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Memory CD4 T cells specific for influenza virus are generated from natural infection and vaccination, persist
long-term, and recognize determinants in seasonal and pandemic influenza virus strains. However, the
protective potential of these long-lived influenza virus-specific memory CD4 T cells is not clear, including
whether CD4 T-cell helper or effector functions are important in secondary antiviral responses. Here we
demonstrate that memory CD4 T cells specific for H1N1 influenza virus directed protective responses to
influenza virus challenge through intrinsic effector mechanisms, resulting in enhanced viral clearance, recov-
ery from sublethal infection, and full protection from lethal challenge. Mice with influenza virus hemagglutinin
(HA)-specific memory CD4 T cells or polyclonal influenza virus-specific memory CD4 T cells exhibited
protection from influenza virus challenge that occurred in the presence of CD8-depleting antibodies in
B-cell-deficient mice and when CD4 T cells were transferred into lymphocyte-deficient RAG2�/� mice. More-
over, the presence of memory CD4 T cells mobilized enhanced T-cell recruitment and immune responses in the
lung. Neutralization of gamma interferon (IFN-�) production in vivo abrogated memory CD4 T-cell-mediated
protection from influenza virus challenge by HA-specific memory T cells and heterosubtypic protection by
polyclonal memory CD4 T cells. Our results indicate that memory CD4 T cells can direct enhanced protection
from influenza virus infection through mobilization of immune effectors in the lung, independent of their
helper functions. These findings have important implications for the generation of universal influenza vaccines
by promoting long-lived protective CD4 T-cell responses.

Influenza virus poses substantial threats to world health due
to the emergence of new pandemic strains through viral mu-
tation and reassortment, including the 2009 H1N1 pandemic
strain. Developing effective vaccines that can provide immune-
mediated protection to multiple influenza virus strains remains
a major challenge, as current vaccines generate neutralizing
antibodies directed against the highly variable hemagglutinin
(HA) and neuraminidase (NA) surface viral glycoproteins
(18). These vaccines are only partially effective at protecting
individuals from succumbing to seasonal strains and are largely
ineffective at protecting individuals from new pandemics. In
contrast, T lymphocytes have the potential to provide long-
term cross-strain protection, through their recognition of in-
variant viral determinants (3, 9), generation of effector re-
sponses to coordinate both cellular and humoral immunity,
and development of memory populations that persist for de-
cades (34). In humans, influenza virus-specific CD4 and CD8 T
cells recognize internal polymerase, matrix, and nucleoprotein
components of influenza virus which are conserved in multiple
strains (3). Influenza virus-specific memory T cells generated
from virus exposure and vaccines can be detected readily in the
peripheral blood of healthy older children and adults (16, 30).

Elucidating the protective capacities of memory T cells in
antiviral immunity and their underlying mechanisms is there-
fore crucial to understanding clinical responses to influenza
and to developing strategies to boost T-cell-mediated immu-
nity for the next emerging pandemic.

The potent cytolytic responses of virus-specific CD8 T cells
and their roles in antiviral primary and secondary responses
have been well established (58); however, considerably less is
known about the function of memory CD4 T cells in antiviral
immunity. Memory CD4 T cells have the potential to play
more diverse roles in coordinating secondary responses than
those of memory CD8 T cells via their ability to “help” or
promote cellular and humoral immunity, and also through
direct effector functions. Compared to CD8 T-cell responses,
memory CD4 T-cell responses in humans were found to rec-
ognize a more diverse array of influenza virus-specific epitopes
(46–48) and to exhibit cross-reactivities with new pandemic
strains, including avian H5N1 and 2009 H1N1 “swine flu”
strains (23, 28, 36, 48). In addition, antiviral memory CD4 T
cells generated as a result of influenza vaccination (22) were
found to persist longer than CD8 T cells in vivo following
smallpox vaccination (29). These findings suggest that memory
CD4 T-cell responses could be potential targets for boosting
long-term cellular immunity following vaccination, although
their protective capacity remains undefined.

The role of CD4 T cells in anti-influenza virus immunity has
been elucidated mainly for primary responses, and less is
known about the protective potential and mechanisms under-
lying memory CD4 T-cell-directed secondary responses. In pri-
mary influenza virus infection, CD4 T cells promote antibody
production by B cells necessary for complete viral clearance (2,
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17, 19, 39, 40, 57) and also promote the generation of memory
CD8 T cells (4). Whether memory CD4 T cells have a similar
helper-intensive role in promoting B cells and CD8 T cells in
secondary influenza responses or whether effector responses
predominate is not known. In this study, we investigated the
mechanisms by which memory CD4 T cells mediate secondary
responses and promote recovery from influenza virus infection
in the clinically relevant scenario of a persisting CD4 T-cell
response but no preexisting antibody response to a new influ-
enza virus strain. We demonstrate that both influenza virus
HA-specific and polyclonal influenza virus-specific memory
CD4 T cells direct rapid lung viral clearance and protect from
lethality via secondary antiviral responses in the absence of
CD8 T cells, B cells, or any lymphocytes. Unlike primary re-
sponses to influenza virus, which can mediate protection inde-
pendent of gamma interferon (IFN-�), memory CD4 T-cell-
mediated protection in the lung is dependent on secreted
IFN-� and is associated with localized interactions with lung
airways and foci of T-cell-directed responses. Our findings
reveal that memory CD4 T cells drive antiviral protection in
the lung through a qualitatively distinct mechanism and have
important implications for exploiting the protective role of
persisting memory CD4 T cells in vaccines and immunothera-
pies.

MATERIALS AND METHODS

Mice. BALB/c, C57BL/6, and B6.Ly5.2 mice (8 to 16 weeks of age) were
obtained from the National Cancer Institute Biological Testing Branch. Con-
genic BALB/c(Thy1.1) mice were bred as homozygotes, and HA-TCR trans-
genic mice expressing a transgene-encoded T-cell receptor (TCR; clonotype
6.5) specific for an influenza virus HA peptide (110–119) and I-Ed (35) were
bred as heterozygotes onto BALB/c(Thy1.2) or BALB/c(Thy1.1) hosts.
JhD�/� mice were purchased from Taconic Farms, Inc. (Germantown, NY),
and RAG2�/� mice were purchased from the Jackson Laboratory (Bar Har-
bor, ME). Mice were maintained in the animal facility at the University of
Maryland School of Medicine (Baltimore, MD). All animal procedures using
mice were approved by and conducted in accordance with guidelines set forth
by the Institutional Animal Care and Use Committee (IACUC) at the Uni-
versity of Maryland, Baltimore, MD.

Reagents. The following purified antibodies were purchased from BioXcell
(West Lebanon, NH): anti-CD8 (TIB105), anti-CD4 (GK1.5), anti-I-Ad

(212.A1), and anti-Thy1 (TIB238). An anti-clonotype 6.5 antibody directed
against the HA-TCR (35) was purified and conjugated to biotin (Pierce, Rock-
ford, IL). Fluorescently conjugated antibodies directed against CD62L, CD90.1,
CD90.2, CD4, CD8� (clone 53–6.7), and CD8� (clone 53–5.8) were purchased
from BD Pharmingen (San Diego, CA). Influenza virus HA peptide (110–120
[SFERFEIFPKE]) was synthesized by the Biopolymer Laboratory at the Uni-
versity of Maryland School of Medicine.

Influenza virus infection. Influenza virus (A/PR/8/34) was grown in the allan-
toic fluid of 10-day-old embryonated chicken eggs as described previously (52).
Determination of influenza viral titers in viral stocks or lung homogenates was
accomplished by a 50% tissue culture infective dose (TCID50) assay as described
previously (50), with titers expressed as the reciprocal of the dilution of lung
extract that corresponded to 50% virus growth in Madine Darby canine kidney
(MDCK) cells, as calculated by the Reed-Muench method. For in vivo infection,
mice were anesthetized with isoflurane, 30 �l PR8 influenza virus was adminis-
tered intranasally at 500 TCID50 for a sublethal dose or 5,000 TCID50 as a lethal
dose, and weight loss morbidity was monitored. Lethally infected mice either
died or were sacrificed after losing more than 25% of their starting weight,
according to our animal protocol. All infected mice were housed in the biocon-
tainment suite at the animal facility of the University of Maryland, Baltimore,
where tissue harvest from infected mice was also performed.

Generation of influenza virus-specific memory CD4 T cells. Generation of
HA-specific memory CD4 T cells in congenic BALB/c(Thy1.1) hosts was accom-
plished as previously described (6, 38). CD4 T cells purified from spleens of
HA-TCR mice were primed in vitro by culture with 5.0 �g/ml HA peptide and
with mitomycin C-treated, T-cell-depleted BALB/c splenocytes, as antigen-pre-

senting cells (APC), in complete Clicks medium (1) (Irvine Scientific, Irvine, CA)
for 3 days at 37°C. The resultant activated HA-specific effector cells were trans-
ferred into congenic BALB/c(Thy1.1) hosts (5 � 106 cells/mouse) to yield “HA-
memory” mice with a stable population of HA-specific memory CD4 T cells (6,
38, 43).

Polyclonal memory CD4 T cells specific for influenza virus were generated by
infecting C57BL/6 mice intranasally with 500 TCID50 of PR8 influenza virus.
CD4 T cells from the spleen and lungs were harvested at 4 to 8 weeks postin-
fection and were purified by negative selection as described above. The relative
frequencies of influenza virus-specific IFN-�-secreting memory CD4 T cells in
response to stimulation with a conserved influenza virus NP peptide (311–325) in
the presence of 1 �g/ml anti-CD28 antibody and monensin (BD Pharmingen) for
6 h were determined as previously described (14), and cytokine production was
determined by intracellular cytokine staining as described previously (11).

Antibody-mediated CD8 T-cell depletion and IFN-� neutralization. Anti-CD8
(TIB105), anti-murine IFN-� antibody (clone XMG1.2), and IgG1 isotype con-
trol antibodies were purchased from BioXcell (West Lebanon, NH). For CD8
T-cell depletion, 200 �g of TIB105 antibody was administered by intraperitoneal
injection on days �2, 0, and 2 postinfection. For IFN-� neutralization, mice were
treated on days �2, 0, 2, and 4 postinfection with 500 �g/mouse of XMG1.2 or
IgG1 isotype control antibody by intraperitoneal injection and, in some cases,
with an additional 100 �g of XMG1.2 or IgG1 via intranasal administration in a
20-�l volume on days 0 and 2 postinfection.

Flow cytometry. Cells were stained with fluorochrome-conjugated antibodies
as described previously (42), fixed and acquired using an LSRII flow cytometer
(BD, San Jose, CA) with a minimum acquisition of 100,000 events, and analyzed
using FACSDiva (BD, San Jose, CA) and FlowJo software.

Histopathology. Lungs from saline-perfused PR8-infected HA memory CD4 T
cells or X31-infected mice with polyclonal influenza virus-specific memory CD4
T cells were inflated with formalin through the trachea. Five-micrometer sections
were cut, and antigen retrieval was performed with sodium citrate buffer (pH 6.0)
in a pressure cooker for 20 min. Endogenous peroxide was quenched with 1%
H2O2 in phosphate-buffered saline (PBS) for 10 min. Tissues were blocked with
PBS containing 10% donkey serum for 30 min, followed by avidin-biotin blocking
per the manufacturer’s instructions (Thermo Scientific). CD3 T cells were
stained with a rat anti-mouse/human CD3 antibody (Serotec clone MA1471)
overnight at 4°C, followed by a biotin-conjugated anti-rat antibody (Jackson
Immunoresearch) and then streptavidin-horseradish peroxidase (KPL). The sig-
nal was developed using DAB substrate (KPL) followed by counterstaining with
contrast green (KPL).

Statistics. The results are expressed as mean values for individual groups �
standard errors of the means (SEM [indicated with error bars]) unless designated
otherwise. The significance of differences between experimental groups was
determined by two-tailed Student t tests and also by one-way analysis of variance
(ANOVA) for comparison of multiple groups, assuming a normal distribution
for all groups.

RESULTS

Memory CD4 T-cell-mediated protective responses to influ-
enza virus challenge. We examined mechanisms for secondary
responses mediated by influenza virus-specific memory CD4 T
cells by using an in vivo system, extensively validated in the lab,
in which naive BALB/c mice contain a heterogeneous popula-
tion of influenza virus HA-specific memory CD4 T cells and
are designated “HA-memory” mice (56). HA-memory mice
were generated by in vitro priming of HA-specific CD4 T cells
from HA-TCR transgenic mice and subsequent adoptive trans-
fer into BALB/c congenic hosts (6, 38, 56), resulting in a stable
population of HA-specific memory CD4 T cells comprising 0.5
to 2% of total endogenous CD4 T cells (6) (Fig. 1A). HA-
specific memory CD4 T cells persist in lymphoid and multiple
nonlymphoid tissues sites and exhibit both phenotypic and
functional properties of in vivo-primed polyclonal memory
CD4 T cells, including rapid production of IFN-� as the pre-
dominant effector cytokine (1, 6, 42–44). Infection of HA-
memory mice with a sublethal dose of PR8 influenza virus
resulted in similar virus-induced morbidity to that of infected
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naive mice, as assessed by continuous weight loss over a 6- to
7-day period (Fig. 1B, left panel); however, HA-memory mice
exhibited increased clearance of influenza virus from the lungs
compared to naive mice (Fig. 1B, right panel). This viral clear-
ance was associated with an increased frequency of HA-spe-
cific memory CD4 T cells in the spleen and lungs following
infection (Fig. 1A), indicating virus-driven expansion of the
persisting memory population.

Based on the findings that memory CD4 T cells can mediate
enhanced viral clearance to a sublethal infection, we asked
whether memory CD4 T cells could also mediate protection
from lethal influenza virus infection by challenging HA-mem-
ory mice with a lethal influenza virus dose leading to death in

100% of naive mice (Fig. 1C). We found that HA-memory
mice were fully protected from lethal influenza virus infection,
revealing the potential of memory CD4 T cells to mediate
protective immunity to high viral doses (Fig. 1C). Together,
these results indicate that influenza virus-specific memory CD4
T cells can direct a classical secondary immune response to
influenza virus challenge, with early control of virus replica-
tion, resulting in complete protection from a lethal virus chal-
lenge.

Depletion of CD8 T cells does not inhibit memory CD4
T-cell-directed protection from influenza virus challenge. In
primary responses to influenza virus, the critical immune ef-
fectors that mediate virus clearance are the CD8 effector re-
sponse and B-cell-derived influenza virus-specific antibodies
(5), which are both promoted by CD4 T cells. We hypothesized
that the increased viral clearance following influenza virus in-
fection in the presence of memory CD4 T cells could be due to
increased helper responses and could require the participation
of CD8 T cells and/or B cells. We investigated these cellular
requirements for memory CD4 T-cell-mediated protection by
using depletion strategies and genetically deficient mouse
models.

To examine the CD8 T-cell requirement for memory CD4
T-cell-mediated protection, we depleted CD8 T cells in vivo in
naive and HA-memory mice by using a well-defined anti-CD8
depleting antibody (40, 65) prior to and throughout the course
of influenza virus infection and then analyzed the resultant
effects on morbidity and viral load. Antibody-mediated CD8
depletion resulted in a substantial reduction in the proportion
of CD8 T cells in peripheral blood, with no remaining cells
staining positive with anti-CD8� antibodies and only a small
proportion staining weakly with anti-CD8� antibodies (Fig.
2A). The frequency of CD4 T cells was unaltered by the treat-
ment (Fig. 2A). Following infection, there was a significant and
specific reduction in the proportion of CD8 T cells in the
spleen (�90%) and the lungs (�75%) at 6 days postinfection,
while CD4 T cells predominated in this system (Fig. 2B). De-
spite the reduction in CD8 T cells, we found no differences in
virus-induced weight loss morbidity in naive and HA-memory
mice following influenza virus infection, with both control and
anti-CD8-treated HA-memory mice losing more weight than
infected naive groups early after influenza virus challenge (Fig.
2C). Moreover, depletion of CD8 T cells in HA-memory mice
did not inhibit the enhanced viral clearance at 6 days postin-
fection and also did not alter the course of infection in naive
mice (Fig. 2D). These results suggest that influenza virus-
specific memory CD4 T cells can mediate enhanced viral clear-
ance in the absence of significant contributions by CD8 T cells.

Antiviral memory CD4 T cells protect in the absence of B
cells. We examined whether the presence of influenza virus-
specific memory CD4 T cells would direct enhanced viral clear-
ance within B-cell-deficient hosts. In primary responses, B-cell-
deficient mice display delayed viral clearance and increased
mortality after influenza virus infection compared to wild-type
mice (25, 26). We generated HA-specific memory CD4 T cells
in hosts devoid of B cells by transfer of primed HA-specific
CD4 T cells, as described for Fig. 1, into syngeneic, JhD�/�,
B-cell-deficient hosts, resulting in “JhD-memory” mice. HA-
specific memory CD4 T cells persisted in similar frequencies in
diverse tissue sites in JhD-memory mice and wild-type HA-

FIG. 1. Influenza virus-specific memory CD4 T cells mediate sec-
ondary responses to influenza virus challenge. (A) Influenza virus
infection induces expansion of HA-specific memory CD4 T cells. Flow
cytometry plots show the frequencies of CD4	 Thy1.2	 HA-specific
memory CD4 T cells in the blood 1 day before infection (left) and in
the spleen and lungs 6 days following influenza virus challenge (right),
with the percentage of HA-specific Thy1.2	 memory CD4 T cells
among total CD4 T cells indicated in each plot. (B) Naive or HA-
memory mice were infected intranasally with 500 TCID50 of PR8
influenza virus (sublethal dose) and monitored for 6 days. (Left) Daily
weight loss, expressed as a percentage of starting weight (100%), in
naive and HA-memory mice following influenza virus challenge (the
average weight loss for naive mice was 23%, and that for HA-memory
mice was 24%). (Right) Lung viral titers determined by TCID50 assay
(see Materials and Methods) of lung homogenates harvested at 6 days
postinfection, with a P value of 
0.05 for the difference in titers
between naive and HA-memory mice (four mice per group). Results
are representative of 6 independent experiments. (C) Naive BALB/c or
HA-memory mice were infected with a lethal dose of PR8 influenza
virus and then monitored daily. The graph shows the percentage of
mice surviving each day after infection, with five mice per group. The
results are representative of two independent experiments.
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memory mice (Fig. 3A and data not shown). Influenza virus
challenge of JhD-memory hosts resulted in substantial fre-
quencies of HA-specific memory CD4 T cells in the spleen and,
particularly, in the lungs (Fig. 3A), similar to their accumula-
tion after infection of wild-type HA-memory hosts (Fig. 1A).

We analyzed the kinetics of weight loss morbidity and pro-
tection in influenza virus-challenged JhD-memory and JhD
naive mice, and also in wild-type naive and HA-memory mice,
as controls. We found that the presence of memory CD4 T
cells in both wild-type and B-cell-deficient hosts could direct
enhanced recovery from virus-induced illness compared to that
of infected naive mice. Both JhD-memory and HA-memory
groups exhibited early weight loss which continued until day 8
postinfection, when mice started to regain weight, exhibiting
full recovery by day 10 postinfection. In contrast, naive mice
infected with influenza virus started to recover at day 10
postinfection, while JhD naive mice continued to lose weight
through day 10 postinfection, consistent with their worse out-
come for primary influenza virus infection (26). For protection,
both HA-memory and JhD-memory mice exhibited lower lung
viral loads than those in wild-type and JhD naive mice at day
6 postinfection. At day 10 postinfection, both memory groups
and wild-type naive mice exhibited complete viral clearance
(Fig. 3C), while JhD naive mice maintained significant lung
viral loads, consistent with delayed viral clearance in primary
responses observed previously in B-cell-deficient mice (57).
These results indicate that HA-specific memory CD4 T cells

can mediate protective responses independent of B cells. Thus,
CD4 T cells have disparate roles in primary and secondary
responses: in primary responses, they promote protection
through help for antibody production, whereas in secondary
responses, their protective capacities are uncoupled from their
B-cell helper functions.

Polyclonal influenza virus-specific memory CD4 T cells can
direct protective immunity in lymphocyte-deficient hosts. We
investigated whether early viral clearance mediated by TCR-
transgenic HA-specific memory CD4 T cells in BALB/c mice in
the absence of accessory lymphocytes was applicable to poly-
clonal systems. We previously found that transfer of polyclonal
influenza virus-specific memory CD4 T cells into naive mice
resulted in enhanced viral clearance following influenza virus
challenge [56]. We generated polyclonal influenza virus-spe-
cific memory CD4 T cells as described previously (42, 56) by
infecting unmanipulated C57BL/6 mice with a sublethal dose
of PR8 influenza virus and letting them recover and persist for
4 to 8 weeks postinfection, resulting in “flu-memory” mice. We
harvested total CD4 T cells from spleens and lungs of flu-
memory mice and determined the frequency of influenza virus-
specific memory CD4 T cells by enzyme-linked immunospot
(ELISPOT) assay (42, 56) and intracellular cytokine staining
(Fig. 4A), by which we detected a measurable frequency of
memory CD4 T cells specific for a conserved major histocom-
patibility complex (MHC) class II (I-Ab)-restricted epitope of
influenza virus nucleoprotein (NP311-325) (14). We examined

FIG. 2. Memory CD4 T-cell-mediated viral clearance in hosts depleted of CD8 T cells. Naive BALB/c and HA-memory mice were left
untreated (control) or administered anti-CD8 depleting antibody 1 day prior to and every other day throughout the course of infection. (A) CD8
and CD4 T-cell frequencies in peripheral blood following anti-CD8 depletion in uninfected mice. Plots show CD3ε versus CD8� or CD8� in
control or anti-CD8-treated mice. (B) Frequencies of CD4 and CD8 T cells in the spleens and lungs of control and CD8-depleted mice 6 days after
influenza virus infection. Results are graphed as means � standard deviations (SD) for five mice per group and are representative of two
experiments. Significant differences between control and treated groups were found for CD8 T cells in the spleen (***, P 
 0.001) and lungs (**,
P 
 0.01). (C) Daily weight loss, expressed as a percentage of starting weight (100%), following influenza virus challenge in naive BALB/c or
HA-memory mice treated with anti-CD8 depleting antibody or with PBS (control). (D) Lung viral titers determined by TCID50 assay (see Materials
and Methods) of lung homogenates harvested at 6 days postinfection. Results were compiled from two independent experiments (n � 8 to 10
mice/group). Significant differences in titers were found between PBS-treated naive and HA-memory mice (*, P 
 0.05) and between anti-CD8-
treated naive and HA-memory mice (**, P 
 0.01).
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the intrinsic protective capacities of polyclonal CD4 T-cell
populations by transferring equal numbers of total CD4 T cells
from naive C57BL/6 and flu-memory mice into lymphocyte-
deficient RAG2�/� hosts, generating RAG	Naive and
RAG	Memory hosts, respectively. The resultant T-cell-re-
constituted RAG2�/� naive and memory recipients had sim-
ilar numbers of total CD4 T cells (data not shown), enabling
a direct comparison of CD4 T-cell-directed responses in
the absence of CD8 T cells or B cells. RAG	Naive,
RAG	Memory, and unmanipulated RAG2�/� hosts were
challenged with PR8 influenza virus, and morbidity and viral
clearance were monitored. While all groups exhibited sim-
ilar weight loss morbidities for up to 7 days postinfection
(Fig. 4B), there was a significant reduction in lung viral

loads of RAG	Memory mice compared to those in infected
RAG2�/� and RAG	Naive mice (Fig. 4C). Thus, poly-
clonal memory CD4 T cells generated in response to influ-
enza virus infection can promote efficient viral clearance in
response to influenza virus challenge in lymphocyte-defi-
cient hosts, consistent with the helper-independent clear-
ance mediated by HA-specific memory CD4 T cells.

Memory CD4 T cells mobilize an enhanced T-cell immune
response in the lung. The ability of CD4 T cells from mice

FIG. 3. Memory CD4 T cells mediate protective responses to in-
fluenza virus challenge in the absence of B cells. (A) Influenza virus
infection induces expansion of HA-specific memory CD4 T cells in
B-cell-deficient (JhD�/�) hosts. Flow cytometry plots show the fre-
quencies of CD4	 Thy1.1	 HA-specific memory CD4 T cells in the
blood 1 day before infection (left) and in the spleen and lungs 6 days
following influenza virus challenge (right), with the percentage of
HA-specific Thy1.1	 memory CD4 T cells among total CD4 T cells
indicated in each plot. (B) JhD-memory, JhD naive, and control wild-
type naive and HA-memory mice were infected intranasally with 500
TCID50 of PR8 influenza virus and monitored for up to 10 days
postinfection. The graph shows daily weights, expressed as percentages
of starting weight (100%), for all infected groups. (C) Kinetics of viral
clearance in JhD-memory, JhD naive, and control wild-type naive and
HA-memory mice at 6 and 10 days postinfection. On day 10, all groups
except for JhD naive mice exhibited viral loads below the detection
limit of the assay (bd.). Significant differences in titers were found
between all groups (P 
 0.001) by one-way ANOVA. **, P � 0.005,
comparing JhD naive to JhD-memory mice; ***, P � 0.001, comparing
naive BALB/c to JhD-memory mice. Results are representative of two
independent experiments (7 to 10 mice/group). bd., below detection.

FIG. 4. Protection mediated by polyclonal influenza virus-specific
memory CD4 T cells occurs in lymphocyte-deficient hosts. C57BL/6
mice were infected with 500 TCID50 of PR8 influenza virus and mon-
itored for infection, and CD4 T cells were purified from the spleens
and lungs of these “flu-memory” mice at 4 to 8 weeks postinfection.
(A) Frequencies of influenza virus NP-specific CD4 T cells 8 weeks
after infection, as determined by intracellular cytokine staining follow-
ing stimulation with 1 �g/ml anti-CD28 (medium alone), 1 �g/ml
NP311-325 plus 1 �g/ml anti-CD28 (NP311–325), or phorbol myristate
acetate-ionomycin (PMA/Iono). These results are representative of
two experiments, each with five mice per group. (B) CD4 T cells
purified from the spleens and lungs of naive C57BL/6 mice or C57BL/6
flu-memory mice were transferred (8 � 106 total cells, comprising 4 �
106 cells from the spleen and 4 � 106 cells from the lungs) intrave-
nously into RAG2�/� recipients, which were subsequently infected
with 500 TCID50 of PR8. The graph shows weight loss morbidities
of the influenza virus-infected RAG2�/�, RAG2	Naive, and
RAG2	Memory groups up until day 7 postinfection. Weight loss
differences between naive and memory groups were not significant.
(C) Lung viral titers at day 7 postinfection in RAG2�/�,
RAG2	Naive, and RAG2	Memory mice, expressed as the average
for 10 mice per group, compiled from two independent experiments
with 5 mice per group (representative of three independent exper-
iments). The significance of differences in viral titers between the
RAG	Memory, RAG	Naïve, and RAG�/� groups was deter-
mined by one-way ANOVA (P � 0.002).
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previously infected with influenza virus to direct protective
responses independent of B cells or CD8 T cells suggested that
memory CD4 T cells mediated a quantitatively and qualita-
tively distinct response in the lungs compared to the primary
response. We examined the in situ lung T-cell response to
influenza virus infection mediated by polyclonal naive or mem-
ory CD4 T cells in both RAG2�/� and intact C57BL/6 hosts.
Thus, total CD4 T cells from naive or flu-memory mice (Fig. 4)
were transferred into C57BL/6 or RAG2�/� recipients, which
were subsequently challenged with a sublethal dose of PR8
influenza virus. Lung sections of influenza virus-infected mice
were isolated at 7 days postinfection, stained for CD3 expres-
sion, and analyzed by immunohistochemistry (Fig. 5A). In the
primary response mediated by naive CD4 T cells in both
C57BL/6 and RAG2�/� hosts, there was a diffuse pattern of
T-cell staining in the lung and throughout the alveolar spaces
(Fig. 5A, second row) that was not present in uninfected con-

trol mice (Fig. 5A, top panel). In contrast, lungs from influenza
virus-challenged C57BL/6 and RAG2�/� recipients of CD4 T
cells from flu-memory mice exhibited increased T-cell staining
and clustering in alveolar spaces and around airways (Fig. 5A,
bottom row). These clustered T-cell infiltrates in secondary
influenza virus responses in the lung were interspersed with
clear areas of healthy lung tissue, suggesting that the memory
CD4 T-cell-directed response prevents the spread and dissem-
ination of virus throughout the lung. Quantitative analysis of
T-cell infiltration into the lungs of C57BL/6 hosts following
infection revealed a substantially greater T-cell lung infiltrate
for memory than for primary responses (Fig. 5B), comprised
mainly of CD4 T cells, as determined by flow cytometry (56;
data not shown). These results reveal enhanced recruitment
and mobilization of the T-cell infiltrates in memory versus
primary responses, suggesting that memory CD4 T cells act
directly within the lung tissue to mediate viral clearance.

Enhanced viral clearance and protection mediated by mem-
ory CD4 T cells are dependent on IFN-�. We hypothesized that
the ability of influenza virus-specific memory CD4 T cells to
direct localized lung responses depends on their effector func-
tion. Because the predominant effector cytokine produced by
both polyclonal and HA-specific memory CD4 T cells is IFN-�
(6, 42), we hypothesized that IFN-� may be required for mem-
ory CD4 T-cell-mediated protection from influenza virus. We
examined the requirement for IFN-� in both HA-specific and
polyclonal systems by administration of a neutralizing anti-
IFN-� antibody (XMG1.2) both intravenously and intranasally,
as this approach was previously shown to be efficacious in
eliminating secreted IFN-� in lung homogenates without alter-
ing the cytokine profile of resident T cells (32, 54). Neutral-
ization of IFN-� in naive or HA-memory mice following influ-
enza virus infection did not affect weight loss for up to 5 days
postinfection for either group (Fig. 6A), although HA-memory
mice treated with anti-IFN-� exhibited a low-level mortality
(
10%) at day 5 postinfection with this sublethal dose (data
not shown). In addition, neutralization of IFN-� had differen-
tial effects on viral clearance, specifically in treated HA-mem-
ory mice. In naive mice infected with influenza virus, IFN-�
neutralization did not alter lung viral loads for 5 days post-
influenza virus infection compared to those in control infected
naive mice (Fig. 6B), consistent with previous reports that
IFN-� production is dispensable for viral clearance in the pri-
mary response (27, 59). In contrast, in HA-memory mice, neu-
tralization of IFN-� significantly inhibited the enhanced viral
clearance observed in the control-treated memory group (Fig.
6B), indicating that during a secondary immune response
driven by memory CD4 T cells, enhanced viral clearance is
dependent on IFN-� secretion.

IFN-� signaling has been shown to be important for memory
T-cell differentiation, stability, and protective capacity (63, 64),
and it was therefore important to determine whether in vivo
IFN-� neutralization altered the expansion or function of
memory CD4 T cells. We found that IFN-� neutralization in
HA-memory hosts did not inhibit the accumulation of HA-
specific memory CD4 T cells in lung or spleen tissues after
infection (Fig. 6C). In both the spleen and lungs following
infection, HA-specific memory CD4 T cells exhibited a Th1-
like profile, with predominant IFN-� producers and some in-
terleukin-4 (IL-4) producers in the lungs, with minimal IL-17

FIG. 5. Localized memory CD4 T-cell-directed responses in the
lung are distinct from diffuse T-cell distribution during primary infec-
tion. (A) Localization of CD3	 T cells in the lungs of uninfected
C57BL/6 mice (top) and influenza virus-infected C57BL/6 mouse re-
cipients of total CD4 T cells from naive (middle left) or C57BL/6
flu-memory (lower left) mice 7 days after infection with X31, using
immunohistochemistry. Similar CD3 immunohistochemistry analysis
was performed on lungs from PR8-infected RAG2�/� mice that re-
ceived total CD4 T cells from naive (middle right) or C57BL/6 flu-
memory (lower right) mice (see Fig. 6). CD3	 T cells stain brown, as
indicated by arrows, and images for representative animals of five mice
per group are shown at a magnification of �20. (B) CD3 T cells were
enumerated by counting the total number of cells staining for CD3 and
taking the average for five 1-mm2 sections of lung per animal. Each
section counted had a similar lung architecture. Data shown are the
average counts for five animals per group. ***, P 
 0.001, representing
the difference in CD3 numbers between groups, as determined by
ANOVA.
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and IL-10 production (Fig. 6D). This memory CD4 T-cell-
specific cytokine profile was unaltered in mice treated with
anti-IFN-� neutralizing antibodies (Fig. 6D). In addition,
memory CD4 T-cell-mediated production of the cytokines
IFN-�, IL-4, IL-10, and IL-17 in both spleen and lung tissues
was not affected by treatment with IFN-�-neutralizing antibod-
ies, demonstrating that IFN-� neutralization in vivo did not
skew HA-memory CD4 T-cell cytokine production to a Th2 or
Th17 profile. The reduced memory CD4 T-cell-mediated viral
clearance in the presence of neutralizing anti-IFN-� antibodies
did not appear to result from altered T-cell migration or func-
tion and was therefore dependent on the secretion of IFN-�.

Heterosubtypic memory CD4 T-cell-mediated protection
from influenza virus is IFN-� dependent. T-cell-directed re-
sponses can uniquely mediate protection against heterosub-
typic strains of influenza virus displaying altered HA and NA
sequences. We investigated whether memory CD4 T-cell-me-
diated protection from heterosubtypic influenza virus chal-
lenge required IFN-�. We transferred CD4 T cells from flu-
memory mice previously infected with PR8 influenza virus into
intact B6.Ly5.2 congenic naive mouse hosts, challenged the
resultant hosts with the heterosubtypic influenza virus strain
X31 (H3N2), and monitored antiviral responses in groups re-
ceiving control or IFN-�-neutralizing antibodies. We found
increased viral loads in mouse memory hosts treated with IFN-
�-neutralizing antibody compared to those in mice treated with
control antibody (Fig. 7B), although morbidity was not altered

(Fig. 7A). In addition, neutralization of IFN-� exacerbated
mononuclear cell infiltrates in mice with memory CD4 T cells
(Fig. 7C). At 7 days postinfection, lungs from influenza virus-
infected memory hosts exhibited regions of concentrated cel-
lular infiltrates interspersed with regions of healthy lung (Fig.
7C, compare middle panel to healthy lung in first panel), as
also observed by CD3 immunohistochemistry (Fig. 6). In con-
trast, lungs of influenza virus-infected memory hosts treated
with neutralizing anti-IFN-� antibody had greatly exacerbated
lung pathology, with blood leakage into alveolar spaces and
other hallmarks of lung damage induced by lethal viral doses
(61) or highly pathogenic influenza virus strains (33). Taken
together, the heightened viral load and worse lung pathology in
the presence of IFN-� neutralization indicate that secreted
IFN-� is required for local lung protective responses by poly-
clonal memory CD4 T cells and for curtailing the spread of
virus in the lung.

DISCUSSION

Protecting the population from the next major influenza
pandemic remains a major public health challenge that cannot
be met by current vaccines, which generate strain-specific pro-
tective immunity. Memory CD4 T cells arise following vacci-
nation and infection, exhibit long-term persistence, recognize a
broad array of influenza virus epitopes, and have the potential
to coordinate multiple aspects of adaptive immunity through

FIG. 6. Memory CD4 T-cell-mediated protection is dependent on IFN-�. Naive and HA-memory mice were treated intraperitoneally and
intranasally with control IgG and anti-IFN-� antibody (see Materials and Methods) and then challenged with 500 TCID50 of PR8 influenza virus.
(A) Daily weight loss, measured as described previously. (B) Lung viral titers at 5 days post-influenza virus challenge, determined by the TCID50
method as described previously. Results are representative of 2 independent experiments (8 to 10 mice/group). *, P 
 0.05, comparing HA-memory
mice treated with XMG1.2 and IgG1. (C) Absolute numbers of HA-specific memory CD4 T cells in spleen and lung tissue, calculated from flow
cytometry analysis and microscopic cell counts. Data are shown as the total number of Thy1.2	 memory CD4 T cells in each tissue. (D) IFN-�
neutralization does not skew cytokine production of HA-memory CD4 T cells after influenza virus infection. HA-specific memory CD4 T cells were
isolated at 5 days postinfection from the spleen and lungs of influenza virus-infected HA-memory mice and stimulated ex vivo with PMA-ionomycin
for 5 h. The graphs show percentages of Thy1.2	 memory CD4 T cells producing IFN-�, IL-4, and IL-17 in both spleen and lung tissues.
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enhanced helper and effector functions. However, the intrinsic
protective capacity of memory CD4 T cells is not well defined.
We demonstrate here that memory CD4 T cells can direct
protective responses to influenza virus infection, as manifested
by early lung viral clearance, enhanced recovery, and protec-
tion from lethal challenge. Memory CD4 T-cell-mediated an-
tiviral responses were independent of helper functions, as B-
cell-deficient, CD8 T-cell-depleted, and even RAG2�/� mice
displayed enhanced virus clearance in the presence of memory
CD4 T cells. Memory CD4 T-cell-mediated enhanced viral
clearance was dependent on IFN-� secretion and was associ-
ated with increased T-cell infiltration in the lung. These results
demonstrate that memory CD4 T cells can drive protective
immunity to a respiratory virus infection through an IFN-�-
dependent effector mechanism which targets immune infil-
trates to the lung. Our results reveal the potential of memory
CD4 T cells to mediate efficacious protection from respiratory
virus infection via vaccines and also to mediate the clinical
response to infection.

Viral clearance after influenza virus infection and protection
from subsequent infection are generally associated with the
production of high-affinity antibodies by activated B cells,
which both neutralize infectivity of the virus and invoke effec-
tor mechanisms for complete viral clearance (for a review, see
reference 24). In addition, the cytolytic function of effector

CD8 T cells contributes significantly to protection in both
primary and secondary influenza virus challenges (13, 20, 58).
CD4 T cells promote viral clearance in primary responses to
influenza virus predominantly through their indirect helper
functions for the production of high-affinity influenza virus-
specific antibodies (39–41). In contrast to naive CD4 T cells,
which prevail in primary responses, memory CD4 T cells ex-
hibit rapid effector responses, enhanced migration to nonlym-
phoid tissue, and an increased ability to be activated by differ-
ent APC, independent of certain costimulatory pathways (55,
60), suggesting that memory CD4 T cells could mediate pro-
tection in antiviral secondary responses by distinct mecha-
nisms. We demonstrate here that influenza virus-specific mem-
ory CD4 T cells mediate rapid viral clearance in the lung that
does not require B-cell-mediated antibody production or the
presence of CD8 T cells.

The B-cell independence of the memory CD4 T-cell-medi-
ated antiviral responses identified here can be distinguished
from the results of previous studies showing that secondary or
effector CD4 T-cell-mediated protection from influenza virus
requires B cells (8, 45, 57). Studies examining secondary re-
sponses directly in B-cell-deficient mice found impaired pro-
tection (45, 57); however, B-cell-deficient mice were also
shown to exhibit impaired generation of memory CD4 T cells
(31, 62), so these studies did not examine a wild-type memory
CD4 T-cell response in the context of B-cell deficiency. Fur-
thermore, a study by Brown et al. (8) demonstrated impaired
protection by transfer of activated effector CD4 T cells into
B-cell-deficient hosts. Effector CD4 T cells differ from the
resting memory CD4 T cells examined here in their survival,
propensity for activation-induced cell death, and expansion
capacity (34). In response to influenza virus challenge, trans-
ferred effector CD4 T cells were detected only briefly in vivo
and were essentially absent from the lung at 6 days postinfec-
tion (8). In contrast, in vivo-generated memory CD4 T cells in
our system expanded upon secondary virus challenge, and sig-
nificant numbers were found in the lung 6 days after infection
in both wild-type and B-cell-deficient hosts (Fig. 1 and 3). The
different B-cell requirements in the two systems are therefore
likely due to the continued and robust presence of CD4 T cells
in the lung during memory CD4 T-cell-mediated secondary
responses versus their transient presence in effector CD4 T-
cell transfers.

We also found that memory CD4 T cells could provide
protection under conditions of antibody-induced or congenital
CD8 T-cell depletion, indicating that protection by memory
CD4 T cells was not driven by CD8 T-cell effector responses. In
addition, we did not find that the presence of memory CD4 T
cells resulted in enhanced CD8 T-cell recruitment to the lung
(56; data not shown), indicating that memory CD4 T cells do
not promote CD8 T-cell priming and effector differentiation.

We showed that memory CD4 T-cell-mediated viral clear-
ance is abrogated in the presence of IFN-� neutralization,
whereas primary responses are not similarly dependent on
secreted IFN-�. Previous studies found unimpaired primary
responses to influenza virus infection in IFN-�-deficient mice
(27), consistent with our findings. In contrast, heterosubtypic
immunity in mouse models required IFN-� production (7), but
this protection was attributed mainly to CD8 T cells. Our
findings that memory CD4 T-cell-directed responses require

FIG. 7. Heterosubtypic protection mediated by memory CD4 T
cells requires IFN-� secretion. CD4 T cells containing influenza virus-
specific memory CD4 T cells were purified from the spleens and lungs
of C57BL/6 mice infected with 500 TCID50 of PR8 influenza virus 6
weeks previously, as described in the legend to Fig. 5A, and 8 � 106

CD4 T cells were transferred into B6.Ly5.2 congenic hosts. The re-
sultant hosts of polyclonal memory CD4 T cells were challenged with
10,000 TCID50 of the heterosubtypic strain HK-X31 and then admin-
istered control IgG or anti-IFN-� (XMG1.2) antibody at day 0 and
every other day throughout infection. (A) Weight losses of differen-
tially treated mouse memory recipients were plotted as percentages of
starting weights. (B) Viral titers were determined by MDCK assay at 7
days postinfection and are shown as averages for five mice per group,
with the P value of 
0.001 representing a difference in titers between
memory mice treated with either control antibody or anti-IFN-� anti-
body. The results are representative of three independent experiments.
(C) Lung histology was determined by hematoxylin and eosin staining
at 7 days postinfection. An image for a representative animal is shown
for each group (five mice per group) and for a lung from an uninfected
animal.
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IFN-� are consistent with recent findings that influenza virus
protection is associated with transfer of Th1 effector or resting
effector cells bearing phenotypic properties of memory T cells
(53). Moreover, elevated numbers of memory T cells capable
of rapid IFN-� production were correlated with protection
from influenza virus infection in both mice and humans (15,
21). In other viral systems, IFN-� production during memory
CD4 T-cell-mediated secondary responses was also found to
direct the outcome of viral disease. In lethal coronavirus in-
fection, IFN-� was required for memory CD4 T-cell-mediated
protection (49), similar to our findings, whereas in respiratory
syncytial virus (RSV) infection, IFN-� production during sec-
ondary responses was shown to be dispensable for viral clear-
ance but to exacerbate systemic disease (10).

Our findings further suggest that memory CD4 T cells co-
ordinate enhanced CD4 T-cell responses and recruitment in
the lung and set up foci of immune responses around the
airways. The ability of CD4 T cells to promote T-cell responses
in the lung has been observed in mouse models of severe acute
respiratory syndrome (SARS) (12) and may represent an ad-
ditional mechanism by which CD4 T cells function in antiviral
immunity. We propose that IFN-� produced by memory CD4
T cells and/or additional recruited effector CD4 T cells in the
lung can mediate viral clearance by several different mecha-
nisms, including direct effects on the infected cells by stimu-
lating the production of antiviral molecules (51) and activation
of macrophages or other innate immune cells for subsequent
pathogen destruction (37). In addition, such early lung re-
sponses mediated by memory CD4 T cells can lead to immu-
nopathology, as manifested by enhanced T-cell recruitment
and also a consistent pattern of early weight loss in memory
compared to naive mice. Understanding the factors which bal-
ance out the memory immune response would be essential for
optimizing these aspects of secondary antiviral T-cell re-
sponses.

The ability of memory CD4 T cells to mobilize lung immune
responses and effector functions has important implications for
optimizing human immune responses to influenza virus. There
is increasing evidence that influenza virus-specific memory
CD4 T cells can be generated by natural infection and/or
vaccination, can persist in healthy individuals, and can cross-
react with determinants from pandemic strains (28, 30, 36, 48).
These findings suggest that memory CD4 T cells may consti-
tute a first-line defense against infection with new influenza
virus strains and subtypes and may likewise provide protection
against severe morbidity and mortality. Taken together with
our findings that memory CD4 T cells coordinate protective
influenza immunity, targeting the generation of IFN-�-produc-
ing memory CD4 T cells specific for invariant influenza virus
determinants could be a viable strategy for promoting cross-
strain protective immunity to the next pandemic.
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