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Immune memory of a first infection with influenza virus estab-
lishes a lasting imprint. Recall of that memory dominates the
response to later infections or vaccinations by antigenically drifted
strains. Early childhood immunization before infection may leave
an imprint with different characteristics. We report here a com-
parison of imprinting by vaccination and infection in a small cohort
of nonhuman primates (NHPs). We assayed serum antibody
responses for binding with hemaglutinnins (HAs) both from the
infecting or immunizing strain (H3 A/Aichi 02/1968) and from strains
representing later H3 antigenic clusters (“forward breadth”) and
examined the effects of defined HA mutations on serum titers. Ini-
tial exposure by infection elicited strong HA-binding and neutraliz-
ing serum antibody responses but with little forward breadth; initial
vaccination with HA from the same strain elicited a weaker re-
sponse with little neutralizing activity but considerable breadth of
binding, not only for later H3 HAs but also for HA of the 2009 H1
new pandemic virus. Memory imprinted by infection, reflected in
the response to two immunizing boosts, was largely restricted (as in
humans) to the outward-facing HA surface, the principal region of
historical variation. Memory imprinted by immunization showed
exposure to more widely distributed epitopes, including sites that
have not varied during evolution of the H3 HA but that yield non-
neutralizing responses. The mode of initial exposure thus affects
both the strength of the response and the breadth of the imprint;
design of next-generation vaccines will need to take the differences
into account.
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ntigenic exposures determine the acquisition and develop-

ment of adaptive immunity. The humoral response in a
naive individual yields both antibody-secreting plasma cells that
recognize the new antigen and memory B cells that can respond
to future encounters with related antigens. The combination of
these two components can confer long-lasting protection against
antigenically stable pathogens. For antigenically diverse patho-
gens and those that evolve to evade immune pressure (e.g., in-
fluenza virus and HIV), serum responses often confer incomplete
immunity to future variants (1, 2).

The hemagglutinin (HA) and neuraminidase (NA) define the
serotype of an influenza virus isolate (3). Antigenic shifts occur
when novel animal influenza viruses can transmit to humans,
spread rapidly, and initiate pandemics, owing to absence of any
preexisting immunity (4, 5). Historically, the descendants of pan-
demic viruses have become endemic seasonal variants that un-
dergo antigenic drift as they evolve over time to evade dominant
human herd immunity (6, 7). For most adults, both processes have
shaped human immunity to influenza.

Immune memory causes a primary infection to impart an en-
during imprint (8-11). Despite a lifetime of repeated exposures
to divergent influenza viruses, the relative strength of an indi-
vidual’s immune response to vaccination or infection correlates
with the antigenic similarity of the vaccine or infecting strain to
that person’s initial exposure. Until recently, the first encounter
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was invariably an infection. Because of recent changes in vaccine
policy in the United States and Europe, infants and toddlers are
now encouraged to receive influenza vaccines before they ex-
perience an influenza infection (12, 13). We have little infor-
mation, however, about the immunological memory to influenza
virus established when the primary exposure is vaccination rather
than infection.

Using nonhuman primates (rhesus macaques) as a model, we
have examined how the mode of influenza exposure affects both
primary and secondary antibody responses. We found that an
initial exposure by infection elicited strong, strain-specific, HA-
binding, and neutralizing serum antibody responses. Initial ex-
posure by immunization with the HA protein from the strain
used in the infection arm of the study elicited relatively weaker
HA-binding responses that lacked neutralization potency but had
greater interseasonal forward breadth. Subsequent exposures, by
immunization, generated antibodies with increased interseasonal
breadth in infected animals and neutralizing activity in the initially
immunized monkeys. Initially infected macaques maintained re-
sponses that were strongly imprinted by the infecting strain, while
those initially immunized with protein retained a serum repertoire
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Immune memory causes the earliest infection by influenza vi-
rus to impart a lasting imprint on an individual’s response to
later influenza infections or vaccinations. Until recently, that
first exposure was always an infection. In the United States
and Europe, many infants and toddlers now receive an influ-
enza vaccine before they experience an infection. Because we
have little information about immune imprinting by initial ex-
posure to a vaccine, we have studied, in a nonhuman-primate
model, how the mode of initial exposure affects primary and
secondary antibody responses. Vaccination with influenza
hemaglutinnin (HA) protein and infection with a strain bearing
the same HA appear to leave distinct imprints—a difference, if
confirmed in humans, relevant for next-generation influenza
vaccine design.
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that cross-reacted with heterologous HAs. Moreover, the distri-
bution of epitopes bound by serum IgG was different in the two
cases. These data suggest that the mode of HA exposure influ-
ences its immune imprint and that next-generation vaccine design
will need to take this influence into account.

Results

Infection and Immunization Protocol. Six adult, rhesus macaques
were divided into two cohorts of three animals each (Fig. 1 and
SI Appendix, Table S1). We infected one cohort (the “infection
cohort”) with A/Aichi/02/1968(H3N2) (X31) (H3-HK-1968), with
one animal 6145 infected before T651 and T671 to ensure the
safety and efficacy of the infection protocol. The other, “immu-
nization” cohort received recombinant HA protein (rHA) ecto-
domain from H3-HK-1968 mixed with an oil-in-water adjuvant
containing TLR7/8 agonist R848 and TLR9 agonist CpG oligo-
nucleotides (14) (animals 7071, 7072, and 7073). This HA trimer is
similar to those delivered in recombinant flu vaccines and differs
from classical “split” vaccines that are extracted from virions and
retain a membrane spanning region. After periods of rest, the
animals in both cohorts were twice boosted with this same adju-
vanted rHA (Fig. 1). We obtained blood samples at specific time
points throughout the study.

We used the immune sera to follow the development and dy-
namics of the HA-directed humoral immune response. We chose
HA of the H3-HK-1968 isolate as the antigen in order to assay the
resulting immune sera against HA variants that had subsequently
arisen during more than 35 y of antigenic drift in humans (S
Appendix, Fig. S1). From 1968 to 2005, 73 amino acid substitutions
were acquired in the HA ectodomain, altering 14% of its amino
acid sequence. We produced a panel of 11 H3N2 rHAs that span
the defined antigenic clusters of this interval (S Appendix, Fig. S1)
(15). Our panel also included H1, H18, and influenza B rHAs and
matched H1 and influenza B viruses.

Primary Infection and Immunization Elicit Distinct Serum Responses.
Intracohort variability was low, and the immune signatures impar-
ted by infection and immunization were distinct. In the primary
response, all three animals in the infection cohort produced strong,
HA-binding antibody responses to H3-HK-1968, with a mean

A 6145 Yo

enzyme-linked immunosorbent assay (ELISA) titer at the peak of
the primary serum response (Fig. 24, peak 1) more than one log
higher than that of the animals in the immunization cohort. Ani-
mals in the infection cohort also had measurable neutralizing titers
to the 1968 strain (Fig. 2B, peak 1), while animals in the immuni-
zation cohort had neutralizing titers at or near the limit of detec-
tion. For neither group could we detect measurable neutralizing
titers to H3-VI-1975 and later isolates, indicating that the substi-
tutions acquired over a period of 7 y of antigenic drift were suffi-
cient to evade the neutralizing antibodies elicited by either route
(Fig. 1B and SI Appendix, Fig. S3).

Despite lower HA-binding titers to HA-HK-1968, animals in
the immunization cohort mounted responses with greater for-
ward, interseasonal breadth (Fig. 24 and SI Appendix, Fig. S2,
peak 1). Serum titers for drifted H3 isolates, covering 37 y of
antigenic drift, were similar to those for H3-HK-1968 and were
higher than the corresponding titers from the animals in the
infection cohort. Serum reactivity from infected animals declined
rapidly with increased drift (Fig. 24 and SI Appendix, Fig. S2).
This sensitivity to antigenic variation in the infection cohort was
evident even in the mean titer for the least drifted isolate, H3-
PC-1973, which was 17-fold lower than the titer for H3-HK-1968
(81 Appendix, Fig. S2). At the peak of the primary response, HA-
binding titers for HAs from viruses isolated after 1982 were at or
near the limit of detection.

Further Immunizations Elicit Strong Recall Responses. We subse-
quently immunized both cohorts with rHA H3-HK-1968, after a
period of rest, to examine recall from immunologic memory. We
used the homologous HA to maximize recall response. For both
cohorts, peak serum HA-binding titers (peak 2) to H3-HK-1968
exceeded those from the primary exposure (Fig. 2 and SI Ap-
pendix, Figs. S2 and S3). The boost was stronger in animals of the
immunization cohort, with secondary peak titers that were over
100 times greater than the primary peak titers (Fig. 24). Serum
titers of the infection cohort animals were boosted by about
25-fold. The secondary immunization also increased neutralizing
titers in both groups, particularly in the immunization cohort,
with neutralizing titers increasing from near the limit of detec-
tion at the primary peak by over 200-fold at the secondary peak,
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Fig. 1. Study timeline and overview. (A) The timing of infections (red downward arrows), immunizations (blue downward arrows), and blood draws (gray
circles) are shown along a timeline. The days, denoted with a “d,” beginning on the day of immunization or infection (d0), are indicated above each line. The
animals on each schedule are indicated. The time points to which each blood draw corresponds in subsequent analyses are indicated and abbreviated as
follows: time 0 (T0), peak 1 (p1), baseline 1 (b1), peak 2 (p2), baseline 2 (b2), and peak 3 (p3). (B) Tabulated version of the timeline in A.
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Fig. 2. Serologic profiles of infected and immunized cohorts. (A) Reactivities of the macaque sera to the indicated HA proteins were measured by ELISA and

the reciprocal serum titers are graphed. All ELISA data are in S/ Appendix, Fig. S2. (B) Neutralization of selected influenza viruses. Macaque sera were assayed
for neutralizing activity by microneutralization assay, and the reciprocal neutralizing titers graphed. All microneutralization data are in S/ Appendix, Fig. S3.
(C) Percent cross-reactivity of macaque serum. Using the averaged ELISA titers for each cohort, we calculated the percentage of the HA directed serum
response that reacted with heterologous HAs [(heterologous titer + H3-HK-1968 titer)*100]. All percent cross-reactivity data are in S/ Appendix, Fig. S4. For
each panel, the time points on the x axis correspond to Fig. 1 and are as follows: time 0 (T0), peak 1 (p1), baseline 1 (b1), peak 2 (p2), baseline 2 (b2), and peak
3 (p3). (D) Differences from A/Aichi/02/1968(H3N2), mapped to the HA structure (Protein Data Bank [PDB] 2VIU), are shown as yellow spheres. The HA head

domain is in dark gray; the stem, in light gray.

exceeding the peak titers in the infection cohort during the primary
response (Fig. 2B). The latter cohort also mounted a strong boost in
neutralizing titers above the primary peak, reaching secondary titers
10-fold higher than those for the immunization cohort.

For all six monkeys, the secondary immunization increased the
overall interseasonal breadth and the magnitude of ELISA titers
to heterologous HAs (Fig. 24 and SI Appendix, Fig. S2). The
relative broadening of serum reactivity was greater in the infec-
tion cohort, which had shown little forward breadth in the primary
response. For example, these monkeys had detectable HA-binding
titers to the most drifted variant, H3-WI-2005. Animals in the
infection cohort also gained modest serum reactivity to H1-CA-09
(SI Appendix, Fig. S2). These animals developed neutralizing titers
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to H3-VI-1975 that were similar to the primary HA-HK-1968 peak
neutralizing titers and had weak neutralizing activity against H3-PH-1982
(SI Appendix, Fig. S3). In the immunization cohort, peak reactivity
to H3-WI-2005 increased by about 25-fold, and reactivity to H1-CA-09
also increased modestly. Only one of the three animals developed
neutralizing titers to H3-VI-1975 (Fig. 2 and SI Appendix, Fig. S3)

Because the time interval between primary and secondary
exposures varied between groups, we boosted the animals again with
rHA from H3-HK-1968 a second time, roughly 7 wk after their sec-
ondary exposure. The response to the tertiary exposure was similar
to that of the secondary response (Fig. 2 and SI Appendix, Figs. S2
and S3). The timing of immunization does not appear to influence
the characteristics of resulting recall response.
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Infection Imparts a Strain-Biased Immune Imprint. We plotted, for
both cohorts, the percentage of the serum titer that cross-reacts
with heterologous HAs (heterologous HA titer divided by the
corresponding H3-HK-1968 titer and multiplied by 100). In the
infection cohort, the serum repertoire had little cross-reactivity
with heterologous HAs (Fig. 2C and SI Appendix, Fig. S4). Boosting
immunizations led to marginal increases. The immunization cohort
produced and maintained a higher proportion of cross-reactive
serum antibodies than the infection cohort. Repeated boosting
immunizations in the immunization cohort reduced the percentage
of cross-reactive serum antibodies, but cross-reactivity still remained
severalfold higher than the infection cohort (Fig. 2C and SI Appen-
dix, Fig. S4). Maintenance, for the duration of the study, of strain
specificity in the infection cohort and cross-reactivity in the im-
munization cohort suggests that a primary exposure may impart
an enduring immune imprint with distinct characteristics that
depend on its mode.

Infection Focuses Antibody Responses to the Variable Periphery of
the Receptor Binding Site (RBS). Sera from the two cohorts differ in
neutralization potency, strain specificity, and interseasonal breadth
of HA binding. Does the route of influenza exposure also influence
the distribution of targeted HA epitopes, as we might expect from
their differential exposure on virions and free HA trimer? We
produced a panel of six variants of the 1968 Hong Kong (X31) HA,
each with a set of mutations designed to disrupt the epitope of a
particular, well-characterized antibody (16, 17-23) (SI Appendix,
Fig. S5), and validated the designs by assessing binding with the
corresponding set of antibodies (SI Appendix, Table S2). We then
used this panel, augmented by trimeric, head-only constructs, to
probe serum reactivity for each of the animals and time points in
the study.

Sera from all three animals in the infection arm yielded similar
reactivity patterns. The variant with mutations encircling the RBS
(X31-mRBS) showed the greatest loss of binding with respect to
the wild-type HA; the head-interface variant (X31-mlInterface)
showed a smaller effect (Fig. 3 and SI Appendix, Fig. S6). By
contrast, the three animals in the immunization arm appeared to
have mounted more varied responses with respect to epitope
distribution. We found reduced binding to X31-mRBS only for
sera drawn after the secondary and ternary immunizations—i.e.,
the time points at which neutralizing titers became comparable to
those following infection and at which strain specificity became
more pronounced (Figs. 2B and 3 and SI Appendix, Fig. S6). For
all six animals, higher neutralizing titers and strain specificity
correlated with greater loss of affinity for the X31-mRBS HA.
We conclude that primary infection in these animals focused the
B cell immune response on epitopes in and around the RBS,
leaving an imprint that persisted even after repeated subsequent
vaccinations, while primary immunization with HA trimer elicited
antibodies with a wider epitope distribution. Correlation of neu-
tralization and X31-mRBS sensitivity is consistent with the low
neutralizing activity of stem- and head interface-directed anti-
bodies.

Discussion

Influenza infection presents the classic example of immune im-
printing, the basis of a phenomenon that T. Francis called “orig-
inal antigenic sin” (11). Recall of B cell memory established
during an initial exposure—and in some cases further affinity
maturation—appears to dominate any fresh, naive response to
subsequent exposure to a drifted strain. Many studies document
the immune imprints left by early influenza exposures in adoles-
cent and adult humans, all of whom were likely to have first ex-
perienced influenza by infection (1, 2, 24). Because childhood
vaccination did not become widely encouraged in the United
States until around the year 2000, we lack comparable molecular
analyses of the immune imprint left by immunization (12, 13). The
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results reported here are an attempt to compare imprinting by
infection and vaccination in a nonhuman primate model. In this
initial study, we used a small cohort of rhesus macaques; larger
studies will be necessary to add statistical significance to the trends
we describe.

After a first infection, the serum binding titer for the homol-
ogous HA rose more than two logs from the naive, preinfection
titer in all three animals, declined slightly over the ensuing 3-4
mo, and rose to almost four logs over preinfection after just a
single boosting immunization. A second boost merely compen-
sated for the waning titer during the interval after the first.
Vaccination produced a much more modest initial response than
infection, as expected for vaccinations in general, but a single
boost brought the binding titer to within about one log of the
infection-induced level. Neutralization titers for the homologous
virus followed similar patterns, but there was essentially no
measurable neutralizing response to vaccination until the first
boost, and only after the second boost did the mean titer for the
three animals in the initial-vaccination arm approach the mean
for the three initially infected ones.

We tested the forward breadth of the response to antigenically
drifted H3 variants with a panel of strains that sampled the
successive antigenic clusters since the H3 HA entered human
circulation in 1968. The pattern of serum titers following infec-
tion in these macaques recapitulates the observed evolution, in
response to herd immunity, of the H3 HA. The A/Port Chalmers/
1/1973 strain represents the first new antigenic cluster to appear
in the years following 1968, and the A/Victoria/3/1975 represents
the second (15). Sera from all three infected animals bound
weakly to HA from the former isolate and barely at all to HA from
the latter. Binding to the 1987 isolate in our panel was essentially
undetectable. Therefore, the mutations in HA that defined (his-
torically) the antigenic cluster containing A/Port Chalmers/1/1973
and that presumably were selected because they resisted neutral-
ization by prevalent antibodies, would likewise have produced
resistance to the initial response of the rhesus macaques in our
study. That is, the B cell arm of the rhesus macaque immune
system appears to have “seen” the 1968 HA in the same way as did
the B cell arm of the population-averaged human immune system
from 1968 to 2005.

The interseasonal breadth of response to monovalent vacci-
nation with recombinant HA followed a very different pattern.
Binding to all heterologous HAs in our panel of antibodies from
animals in the initially vaccinated group was nearly the same as it
was for the homologous antigen; that breadth even included HA
from the 2009 H1 new pandemic strain. Boosting the initially
infected animals by vaccination with recombinant protein brought
the breadth of response in that arm into concordance with its level
in the initially vaccinated arm. Thus, previous exposure by infec-
tion and consequent circulating antibody levels did not appear to
have any effect measurable by this assay on the outcome of the
boost. Childhood imprinting by infection in humans likewise ap-
pears not to affect the strength of the serum response to a first
vaccination later (25)

Unlike the binding titer, the neutralizing response in both arms
was quite narrow. Despite their substantial neutralizing response to
the homologous, 1968 strain, the infected animals had essentially
no neutralizing titer even for HA of A/Victoria/3/1975, only two
antigenic clusters removed from HA of the 1968 virus (15).
Boosting with protein produced a modest neutralizing titer for the
A/Victoria HA in the infected animals and in one of the vaccinated
animals, but almost no detectable interseasonal breadth beyond
the 7-y interval separating the 1975 isolate from A/Aichi/02/1968.

Can differential response to particular epitopes account for
the difference between binding and neutralization for the drifted
strains? The most likely explanation for the disparity, consistent
with our data on binding to mutated HAs, is that during infec-
tion, when virions are the principal immunogens, selective
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Fig. 3. Route of exposure influences the distribution of epitopes bound by serum antibodies. We produced a panel of seven HA variants each with mutations
that disrupt a single epitopic region, and trimeric HA head domains (3xHead) (S/ Appendix, Fig. S5). Using ELISA ED50s (S/ Appendix, Fig. S6), we calculated
and graphed the percent serum binding compared to wild-type H3-HK-1968. (A) The infected cohort. (B) The immunized cohort. For each graph panel, the
time points on the x axis correspond to Fig. 1 and are as follows: time 0 (T0), peak 1 (p1), baseline 1 (b1), peak 2 (p2), baseline 2 (b2), and peak 3 (p3). (C)
Locations of mutations mapped to the structure of the HA trimer (PDB 2VIU). Sites that were mutated are shown in spheres that are colored to match the key
for the graphs. The HA head domain is shown in dark gray, and the stem domain is shown in light gray. (Top) A side view of the molecule. (Bottom) A top view

of HA looking down upon the apex of the molecule and the receptor binding domain.

exposure of the outward-facing surface of the HA head focuses
the response on the well-studied epitopes, targets of neutralizing
antibodies, close to the RBS (26). Indeed, previous studies of the
contributions of specific mutations to the appearance of a new
antigenic cluster suggest that just one or a few key changes, es-
pecially in the periphery of the RBS, can account for the drift
(15, 27, 28). The dense packing of HA on a virion or at sites of
viral budding occludes many of the HA surfaces. The rHA im-
munogen we administered in this study was a soluble trimer and
similar to the immunogen in recombinant vaccines. Classical,
“split” flu vaccines deliver virion-extracted HA in heterogenous,
membrane-like contexts, including micellar “rosettes,” all of
which dilute the HA and probably create much greater access to
stem and interface epitopes than on virions (29). Unlike virion-
bound HA, vaccination exposes epitopes distributed across the
protein, including conserved surfaces on the stem and possibly at
the head interface. Antibodies directed at these epitopes do not
neutralize as defined by our single infectious cycle assay, although
they protect mice by Fc-mediated mechanisms (19, 20, 30, 31).
If confirmed by more extensive studies in humans, our ob-
servations have implications for the design, deployment, and
administration policy for improved influenza vaccines. The more
potently neutralizing sera following infection probably focused on
the antigenically variable, RBS periphery; the broader but non-
neutralizing responses following vaccination focused on more
conserved epitopes elsewhere on HA. Although the latter will not
impart sterilizing immunity, because they rely for protection on
Fc-mediated mechanisms that clear already infected cells (19, 20,
30, 31), they could reduce the severity of the infection and thus its
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pathogenic consequences. Judicious choices, for improved influ-
enza immunogens, of timing and route of exposure might imprint
on naive recipients a favorable balance of these qualities and boost
them in experienced vaccinees.

Methods

Animal Studies. Six adult rhesus macaques (Macaca mulatta) were housed at
BioQual and maintained in accordance with the Association for Accreditation
of Laboratory Animal Care guidelines at the NIH. Three animals were infected
with H3N2 A/Aichi/2/1968 influenza virus at 2.36 x 10° plaque-forming units
per animal in a divided dose; for each animal, half of the infectious dose was
given in 1 mL intranasally and the other half as 1 mL intratracheally. Animals
were monitored for signs of infection and no intervention was needed. For all
immunizations, animals were immunized intramuscularly with 100 pg of H3
A/Aichi/2/1968 recombinant protein per animal per time point given as 500-uL
total injection volume divided into two sites—250 pL each at right and left
quadriceps. The final immunization mixture contained 15% STS+R848+0CpG
adjuvant (same reference as above) (14) with the remaining volume being
sterile saline. Blood was collected in EDTA tubes per the schedule shown in
Fig. 1 and processed for plasma and cells, which were cryopreserved.

Serological Assays. ELISAs used recombinant HA proteins as described (32)
modified for detecting rhesus antibodies. Briefly, high-binding 384-well
microtiter plates were coated with recombinant HA protein at a final con-
centration of 2 pg/mL diluted in 0.1 M NaHCOs3 and incubated at 4 °C
overnight. The plates were washed with 1x phosphate-buffered saline (PBS)
containing 0.1% Tween 20 and blocked for 1 h using block buffer (40 g of
whey protein, 150 mL of goat serum, 5 mL of Tween 20, 0.5 g of NaN3, 40 mL
of 25x PBS, brought up to 1 L with water). Plates were washed, and 10 puL of
diluted plasma (starting at 1:30 and serially diluted in block buffer) was di-
rectly added to each well and incubated for 1.5 h. Plates were washed and
10 pL of horseradish peroxidase (HRP)-conjugated secondary antibody goat
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anti-monkey 19G heavy- and light-chain specific antibody (Jackson Immuno-
research) diluted in blocking buffer without NaN; at a 1:12,000 dilution was
added and incubated for 1 h. The plates were washed and developed with 3’,5-
tetramethylbenzidine substrate (KPL), plates for 15 min. Development was
stopped using 1% HCl (Fisher Scientific). Plates were read on a plate reader
(Molecular Devices) at 450 nm. The background for each analyte was deter-
mined based on nonimmune plasma. Midpoint (EDs) titers were calculated by
applying four-parameter logistic regression to the binding data using the drc
package in R (33).

Virus neutralization endpoint titers were determined using the influenza
microneutralization assay as described (34-38). Serum samples were heat
inactivated for 60 min at 56 °C and diluted 1:10 in virus diluent. Each sample
was then diluted twofold in virus diluent yielding a range of 1:10 to 1:1,280
in a flat-bottomed 96-well tissue culture plate. Samples were then mixed
equimolar with virus diluent containing 100 TCIDsq of each influenza virus of
interest. Control samples included known antisera and naive sera treated in
exactly the same manner as experimental samples. After virus addition,
samples are incubated for 60 min at 37 °C, 5% CO,. The 1.5e4 MDCK cells
(London strain; IRR FR-58) were added to each well. Plates were incubated
overnight at 37 °C, 5% CO,. Each well was aspirated, and cells were washed
one time with PBS. The PBS was aspirated. Then, 250 uL of —20 °C, 80%
acetone was added to each well, and plates were incubated at room tem-
perature for 10 min. The acetone was removed and plates air-dried. Each
well was washed three times with wash buffer. Primary antibody (Mouse
Anti-Influenza A NP, Millipore MAB8251; or Mouse Anti-Influenza B NP,
Millipore MAB8661) was diluted 1:4,000 in antibody diluent, and 50 uL was
added to every well. Plates were incubated for 60 min at room temperature.
Each well was washed three times with wash buffer. Secondary antibody
(goat anti-mouse + horseradish peroxidase; KPL 474-1802) was diluted
1:4,000 in antibody diluent, and 50 pL was added to every well. Plates were
incubated for 60 min at room temperature. Each well was washed five times
with wash buffer. One hundred microliters of substrate was added to every
well and incubated at room temperature. The reaction was stopped with
100 pL of 0.5 N sulfuric acid after apparent color change was observed in
virus-only control wells. Absorbance was read at 490 nM in an Synergy H1
automated microplate reader (BioTek Instruments). Wells with absorbance
values less than or equal to 50% of virus-only control wells were scored as
neutralization positive. Data were expressed as the geometric mean of the
reciprocal of the final dilution factor that was positive for neutralization. All
samples were assayed in at least duplicates.

Influenza viruses were propagated in embryonated specific-pathogen—free
chicken hen eggs or MDCK(CCL-34) cells as described (38). Reagents obtained
through BEI Resources, National Institute of Allergy and Infectious Diseases
(NIAID), NIH, include the following: influenza A viruses A/Aichi/2/1968 (H3N2)
NR-3177; Kilbourne F123: A/Victoria/3/1975 (HA, NA) x A/Puerto Rico/8/1934
(H3N2), Reassortant X-47 NR-3663; Kilbourne F118: A/Port Chalmers/1/1973
(H3N2) x A/Puerto Rico/8/1934, Reassortant X-41 NR-3575; Kilbourne F148:
A/Texas/1/1977 x A/Puerto Rico/8/1934, Reassortant X-61 NR-3633; Kilbourne
F156: A/Bangkok/1/1979 (H3N3) x A/Puerto Rico/8/1934, Reassortant X-73 NR-
3515; Kilbourne F73: A/Beijing/353/1989 (H3N2) x A/Puerto Rico/8/1934, Reas-
sortant X-109 NR-3508; A/Philippines/2/1982 (H3N2) NR-28649; Kilbourne F178:
A/Shanghai/11/1987 (HA, NA) x A/Puerto Rico/8/1934 (H3N2), High Yield,
Reassortant X-99a NR-3505; Kilbourne F86: A/Johannesburg/33/1994 (HA,
NA) x A/Puerto Rico/8/1934 (H3N2), Reassortant X-123a NR-3580; Kilbourne
F97: A/Moscow/10/1999 (HA, NA) x A/Puerto Rico/8/1934 (H3N2), Reassortant
X-137 NR-3587; A/California/04/2009 (H1N1)pdm09, cell isolate (produced in
eggs) NR-13659; polyclonal influenza virus, A/Aichi/2/1968 (H3N2) serum
(guinea pig), NR-3126; NR-4282. Influenza A virus A/Wisconsin/67/2005 (H3N2),
FR-397; influenza B virus B/Phuket/3073/2013 FR-1364, and MDCK London cells
(FR-58) were obtained through the International Reagent Resource (for-
merly the Influenza Reagent Resource), Influenza Division, World Health Or-
ganization Collaborating Center for Surveillance, Epidemiology and Control of
Influenza, Centers for Disease Control and Prevention.
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Cell Lines. Human 293F cells were maintained at 37 °C with 5% CO, in
FreeStyle 293 Expression Medium (Thermo Fisher) supplemented with pen-
icillin and streptomycin. High Five Cells (BTI-TN-5B1-4) (Trichoplusia ni) were
maintained at 28 °C in EX-CELL 405 medium (Sigma) supplemented with
penicillin and streptomycin.

Recombinant HA Expression and Purification. All wild-type recombinant (HA)
constructs were expressed by infection of insect cells with recombinant bacu-
lovirus as previously described. In brief, synthetic DNA corresponding to the full-
length ectodomain were subcloned into a pFastBac vector modified to encode a
C-terminal thrombin cleavage site, a T4 fibritin (foldon) trimerization tag, and a
6xHis tag (19, 39). The resulting baculoviruses produce HA-trimers. Supernatant
from recombinant baculovirus infected High Five Cells (Trichoplusia ni) was
harvested 72 h postinfection and clarified by centrifugation. Proteins were
purified by adsorption to cobalt-nitrilotriacetic acid (Co-NTA) agarose resin
(Clontech), followed by a wash in 10 mM Tris-HCl, 150 mM Nadcl at pH 7.5
(buffer A), elution in buffer A plus 350 mM imidazole (pH 8) and gel filtration
chromatography on a Superdex 200 column (GE Healthcare) in buffer A.

HA proteins for immunization were prepared in buffers made with
endotoxin-free water (HyClone HyPure Cell Culture Grade Water; SH30539.03).
Following gel filtration, the tags were removed using thrombin protease
(Thrombin CleanCleave Kit; Sigma; catalog #RECOMT-1KT) and the protein
repurified on Co-NTA agarose to remove the protease, tag, and uncleaved
protein. The protein was concentrated and buffer exchanged into Endotoxin-
Free Dulbecco’s PBS (EMD Milipore; TMS-012-A) and further purified using gel
filtration chromatography on Superdex 200 (GE Healthcare) in PBS to further
remove impurities. Endotoxins were removed using Pierce High Capacity En-
dotoxin Removal Spin Columns (catalog #88274). Proteins were then concen-
trated and sterile filtered.

All mutant HAs were produced from synthetic DNAs that corresponded to
the to the full-length ectodomain (FLsE) or the globular HA-head. These
were cloned into a pVRC vector that has been modified to encode a
C-terminal thrombin cleavage site, a T4 fibritin (foldon) trimerization tag,
and a 6xHis tag. The resulting proteins are rHA trimers and trimeric HA
heads. All were produced by polyethylenimine-facilitated, transient trans-
fection of 293F cells that were maintained in FreeStyle 293 Expression Me-
dium. Transfection complexes were prepared in Opti-MEM and added to
cells. Supernatants were harvested 4-5 d posttransfection and clarified by
low-speed centrifugation. Subsequent purification was then identical to
those for wild-type insect cell-produced HAs.

Recombinant 1gG Expression and Purification. The heavy chain variable do-
mains of selected antibodies were cloned into a modified pVRC8400 ex-
pression vector to produce a full-length human IgG1 heavy chain (39). IgGs
were produced by transient transfection of 293F cells as specified above.
Five days posttransfection, supernatants were harvested, clarified by low-speed
centrifugation, and incubated overnight with Protein A Agarose Resin (Gold-
Bio). The resin was collected in a chromatography column, washed with a
column volume buffer A, and eluted in 0.1 M glycine (pH 2.5), which was im-
mediately neutralized by 1 M Tris(hydroxymethyl)aminomethane (pH 8). Anti-
bodies were then dialyzed against PBS, pH 7.4.

Data Availability. All study data are included in the article and/or S/ Appendlix.
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