
the HA-stem-binding activity of CR9114.

High-throughput characterization of CDR H3 variants
Similar to the light chain, the sequence constraints of the CDR H3
of IGHV1-69 HA stem antibodies have also been unclear, espe-
cially since they are highly diverse.' Therefore, we next aimed to
probe the sequence constraints of CR9114 CDR H3. Briefly, we
compiled a list of 3,325 CDR H3 sequences from diverse IGHV1-
69 antibodies from GenBank (Table S3). Additionally, we per-
formed a site-saturation mutagenesis of the CDR H3 of
CR9114. Together with the WT CDR H3 sequence of CR9114,
a CDR HB3 library with 3,606 variants in CR9114 gHC was con-
structed and displayed on the yeast cell surface. Tite-Seq'®
was then applied to measure the apparent dissociation constant
(Kp) values of individual variants to mini-HA (Figure 3A). At the
same time, antibody expression level was measured by three-
way cell sorting and next-generation sequencing, as described
above for the light-chain variant library. The expression score
for each CDR H3 variant was normalized such that the score
for WT equaled 1 and the mean score for nonsense mutants of
CR9114 CDR H3 equaled 0.

After filtering out CDR H3 variants with low occurrence fre-
quency or noisy estimation in the apparent Kp values (see STAR
Methods), 2,162 CDR H3 variants were subjected to downstream
analyses (Table S3). These included the WT CDR H3 of CR9114,
206 single amino acid mutants of CR9114 CDR H3, 14 nonsense
mutants of CR9114 CDR H3, 73 CDR H3 variants from HA stem an-
tibodies, 245 from non-HA stem influenza antibodies, and 1,623
from non-influenza antibodies. Pearson correlations of 0.71 and
0.61 were obtained between two replicates of Tite-Seq and
expression sort, respectively (Figures S4A-S4B), confirming the
reproducibility of our results. As expected, the expression score
of nonsense mutants of CR9114 CDR H3 was significantly lower
than other CDR H3 variants (p = 2e—22 to 1e—47, two-tailed Stu-
dent’sttest; Figure S4D). Similarly, the binding affinity of nonsense
mutants of CR9114 CDR H3 to mini-HA was significantly weaker
than that of single amino acid mutants of CR9114 CDR H3
(p = 1e—17, two-tailed Student’s t test; Figures 3B and 3C). These
results validated the quality of our data.

Most CDR H3 variants are incompatible with CR9114 for
HA stem binding

While the apparent Kp values of many single amino acid mutants
of CR9114 CDR H3 to mini-HA were around 1 nM, those of CDR
H3 variants from other antibodies, including HA stem antibodies,
were mostly between 100 nM and 1 uM (Figures 3B and 3C). In
contrast, the expression scores of single amino acid mutants of
CR9114 CDR H3 and other CDR H3 variants were similar (p =
0.22-0.76, two-tailed Student’s t test; Figure S4D). Of note,
several CDR HS3 variants from non-influenza antibodies had an
apparent Kp of around 1 nM (Figure S4C; Table S3). However,
when we recombinantly expressed one of these CDR H3 variants,
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Table 1. Binding affinity of CR9114 gHC mutants against mini-HA
and S106 HA

Ko (uM)

CR9114 gHC mutant Fab vs. mini-HA vs. SI06 HA
WT 6.2 2.6
Vi Wa1Y 45.7 27.2
VL WI1F 9.7 9.6
VL WI1T N.B. N.B.
VL W91R N.B. N.B.
Vi W91A N.B. N.B.
V. A96Y N.B. N.B.
Vi A96W N.B. N.B.
Vi A96F N.B. N.B.
Vi A96V 3.8 15.8
Vi A96S 1.9 1.6
VL A96R 13.0 21.5

Related to Figure S2. N.B., no binding.

it did not show binding to mini-HA, indicating there were false pos-
itives in our Tite-Seq experiment (Figure S4E). Together, these ob-
servations suggest that the CDR H3 of CR9114 has a stringent
sequence requirement for HA stem binding.

A previous study has demonstrated that many IGHV1-69 HA
stem antibodies, including CR9114, are featured by a CDR H3-
encoded Tyr at Vy residue 98 that interacts extensively with
the HA stem epitope.'® Consistently, our results showed that
CDR H8 variants with Y98 had slightly yet significantly better
apparent Kp values (p = 0.001-0.03, two-tailed Student’s t
test; Figure 3D). In contrast, CDR H3 variants with and without
Tyr, regardless of the residue position, did not show any signifi-
cant difference in apparent Kp values (p = 0.20-0.91, two-tailed
Student’s t test; Figure 3E). Therefore, our result substantiates
that Vi Y98 partially contributes to the compatibility of CDR H3
variants with CR9114 for HA stem binding. However, given that
many CDR H3 variants from IGHV1-69 HA stem antibodies
with Y98 are incompatible with CR9114 gHC for binding (Fig-
ure 3D), the sequence constraints of CR9114 CDR H3 likely
involve other CDR H3 residues.

Importance of non-paratope residues in CR9114 CDRH3
To further understand the sequence constraints of CR9114 CDR
H3, we aimed to identify residues that are key for HA stem bind-
ing. Subsequently, we analyzed the single amino acid mutants of
CR9114 CDR HS3 in our CDR H3 library. Our Tite-Seq result indi-
cated that most mutations at the four consecutive Tyr residues in
the CDR H3, namely V Y98, V4 Y99, V,, Y100, and V4 Y100a,
weakened the binding affinity of CR9114 gHC (Figure 4A). This
observation is consistent with our structural analysis above (Fig-
ure 2A) showing that these four Tyr residues form an extensive
m-1 stacking network with Vi W47 and V. W91, which is essen-
tial for the conformational stability of the CDR H3. Additionally,
our Tite-Seq result also revealed the low mutational tolerance
of Vy H95 and V N97, hence their importance in the HA-stem-
binding activity of CR9114 (Figure 4A).
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Based on a previously determined crystal structure of CR9114
in complex with HA,” the side chains of both Vi, H95 and Vi, N97
are not interacting with the HA stem epitope. Instead, both V
H95 and Vy N97 form intramolecular interactions to stabilize
the CDR H3 conformation. V, H95 H-bonds with Vy S100b
and Vy S35 as well as interacts with V Y100 via T-shaped 7wt-7
stacking (Figure 4B), whereas Vy N97 H-bonds with Vy Y99
and Vi S100b (Figure 4C). These observations corroborate our
light-chain analysis, demonstrating that non-paratope residues
that stabilize the CDR H3 conformation are important for the
HA-stem-binding activity of CR9114.

DISCUSSION

IGHV1-69 is one of the most highly used heavy-chain V genes in
the human antibody repertoire,'® suggesting its importance in
the immune system. In fact, many known broadly neutralizing an-
tibodies to various pathogens, such as influenza virus, hepatitis
C virus (HCV), and human immunodeficiency virus (HIV), were
encoded by IGHV1-69."° As a result, IGHV1-69 is regarded as
an S.0.S. component of the human antibody repertoire.?® How-
ever, sequence determinants for the antigen specificity of
IGHV1-69 antibodies have been largely elusive. In this study,
we used a high-throughput approach to probe the sequence de-
terminants for the HA-stem-binding activity of CR9114, an
IGHV1-69 broadly neutralizing antibody to influenza HA stem.’
Our results revealed the importance of the CR9114 light chain
in binding, despite having no contact with the epitope. In addi-
tion, we showed that the CDR H3 sequence of CR9114 has
stringent sequence constraints. Overall, this work advances
our understanding of the sequence determinants that define
IGHV1-69 HA stem antibodies.

Our results show that V| residue 96 in CDR L3 is a determinant
for the HA-stem-binding activity of CR9114. V| residue 96 in
some IGHV1-69 antibodies, including CR9114, is encoded by
the light-chain J gene (Figure S5A). Among seven known IGLJ
germline genes, three (IGLJ1, IGLJ4, and IGLJ5) encode an aro-
matic amino acid at V_ residue 96 (Figure S5B). Given that aro-
matic amino acids are forbidden at V, residue 96 of CR9114,
these observations suggest that the light-chain J gene plays a
role in generating IGHV1-69 HA stem antibodies. Of note, the
contribution of the light-chain J gene to antibody binding is rarely
reported, if at all, since most antibody studies focus on the V
genes. However, the sequence determinants for the binding ac-
tivity of IGHV1-69 HA stem antibodies likely vary from antibody
to antibody (see discussion below). As a result, additional work
is needed to decipher whether light-chain J gene usage is a com-
mon sequence constraint of IGHV1-69 HA stem antibodies.

Perhaps the most perplexing result in our study is that most
CDR H3 sequences from other IGHV1-69 HA stem antibodies
are incompatible with CR9114. Provided that diverse light-chain
sequences can be observed in IGHV1-69 HA stem anti-
bodies,”*"7'° the compatibility of a given CDR H3 sequence
in IGHV1-69 HA stem antibodies likely depends on their light-
chain sequences. In other words, we postulate that whether an
IGHV1-69 antibody can bind to HA stem is coordinately deter-
mined by the light-chain and CDR H3 sequences. Consistently,
our results revealed the importance of light chain-CDR H3
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Figure 3. Yeast display of CDR H3 library of CR9114 gHC
(A) Schematic illustration of measuring the expression level and HA-stem-binding activity of many CDR H3 variants in parallel using yeast surface display. Briefly,

a CDR Ha library of CR9114 gHC was displayed on the yeast cell surface and subjected to FACS based on surface expression level and binding to mini-HA. The
sorted populations were analyzed by next-generation sequencing. Two independent replicates were performed.

(B) Relationship between apparent dissociation constant (Kp) values and expression scores. Greenish yellow: CR9114 single amino acid mutants; purple:
nonsense variants with stop codons; red: CDR H3 variants from IGHV1-69 HA stem antibodies; orange: CDR H3 variants from IGHV1-69 non-HA stem influenza
antibodies; gray: CDR H3 variants from IGHV1-69 non-influenza antibodies; pink: WT. The Pearson correlation coefficient (R) is indicated.

(C) Distribution of the apparent Kp values among CDR H3 variants from different types of antibodies.

(D) Comparison of apparent Kp values between antibodies with and without V\; Y98.

(E) Comparison of apparent Kp values between antibodies with and without a Tyr in their CDR H3.

P values were computed by two-tailed Student’s t test.

See also Figure S4 and Table S3.
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Figure 4. Importance of V,; H95 and N97 for HA-stem-binding activity of CR9114
(A) Apparent Kp, values of individual mutations in the CDR H3 of CR9114 are shown as a heatmap. WT amino acids are indicated by a black circle. Mutations in
gray were excluded in our data analysis due to low input count or high occurrence in the WT sample (see STAR Methods).

(B) Intramolecular interactions involving CR9114 Vi H95 are shown.

(C) Intramolecular interactions involving CR9114 Vy; N97 are shown. Hydrogen bonds are represented by dashed lines. PDB: 4FQl is used.”

See also Figure S5.

interaction in the HA-stem-binding activity of CR9114. Akin to
CR9114, both CR6261 and F10, which are two other IGHV1-69
HA stem antibodies,'"'? feature an aromatic Trp at V, residue
91 and a small amino acid Val at V| residue 96, positioning to-
ward the heavy chain with limited space in between
(Figures S5C-S5D). Furthermore, V| W91 of both CR6261 and
F10 is also involved in the -7 stacking interaction with the
CDR H3 (Figures S5E-S5F). Therefore, the sequence determi-
nants of IGHV1-69 HA stem antibodies are stringent yet com-
plex, which explain the limited sequence convergence among
IGHV1-69 HA stem antibodies. Comprehending these sequence
determinants will enable an accurate estimation of the propor-
tion of B cells that can give rise to IGHV1-69 HA stem antibodies,
especially those that can cross-react to both group 1 and 2 HAs
as well as influenza B HA, like CR9114. As the efforts to develop
a universal influenza vaccine continue,?'2° future studies on the
sequence determinants of IGHV1-69 HA stem antibodies are
warranted.

Limitations of the study

Since our approach has focused on the A light chain of IGHV1-69
antibodies, we were unable to demonstrate whether the « light
chain has similar sequence constraints when paired with
CR9114 heavy chain for HA stem binding. Another limitation of
our study is that only five antigen concentrations were used in
our Tite-Seq experiment as opposed to the >10 used in other
Tite-Seq studies.'®?42° This shortcoming would increase the
estimation error of apparent Ky values.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
PE anti-HA.11 Biolegend Cat# 901517; RRID: AB_2629623
Chemicals, peptides, and recombinant proteins
Acid Casein Peptone (Casamino Acids) Fisher Scientific Cat# BP1424-100
D-Galactose Fisher Scientific Cat# BP656-500
D-Glucose Fisher Scientific Cat# D16-500
D-(+)-Raffinose Pentahydrate Thermo Fisher Scientific Cat# J21060-36
Dithiothreitol Thermo Fisher Scientific Cat# A39255
Lithium Acetate Dihydrate Sigma-Aldrich Cat# L6883-250G
Sorbitol Fisher Scientific Cat# BP-439-500
Sodium Phosphate Monobasic Monohydrate VWR Cat# BDH9298-500G
(NaH,PO4-H,0)
Sodium Phosphate Dibasic Anhydrous Fisher Scientific Cat# BP332-500
(NaoHPO,)
Streptavidin-PE Conjugate Invitrogen Cat# S866
Yeast Nitrogen Base with Ammonium MP Biomedicals Cat# 4027512
Sulfate
Sodium chloride (NaCl) Fisher Scientific Cat# S271-500
Hydrochloric Acid, ACS,12M Fisher Scientific Cat# S25358
Tris Base Fisher Scientific Cat# BP152-500
Tris-HCI Fisher Scientific Cat# BP153-500
Imidazole Fisher Scientific Cat# A10221
Calcium Chloride, Dihydrate Millipore Cat# 208291-250GM
Dpnl New England Biolabs Cat# RO176L
Cellfectin Il Reagent Gibco Cat# 10362-100
Sf-900 II SFM Thermo Fisher Scientific Cat# 10902088
Ni Sepharose Excel Resin Cytiva Cat# 17371202
XK 16/100 Superdex 200 pg Cytiva Cat# 90100137
Phosphate-buffered saline (PBS), 1X VWR Cat# 21-040-CM
BSA Sigma-Aldrich Cat# A9418
Tween 20 Fisher Scientific Cat# BP337-500
NEB 5-alpha Competent E.coli New England Biolabs Cat# C2987H
MAX Efficiency DH10Bac Competent Cells Thermo Fisher Scientific Cat# 10361012
Critical commercial assays
Biotin-Protein Ligase-BIRA kit Avidity Cat# BIRA 500
Expi293 Expression System Kit Thermo Fisher Scientific Cat# A14635
Monarch DNA Gel Extraction Kit New England Biolabs Cat# T1020L
PureLink PCR Purification Kit Thermo Fisher Scientific Cat# K210003
KOD Hot Start DNA Polymerase EMD Millipore Cat# 71086-3
PrimeSTAR MAX DNA Polymerase Takara Cat# RO45A
QuikChange XL Site-Directed Mutagenesis kit Agilent Cat# 200516
Q5 High-Fidelity DNA polymerase New England Biolabs Cat# M0491L
Octet HIS1K biosensors Sartorius Cat# 18-5120
Zymoprep Yeast Plasmid Miniprep Il Kit Zymo Research Cat# D2004
PureLink HiPure Plasmid Miniprep Kit Thermo Fisher Scientific Cat# K210003
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw sequencing reads This study BioProject: PRINA976657
Experimental models: Cell lines

Expi293F cells Thermo Fisher Scientific Cat# A14527
Saccharomyces cerevisiae EBY100 cells ATCC Cat# MYA-4941

Sf9 cells ATCC Cat# CRL-1711
Recombinant DNA

phCMV3_CR9114_Fab This study N/A
pCTcon2_CR9114_GL This study N/A

pFastBac-mini-HA This study N/A

pFastBac-SI06-HA This study N/A

Software and algorithms

FlowJo v10.8 BD Life Sciences N/A

Octet analysis software 9.0 Sartorius N/A

Python https://www.python.org/ N/A

R https://www.r-project.org/ N/A

Custom scripts This study https://doi.org/10.5281/

zenodo.8382109

RESOURCE AVAILABILITY

Lead contact
Information and requests for resources should be directed and will be fulfilled by the lead contact, Nicholas C. Wu (nicwu@
illinos.edu).

Materials availability
All plasmids generated in this study are available from the lead contact without restriction.

Data and code availability
® Raw sequencing data have been submitted to the NIH Short Read Archive under BioProject: PRUNA976657.
o Custom python scripts for all analyses have been deposited to https://doi.org/10.5281/zenodo.8382109.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Cell lines

Saccharomyces cerevisiae EBY100 cells (American Type Culture Collection) was culture at 30°C (except where indicated) in baffled
flasks while shaking at 225 rpm. Selection media (SD-CAA) contained 2% w/v D-glucose, 0.67% w/v yeast nitrogen base with ammo-
nium sulfate, 0.5% w/v casamino acids, 0.54% w/v Na,HPO,, 0.86% w/v NaH,PO,-H,0, all dissolved in deionized water. Induction
media (SGR-CAA) contained 2% w/v galactose, 2% w/v raffinose, 0.1% w/v D-glucose, 0.67 % w/v yeast nitrogen base with ammo-
nium sulfate, 0.5% w/v casamino acids, 0.54% w/v Na,HPO,, 0.86% w/v NaH,PO,-H,0, all dissolved in deionized water. Expi293F
(Thermo Fisher Cat no. A14527) suspension cells were grown at 37°C in a humidified 8% CO, incubator rotating at 130rpm. Sf9
(ATCC Cat no. CRL-1711) were maintained in Sf-900 SFM medium (Thermo Fisher Scientific).

METHOD DETAILS
CR9114 gHC yeast display plasmid
CR9114 gHC yeast display plasmid, pCTcon2_CR9114_GL, was generated by cloning the coding sequences of (from N-terminal to

C-terminal, all in-frame) Aga2 secretion signal, CR9114 wild-type Fab light chain, V5 tag, equine rhinitis B virus (ERBV-1) 2A self-
cleaving peptide, Aga2 secretion signal, CR9114 germline Fab heavy chain, HA tag, and Aga2p, into the pCTcon2 vector.?®
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Construction of CDR H3 library and light chain variant library

Sequences of IGHV1-69 antibodies were obtained from GenBank (https://www.ncbi.nlm.nih.gov/genbank/).?” IgBLAST was used to
identify the CDR H3 region.?® Light chain variant library (Table S1) and CDR H3 library (Table S3) were synthesized as oligo pools by
Integrated DNA Technologies and Twist Bioscience, respectively. Names and sequences of primers for cloning the libraries into
pCTcon2_CR9114_GL are listed in Table S4. Oligo pool of the light chain variant library was PCR-amplified using primers IGHV1-
69-Lightchain-lib-IF and IGHV1-69-Lightchain-lib-IR. Then, the amplified oligonucleotide pool was gel-purified using a Monarch
DNA Gel Extraction Kit (NEB). To generate the linearized vector for the light chain variant library, pCTcon2_CR9114_GL was used
as a template for PCR using primers IGHV1-69-Lightchain-lib-VF and IGHV1-69-Lightchain-lib-VR. The PCR product was
then gel-purified. Similarly, oligo pool of the CDR H3 library was PCR-amplified using primers IGHV1-69-CDRH3-lib-IF and
IGHV1-69-CDRH3-lib-IR. Then, the amplified oligo pool was gel-purified using a Monarch DNA Gel Extraction Kit (NEB). To generate
the linearized vector for the light chain variant library, pCTcon2_ CR9114_GL was used as a template for PCR using primers IGHV1-
69-CDRH3-lib-VF and IGHV1-69-CDRH3-lib-VR. The PCR product was then gel-purified. All PCRs were performed using KOD Hot
Start DNA polymerase (EMD Millipore) according to the manufacturer’s instructions.

Yeast transformation

Yeast cells were transformed by electroporation following a previously described protocol.?® Briefly, Saccharomyces cerevisiae
EBY100 cells (American Type Culture Collection) were grown in YPD medium (1% w/v yeast nitrogen base, 2% w/v peptone, 2%
w/v D(+)-glucose) overnight at 30°C with shaking at 225 rpm until ODggg reached 3. Then, an aliquot of overnight culture was grown
in 100 mL YPD media, with an initial ODggg 0f 0.3, shaking at 225 rpm at 30°C. Once ODgqg reached 1.6, yeast cells were collected by
centrifugation at 1700 x g for 3 min at room temperature. Media were removed and the cell pellet was washed twice with 50 mL ice-
cold water, and then once with 50 mL of ice-cold electroporation buffer (1 M sorbitol, 1 mM calcium chloride). Cells were resus-
pended in 20 mL conditioning media (0.1 M lithium acetate, 10 mM dithiothreitol) and shaked at 225 rpm at 30°C. Cells were collected
via centrifugation at 1700 x g for 3 min at room temperature, washed once with 50 mL ice-cold electroporation buffer, resuspended
in electroporation buffer to reach a final volume of 1 mL, and kept on ice. 5 ng of the amplified oligo pool (light chain variant library or
CDR Ha3 library) and 4 pg of the corresponding purified linearized vector were added into 400 uL of conditioned yeast. The mixture
was transferred to a pre-chilled BioRad GenePulser cuvette with 2 mm electrode gap and kept on ice for 5 min until electroporation.
Cells were electroporated at 2.5 kV and 25 pF, achieving a time constant between 3.7 and 4.1 m. Electroporated cells were trans-
ferred into 4 mL of YPD media supplemented with 4 mL of 1 M sorbitol and incubated at 30°C with shaking at 225 rpm for 1 h. Cells
were collected via centrifugation at 1700 x g for 3 min at room temperature, resuspended in 0.6 mL SD-CAA medium (2% w/v
D-glucose, 0.67% w/v yeast nitrogen base with ammonium sulfate, 0.5% w/v casamino acids, 0.54% w/v Na,HPO,, 0.86% w/v
NaH,>PO,-H,0, all dissolved in deionized water), plated onto SD-CAA plates (2% w/v D-glucose, 0.67% w/v yeast nitrogen base
with ammonium sulfate, 0.5% w/v casamino acids, 0.54% w/v Na,HPO,, 0.86% w/v NaH,PO,-H,0, 18.2% w/v sorbitol, 1.5%
w/v agar, all dissolved in deionized water) and incubated at 30°C for 40 h. Colonies were then collected in SD-CAA medium, centri-
fuged at 1700 x g for 5 min at room temperature, and resuspended in SD-CAA medium with 15% v/v glycerol such that ODggg was
50. Glycerol stocks were stored at —80°C until used.

Expression and purification of mini-HA and SI06 HA

Oligonucleotide encoding mini-HA #4900 protein® or SI06 HA was fused with N-terminal gp67 signal peptide and a C-terminal BirA
biotinylation site, thrombin cleavage site, trimerization domain, and a Hisg tag, and then cloned into a customized baculovirus transfer
vector.*® Recombinant bacmid DNA that carried the protein construct was generated using the Bac-to-Bac system (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Baculovirus was generated by transfecting the purified bacmid DNA into
adherent Sf9 cells using Cellfectin reagent (Thermo Fisher Scientific) according to the manufacturer’s instructions. The baculovirus
was further amplified by passaging in adherent Sf9 cells at a multiplicity of infection (MOI) of 1. Recombinant protein was expressed
by infecting 1 L of suspension Sf9 cells at an MOI of 1. On day 3 post-infection, Sf9 cells were pelleted by centrifugation at 4000 x g
for 25 min, and soluble recombinant protein was purified from the supernatant by affinity chromatography using Ni Sepharose excel
resin (Cytiva) and then size exclusion chromatography using a HiLoad 16/100 Superdex 200 prep grade column (Cytiva) in 20 mM
Tris-HCI pH 8.0, 100 mM NaCl. The purified protein was concentrated by Amicon spin filter (Millipore Sigma) and filtered by
0.22 um centrifuge Tube Filters (Costar). Concentration of the protein was determined by nanodrop (Fisher Scientific). Protein
was subsequent aliquoted, flash frozen in dry-ice ethanol mixture, and store at —80°C until used.

Biotinylation and PE-conjugation of mini-HA
Purified mini-HA was biotinylated using the Biotin-Protein Ligase-BIRA kit according to the manufacturer’s instructions (Avidity). Bio-
tinylated mini-HA was then conjugated to streptavidin—PE (Thermo Fisher Scientific) by incubating at room temperature for 15 min.

Fluorescence-activated cell sorting (FACS) of yeast display library

100 uL glycerol stock of the yeast display library was recovered in 50 mL SD-CAA medium by incubating at 27°C with shaking at
250 rpm until ODgog reached between 1.5 and 2.0. Then 15 mL of the yeast culture was harvested and pelleted via centrifugation
at 4000 x g at 4°C for 5 min. The supernatant was discarded, and SGR-CAA (2% w/v galactose, 2% w/v raffinose, 0.1% w/v
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D-glucose, 0.67% w/v yeast nitrogen base with ammonium sulfate, 0.5% w/v casamino acids, 0.54% w/v Na,HPO,4, 0.86% w/v
NaH,PO,-H,0, all dissolved in deionized water) was added to make up the volume to 50 mL. The yeast culture was then transferred
to a baffled flask and incubated at 18°C with shaking at 250 rpom. Once ODgqg reached between 1.3 and 1.6, 1 mL of yeast culture was
harvested and pelleted via centrifugation at 4000 x g at 4°C for 5 min. The pellet was subsequently washed with 1 mL of 1x PBS
twice. After the final wash, cells were resuspended in 1 mL of 1x PBS.

For expression sort, PE anti-HA.11 (epitope 16B12, BioLegend, Cat. No. 901517) that was buffer-exchanged into 1x PBS was
added to the cells at a final concentration of 1 pg/mL. For binding sort of the light chain variant library, PE-conjugated mini-HA
was added to washed cells at a final concentration of 30 nM. For Tite-Seq, cells were labeled with PE-conjugated mini-HA at
each of five antigen concentrations (one-log increments spanning 0.003 nM-30 nM). A negative control was set up with nothing
added to the PBS-resuspended cells. Samples were incubated overnight at 4°C with rotation. Then, the yeast pellet was washed
twice in 1x PBS and resuspended in FACS tubes containing 2 mL 1x PBS. Using a BD FACS Aria Il cell sorter (BD Biosciences)
and FACS Diva software v8.0.1 (BD Biosciences), cells in the selected gates were collected in 1 mL of SD-CAA containing 1x peni-
cillin/streptomycin. Single yeast cells were gated by forward scatter (FSC) and side scatter (SSC). Single cells were then gated by PE
anti-HA.11 for expression sort. For Tite-Seq, single cells were gated into three bins along the PE-A axis based on unstained and
CR9114 gHC controls, with bin 0 comprising all PE negative cells, bin 2 comprising PE positive cells with comparable expression
or binding affinity to the germline CR9114 positive population, and bin 1 comprising the intermediate population between bin
0 and bin 2. Cells were then collected via centrifugation at 3800 x g at 20°C for 15 min. The supernatant was discarded. Subse-
quently, the pellet was resuspended in 100 pL of SD-CAA and plated on SD-CAA plates at 30°C. After 40 h, colonies were collected
in 2 mL of SD-CAA. Frozen stocks were made by reconstituting the pellet in 15% v/v glycerol (in SD-CAA medium) and then stored at
—80°C until used. FlowdJo v10.8 software (BD Life Sciences) was used to analyze FACS data.

Next-generation sequencing of light chain variant library and CDR H3 library

Plasmids from the yeast cells were extracted using a Zymoprep Yeast Plasmid Miniprep Il Kit (Zymo Research) following the man-
ufacturer’s protocol. The CDR HS3 library was subsequently amplified by PCR using primers IGHV1-69-CDRH3-recover-F and
IGHV1-69-CDRH3-recover-R whereas the light chain variant library was amplified using primers IGHV1-69-Lightchain-recover-F
and IGHV1-69-Lightchain-R. Subsequently, adapters containing sequencing barcodes were appended to the amplicon using
primers 5'-AAT GAT ACG GCG ACC ACC GAG ATC TAC ACX XXX XXX XAC ACT CTT TCC CTA CAC GAC GCT-3/, and 5'-CAA
GCA GAA GAC GGC ATA CGA GAT XXX XXX XXG TGA CTG GAG TTC AGA CGT GTG CT-3'. Positions annotated by an “X” rep-
resented the nucleotides for the index sequence. All PCRs were performed using Q5 High-Fidelity DNA polymerase (NEB) according
to the manufacturer’s instructions. PCR products were purified using PureLink PCR Purification Kit (Thermo Fisher Scientific). The
final PCR products were submitted for next generation sequencing using NovaSeq SP PE250 (lllumina).

Computing the binding score, expression score, and apparent Kp values

The sequencing data were initially obtained in FASTQ format and subsequently analyzed using a custom python Snakemake pipe-
line.®' Briefly, PEAR was used for merging the forward and reverse reads.*” The number of reads corresponding to each variant in
each sample is counted. A pseudocount of 1 was added to the final count to avoid division by zero in downstream analysis. The bind-
ing and expression enrichment values of each variant var were computed as follows:

Countpg, (var)

enrichment(var) = |°910W

where the Countpg. (var) is the read count of variant var in the PE positive sample for a given binding or expression sort, while
Countpg _(var) is the read count of variant var in the PE negative sample. For the expression sort of the CDR H3 library,
Countpg, (var) is the read count of variant var in bin 2, whereas Countpg _(var) is the read count of variant var in bin 0. The binding
and expression scores for each variant var were further computed from the enrichment values as follows:

enrichment(var) — enrichment _ e control

score(var) = - :
enrichmentyr — enrichment_ ¢ control

where enrichment _ ¢ control IS the average enrichment value of the negative controls with stop codons and enrichmentyt is the enrich-
ment value of the WT. The final score for each variant var is the average of two biological replicates.

To compute apparent Ky value of each CDR H3 variant from the Tite-Seq data, we adopted the analysis approach as previously
described.?® Briefly, to determine the mean bin of PE fluorescence for each CDR H3 variant var at each mini-HA concentration, a
simple weighted mean calculation was applied:

Bin[HA] (var) = (i Ni,[HA] (var) * (I +1 )> / (i Ni,[HA] (var))

where N 4 (var) is the number of cells with CDR H3 variant var that fall into bin / at mini-HA concentration [HA]. This calculation
computes a weighted average by assigning integer weight to the bin .
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For each CDR H3 variant var, we estimated its sorted cell count N; ;1) (var) that corresponds to bin i at mini-HA concentration [HA]
as follows:

C,'7 [HA] (var)

N; var) = Ntotal, X
iHA ( ) HHA] Ctotal,'_[HA]

where variant read count C; 44 (var) is the read counts for CDR H3 variant var in bin i at mini-HA concentration [HA], Ctotal; 4 is the
total read counts for bin i at mini-HA concentration [HA], Ntotal; 14 is the total number of cells in bin i at mini-HA concentration [HA].

We then determined the apparent Ky, value for each variant Kp(var) HA via a nonlinear least-squares regression using a standard
non-cooperative Hill equation:

Binga(var) = a x [HA] )+b

(Kp(var)+[HA]

where free parameters a is titration response range and b is titration curve baseline.

CDR H83 variants with a total cell counts of less than 30 across bins 0 to 2 were discarded from our analysis. CDR H3 variants with an
apparent KD value < 10~8 and a p value >0.2 were also discarded. Light chain variants with an average occurrence frequency <0.2%
across different sorted populations were discarded from our analysis. Sequence logos were generated by Logomaker in Python.*®

Expression and purification of Fabs

The heavy and light chains of Fab were cloned into phCMV3 vector. Light chain mutants were generated using the QuikChange XL
Mutagenesis kit (Agilent) following the manufacturer’s instructions. The plasmids were co-transfected into Expi293F cells at a 2:1
(HC:LC) mass ratio using ExpiFectamine 293 Reagent (Thermo Fisher Scientific). At 7 days post-transfection, the supernatant
was collected, and the Fab was purified using a CaptureSelect CH1-XL Pre-packed Column (Thermo Fisher Scientific).

Biolayer interferometry binding assay

Binding assays were performed by biolayer interferometry (BLI) using an Octet Red96e instrument (FortéBio) at room temperature as
described previously.** Briefly, His-tagged mini-HA or SI06 HA proteins at 0.5 uM in 1x kinetics buffer (1x PBS, pH 7.4, 0.01% w/v
BSA and 0.002% v/v Tween 20) were loaded onto anti-Penta-HIS (HIS1K) biosensors and incubated with the indicated concentra-
tions of Fabs. The assay consisted of five steps: (1) baseline: 60 s with 1x kinetics buffer; (2) loading: 60 s with His-tagged mini-HA
proteins; (3) baseline: 60 s with 1 x kinetics buffer; (4) association: 60 s with Fab samples; and (5) dissociation: 60 s with 1x kinetics
buffer. Two to three Fab concentrations (33 nM, 100 nM and 300 nM) were used for the assay. For estimating the Kp, a 1:1 binding
model was used. In cases where 1:1 binding model did not fit well due to the contribution of non-specific binding to the response
curve, a 2:1 heterogeneous ligand model was used to improve the fitting.

QUANTIFICATION AND STATISTICAL ANALYSIS

Standard deviation for K estimation was computed by Octet analysis software 9.0. All statistical tests and correlation coefficients
were computed in R.
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