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Influenza virus vaccination strategies are focused upon the elicitation of protective antibody responses through administration
of viral protein through either inactivated virions or live attenuated virus. Often overlooked in this strategy is the CD4 T cell re-
sponse: how it develops into memory, and how it may support future primary B cell responses to heterologous infection.
Through the utilization of a peptide-priming regimen, this study describes a strategy for developing CD4 T cell memory with the
capacity to robustly expand in the lung-draining lymph node after live influenza virus infection. Not only were frequencies of
antigen-specific CD4 T cells enhanced, but these cells also supported an accelerated primary B cell response to influenza virus-
derived protein, evidenced by high anti-nucleoprotein (NP) serum antibody titers early, while there is still active viral replication
ongoing in the lung. NP-specific antibody-secreting cells and heightened frequencies of germinal center B cells and follicular T
helper cells were also readily detectable in the draining lymph node. Surprisingly, a boosted memory CD4 T cell response was
not sufficient to provide intermolecular help for antibody responses. Our study demonstrates that CD4 T cell help is selective
and limiting to the primary antibody response to influenza virus infection and that preemptive priming of CD4 T cell help can
promote effective and rapid conversion of naive B cells to mature antibody-secreting cells.

Ongoing efforts to curtail the ever-present threat of influenza
virus infection by either pandemic or more common sea-

sonal strains are largely hinged upon vaccination with trivalent
inactivated virus (TIV) or live attenuated influenza virus (LAIV)
vaccine (1). While both of these strategies are generally efficacious
(2–4), there are often gaps in protection that influenza virus can
widen and exploit, such as in the case of a pandemic or antigenic
drift. When protection fails, clearance of the virus and recovery
from infection are predicated upon the adaptive responses and
depend upon the timely expansion of effector CD8 and CD4 T
cells as well as helper CD4 T cells and B cells. Though CD4 and
CD8 T cell responses can result in viral clearance without a sup-
porting antibody response (5, 6), the primary B cell response has
been very closely associated with protection (7–10). Given the
important function B cells have in disease amelioration, it follows
that the CD4 T helper response is equally essential. Many studies
have documented the essential role of helper cells in the establish-
ment of a protective antibody response; without CD4 T cells, B cell
responses are suboptimal, leading to delayed clearance of virus
(11–13).

CD4 T cells are an obligate participant of the germinal center
(GC) response that is necessary to establish high-affinity, class-
switched memory B cells and antibody-secreting plasma cells (14–
17). CD4 T cells also provide both direct and indirect support to
the extrafollicular response that results in a rapid release of influ-
enza virus-specific antibody (15, 18). Central to this provision of B
cell help is the follicular T helper (Tfh) cell that is characterized by
expression of CXCR5, a chemokine receptor that licenses CD4 T
cell access to the B cell zone, where antigen-engaged B cells are
positioned, via responsiveness to CXCL13 (14, 19, 20).

Though the primary CD4 T cell response to infection is capable
of supporting B cell responses, it is less clear what specific role
memory CD4 T cells have in a primary humoral response to a
complex pathogen. The issue of whether CD4 frequency is predic-
tive of a B cell response has yet to be well established though recent

evidence is accumulating that suggests a close relationship (21,
22). Endogenous or adoptively transferred memory CXCR5�

CD4 T cells can accelerate the B cell response to a model protein
antigen (23) and have also been shown to have “superior” func-
tionality in the lymph node (LN) and lung of infected mice (24).
In humans, CXCR5-expressing cells in the blood are functionally
related to Tfh cells, perhaps representing the memory component
of these B cell helpers (25, 26). The B cell-helping capacity of this
T cell memory population highlights a potential mechanism for
accelerating the primary B cell response to influenza virus infec-
tion. Previous studies addressing memory CD4 T cell help for B
cells have been somewhat hindered by the difficulty in unlinking
development of T cell memory from B cell memory and by limi-
tations on studying help in the context of infection. By selectively
priming the CD4 T cell arm of memory, an expanded population
of cells with helper capacity could be established, and its role in the
primary B cell response to infection can be more clearly defined.

We have previously shown that the primary CD4 T cell re-
sponse to live influenza virus infection is abundant and highly
diverse, consisting of more than 100 different epitopes occupying
a sizeable portion of the total lymphoid CD4 T cell compartment.
Therefore, it was uncertain whether CD4 T cell help is a detectably
limiting factor in the B cell response to virus infection. By utilizing
a peptide-priming strategy designed to generate influenza virus-
specific CD4 T cells without providing epitopes for B cell activa-
tion, we generated CD4 memory unlinked to B cell memory. After
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subcutaneous immunization with influenza virus-derived pep-
tides and subsequent infection, we show that peptide priming
leads to the generation of influenza virus-specific memory CD4 T
cells that can influence the rate of the primary B cell response to
live infection. These accelerated kinetics of the CD4 T cell and B
cell responses led to early increased serum titers of virus-specific
antibody and increased frequencies of antibody-secreting cells,
germinal center B cells, and follicular T helper cells. Surprisingly,
examination of the ability of antigen-specific memory CD4 T cells
to provide help to B cells of an alternate protein specificity showed
that this is likely a very inefficient process that results in a minimal
degree of intermolecular help. Taking these observations together,
we demonstrate that CD4 T cell help is a limiting factor for the
kinetics and magnitude of the early B cell response to infection and
that provision of this help is highly selective with regard to antigen
specificity, highlighting the role that memory CD4 T cells can play in
protective immune responses to novel influenza viruses.

MATERIALS AND METHODS
Influenza virus. Influenza A/New Caledonia/20/99 virus was prepared in
the allantoic cavity of embryonated chicken eggs, as described previously
(27). The infectious dose used per mouse was 5 � 104 50% egg infective
doses (EID50) in 30 �l of phosphate-buffered saline (PBS) delivered in-
tranasally.

Mice. Female SJL (I-As) mice were purchased from the National Can-
cer Institute—Frederick (Frederick, MD). Mice were maintained in a spe-
cific-pathogen-free facility at the University of Rochester, according to
institutional guidelines specified by the University Committee on Animal
Resources, and used at 7 to 16 weeks of age. Mice in all groups were age
matched.

Immunization and influenza virus infection of mice. Mice were im-
munized in each hind footpad with 50 �l of an influenza virus-derived pep-
tide pool emulsified in Incomplete Freund’s Adjuvant (IFA; Sigma-Aldrich)
and 0.6 �g/ml lipopolysaccharide (LPS; Sigma-Aldrich). The peptide pool
contained either five or six nucleoprotein (NP)-derived or hemagglutinin
(HA)-derived immunogenic peptides, respectively, at concentrations of 5
nM. Peptides used in this study include the following: NP 97, YKRVDGKW
VRELVLYDK; NP 270, VAHKSCLPACVYGPAVA; NP 342, RVSSFIRGTR
VLPRGKL; NP 438, SDMRAEIIKMMESARPE; NP 444, IIKMMESARPEEV
SFQG; 6, HA 120, EQLSSVSSFERFEIFPK; HA 126, SSFERFEIFPKESSWPN;
HA 132, EIFPKESSWPNHTVTGV; HA 144, TVTGVSASCSHNGKSSF; HA
334, LRNIPSIQSRGLFGAIA; HA 386, NAINGITNKVNSVIEKM. Numbers
indicate residue positions within the protein sequences. As a control, a group
of mice were immunized with emulsion of IFA and LPS. After 4 weeks, mice
were anesthetized by intraperitoneal injection with Avertin (2,2,2-tribromo-
ethanol) at a dose of 200 to 250 �l per mouse. Mice were infected intranasally
with 5�104 EID50 of A/New Caledonia/20/99 in 30�l of phosphate-buffered
saline (PBS). Mice were euthanized on day 5, day 7, and day 10 postinfection;
spleen and popliteal and mediastinal lymph nodes (PLNs and MLNs, respec-
tively) were excised and used as a source of CD4 T cells for in vitro assays, as
described below. Serum was collected from individual mice by cardiac punc-
ture or by submandibular bleed.

Synthetic peptides. Peptides used for enzyme-linked immunosorbent
spot (ELISPOT) assays were derived from a set of 17-mer peptides, over-
lapping by 11 amino acids, that encompassed the entire sequence of hem-
agglutinin (HA) from influenza A/New Caledonia/20/1999 virus (H1N1)
and nucleoprotein (NP) from influenza A/New York/348/2003 virus
(H1N1), as previously described (28, 29). The amino acid sequence for NP
protein is highly conserved between this virus and A/New Caledonia/20/
99. Peptide arrays were obtained from the NIH Biodefense and Emerging
Infections Research Repository (NIAID) as follows: NR-2602 for the HA
protein of A/New Caledonia/20/1999 and NR-2611 for the NP protein of
A/New York/348/2003. Peptides were reconstituted at 10 mM in PBS with
or without added dimethyl sulfoxide to increase solubility of hydrophobic

peptides and 1 mM dithiothreitol for cysteine-containing peptides. Single
peptides were used at a final concentration of 10 �M, and peptide pools
were used at a final concentration of 2 �M for each peptide in the pool.

ELISPOT assays for cytokine-secreting cells. As described previously
(28), CD4 T cells were analyzed for abundance and specificity using cyto-
kine ELISPOT assays. Briefly, mice were euthanized at the indicated times
postinfection (Fig. 1A and throughout Results), and single-cell suspen-
sions from spleen, mediastinal lymph nodes, and popliteal lymph nodes
were collected and processed in culture medium (Dulbecco’s modified
Eagle’s medium [DMEM] supplemented with 10% fetal bovine serum
[FBS]). Splenocytes were depleted of red blood cells by treatment with
ACK lysis buffer (0.15 M NH4Cl, 1 mM KHCO3, 0.1 mM Na2EDTA in
H2O, pH 7.2 to 7.4) for 5 min at room temperature and then washed and
enriched for CD4 T cells by antibody and complement-mediated lysis.
Monoclonal antibody-producing cell lines obtained from the American
Type Culture Collection included 3.155 (anti-CD8), RA3/3A1/6.1 (anti
B220), and 10.2.16 (anti-I-As) for SJL mice. After incubation for 30 min at
4°C with the monoclonal antibodies at 2 � 107 cells/ml, cells were washed
and resuspended in a 1:20 dilution of guinea pig complement (Low Tox
M; Cedarlane Laboratories, Burlington, NC) at a concentration of 2 � 107

cells/ml and incubated at 37°C for 30 min. Viable cells were purified by
density gradient centrifugation with Lympholyte-M (Cedarlane Labora-
tories). Ninety-six-well MultiScreen HTS filter plates (Millipore, Billerica,
MA) were coated with 2 �g/ml of purified rat anti-mouse gamma inter-
feron (IFN-�) (clone AN18; BD Bioscience, San Jose, CA) in PBS at room
temperature for 2 h or overnight at 4°C. Plates were washed and blocked
for 1 h at room temperature with culture medium. CD4 T cells (various
graded doses up to 300,000 cells to maximize plate spot readability) were
cocultured with syngeneic splenocytes as antigen-presenting cells (APC;
500,000 cells) and recall peptides in a total volume of 200 �l for 16 to 18 h
at 37°C and 5% CO2. Plates were washed and developed using a Vector
Blue Substrate Kit III (Vector Laboratories, Burlingame, CA) prepared in
100 mM Tris, pH 8.2. After being dried, the plates were processed for spot
counting using an Immunospot Reader Series 2A with Immunospot soft-
ware, version 3.2 (Cellular Technology, Ltd., Cleveland, OH). Data were
calculated and presented as spots per million CD4 T cells, with back-
ground values subtracted.

Antibody ELISAs. Mouse sera were collected from individual mice,
and NP protein- and HA protein-specific antibodies were determined by
an enzyme-linked immunosorbent assay (ELISA) using recombinant NP
protein derived from A/New Caledonia/20/99 as previously described
(28) or recombinant HA protein derived from A/New Caledonia/20/99
(Protein Sciences Corporation, Meriden, CT). Briefly, 96-well polysty-
rene flat-bottom plates (Costar) were coated overnight at 4°C with 200
ng/100 �l of purified NP or HA protein per well. Wells were rinsed with
wash buffer (0.05% Tween 20 [Sigma-Aldrich] in PBS) and then incu-
bated with blocking buffer (3% bovine serum albumin [BSA] in PBS) for
1 h at room temperature. Blocking buffer was removed, and serial 3-fold
sample dilutions (in 0.5% BSA-PBS) were added to the plates and incu-
bated for 2 to 3 h at room temperature. The wells were washed with PBS
and incubated for 1 h at room temperature with 100 �l/well alkaline
phosphatase-conjugated goat anti-mouse secondary antibody specific for
IgG (Southern Biotech, Birmingham, AL) diluted in 1% BSA-PBS at a
1/1,000 dilution. One p-nitrophenyl phosphate substrate tablet (5 mg/
tablet; Sigma) was dissolved in 15 ml of diethanolamine substrate buffer,
pH 9.8 (9.7% [vol/vol] diethanolamine, 0.02% [wt/vol] sodium azide, 0.5
mM MgCl2). Subsequently, wells were washed with wash buffer, and 100
�l of substrate per well was added and developed at room temperature (25
to 40 min.). Absorbance at 405 nm was read using SoftMax Pro software
and a VMax plate reader.

Flow cytometry. Cells prepared as a single-cell suspension, as de-
scribed above, were stained first in a suspension of Fc Block (BD Biosci-
ences) for 20 min at 4°C, followed by addition of the indicated antibodies
to detect Tfh cells and various B cell subsets. Cells were incubated with
antibody for an additional 25 min at 4°C and protected from light; they
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were then washed one time in fluorescence-activated cell sorting (FACS)
buffer (Dulbecco’s PBS [DPBS] plus 2% FBS), resuspended in a secondary
stain if necessary, and incubated for 25 min at 4°C, protected from light.
Cells were then washed two times in FACS buffer and resuspended for
flow cytometry data acquisition. Immediately prior to acquisition, 7-ami-
noactinomycin D (7-AAD) reagent (BD Biosciences) was added to each
sample for delineation of live cells. Samples were acquired on a BD
FACSCanto II system with 488-nm, 633-nm, and 405-nm lasers using
FACS Diva software. Data files were analyzed using FlowJo, version 8.8.6,
software (Tree Star, Inc.). Antibodies and reagents, purchased from BD
Biosciences unless otherwise noted, were as follows: B220 (RA3-6B2),
CD4 (RM4-5), CD44 (IM7), CD95 (Jo2), CXCR5 (2G8), PD-1 (J43; eBio-
sciences), T and B cell activation antigen (GL-7), and streptavidin-phyco-
erythrin (PE).

Statistical analyses. Statistical significance was evaluated using an un-
paired Student’s t test and by Pearson correlation assuming Gaussian
distribution. A P value of �0.05 was considered statistically significant.
Prism (GraphPad Software, CA) was used for all statistical tests.

RESULTS
Empirically defined immunodominant influenza virus peptide
epitopes prime a robust CD4 T cell response. The murine CD4 T
cell response to a recently circulating strain of influenza virus,
A/New Caledonia/20/99, has been well characterized by our labo-
ratory (27, 30–33), with many CD4 T cell epitopes recognized in
the primary response to infection in the context of many different
class II haplotypes having been identified. Nucleoprotein (NP)
was chosen for the current study because, as noted in the afore-
mentioned studies, CD4 T cells with NP specificity are elicited in
multiple MHC haplotypic backgrounds. Additionally, NP is ge-
netically conserved across multiple influenza virus strains, and the
NP protein can be readily used to enumerate virus protein-specific
B cells.

Initially, peptides were selected based on prior identification as
robust epitopes elicited by infection (30) and were evaluated as
immunogens for peptide priming. Our experimental strategy (Fig.
1A) involved subcutaneous priming of mice with NP-derived
peptides emulsified in Incomplete Freund’s Adjuvant (IFA) with
lipopolysaccharide (LPS), or IFA/LPS alone as a control. The pri-
mary CD4 T cell response was evaluated in the draining popliteal
lymph node (PLN) after 10 days and again at memory 30 days
postimmunization. We then assessed responses 7 days after chal-

lenge with live intranasal infection (day 37 postimmunization). In
addition to serum collection, tissues that were sampled included
the lung-draining mediastinal lymph node (MLN), spleen, and
priming-site-draining-PLN. Of the NP epitopes screened for im-
munogenicity, we were able to detect robust frequencies of pep-
tide-specific cytokine-producing CD4 T cells at day 10 postimmu-
nization (Fig. 1B). Additionally, there was no evidence of high
precursor frequencies of peptide-specific CD4 T cells in unprimed
mice (not detectable in IFA-immunized mice). Altogether, these
experiments indicated that the NP-derived peptides identified by
epitope mapping from infection with New Caledonia virus were
intrinsically immunogenic as free synthetic peptides, allowing se-
lective priming of CD4 T cells.

Peptide priming facilitates establishment of memory CD4 T
cells that rapidly expand upon influenza virus challenge. Next,
the capacity of the NP peptide-priming regimen to persist and
establish a memory CD4 T cell population was determined. Again,
the PLN (Fig. 2B, open bar) was analyzed for the presence of NP
peptide-specific memory CD4 T cells. Distal sites were also sam-
pled, where we found that the spleen and MLN (Fig. 2A and C,
open bars) both contained NP-specific cells. It was evident from
the representation of peptide-specific CD4 T cells in the distal
sites, spleen, and MLN that 4 to 5 weeks after subcutaneous pep-
tide priming in the footpad, it was possible to generate memory
CD4 T cells with the capacity to circulate through and populate
the entire lymphoid compartment. The presence of peptide-spe-
cific CD4 T cells in the spleen and especially the MLN also served
to provide a baseline for the frequency of peptide-reactive cells
pre- and postinfection.

After establishing the presence of NP peptide-specific CD4 T
cell memory, the ability of these cells to mobilize in response to an
influenza virus infection challenge was evaluated. Tracking the
magnitude of the NP peptide-specific CD4 T cell response follow-
ing infection revealed that, compared to IFA control immuniza-
tion, the establishment of CD4 memory through peptide priming
augmented the early antigen-specific CD4 T cell response to in-
tranasal infection. If the response seen in the NP-primed and in-
fected group (Fig. 2, filled bars) is considered to be the boosted
response, it is evident that NP-specific CD4 T cells are readily
expanded by day 7 after infection. This is in contrast to the pri-
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mary response (Fig. 2, hatched bars), where the frequency of in-
fluenza virus-reactive cells is much lower. The frequency of NP-
specific CD4 T cells in both the MLN and spleen (Fig. 2A and C,
respectively) of mice receiving the peptide-priming regimen 30
days prior to infection is approximately double the frequency of
NP-specific CD4 T cells in control mice undergoing a primary
response to infection. This result suggests that memory CD4 T
cells residing in the MLN or recirculating memory cells recruited
to the MLN rapidly respond to viral antigen and rapidly expand.

As expected in the PLN, there was no detectable expansion of
influenza virus-specific CD4 T cells (Fig. 2B), consistent with a
lack of influenza virus antigen in distal nodes. In the control group
undergoing primary infection without prior CD4 T cell priming,
there were no detectable NP-specific CD4 T cells. Interestingly, an
apparent depletion of peptide-specific cells from this site oc-
curred in the infected NP peptide-primed group, which may be
an indication that central memory cells were recruited to sites
of secondary antigen exposure, such as the MLN, the primary
site of antigen access after intranasally inoculated respiratory
infection (34–37).

The impact of peptide priming of memory CD4 T cells on B
cell responses is evident through analyses of serum antibody
responses to infection. With clear evidence of peptide-specific
CD4 T cell memory established, along with evidence for rapid
CD4 T cell boosting, we next sought to determine whether the
enhanced influenza virus-specific CD4 T cell response benefited
the primary B cell response to infection. The CD4 T cells generated
upon peptide priming would potentially have the capacity to pro-
vide B cell help for both the extrafollicular and germinal center
responses (14, 15, 38–40). As before, mice were primed with the
NP-derived peptides and then challenged 30 days later with intra-
nasal infection of A/New Caledonia/20/99. The level of NP-spe-
cific antibody was tracked in serum from day 5 postinfection
through day 10 using an ELISA (Fig. 3A).

These assays revealed a distinct kinetic advantage in the serum
antibody response to virus-derived NP protein in the NP peptide-
primed group compared to the IFA-primed and infected cohort.
This was evident on day 7 and as late as day 10 after infection.
Quantification of antibody titers at day 7 (Fig. 3B) allows for an
estimation of the relative levels of total NP-specific antibody in the
two groups after infection. The NP peptide-primed and infected
group had 150-fold greater NP-specific antibody than the control-
primed and infected group. To eliminate the possibility of B cell
reactivity to the original peptides used for priming, we also tracked
serum antibody in NP peptide-primed but uninfected mice. As
expected, the NP-specific antibody response developed only after
infection, indicating that peptide priming did not result in detect-
able levels of NP protein-specific antibody (Fig. 3B), nor were any
peptide-reactive antibodies identified after the peptide-priming
regimen (data not shown).

Peptide priming of CD4 T cells supports the primary B cell
response in the mediastinal lymph node. The heightened levels
of NP-specific serum IgG suggested that NP-specific CD4 T cells
were able to potentiate the primary B cell response to influenza
virus infection. To determine what contributions to the humoral
response could be attributed to T cell-dependent B cell responses
in the lung-draining lymph node, we isolated cells from the MLN
of NP peptide-primed and infected or IFA-primed and infected
mice and tested them in a B cell ELISPOT assay for reactivity to NP
protein. In this way, we were able to enumerate the frequency of
NP-specific antibody-secreting cells (ASC) in each lymph node.
On day 7 postinfection (Fig. 4), only the mice that had been
primed with the NP peptide pool had any detectable frequencies
of NP-specific IgG-secreting B cells. This suggests that a memory
CD4 T cell population established via selective epitope priming
can support the early expansion and differentiation of antigen-
specific naive B cells into antibody-secreting cells in response to
infection, either through support of the extrafollicular antibody
response or the germinal center reaction.
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Enhanced B cell responses to infection are evidenced by ro-
bust germinal center and follicular helper T cell populations.
After finding that both the serum antibody levels and ASC fre-
quencies were augmented in mice with established influenza vi-
rus-specific CD4 memory, we evaluated whether the accelerated B
cell response was associated with heightened frequency of Tfh or
germinal center (GC) B cells. This issue was addressed through
characterization of the various B cell and T cell populations in the
MLN by flow cytometry at day 7 postinfection. As an indication of
the progression of the adaptive humoral response to infection, the
frequency of GC B cells (B220� Fas� GL-7�) (41–44) was quan-
tified. In NP peptide-primed and infected mice, GC B cells were
detected by day 7 (Fig. 5A), while in the primary response to in-
fection (IFA-primed mice), these populations were essentially ab-

sent. The frequency of GC B cells was significantly higher in NP-
primed and infected mice than in the IFA-primed group (Fig. 5C).
This indicated that the primed CD4 memory population was able
to facilitate the early expansion and differentiation of naive influ-
enza virus-specific B cell populations.

Further confirming that NP peptide priming led to an acceler-
ated B cell response upon infection, we observed a Tfh cell popu-
lation (CD4� CD44hi CXCR5� PD-1�, where CD44hi indicates
high-level expression of CD44) in the previously primed group
that was either absent altogether or much less expanded in
unprimed but infected mice after 7 days (Fig. 5B and D). In mice
that had not been boosted by infection, there were no detectable
Tfh cells in the MLN, as expected (data not shown). Given the
closely interdependent nature of Tfh cells and the GC reaction, we
sought to determine if the heightened Tfh cell frequency could
be directly correlated to an increased frequency in GC B cells. The
frequency of Tfh cells in NP-primed and infected mice correlated
positively with the frequency of GC B cells (Fig. 5E) while the Tfh
populations in the control-primed and infected group had no
such relationship to GC B cell frequency (IFA primed). The cor-
relative relationship indicates that of the animals showing an in-
creased frequency of Tfh cells, NP-primed mice are better able to
support the GC reaction at this time than IFA-primed mice. In the
IFA-primed group, there was no correlative relationship of Tfh
cell frequency to GC reaction even if the frequency of Tfh cells
approached the levels found in NP-primed mice during the early
stages of the adaptive response to infection. There was significant
mouse-to-mouse variability in both the germinal center and Tfh
response among the sampled animals, but we suspect that this
variability reflects a lack of synchrony during the infections or in
the mobilization of pertinent cell populations. The correlative re-
lationship shown for NP-primed mice, despite the range of varia-
tion, clearly indicates a more advanced state of the adaptive im-
mune response that is not evident at this early time point for
control-primed mice.

NP-specific CD4 T cells do not support interprotein-specific
antibody responses. With clear evidence for the ability of NP-
specific CD4 T cells to support the early robust NP-specific B cell
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recombinant NP protein. NP protein-specific IgG was measured via ELISA. (A) Kinetics of NP-specific antibody accumulation in sera collected at three different
time points: day 5, day 7, and day 10. Absorbance readings were made at a dilution 1:900, mean values from 2 to 5 individual mice are shown. (B) Serial dilutions
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�150-fold higher in NP peptide-primed and infected mice than in IFA-primed and infected mice. Data are shown as mean values from five individual mice,
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FIG 4 Accelerated NP protein-specific B cell response to infection in peptide-
primed and infected animals. On day 7 postinfection, cells were isolated from
the MLN of NP- peptide-immunized and infected mice and IFA-immunized
and infected mice. Antibody-secreting cells were tested for reactivity toward
recombinant NP protein from the A/New Caledonia/20/99 virus and detected
by ELISPOT assay. IgG was measured with IgG-specific secondary antibody
reagent. Data shown depict 5 mice per group, representative of three indepen-
dent experiments. Error bars indicate standard deviations. ND, no detectable
response for IFA-primed and infected mice.
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response, we next sought to determine the ability of such cells to
facilitate antigen-specific responses to other influenza virus pro-
teins. Essentially, could NP-specific CD4 T cells boost the HA-
specific antibody response and vice versa? As described above for
NP-derived peptide priming, a selection of immunogenic HA-
derived CD4 T cell epitopes was used in a peptide-priming regi-
men to generate HA-specific CD4 T cell memory. As shown with
NP peptide priming, an analogous frequency of HA-specific cells
was enumerated soon after priming (day 10), as well as at day 30
(memory) and day 7 postinfection (data not shown). Addition-
ally, a similar boost in the serum antibody response was also ob-
served (Fig. 6A).

To determine if NP-specific or HA-specific memory CD4 T
cells could boost B cell responses to nonhomologous proteins,
serum from either priming group was tested for antibody reactiv-
ity to the alternative protein. Most strikingly in this set of experi-
ments was our finding that CD4 T cell help for antibody responses
was selective. Titration of serum antibody revealed that preexist-
ing memory HA-specific CD4 T cells enhanced the antibody re-
sponse to HA only, with little apparent help for the NP-specific
antibody response. Conversely, NP-specific CD4 T cells were able

to accelerate the B cell response to NP but not the HA protein (Fig.
6B and C). Thus, remarkably, we could find little evidence that
HA-specific memory T cells were more proficient in providing
help to NP-specific B cells than the primary, nonboosted CD4 T
cells expanded in control IFA-primed mice or, similarly, that NP-
specific memory T cells provided help to HA-specific B cells.

Collectively, our results indicate that during a primary re-
sponse to live influenza virus infection, the number of CD4 T cells
available to help the influenza virus-specific B cell response is a
limiting factor in the kinetics and early magnitude of the primary
B cell response to influenza virus challenge. Memory CD4 T cells
in the draining lymph node, boosted in frequency by NP peptide
priming, provide help in the form of follicular T helper cells for the
early expansion of germinal center B cells. Furthermore, the selec-
tivity of CD4 T cell help for B cells appeared to be dependent on
the intramolecular rather than intermolecular protein specificity
of both cell types.

DISCUSSION

In this study, we have demonstrated the impact of a simple influ-
enza virus peptide-priming regimen to assess the potential limita-
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tions of CD4 T cells during a primary response to influenza virus
infection. NP-specific CD4 T cell memory, elicited by peptide
priming, can be reactivated and rapidly expand upon infection
with influenza virus, resulting in an advantage in proliferation and
peak numbers of CD4 T cells in the lung-draining lymph node
compared to the primary response. As evidence for the helper

function of this expanded T cell population, we show that NP-
specific serum antibody titers are elevated by day 7 postinfection
compared to levels with primary infection. At these early time
points, there are also readily detectable populations of ASC and
GC B cells in the MLN at a time when there is still live virus in the
lung. As there is an accompanying increase in Tfh cell frequency in
the primed and infected animals, it is likely that the established
CD4 T cell memory is contributing directly to this population (23,
25, 26, 45), especially since there is a positive correlative relation-
ship to GC B cell frequency. All of these studies have been success-
fully recapitulated in alternate mouse strains [B10.S (I-As) and A/J
(I-AkEk)] involving different background genes (data not shown),
major histocompatibility complex (MHC) molecules, and peptide
epitopes to rule out the possibility of our observations being a
strain-specific phenomenon. Finally, our results indicate that
CD4 T cell help for antigen-specific B cell responses is likely pred-
icated upon a shared intramolecular specificity; NP-specific CD4
T cells did not provide an effective boost to the HA antibody
response and vice versa.

Our results demonstrate that the primary B cell response has
the potential to progress more rapidly than what occurs during an
unmanipulated primary B cell response to live influenza virus in-
fection. Consistent with previous studies, this suggests that B cells
acquire antigen, move to the T cell-B cell border in a CCR7-de-
pendent manner, and wait upon the arrival of T cell signals to
advance further toward ASC or the GC reaction (20, 46, 47). Oth-
erwise, the number of influenza virus-specific CD4 T cells ob-
served in the primary response to infection would be entirely suf-
ficient to drive a robust B cell response at the advanced pace that
was observed after peptide priming. Thus, CD4 T cell help for
antibody responses can be limiting in the response to infection.

This is somewhat surprising as our laboratory has identified
the magnitude and diversity of CD4 T cells in the primary re-
sponse (27, 29, 30). These studies have revealed that in this strain
of mice, within a week of infection, upwards of 30 epitopes can be
recognized, totaling as many as 15,000 influenza virus-specific
CD4 T cells per lymph node, leading to a broad repertoire and
high frequency of influenza virus-specific helper cells. Previous
studies suggest that increased frequencies of antigen-specific CD4
T cells could facilitate a more robust extrafollicular antibody re-
sponse but without an accompanying boost in germinal center
phenotype B cells (48), contrary to what our results have demon-
strated. This apparent difference may be related to the phenotype
of the precursor T cells at the time of infection as this previous
work utilized T cell receptor (TCR)-transgenic naive and adop-
tively transferred cells, while the present study highlighted the
contributions made by peptide-primed memory CD4 T cells
drawn from the endogenous T cell repertoire.

Memory T cells are known to be more sensitive to antigen
stimulation due to the presence of clustered T cell receptors on the
cell surface and to the reduced dependence on costimulation (49–
52). Accordingly, the memory CD4 T cells evident in the MLN on
day 0 of infection proliferated rapidly to high frequencies by day 7,
whereas CD4 T cells elicited in the primary response to infection
were barely detectable in the draining lymph node. The provision
of more rapid help for B cells could simply be the result of a larger
pool of antigen-specific cells than with the primary response
rather than any advantage related to differentiation stage. An in-
creased frequency of antigen-specific CD4 T cells directly influ-
ences the probability of encountering an antigen-bearing, anti-
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FIG 6 Provision of CD4 T cell help is selective for antibody responses of
intramolecular specificity. Serum antibody responses to HA were determined
in a manner similar to that for the ELISAs described in the legend of Fig. 3.
Mice were HA peptide primed and then challenged with infection, with serum
levels of HA-specific IgG evaluated on days 5, 7, and 10 postinfection. A serum
dilution of 1:900 was used, and mean values from 2 to 5 individual mice,
representative of three separate experiments, are shown (A). Peptide priming
with influenza virus-derived epitopes boosts the serum antibody response of
intramolecular-specific B cells for both HA-specific (B) and NP-specific (C)
responses. Inverse 3-fold serum dilutions starting at 1:00 from primed and day
7 infected animals are shown. Data are shown as mean values from five indi-
vidual mice, representative of three separate experiments. Error bars indicate
standard deviations. ns, not significant; *, P � 0.05, Student’s t test.
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gen-presenting cell early in infection. There was evidence of a local
antigen-specific population in the MLN and of recruitment of
NP-specific CD4 T cells from peripheral nodes such as the PLN
upon infection as we observed an apparent decrease in the fre-
quency of these cells in the PLN early after infection compared to
the frequency in NP-primed mice not challenged with virus. Fur-
thermore, the CXCR5� phenotype of circulating memory CD4 T
cells has been closely associated with central memory and may in
fact be an indication of Tfh cell memory (25, 53, 54). Considering
the early expansion of Tfh cells observed following immunization
and infection, it would appear that peptide priming is capable of
generating central memory that can later be recalled and stimu-
lated for further differentiation into Tfh cells. The potentially el-
evated expression of CXCR5 by central memory T cells may make
this population uniquely poised for future B cell help upon infec-
tion. It should be noted, though, that the relationship of Bcl6 and
CXCR5 expression and their mutual induction for determination
of a Tfh program are yet unclear (54, 55). Preexpression of this
chemokine receptor in memory cells may bypass the early differ-
entiation stages necessary for naive T cells to eventually gain fol-
licular helper function and allow for more rapid migration to the
interfollicular zone where initial B cell interactions take place (56).

With advances in epitope discovery, there is an increased in-
terest in peptide-based vaccines and multieptiope synthetic vac-
cines (57, 58), and a peptide-priming regimen presents a unique
opportunity to arm the memory pool of CD4 T cells without in-
fluencing the specificity of the B cell immune repertoire. In the
case of influenza virus vaccination, repeated exposures to protein
antigens from vaccine and infection may increase the levels of
circulating antibodies that can limit the response to a novel expo-
sure by eliminating the antigen source before a robust germinal
center B cell response can be generated (59, 60). It is thought that
preexisting antibody leads to more rapid clearance of antigen, thus
blunting the adaptive immune response (61). Peptide priming
circumvents this problem by providing monovalent, unstruc-
tured ligands, leading to poor B cell-stimulatory conditions. This
allows for the full expansion of the CD4 T cell immune repertoire,
which can greatly facilitate future antibody responses. The poten-
tial for original antigenic sin (62, 63) can also be avoided through
use of a peptide-priming immunization strategy. By generating no
B cell memory, the breadth of future responses will not be re-
stricted by a preexisting B cell repertoire. This type of advantage
would be directly applicable to situations where responses to vac-
cination are already suboptimal, as in the elderly or immunocom-
promised (64–68). Through provision of a selective boost to the
CD4 T cell repertoire, intrinsic antibody interference and shifts in
the specificity of the memory B cell repertoire can be bypassed.

The mechanisms that underlie the striking selectivity in help
for antibody responses is unknown but most likely relates to the
form of antigen available to viral antigen-specific B cells after in-
fection in the draining lymph node, where the B cell response is
initiated. After natural infection, many cells in the lung become
infected (69), and though dendritic cells (DC) can be infected and
synthesize virus proteins and can migrate to the draining lymph
node (34, 35, 70, 71), there is limited evidence that these DC are
able to release intact virions in the lymph node (72, 73). Thus, the
form of virus protein available for B cell receptor-mediated uptake
in the draining lymph node may consist primarily of membrane
fragments and proteins released from dying infected cells that ei-
ther passively drain to the LN or are actively carried by migratory

APC. In contrast to uptake of intact virions by HA-specific B cells
that presumably would lead to endosomal release of all structural
proteins and subsequent MHC class II-restricted presentation to
CD4 T cells, if viral proteins and membrane fragments are the
main form of influenza virus antigens available in the lymph node,
HA-specific B cells will internalize and display only peptides from
the influenza viral proteins that are cointernalized with HA. They
thus will recruit help only from the CD4 T cells specific for these
immunoglobulin-internalized antigens. If HA proteins released
from virally infected cells are aggregated with other membrane
proteins such as neuraminidase (NA) and the matrix proteins as
part of large lipid rafts (74), then it is possible that HA-specific B
cells could present peptides from these proteins and thus recruit
help from CD4 T cells of these specificities. In contrast to HA, the
NP protein is likely released from dead and dying cells in the lung
after infection and either drains directly to the lymph node or is
carried by migratory APC. In either case, the soluble NP protein
will be taken up by NP-specific B cells independently of mem-
brane proteins such as HA. Accordingly, NP- and HA-specific B
cells will display only peptides derived from the proteins that they
are specific for or with which they are cointernalized and can only
recruit help from the CD4 T cells specific for these peptides.

There have been previous studies closely examining the role of
linked specificities in the provision of help for antibody responses
to viral infection. Such a linkage was found in the context of vac-
cinia virus, with several potential mechanisms thoroughly dis-
cussed by the authors (75). From this study, it was surmised that
the size of the virus particle (360 nm) in relation to the size of B cell
endocytic vesicles (50 to 150 nm) could be a primary determinant
of specificity linkage. Considering the size of influenza virus viri-
ons (80 nm) (75) and evidence for deposition and availability of
intact viral particles in the lymph node (76), the potential for
intermolecular help was feasible for influenza virus, through ei-
ther B cell receptor-mediated uptake and processing of whole vi-
rions or an intrastructural mechanism as described above for pro-
teins associated in a membrane system.

Early work explored the possibility of intermolecular help for
influenza virus. These studies were limited by the use of single T
cell clones transferred into nude mice in conjunction with infec-
tion (77, 78) or the use of an intraperitoneal model of immuniza-
tion, with virus particles chemically denuded of HA protein fol-
lowed by boost with HA-intact virions (79). It was evident from
this and other work that, in a simplified system, a single specific
clonal T cell population could provide help for an unlinked pro-
tein antibody response to infection or that repeated immunization
with virus particles made intermolecular help possible. The exper-
imental system we have outlined embodies the physiological con-
text arising from natural influenza virus infection within which
CD4 T cells and B cells interact, allowing for elucidation of the
helper role that antigen-specific memory CD4 T cells are likely
playing during infection.

We have demonstrated that CD4 T cell help is limiting for the
primary antibody response to influenza virus infection and that it
may indeed be quite selective, depending on B cell specificity.
Whether the provision of help by peptide-primed CD4 memory
leads to more rapid clearance and protection is unclear. There are
many effector functions of CD4 T cells that facilitate protection
from influenza virus infection, including potentiation of the early
innate response and direct cytotoxicity (6, 24, 38, 80, 81; reviewed
in references 82–85). We expect that the latter two functions of

CD4 Help Is Limiting for the B Cell Response

January 2014 Volume 88 Number 1 jvi.asm.org 321

http://jvi.asm.org


CD4 T cells may be carried out by cells reactive to peptides derived
from many viral proteins, including HA, NA, NP, and M1, be-
cause these proteins are synthesized or available in many cells
within the lung. Understanding whether CD4 T cells of different
antigen specificities vary in their provision of effector or helper
functions will be of great interest in future studies. The potential
value of enhancing CD4 T cells reactive with key shared influenza
virus-derived epitopes from multiple proteins is particularly im-
portant with the ongoing threats of pandemic influenza involving
completely novel avian strains. For these and other newly emerg-
ing influenza viruses, there will be little or no preexisting protec-
tive antibody in most human populations and limited shared T
cell epitopes among the variant HA and NA proteins. Under these
conditions, an expanded influenza virus-specific CD4 T cell mem-
ory compartment, generated by targeted vaccination, may allow
subjects to both more rapidly mobilize B cells for protective anti-
body upon infection and potentiate more vigorous responses to
novel influenza virus vaccines, which have been shown to be
poorly immunogenic (86–89).
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