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Introduction
Influenza is a serious global health threat causing nearly 5 mil-
lion severe cases of illness and 650,000 deaths annually and 
particularly affecting individuals aged 65 years or older (1, 2). 
Among different types of influenza viruses, types A and B cur-
rently cause seasonal outbreaks in humans, yet influenza A  
viruses (IAVs) pose a greater threat of global pandemic, given 
their zoonotic potential (3, 4). IAVs consist of 8 negative-strand 
RNA segments that encode more than 10 proteins including nuc-
leoprotein (NP), matrix protein 1 (M1), and matrix protein 2 (M2) 
in addition to the highly variable surface glycoproteins hemag-
glutinin (HA) and neuraminidase (NA) (5, 6). The antigenic prop-
erties of HA and NA, which constitute the most antigenically vari-

able and immunogenic proteins in the virus, further classify IAV 
into group 1 (e.g., H1N1) and group 2 (e.g., H3N2) (7). Antibodies 
against HA, and to a lesser extent against NA (8–10), are the most 
widely used correlate of protective influenza immunity (11–14). 
In addition to HA and NA, the 23-aa ectodomain of M2 (M2e) 
is the third and least abundant surface-accessible polypeptide 
of the virus, and animal studies as well as limited clinical data 
with an anti-M2e mAb indicated that antibodies against M2e can 
confer protection against influenza challenge, most likely in an 
Fc-dependent manner (15–17). Internal influenza virus proteins, 
specifically NP (18, 19) and M1 (20), may also have some con-
tribution to protective adaptive immunity primarily via T cell–
dependent mechanisms (21–23), and for this reason, whether or 
not they should be included in vaccine candidates continues to 
be debated (24, 25). Currently, HA serves as the antigenic com-
ponent of seasonal influenza vaccines (26).

The majority of influenza deaths occur within the 65-and- 
older demographic despite higher rates of vaccination (~60%) 
(27). It is well established that the induction of protective immu-
nity to influenza, as well as to other vaccines, is lower among  
older adults (28, 29). At the serological level, the poorer efficacy 
of influenza vaccination manifests as a decreased abundance of  
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were identical in both seasons (Figure 1A and Supplemental Table 
1; supplemental material available online with this article; https://
doi.org/10.1172/JCI148763DS1). Blood samples were collected 
7–9 days (designated D7) and 21–28 days (designated D21) after 
vaccination to capture the peak peripheral plasmablasts and peak 
serum titers, respectively. Consistent with earlier observations 
(30, 31), we observed a statistically significant decrease in D21 
serum IgG binding titers against vaccine-H1 and vaccine-H3 when 
comparing the elderly group with the young group (Figure 1B). 
With 1 exception (donor 1131, 69 years of age), all other donors 
were seropositive (hemagglutination inhibition [HAI] titer ≥40) 
for either the H1N1 or H3N2 strain included in the vaccine or 
for both, while showing a different breadth for historical strains  
(Supplemental Figure 1A; donor 1131, although seronegative for 
the vaccine strains, was seropositive for historical strains, espe-
cially those of H3N2.

We determined the clonotypic composition of the serum 
antibodies against vaccine-H1 and vaccine-H3 by performing 2 
separate affinity pull-down assays with the respective immobi-
lized vaccine component and analysis via liquid chromatogra-
phy with tandem mass spectrometry (LC-MS/MS) (41, 45). Mass 
spectra were assigned by searching against donor-specific data-
bases obtained by high-throughput sequencing, and single-cell 
sequencing was performed in parallel to identify heavy- and 
light-chain pairing (VH:VL pair) for recombinant antibody expres-
sion (see Methods). We first analyzed the molecular features of 
the IAV vaccine–reactive serum antibodies. Recent reports indi-
cate that the variable heavy-chain (VH) SHM (Vshm) rates of total 
plasmablasts (i.e., not antigen sorted) do not change with age, 
whereas those of influenza-reactive plasmablasts decrease (33, 
40). Interestingly, we observed lower Vshm of the IAV vaccine–
reactive serum antibodies in the young group (7.8% ± 3.4%) rela-
tive to the elderly 65 group (8.6% ± 3.3%, P = 0.002) (Figure 1C).  
BASELINe, a Bayesian-based framework for quantifying selec-
tion from somatic mutation patterns (46), suggested higher 
antigen-driven selection in the young group among the vaccine- 
reactive serum antibodies (Figure 1D). This model calculates the 
likelihood of the observed versus the expected, normalized fre-
quency of nucleotide mutations in VH sequences, allowing the 
estimation of selection pressure among groups of VH sequenc-
es. In other words, the BASELINe analysis revealed that, while  
vaccine-induced serum antibodies accumulated a higher number 
of mutations in older donors, antigen-driven selection appeared to 
be stronger among individuals in the young group.

Clonal composition histograms for 2 representative donors, 33 
and 67 years of age, are shown in Figure 2A. In concordance with 
previous observations, the serum repertoire following vaccination 
(41, 45, 47, 48) was dominated by a small number of clonotypes, 
with the most prevalent clonotype accounting for greater than 
18% of the observed serum responses to the vaccine. We defined 
IgG clonotypes detected in both eluates from vaccine-H1 and  
vaccine-H3 affinity pull-down assays as vaccine-H1+H3 CR anti-
bodies (i.e., they bound to both vaccine-H1 and vaccine-H3). Those 
enriched only in vaccine-H1 or vaccine-H3 eluates were defined 
as vaccine-H1 or vaccine-H3 specific (Supplemental Data File 1). 
In the older donors, the serum response to the IAV vaccine was 
dominated by vaccine-H1+H3 CR antibodies (Figure 2B). Overall, 

vaccine-specific antibodies and lower neutralization titers against 
the vaccine strains (30–32), which are often concomitant with a 
greater binding breadth toward divergent HAs (33, 34). Several of 
the molecular underpinnings of immunosenescence in the context 
of influenza vaccination have been reported, including: (a) con-
traction of the naive repertoire; (b) a decline in activation-induced 
cytidine deaminase and also in somatic hypermutation (SHM) of 
the entire peripheral B cell repertoire; (c) a decline in the number 
of germinal centers (at least in animal models); and (d) increased 
frequencies of anergic or dysfunctional B cells including age- 
associated B cells (33, 35–39). In a recent study by Wilson and col-
leagues (40), analysis of approximately 1000 antibody sequences  
encoded by peak plasmablasts revealed a significantly higher 
rate of intraclonal diversification in young donors. In contrast, 
antibodies secreted by plasmablasts from the elderly appeared to 
arise predominantly through a recall response of memory B cells 
targeting highly conserved epitopes. Of note, our analysis of the 
molecular composition of the serological repertoire over 5 years of 
repeated vaccinations was also consistent with an increased prev-
alence or enhanced “imprinting” of antibodies against the more 
conserved stem region of HA (41).

Here, we compared the IgG serological repertoire in a cohort 
of young, late middle-aged, and elderly participants following  
vaccination with a split, inactivated egg-based vaccine (Fluzone). 
We found that the IgG response to the vaccine became increas-
ingly dominated by highly expanded antibody clonotypes that 
were cross-reactive (CR) between the group 1 and group 2 vaccine 
components, which, on average, accounted for more than 70% of 
the responses in the elderly donors. Analysis of CR serum mono-
clonal antibodies (s-mAbs) revealed that they overwhelmingly 
recognized conserved, non-HA influenza vaccine antigens that 
included internal viral proteins (NP and M1) and, surprisingly, 
a significant fraction of high-affinity s-mAbs bound to sulfated  
glycans that are prevalent on egg-produced proteins.

Results
Age-dependent features of the influenza A virus vaccine–reactive 
serum IgG repertoire after vaccination. We used the Ig-Seq experi-
mental pipeline to delineate the molecular features of the serum 
IgG repertoire reactive to each of the 2 inactivated influenza A 
virus (IAV) vaccine components as a function of age. A cohort of 
10 donors belonging to 3 age groups (young: 26–33 years old; late 
middle-aged: 57–61 years old; and the elderly: ≥65 years of age) 
received trivalent inactivated influenza vaccine (IIV3; Fluzone) 
based on the CDC’s age stratification (18–49, 50–64, ≥65 years 
old) (42). The relatively limited number of participants studied 
here was due to the labor- and time-intensive nature of Ig-Seq 
experiments, which require repertoire analysis with manual 
curation of protein spectral matches together with B cell recep-
tor sequencing (BCR-Seq) (43). The donors were selected from 
a cohort of 502 individuals who received either the 2013–2014 
or 2014–2015 vaccine from the Nuñez et al. study (44), based on 
the availability of post-vaccination PBMCs and sufficient amounts 
of sera for Ig-Seq analyses. Four of the donors were vaccinated in 
both the 2013–2014 and 2014–2015 seasons. All 3 components of 
the IIV3, namely H1N1 A/California/7/2009 (vaccine-H1), H3N2 
A/Texas/50/2012 (vaccine-H3), and B/Massachusetts/2/2012, 
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VH:VL pairs. Of the 19 verified vaccine-H1– or vaccine-H3–specific 
s-mAbs, 17 of 19 s-mAbs were further shown to bind to the respec-
tive recombinant HA (rHA), and 2 of 19 bound to recombinant NA. 
Among the vaccine-H1+H3 CR s-mAbs, 2 of 19 recognized both 
group 1 and group 2 rHAs from the vaccine strains, whereas 17 of 
19 s-mAbs bound to other components in the IAV vaccine, which 
are further described below. In summary, 19 of the 38 s-mAbs 
were HA specific, while the other 19 bound to other components 
in the vaccine (Figure 3A).

We examined the binding breadth of anti-rHA s-mAbs from 
the young and elderly groups (9 and 6 s-mAbs, respectively) 
using a large panel of rHAs from contemporaneous strains (H1: 
18 strains, H3: 41 strains) (Figure 3, B–E, and Supplemental Figure 
2A). In agreement with earlier findings (33, 34, 40), serum anti-
bodies from the elderly group had greater HA binding breadth 
than did those from the young group, with multiple s-mAbs from 
the elderly group recognizing the entire panel of the rHAs tested 
(Figure 3F).

Of note, 2 recombinant s-mAbs, 236_H1_1 and 236_H1_3 
(s-mAb nomenclature: donor_vaccination year (if applicable)_

vaccine-H1+H3 CR antibodies accounted for 13.1% ± 4.9% (mean 
± SD) in the young group, 65.0% ± 15.4% (mean ± SD) in the late 
middle-aged group, and 73.4% ± 18.3% (mean ± SD) in the elderly 
group. The similar levels of CR serum antibodies between the late 
middle-aged and elderly participants, as contrasted to the young 
participants, is not surprising, given the proximity of the ages of 
individuals in the late middle-aged and elderly groups. (Figure 
2C). The increased prevalence of vaccine-H1+H3 CR antibod-
ies in the serum repertoire of the older donors correlated with a  
higher frequency of CR clonotypes (i.e., an increase in the diver-
sity of vaccine-H1+H3 CR antibodies) (Supplemental Figure 1, B 
and C). Vaccination with the same IIV3 in the following season 
was accompanied by an increase in the fraction of vaccine-H1+H3 
CR antibodies, with young donors showing a more pronounced 
antibody expansion (Supplemental Figure 1D).

Biochemical and functional characterization of anti-HA s-mAbs. 
We recombinantly expressed a total of 38 s-mAbs identified from 
8 participants to validate their binding specificities and charac-
terize in greater depth (Supplemental Table 2). These were prior-
itized on the basis of their abundance in serum and availability of 

Figure 1. Age-dependent features of 
serological repertoire to the influenza 
A vaccine components. (A) Experimen-
tal design. Ten donors were vaccinated 
in the 2013–2014 and/or 2014–2015  
seasons with Fluzone trivalent inacti-
vated influenza vaccines (IIV3). Periph-
eral blood samples were collected on 
D7 and D21 after vaccination. Serum IgG 
was split and affinity purified against 
vaccine-H1 and the vaccine-H3 compo-
nents independently, processed into 
peptides, and then run using LC-MS/
MS. (B) Post-vaccination (D21) serum 
binding titer (EC50) against vaccine-H1 
and vaccine-H3 by age group. The 
mean ± SD is shown for each group 
(n = 10, n = 6, n = 12), with each data 
point representing the mean EC50. *P 
≤ 0.05, by Kruskal-Wallis test followed 
by Dunn’s post-hoc test. (C) Vshm 
rates of all identified vaccine-reactive 
clonotypes. Dotted lines represent 
the 25th and 75th percentiles, and 
dashed lines indicate the median. The 
mean ± SD for each group is shown (n 
= 416, n = 242, n = 411). **P ≤ 0.01, by 
Kruskal-Wallis test followed by Dunn’s 
post-hoc test. (D) Estimated selection 
pressure imposed on complementary 
determining regions (CDRs) and frame-
work regions (FRs) of the identified 
vaccine-reactive antibody sequences in 
different age groups using BASELINe.  
P < 0.004 by binomial test.
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was born (Supplemental Figure 2B). Although neither antibody 
had HAI activity, both showed neutralization activity against the 
vaccinal H1 strain A/CA/7/2009 in microneutralization assays. 
Interestingly, 236_H1_3 neutralized all the strains tested, includ-
ing A/Fort Monmouth/1/1947 (Supplemental Figure 2C). These 2 
antibodies, along with 2 other antibodies isolated from 2 elderly 
donors, shared the characteristic IGHV1-69 anti-stem signature 

Ig-Seq specificity_rank-ordered abundance in serum repertoire), 
from late middle-aged donor 236 were HA specific and corre-
sponded to the donor’s top first- and third-most abundant vaccine- 
H1–specific serum antibodies (accounting for 26% and 2% of 
the serum responses to vaccine-H1, respectively) (Supplemental 
Table 2). Both s-mAbs showed substantial breadth of HA binding 
to HA from historical strains dating back to 1947, before the donor 

Figure 2. Age-dependent increase in the vaccine-H1+H3 CR serological repertoire. (A) Clonal composition of the anti–vaccine-H1 serum antibody reper-
toire (rep.) in a representative young donor and a representative elderly donor. Vaccine-H1+H3 CR: antibody clonotypes were detected in both the anti–
vaccine-H1 and anti–vaccine-H3 repertoires. Vaccine-H1 specific: antibody clonotypes were detected only in the anti–vaccine-H1 repertoire. (B) Vaccine- 
H1+H3 CR and monovalent vaccine-specific serum response in all donors. Inner wheel: percentage of the serum repertoire of vaccine-H1+H3 CR (green)  
and vaccine-H1 specific-antibody clonotypes (blue) or vaccine-H3 specific-antibody clonotypes (orange). Outer wheel: relative abundance of each clonotype 
estimated from the LC-MS/MS peak area. (C) Scatter plot showing Spearman’s correlation coefficient (and 95% CI of the regression line) between the 
fraction of the vaccine-H1+H3 CR serum repertoire and age.
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different individuals that follow the same glycan binding pattern 
utilize the IGHV3–7 germline with a very short CDR-H3 (≤10 aa) 
and show relatively low-to-moderate Vshm with evidence of con-
vergent aa substitutions occurring in CDR-H1 or CDR-H2 (Figure 
4D), suggesting that they constitute a public clonotype.

In total, we determined the binding specificity of the set of  
vaccine-H1+H3 CR s-mAbs analyzed and found that approx
imately 45% recognized influenza antigens (NP, M1, or conserved 
epitopes on HA), while the remainder bound to the sulfated gly-
cans. Subsequently, we were able to assign the binding specificities 
for a significant portion of the overall antibody response in select 
donors. In donor 1074 (33 years of age), antibodies with known 
specificity comprised 65% of the observed serum repertoire to the 
vaccine-H1, and the response was dominated by anti-H1 HA anti-
bodies with a small contribution from anti-glycan s-mAbs (Fig-
ure 5A, left). In a 57-year-old donor (donor 236), antibodies with 
known specificity accounted for 57% of the serum repertoire, with 
an anti-NP clone accounting for 25% of the total response (Figure 
5A, middle). Finally, the repertoire of a 70-year-old donor (donor 
29; 61% serum IgG specificity determined) was dominated by an 
anti-M1 antibody, which accounted for 56% of the response, with 
only a few anti-H1 HA clonotypes (Figure 5A, right), consistent 
with the data presented in Supplemental Figure 1, B and C.

To further support the finding that the serum response to the 
vaccine in the elderly was dominated by antibodies that react to 
non-HA proteins and to sulfated glycan antigens, we compared 
the serum antibody repertoire with vaccine-H1 or vaccine-H3 
and determined the repertoire following affinity purification 
using rHA produced in insect cells by performing Ig-Seq on 2 
donors from the elderly group. Antibody clonotypes that bound 
to the vaccine but not to insect cell–expressed rHA (i.e., antibod-
ies that target non-HA components) accounted for between 67% 
(donor 1131) and an overwhelming 91% of the vaccine-H1+H3 CR 
response (donor 29) (Figure 5B). It is important to note, however, 
that even though in donor 29 the serum response to the vaccine 
was dominated by antibodies against proteins other than HA, 
the donor was still seropositive for H3 and had significant HAI 
breadth. This finding implies that the small fraction of the serum 
response to the vaccine that is HA specific may nonetheless be 
sufficient to confer significant HAI activity. Vaccination also 
boosted the serum titer against both glycans (i.e., allantoic fluid) 
and against NP (Figure 5, C and D).

Discussion
In an earlier repertoire profiling study of young adults following 
2011–2012 Fluzone vaccination, we reported that more than 75% 
of the serum response was rHA specific, whereas the rest targeted  
non-HA antigens present in the vaccine (45). Here, we confirm 
an HA-focused response in a separate cohort of young donors 
who received the 2013–2014 Fluzone vaccine (Figure 2, A and B). 
Importantly, however, we found that the serum response to the 
vaccine in older adults was dominated by antibodies that bound 
to both the H1N1 and H3N2 vaccine components and primari-
ly recognized conserved internal influenza proteins present in 
both vaccine components (Figures 4 and 5). Of note, the fraction 
of non-HA or NA in the serum response to IIV3 was higher than 
the fraction of such antibodies reported in an earlier analysis of 

reported previously (Supplemental Figure 2D) (49). The 2 antibod-
ies from the elderly donors competed for binding with a well-char-
acterized stem binding FI6 (50) (Supplemental Figure 2E).

A substantial fraction of vaccine-H1+H3 CR s-mAbs recognize 
rare sulfated glycans. Only 2 of the 19 vaccine-H1+H3 CR s-mAbs 
— 1074_13_H1_10 and 1117_13_CR_6 — bound to both group 1 
and group 2 HAs, as discussed above. Of the remaining 17 CR 
s-mAbs, 4 bound to NP and 2 to M1 (Figure 4A). The elicitation of  
non-HA antibodies in response to the vaccine was not unexpected, 
as NP and other conserved antigens are well known to be present 
in licensed split, inactivated influenza vaccines including Fluzone 
(51). Vaccinal influenza strains are made by inserting HA and NA 
genes of the identified strains using reverse genetics or reassort-
ment technology into egg-adapted A/Puerto Rico/8/34 for a high 
production yield (52). In other words, internal proteins from the 
A/Puerto Rico/8/34 strain are included in both vaccine-H1 and 
vaccine-H3. The anti-NP antibodies showed nanomolar KD by 
biolayer interferometry (BLI), whereas the 2 M1-specific antibod-
ies exhibited weak affinity (Supplemental Figure 3, A and B). We 
were unable to confirm the binding target of 29_CR_2, as it did not 
bind the recombinant HA, NP, or M1 proteins tested, however, we 
noticed that it shares 84.3% aa sequence identity with the previ-
ously reported human anti-M2e antibody 3136_G05 (15) (Supple-
mental Figure 3C).

The remaining 10 of the 19 vaccine-H1+H3 CR s-mAbs did not 
recognize rHA or any of the internal influenza proteins tested but 
bound tightly to denatured (boiled and reduced) vaccine-H3 with 
a low- to sub-nanomolar EC50 by ELISA (Figure 4B). We subject-
ed the denatured vaccine-H3 to trypsin treatment and then puri-
fied the resulting peptides; this treatment did not reduce binding 
for any of the 10 s-mAbs. However, this binding was abrogated  
following vaccine-H3 N-deglycosylated with peptide:N-glyco-
sidase F (PNGase F), indicating that these antibodies recognize 
glycans or glycopeptides. We found no evidence of polyspecificity 
with BSA or with human cell lysates. Additionally, we detected no 
binding by ELISA with rHAs expressed in either Sf9 or HEK293 
cells, suggesting that these s-mAbs recognize antigens that are 
more abundant in egg-prepared vaccine and not present in rHA 
expressed in insect or human cells. In support of this hypothesis, 
these 10 s-mAbs were found to bind to specific pathogen–free 
(SPF) and chemically deactivated chicken allantoic fluid. Allantoic 
fluid is the physiological equivalent of the mammalian amniotic 
fluid in birds and contains a high concentration of egg-derived gly-
coproteins but no influenza proteins (Figure 4B). For precise iden-
tification of the glycan structures recognized by these antibodies, 
we used a glycan array containing 585 synthetic glycans made 
available by the Consortium of Functional Glycomics (CFG) (53) 
and found that they targeted sulfated type Galβ1-4GalNAcβ and 
its variants including (6S) (4S), (4S), (6S), and (3S) (Figure 4C and 
Supplemental Table 3). This glycoform modification was report-
ed to be present on HA and NA from egg-produced influenza  
vaccines (54–58). Although antibodies targeting this glycoform 
on egg-produced influenza virus and in allantoic fluid had been 
generated in animals, to our knowledge, our study together with 
a study by Guthmiller. et al that appeared while this work was in 
press are the first reports of human mAbs against sulfated type 
Galβ1-4GalNAcβ (56, 57, 59, 60). Seven s-mAbs isolated from 6 
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peak plasmablasts following vaccination of an elderly cohort (40) 
(Figure 2A and Figure 5, A and B). Such disparity is not surprising, 
given the complex kinetics of plasmablast expansion following 
immunization and the fact that the day-21 post-vaccination serum 
response comprises antibodies contributed by both circulating 
plasmablasts and long-lived plasma cells (43, 47). The prove-
nance of serum antibodies from long-lived plasma cells might also 
account for our observation of a higher rate of Vshm in the elderly. 
In contrast, earlier reports have suggested that antibodies encoded 

by day-7 post-vaccination plasmablasts from that age group have 
the same or lower Vshms than those from younger donors (33, 40). 
Nonetheless, in agreement with analyses of antibodies encoded  
by peripheral B cells isolated by single-cell cloning (40), we found 
evidence for higher antigen-driven selection in serum antibodies 
in the young group (Figure 1D).

Although the antibody response to internal influenza proteins 
such as NP, M1, and M2 is routinely observed following infec-
tion or vaccination (19, 61–63), to our knowledge, the dramatic 

Figure 3. Characterization of rHA-binding s-mAbs identified from different donors. (A) Pie chart summarizing the binding specificity of recombinant 
s-mAbs. (B–E) HAI titer (B and D) and binding specificity (C and E) of anti-HA s-mAbs against rHAs from contemporary H1 strains or H3 strains are 
shown. (F) Comparison of the binding breadth of s-mAbs from the young and elderly cohorts. *P ≤ 0.05, by 2-tailed Mann-Whitney U test. The breadth 
is defined as the number of strains with detectable binding (EC50 ≤10 μg/mL) divided by the total number of tested strains. The mean ± SD is shown for 
each group (n = 10, n = 7).
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increase in the fraction of the serum response to such antigens 
with age has not been previously reported. We now show that in 
the serum response, many such antibodies recognized with high 
affinity sulfated glycans, such as sulfated type Galβ1-4GalNAcβ, 
that are present on egg-produced HA (a component of the Fluzone 
and other egg-derived vaccines), but not on rHA expressed either 
in insect or human cells. These antibodies bound sulfated glycans 
with high avidity, and, unlike many anti-glycan antibodies, they 
were not polyspecific, as they showed no reactivity to mamma-
lian cell lysates or BSA (Figure 4B). Additionally, they used pre-

dominantly IGHV3–7, had short CDR-H3 regions, and displayed 
relatively low Vshm, indicating that these sulfated glycan–binding  
antibodies probably belonged to public clonotypes. Along sim-
ilar lines, it is noteworthy that within the serum response, we 
observed evidence for both public antibodies and antibodies with 
stereotypic features, including, in addition to the aforementioned 
anti-glycan antibodies (Figure 4D), stereotypic antibodies against 
HA stem (Supplemental Figure 2, B–D). Joyce et al. (64) identified 
HA-neutralizing antibodies from multiple donors that had conver-
gent sequence motifs, and, separately, Boyd and coworkers (65) 

Figure 4. Characterization of s-mAbs that bind to sulfated glycans from egg components. (A) Analysis showed that 17 of 19 vaccine-H1+H3 CR s-mAbs 
bound to components other than HA. (B) Binding profile of putative avian glycan–specific antibodies. ELISA assays were performed using 100 nM recom-
binant s-mAbs with their respective antigens. Denaturation was performed by boiling with SDS, and N-deglycosylation was from treatment with PNGase 
F after denaturation. Trypsinization was performed after reduction and alkylation. The EC50 was determined with denatured vaccine-H3 as the antigen. 
A450, absorbance at 450 nm. (C) Glycan array binding specificity of 2 s-mAbs with the glycan-targeting IGHV3–7 signature. RFU values for the top 10 glycans 
(red) and unsulfated versions (black) are shown with the mean ± SD for 4 replicates. (D) Sequence alignments of IGHV3–7 putative avian glycan–specific 
antibodies from different donors.
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reported to elicit stronger responses to non-HA influenza pro-
teins compared with vaccination (34, 71, 72). Interestingly, peak 
plasmablasts with specificities for non-HA proteins are observed 
following vaccination either with an egg-based split vaccine (Flu-
zone) or an egg-based subunit vaccine (Fluvirin) (40). The expan-
sion of non–HA-reactive plasmablasts in the latter case may either 
be in response to small amounts of residual internal influenza 
proteins (51) or a consequence of bystander B cell stimulation, as 
reported recently (73). It needs to be determined whether anti-
bodies against sulfated glycans are boosted following vaccina-
tion with non–egg-based vaccines such as Flublok (insect) and  
FLUCELVAX (Madin-Darby canine kidney [MDCK]), acknowl-
edging that MDCK cells that have also been reported to express 
sulfated type Galβ1-4GalNAcβ glycans (74). Although the immu-
nological roles of the anti-glycan antibodies are to be determined, 
it is highly unlikely that they contribute to protection against 
human influenza viruses, which of course lack avian glycans. 
Overall, our results provide quantitative information on the degree 
to which the serological repertoire to the seasonal influenza vac-
cine in older adults is dominated by antibodies against conserved  
non-HA/NA antigens, including sulfated glycans that are preva-
lent in eggs. The focusing of a larger fraction of the repertoire in 
the older adults to non-HA antigens following a boost immuni-
zation may be contributing to the diminished adaptive immune 
response in the elderly. Along those lines, it would be of interest to 
compare and contrast in detail the breadth and quality of HA anti-
bodies in older adults following a subunit vaccine (Flublok), which 

noted convergent VDJ rearrangements in the peripheral B cell rep-
ertoire following influenza vaccination. Our data now suggest that 
convergent antibodies against various influenza vaccine antigens 
are also readily detectable in the circulation and therefore under-
score the notion that such antibodies are physiologically relevant. 
It should be noted that the B cells that encode public and stereo-
typical serum antibodies must not only derive from naive cells 
with the same or very similar rearrangements (which recent stud-
ies indicate occur at a small but significant frequency within the 
peripheral repertoire; refs. 66, 67), but they must also be selected 
for significant expansion and differentiation into antibody-secret-
ing cells, as required for the production of detectable levels of cir-
culating antibodies. Although we had noted the presence of 1 puta-
tive public serum antibody clonotype against tetanus in an earlier 
study (47), the results presented here suggest that public antibod-
ies may in fact be relatively common in the serological repertoire.

There is some evidence that antibodies against the less anti-
genically variable influenza proteins (i.e., NP and M2e) may be 
able to contribute to the protection via Fc effector mechanisms 
(i.e., ADCP and ADCC) in the mouse model of lethal influenza 
challenge (68, 69), but whether such antibodies are physiologi-
cally relevant in humans remains to be determined. Of note, non–
surface-exposed influenza proteins elicit strong CD4+ and CD8+ 
T cell responses that may be critical to protection (28, 51, 70). 
Therefore, more studies will be required to determine the impact 
of the increased serological response to non-HA/NA targets in the 
elderly on protection from infection. Natural infection has been 

Figure 5. Estimated contribution of non-HA response in the vaccine-induced serological repertoire. (A) Representative examples of antigen specifici-
ties for expressed serum antibody clonotypes in the repertoire of a young donor (donor 1074), a late middle-aged donor (donor 236), and an elderly donor 
(donor 29). (B) Overall fraction of the estimated non-rHA repertoire within the vaccine-H1+H3 CR repertoire in 2 elderly donors (donors 1131 and 29). v-H1, 
anti–vaccine-H1 repertoire; v-H3, anti–vaccine-H3 repertoire. (C) Endpoint binding titer in 8 donors before and after vaccination against the SPF, chemically 
inactivated chicken embryo allantoic fluid (n = 8). *P ≤ 0.05, by 2-tailed Wilcoxon signed-rank test. (D) Pre- and post-vaccination serum binding titer (EC50) 
against NP (n = 8). The endpoint titer was determined as the maximum serum dilution that showed a higher signal than the average + (3 × SD) of 4 blank 
wells by ELISA. **P ≤ 0.01, by 2-tailed Wilcoxon signed-rank test.
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sequencing was additionally performed by Atreca Inc. utilizing FACS-
based single-cell sorting into individual wells of microtiter plates (81).

Purification of total IgG from serum and subsequent digestion 
into F(ab′)2. Each serum sample (1–2 mL) was diluted 1:1 with 
Dulbecco’s PBS (DPBS) (Gibco, Thermo Fisher Scientific) and 
passed through a 2 mL protein G agarose (Pierce, Thermo Fisher 
Scientific) affinity column 3 times in gravity mode. The column 
was washed with 10 column volume (cv) DPBS and eluted with 5 
cv of 100 mM glycine-HCl (pH 2.7). The eluate was immediately 
neutralized with 1 mL of 1 M Tris-HCl (pH 8.0). Purified IgG was 
dialyzed into 20 mM sodium acetate (pH 4.5) overnight at 4°C and 
digested into F(ab′)2 with 1 mL immobilized pepsin resin (Pierce, 
Thermo Fisher Scientific) per 20 mg IgG for 6 hours on an inverter 
at 37°C. The digest was filtered with an Ultrafree-MC Centrifugal 
Filter Unit (MilliporeSigma) at 5000g for 2 minutes, and the filtrate 
was combined and adjusted to pH~7.

Antigen enrichment of F(ab′)2 and MS sample preparation. IIVs 
or rHAs were immobilized on separate columns for the antigen- 
specific F(ab′)2 enrichment as previously described (45). Briefly, A/
CA/07/2009 (H1N1) and A/TX/50/2012 (H3N2) vaccines were 
separately immobilized on N-hydroxysuccinimide–activated (NHS- 
activated) agarose resins (Pierce, Thermo Fisher Scientific) by over-
night rotation at 4°C. For rHA columns, A/CA/07/2009 (rH1) and 
A/TX/50/2012 (rH3) expressed from the insect-baculovirus system 
(Hi-5) were provided by Stephen Harrison (Harvard Medical School, 
Boston, Massachusetts, USA) (82). The coupled agarose resins were 
washed with DPBS, and unreacted NHS groups were blocked with 1 M 
ethanolamine, pH 8.3, for 30 minutes at room temperature. The beads 
were further washed with DPBS and packed into 2 mL chromatogra-
phy columns (Clontech). The columns were prewashed with 10 cv of 2 
M urea and equilibrated with 20 cv DPBS.

The F(ab′)2 sample was divided into equal volumes and applied to 
the individual immobilized columns in gravity mode. Flow-throughs 
were collected, and the columns were washed with 10 cv DPBS and 10 
cv diluted DPBS (1:2 in ddH2O). Antigen-enriched F(ab′)2 was eluted 
with 60 mM HCl (pH 1.7) in 0.75 mL fractions and neutralized with 
1 M NaOH/Tris. Flow-through and elution fractions were assayed 
by indirect ELISA with the corresponding IIV, and the depletion of  
ELISA signal in each flow-through sample was evaluated. Elution 
fractions showing greater than 0.1 A450 were pooled and concentrated 
under vacuum to a volume of approximately 0.1 mL and desalted into  
double-distilled H2O (ddH2O) using a 0.5 mL Zeba spin column 
(Pierce, Thermo Fisher Scientific). The desalted eluate was further 
concentrated to 50 μL under vacuum.

For each enrichment, elution and flow-through samples were 
denatured in 50% (v/v) 2,2,2-trifluoroethanol (TFE), 50 mM 
ammonium bicarbonate, and 10 mM DTT at 60°C for 1 hour, and 
then alkylated by incubation with 32 mM iodoacetamide (Milli-
poreSigma) for 1 hour at room temperature in the dark. Alkylation 
was quenched by the addition of 20 mM DTT. Samples were diluted  
10-fold with 50 mM ammonium bicarbonate and digested with 
trypsin (1:30 trypsin/protein) for 16 hours at 37°C. Formic acid was 
added to 1% (v/v) to quench the digestion, and the sample volume 
was reduced to approximately 100 μL under vacuum. Peptides 
were then bound to a C18 Hypersep SpinTip (Thermo Fisher Scien-
tific), washed 3 times with 0.1% formic acid, and eluted with 60% 
acetonitrile and 0.1% formic acid. C18 eluate was dried under vacu-

should not boost non–HA-reactive antibodies relative to inactivat-
ed vaccines. Findings from such studies will inform the design of 
more effective vaccine strategies for the elderly.

Methods
Study volunteers. Volunteers who were vaccinated in the 2013–2014 
(year 1) and/or 2014–2015 (year 2) seasons were included in the study 
during which the composition of vaccine remained identical (triva-
lent formulation of A/California/7/2009 [H1N1], A/Texas/50/2012 
(H3N2), B/Massachusetts/2/2012 [Yamagata lineage]). Volunteers 
between the ages of 18 and 64 years received the standard dose (15 
μg) or intradermal dose (9 μg) of inactivated influenza Fluzone  
(Sanofi Pasteur) vaccine (IIV-SD or IIV-ID), and participants over 65 
years of age were offered either IIV-SD or a high dose (60 μg) of Flu-
zone IIV (IIV-HD) (Supplemental Table 1). For this study, 10 volun-
teers of different ages were grouped into 3 age cohorts: young (26–33 
years old), late middle-aged (57–61 years old), and elderly (65 years or 
older). Two participants from the young cohort and 2 from the elderly 
cohort were vaccinated in both seasons. Blood was collected from the 
participants before vaccination (D0), 7–9 days after vaccination (D7: 
peak plasmablast), and 21–28 days after vaccination (D21: peak serum 
titer), and then aliquoted and stored at –150°C for future analysis. 
Blood samples were processed into PBMCs, and sera were processed 
as described below.

Library preparation and analysis for high-throughput sequencing 
of VH. Total RNA was isolated from D7 (D21 for donor 236) post- 
vaccination PBMCs using TRIzol Reagent (Invitrogen, Thermo Fisher  
Scientific) following the manufacturer’s instructions. To produce 
cDNA, 1 μg total RNA was reverse transcribed using SuperScript III 
Reverse Transcriptase (Invitrogen, Thermo Fisher Scientific) and  
oligo-dT primer (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. IgG VH transcripts were amplified using the Fast-
Start High Fidelity PCR system (Roche) with gene-specific primers as 
previously described (75). V genes were sequenced using an Illumina 
MiSeq instrument (2 × 300 bp paired-end reads). Sequences were 
annotated using IMGT/HighV-QUEST, version 1.6.7 (76). IAV-reac-
tive VH sequences were used to quantify the estimated selection pres-
sure using the BASELINe framework, which statistically compares the 
estimated frequency of replacement mutations with the observed, 
normalizing intrinsic biases coming from germLine sequences (46). 
Sequences were first grouped into clonotypes using a Hamming dis-
tance of 0.1, and then the clonotypes were analyzed with calcBaseline, 
grouped by age with groupBaseline, and plotted with plotBaselineD-
ensity from the SHazaM (version 0.1.11) package (77).

VH:VL-paired sequencing. High-throughput paired heavy- and light-
chain sequencing of D7 post-vaccination B cells was performed as pre-
viously described (78, 79). Briefly, single B cells were encapsulated in 
emulsion droplets using a custom flow-focusing apparatus. The drop-
lets contained lysis buffer and poly(dT) conjugated magnetic beads to 
capture mRNA from single B cells. The magnetic beads with mRNA 
were collected and emulsified to undergo overlap extension reverse 
transcription PCR (RT-PCR), in which the VH and VL transcripts were 
physically linked and amplified by xenopolymerase (RTX) (80). VH:VL 
amplicons were extracted, amplified by nested PCR, and sequenced 
using the Illumina MiSeq instrument (2 × 300 bp paired-end reads). VH 
and VL regions were amplified separately for the recombinant expres-
sion of mAbs. For donor 236 and donor 1074 samples, VH:VL single-cell 
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required a 90% or higher identity across the CDR-H3 amino sequence 
as measured by Levenshtein distance. High-confidence peptides  
identified by MS/MS analysis were mapped to clonotype clusters, 
and peptides uniquely mapping to a single clonotype were considered 
“informative.” The abundance of each antibody clonotype was calcu-
lated by summing the XIC areas of the informative peptides mapping 
to 4 or more aa of the CDR-H3 region (or ≥3 aa mapping to the begin-
ning of the CDR-H3, e.g., –CATK; i.e., CDR-H3 peptides). For each 
antibody clonotype, the most abundantly detected CDR-H3 peptide 
(in cases in which peptides from multiple somatic variants belonging 
to the same clonotype were detected) was used as a representative 
CDR-H3 sequence. Vshm rates for individual clonotypes were calcu-
lated by averaging the Vshm rates of all the VH sequences within each 
clonotype that contained the detected CDR-H3 sequences.

Clonotype abundance was calculated as the sum of the peptide 
abundances belonging to a clonotype. When multiple nonoverlapping 
tryptic peptides were available for a clonotype, 1 peptide was selected  
and used for the analysis to prevent double-counting. Clonotype 
abundances in elution samples were compared across antigens;  
clonotypes with ≥10-fold higher signal (abundance) for a single 
antigen were designated as specific (i.e., vaccine-H1 or vaccine-H3  
specific), and clonotypes with less than a 10-fold difference or with 
PSMs of 3 or higher for both antigens were considered CR (e.g., vac-
cine-H1+H3 CR). Remaining clonotypes followed specificities of the 
antigen with a higher PSM. Binding specificities were further vali-
dated through recombinant expression and reclassified via ELISA. 
Among the 22 putative vaccine-H1– or vaccine-H3–specific clono-
types expressed as s-mAbs, 3 were found through ELISA to actually 
bind to both vaccine-H1 and vaccine-H3 and were reassigned as vac-
cine-H1+H3 CR. All 3 of these antibodies were present at a very low 
abundance (<2%) in the anti–vaccine-H1 repertoire, and their low 
abundance may have interfered with their detection in the vaccine-H3 
affinity chromatography eluate because of the stochastic nature of 
data-dependent acquisition in LC-MS/MS (84).

Recombinant antibody synthesis, expression, and purification. Vari-
able heavy- and light-chain regions for select antibodies were codon 
optimized and synthesized as gBlocks (Integrated DNA Technologies) 
and cloned into a pcDNA3.4 vector (Invitrogen, Thermo Fisher Scien-
tific) or a pTT5-based mammalian cell expression vector containing 
human IgG1 heavy- and κ or λ light-chain constant regions, respec-
tively (41, 85). Heavy- and light-chain plasmids for each mAb were 
cotransfected into Expi293F or 293T cells (Thermo Fisher Scientific). 
After incubation for 5–6 days at 37°C with 8% CO2, the supernatant 
containing secreted antibodies was collected by centrifugation at 
4000g for 15 minutes at 4°C. Supernatant was filtered with 0.22 μm 
syringe filters (Sartorius) and then passed over a column with 0.5 
mL Protein G or A agarose resin (Pierce, Thermo Fisher Scientific) 3 
times to ensure efficient capture. After washing the column with 20 
cv DPBS, antibodies were eluted with 3 mL 100 mM glycine-HCl (pH 
2.7) and immediately neutralized with 300 μL 1 M Tris-HCl (pH 8.0). 
Antibodies were buffer exchanged into DPBS using Amicon Ultra-30 
centrifugal spin columns (MilliporeSigma).

ELISA. Antigens for ELISA assays, in addition to IIVs (vac-
cine-H1, vaccine-H3) and rHAs, included recombinant NP, M1, NS1 
(A/Puerto Rico/8/34/Mount Sinai H1N1 from Sino Biological), N1 
(A/California/04/2009 H1N1pdm09 from BEI resources), N2 (A/
Texas/50/2012 H3N2 from Sanofi-Pasteur), and allantoic fluid 

um centrifugation and resuspended in 50 μL in 5% acetonitrile and 
0.1% formic acid.

LC-MS/MS analysis. Samples were analyzed by LC-MS/MS on 
a Dionex Ultimate 3000 RSLCnano uHPLC system (Thermo Fisher 
Scientific) coupled to an LTQ Orbitrap Fusion Tribrid or a Velos Pro 
mass spectrometer (Thermo Fisher Scientific). Peptides were first 
loaded onto an Acclaim PepMap RSLC NanoTrap column (Dionex, 
Thermo Fisher Scientific) prior to separation on a 75 μm × 15 cm 
Acclaim PepMap RSLC C18 column (Dionex, Thermo Fisher Scientif-
ic) using a 5%–40% (v/v) acetonitrile gradient over 120 or 245 min-
utes at 300 nL/min. Eluting peptides were injected directly into the 
mass spectrometer using a nano-electrospray source. The instruments 
were operated in a data-dependent mode with parent ion scans (MS1) 
collected at 120,000 or 60,000 resolution. Monoisotopic precursor 
selection and charge state screening were enabled. Ions with a charge 
of +2 or higher were selected for collision-induced dissociation frag-
mentation spectrum acquisition (MS2) in the ion trap. Dynamic exclu-
sion was active with a 60 second or 45 second exclusion time for ions 
selected more than once or twice in a 60 second or 30 second window. 
Each sample was run 3 times to generate technical replicate data sets.

MS/MS data analysis. Donor-specific protein sequence databases 
were constructed using the donor’s VH sequences with 2 or more reads 
and were then concatenated to a database of background proteins 
comprising non–donor-derived VL sequences (HD1) (47), a consensus 
human protein database (Ensembl 73, longest sequence per gene), and 
a list of common protein contaminants (MaxQuant). Donor-specific 
spectra were searched against the corresponding donor-specific data-
bases using SEQUEST HT (Proteome Discoverer 1.4, Thermo Fisher 
Scientific). Searches considered fully tryptic peptides only, allowing 
up to 2 missed cleavages. A precursor mass tolerance of 5 ppm and a 
fragment-mass tolerance of 0.5 Da were used. Modifications of car-
bamidomethyl cysteine (static) and oxidized methionine (dynamic) 
were selected. High-confidence peptide-spectrum matches (PSMs) 
were filtered at a FDR below 1% as calculated by Percolator (q < 0.01, 
Proteome Discoverer 1.4, Thermo Fisher Scientific).

Iso/Leu sequence variants were collapsed into single peptide 
groups. For each scan, PSMs were ranked first by posterior error prob-
ability (PEP), then q value, and then finally based on XCorr. Only 
unambiguous top-ranked PSMs were kept; scans with multiple top-
ranked PSMs (equivalent PEP, q value, and XCorr) were designated 
ambiguous identifications and removed. The average mass deviation 
(AMD) for each peptide was calculated as described before (83) using 
data from all injections and the peptides with an AMD of greater than 
1.5 ppm were removed.

Peptide abundance was calculated from the extracted-ion chro-
matogram (XIC) peak area as described previously (47), using peak 
area values generated by the Precursor Ions Area Detector node in 
Proteome Discoverer. For each peptide, a total XIC area was calcu-
lated as the sum of all unique XIC areas of associated precursor ions, 
and the average XIC area across replicate injections was calculated 
for each sample. The peptide PSM was calculated as the sum of the 
aforementioned PSMs. For each antigen data set, the eluate and flow-
through abundances were compared, and peptides with ≥10-fold  
higher signal in the elution sample were considered antigen specific.

Clonotype indexing and peptide-to-clonotype mapping. VH seq
uences were grouped into clonotypes based on single-linkage hierar-
chical clustering as described previously (45, 47). Cluster membership 
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assay. Briefly, beads were suspended in 100 mM MES buffer, and 
10 mg/mL EDC and sNHS were added to the bead suspension and 
incubated on a rotating shaker at 600 rpm for 17 minutes in the dark. 
Then, the mixture was washed twice with ice-cold PBS (pH 7.4), and 
2 μg rHA was added to approximately 6.25 × 104 activated beads. The 
beads and rHA mixtures were incubated for 48 hours at 4°C in a dark 
on a shaker at 600 rpm. Glycine (100 mM) was added to quench the 
reaction, followed by a 24-hour incubation at 4°C in a dark on a shaker  
at 600 rpm. Finally, after 2 washes with PBS containing 1% BSA, the 
mixture was resuspended in PBS containing 1% BSA and 10% v/v 
glycerol. Individual rHA-bead complexes were then combined into a 
single mixture and aliquoted into 2 mL vials and stored away from 
direct light at –20°C. mAbs were 10-fold serially diluted (starting 
from 1–10 μg/mL) and allowed to incubate with the beads with con-
stant shaking (600 rpm) for 2 hours at 4°C. The plates were washed 
with PBST, and a biotinylated human-specific antibody against IgG 
(Jackson ImmunoResearch, catalog 109-065-008) was diluted in 
dilution buffer and added to the plates. The plates were incubated for 
40 minutes at 4°C, washed with PBST, and incubated with streptavi-
din and R-phycoerythrin conjugate (SAPE) diluted in dilution buffer. 
The plates were washed with PBST and read using a BioPlex 100/200 
bead array reader. The strength of antibody binding to the influenza- 
specific rHA was presented as a fluorescence intensity signal and 
then based on mAb titration converted to an EC50 titer (μg/mL). rHAs 
were expressed from either an insect-baculovirus system (Protein 
Sciences) or by HEK 293 cells in-house at Sanofi.

Glycan array experiment for glycan-binding mAbs. The glycan- 
binding specificity of antibodies was determined with the CFG  
Printed Array, version 5.4 (585 glycans) at the National Center for 
Functional Glycomics (NCFG). Briefly, antibodies were diluted to 
50 μg/mL in TSM binding buffer (20 mM Tris-HCl, pH 7.4, 150 mM 
NaCl, 2 mM CaCl2, 2 mM MgCl2, 0.05% Tween-20 and 1% BSA) and 
applied to the printed slide for 1 hour. The microarray slide was then 
rinsed 4 times in TSM wash buffer (TSM Binding buffer without BSA). 
Next, the fluorescently labeled anti–human IgG was diluted into TSM 
binding buffer and applied to the slide for 1 hour. After a series of final 
washing steps, the array was scanned with a GenePix 4300A microar-
ray scanner (Molecular Devices). Analysis was carried out using Gene-
Pix Pro 7.0 analysis software (Molecular Devices). Glycans were print-
ed on the array in replicates of 4, so relative fluorescence unit (RFU) 
values were determined by the average of the RFU values in each spot.

BLI. Assays were performed on an Octet Red96e instrument 
(FortéBio) using anti–hIgG Fc Capture (AHC) biosensors (FortéBio). 
Sensors were hydrated with kinetics buffer (PBS plus 0.02% 
Tween-20, 0.1% BSA and 0.05% sodium azide) for 10 minutes, and 
then the antibodies were immobilized to a response level of approxi-
mately 0.6 nm. The sensors were dipped into wells containing differ-
ent concentration of antigens (NP, M1, 2-fold diluted) for a 10-minute 
association including a reference well containing the kinetics buffer 
only. The dissociation was performed for 10 minutes in wells contain-
ing kinetics buffer. For duplicate measurements, regeneration was 
performed 5 times with 5 second injections into 10 mM glycine-HCl 
(pH 1.7). Data were subtracted by the reference and fit to a 1:1 binding 
model with Octet Data Analysis Software, version 11.1 (FortéBio) using 
the global fit. Average KD values and KD error of the duplicate measure-
ments are shown in the figures. For the competition assay, the first 
antibody (FI6v3) (50) was immobilized at 40 μg/mL for 10 minutes 

(SPF Chicken Embryo Allantoic Fluid, Chemically Inactivated, BEI 
Resources). N-deglycosylation of IIVs was performed with PNGase F 
(New England BioLabs [NEB]) following the manufacturer’s protocol. 
Briefly, IIVs (up to 20 μg) were reduced and denatured using glyco-
protein denaturing buffer, and then GlycoBuffer 2 and NP-40 were 
added with 5 μL PNGase F (all from NEB). The reaction was incubated 
at 37°C overnight to ensure complete N-deglycosylation. Trypsiniza-
tion was performed after denaturation and alkylation following the 
same protocol for F(ab′)2. Ninety-six-well EIA/RIA Assay Microplates 
(Corning) were coated with 4 μg/mL of the corresponding antigen at 
4°C overnight. The plates were washed with PBST (DPBS plus 0.05% 
Tween-20) and blocked with 2% milk in DPBS for 2 hours at room tem-
perature. After blocking, the plates were washed, and serially diluted 
recombinant antibodies or sera were added to the plates for 1 hour. 
The plates were washed again and 1:5000 diluted goat anti–human-
IgG Fc HRP-conjugated secondary antibodies (Invitrogen, Thermo 
Fisher Scientific, catalog A18829) were added for 1 hour. After a final 
wash, 50 μL TMB-Ultra Substrate (Thermo Fisher Scientific) was  
added to each well to develop, and 50 μL 2 M H2SO4 was added to 
quench the reaction. Absorbance was measured at 450 nm (OD450) 
using a TECAN M200 plate reader. Data were analyzed and fitted for 
EC50 if necessary using a 4-parameter logistic, nonlinear regression 
model in GraphPad Prism (GraphPad Software).

HAI assay. Influenza virus seed stocks used for HAI assays were 
obtained from the CDC. The HAI assay was performed following the 
standard methodology established by the WHO, which tests the quan-
tity of serum or mAb required to interfere with the agglutinating activ-
ity of 4 agglutinating units of virus. Briefly, 2× serial dilutions of serum 
or mAb were mixed with 4 HA units of virus, followed by addition of 
0.5% turkey red blood cells after a 1-hour incubation at room tempera-
ture. The HAI titer was determined as the lowest dilution of serum or 
concentration of mAb resulting in complete inhibition of HA.

Microneutralization assay. The microneutralization assay was per-
formed by Bioqual Inc., following standard operating procedure num-
ber BV-012 and the 2013 WHO Laboratory Procedures guidelines. 
Briefly, mAb was diluted to a starting concentration in assay diluent. 
Serial dilutions of mAb were incubated with influenza virus for 1 hour 
at 37°C before being transferred to 96-well plates with MDCK cells 
(American Type Culture Collection [ATCC]) with assay media con-
taining 1 μg/mL trypsin. After 2 days of incubation, influenza virus 
was detected by ELISA to calculate the virus neutralization endpoint 
antibody titer. Reference serum, virus back-titration, and preimmune 
serum pools were included as controls.

Antibody forensics assay. An antibody forensics assay was per-
formed to determine the ability of antigen-specific antibodies to bind 
to rHA coupled to Bio-Plex Pro magnetic COOH beads (Bio-Rad) (85). 
Each rHA is coupled to a predetermined bead using a modification 
of a coupling procedure described by Bio-Rad (catalog 171406001). 
Prior to coupling, the carboxyl groups on the surface of the beads are 
activated with a carbodiimide derivative, 1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide hydrochloride (EDC) (Life Technologies, 
Thermo Fisher Scientific). The unstable intermediate is stabilized in 
aqueous solutions using sulfo-N-hydroxysulfosuccinimide (sNHS) 
(Life technologies, Thermo Fisher Scientific). These intermediates 
react with primary amines of rHAs to form amide bonds. Each rHA 
was coupled to a unique bead, and then rHA/bead complexes were 
combined into a multiplex mixture and used in antibody forensics 
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