
JOURNAL OF VIROLOGY, July 2011, p. 6453–6463 Vol. 85, No. 13
0022-538X/11/$12.00 doi:10.1128/JVI.02122-10
Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Functional Macroautophagy Induction by Influenza A Virus without a
Contribution to Major Histocompatibility Complex

Class II-Restricted Presentation�†
Joseph D. Comber, Tara M. Robinson, Nicholas A. Siciliano,

Adam E. Snook, and Laurence C. Eisenlohr*
Department of Microbiology and Immunology, Kimmel Cancer Center, Thomas Jefferson University, Philadelphia, Pennsylvania

Received 7 October 2010/Accepted 18 April 2011

Major histocompatibility complex (MHC) class II-presented peptides can be derived from both exogenous
(extracellular) and endogenous (biosynthesized) sources of antigen. Although several endogenous antigen-
processing pathways have been reported, little is known about their relative contributions to global CD4� T cell
responses against complex antigens. Using influenza virus for this purpose, we assessed the role of macroau-
tophagy, a process in which cytosolic proteins are delivered to the lysosome by de novo vesicle formation and
membrane fusion. Influenza infection triggered productive macroautophagy, and autophagy-dependent pre-
sentation was readily observed with model antigens that naturally traffic to the autophagosome. Furthermore,
treatments that enhance or inhibit macroautophagy modulated the level of presentation from these model
antigens. However, validated enzyme-linked immunospot (ELISpot) assays of influenza-specific CD4� T cells
from infected mice using a variety of antigen-presenting cells, including primary dendritic cells, revealed no
detectable macroautophagy-dependent component. In contrast, the contribution of proteasome-dependent
endogenous antigen processing to the global influenza CD4� response was readily appreciated. The contri-
bution of macroautophagy to the MHC class II-restricted response may vary depending upon the pathogen.

The activation of CD4� T cells depends upon their recog-
nition of peptides (epitopes) associated with major histo
compatibility class (MHC) class II molecules. Conventionally,
peptide generation involves the degradation of exogenous (ex-
tracellular) antigens in the endosomal network by multiple
mechanisms, including unfolding, reduction, and proteolytic
degradation. It is now clear that epitopes derived from endog-
enous antigens (synthesized by the cell) also can be presented
on MHC class II molecules (12, 22, 24, 38, 49, 50, 60, 66).
Indeed, endogenous antigen expression appears to be an ab-
solute requirement for the presentation of some epitopes. For
example, the UV inactivation of A/PR8/34 influenza virus
(PR8) or treatment of infected antigen-presenting cells
(APCs) with protein synthesis inhibitors prevents the presen-
tation of the NA79 epitope (12). Similar observations have
been made for an epitope derived from influenza matrix pro-
tein 1 (24) and an epitope derived from the MHC class I H2-Ld

molecule (39).
Numerous studies now have demonstrated that endogenous

antigens can gain access to MHC class II loading compart-
ments via a variety of intracellular pathways (4, 38, 49, 57, 66,
67). Perhaps the most straightforward route is autophagy, in
which cytosolic proteins are delivered to the lysosome via sev-
eral different mechanisms. Chaperone-mediated autophagy re-
sults in the delivery of cytosolic proteins directly to the lyso-
some based upon the recognition of a KFERQ pentapeptide

motif within the target protein, and it was shown to be respon-
sible for the presentation of an epitope derived from glutamate
decarboxylase (72). Although 30% of cytosolic proteins con-
tain this motif (70), CMA has not yet been implicated in the
class II-restricted response to an infectious agent. Macroau-
tophagy is characterized by the formation of a double-mem-
brane structure that engulfs portions of the cytosol, including
proteins, organelles, and/or invading pathogens. The resultant
autophagosomes undergo membrane fusion with lysosomes,
and the rapid degradation of the contents ensues (18). Mac-
roautophagic vesicles fuse continuously with class II-positive
compartments (60), and several epitopes have been shown to
depend upon macroautophagy for class II-restricted presenta-
tion, including those derived from the C5 protein of the com-
plement pathway (2), neomycin phosphotransferase (45, 53),
and the Epstein Barr virus nuclear antigen 1 (EBNA-1) (35,
50). Interestingly, EBNA-1 contains two class II-restricted en-
dogenous epitopes that are not autophagy dependent, suggest-
ing that this protein can be processed via more than one
pathway (35). Other studies of macroautophagy in antigen
processing have employed engineered model antigens in which
a well-defined epitope is affixed to a protein that naturally
localizes to the autophagosome. For example, autophagy-de-
pendent presentation was demonstrated for an influenza ma-
trix protein 1-derived epitope fused to the LC3B protein,
which is involved in autophagosome formation (60).

While a contribution by macroautophagy to class II process-
ing is intuitively appealing, several considerations complicate
the picture. (i) In many cases, the aggressive proteolysis asso-
ciated with autophagy may be counterproductive for antigen
processing. The presentation of many epitopes is diminished or
ablated with elevated endosomal proteolysis (6, 58). Likewise,
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it has been reported that dendritic cells with reduced endo-
somal proteolytic activity are more efficient antigen presenters
(6, 58). (ii) Results that suggest a role for autophagy may have
alternative explanations. For example, autophagy was impli-
cated in the class II-restricted presentation of antigens derived
from nuclear and cytosolic proteins (8) due to the positive
effects of serum starvation, but this condition also enhances
proteasomal activity (14). In addition, the gene ablation of a
key autophagy component has been reported to affect not just
autophagy but also the presentation of exogenous antigens (1,
34). (iii) Some autophagy substrates may be atypical. For ex-
ample, EBNA-1 is unusual in containing a glycine-alanine
(Gly-Ala) repeat region that appears to be involved in immune
evasion (36, 37) and also renders the protein prone to aggre-
gation (19, 40), thereby increasing its susceptibility to au-
tophagy (52, 68). (iv) Finally, in studying the presentation of
class II-restricted epitopes from the influenza neuraminidase
and hemagglutinin (HA) glycoproteins, our laboratory has
identified an endogenous pathway that depends upon the mul-
ticatalytic proteasome, the macromolecular complex that is
responsible for most protein turnover within the cytosol and
nucleus (13, 17, 20). Remarkably, enzyme-linked immunospot
(ELISpot) assays revealed that 30 to 40% of the total MHC
class II-restricted response to influenza is specific for protea-
some-dependent epitopes (66), a fraction that, when added to
the contribution of exogenous processing, may largely discount
other processing pathways. Thus, elucidating the relative roles
of various processing pathways will require a more global ap-
proach.

Here, we have taken such a global approach in assessing the
CD4� T cell responses to influenza virus infection. Although
influenza virus infection activates functional autophagy and we
were able to detect autophagy-dependent presentation with
engineered processing substrates, we could discern no signifi-
cant contribution of this pathway to the CD4� T cell response.

MATERIALS AND METHODS

Cells, plasmids, and viruses. L929 fibroblasts stably expressing the H2d-re-
stricted MHC class II molecule I-Ed (L-IEd) or B6 fibroblasts stably expressing
I-Ed and CIITA (B6-IEd) were cultured in Dulbecco’s modified essential me-
dium (DMEM) (Mediatech Inc., Manassas, Va) supplemented with 10% fetal
calf serum (FCS) (Invitrogen, Carlsbad, CA) and 1� 2-mercaptoethanol (2ME;
Invitrogen) at 9% CO2. Atg5 wild-type or knockout (KO) fibroblasts were cul-
tured in DMEM supplemented with 10% FCS and 1� nonessential amino acids
and maintained at 9% CO2 (fibroblasts were a kind gift of David Leib, Dart-
mouth Medical School). The A20 B cell lymphoma line was maintained in
Iscoves modified Dulbecco’s medium (IMDM) with 10% FCS, and the Raw264.7
cell line was maintained in DMEM with 10% FCS at 9% CO2. A lacZ T cell
hybridoma specific for the Site-1 epitope of influenza hemagglutinin (62, 66) was
used in 4-methylumbelliferyl ß-D-glucuronide (MUG) assays and passaged in
RPMI-1640 (Mediatech, Inc.) supplemented with 10% FCS and 1� 2-mercap-
toethanol and maintained at 6% CO2.

For plasmid generation, the S1 epitope was inserted at the C terminus of
neomycin phosphotransferase or the N terminus of LC3B by PCR using primers
that encoded the S1 epitope at the indicated position. The PCR product was
inserted into the pGEM-T Easy vector (Thermo Fisher Scientific) and subse-
quently cloned into the pMSCV vector (a generous gift of Jianke Zhang, Thomas
Jefferson University). All DNA constructs were verified by sequencing.

The influenza viruses A/PR/8/34 (PR8; H1N1), A/Japan/305/57 (Jap; H2N2),
and B/Lee/40 (B/Lee) were grown as previously described (66). For experiments
involving UV-inactivated virus, live PR8 was diluted in PBS and subjected to UV
light for 10 min with gentle shaking. The inactivation of the virus was confirmed
by staining fibroblasts pulsed with UV PR8 virus for influenza virus proteins via
flow cytometry. Viral titers were determined using chicken red blood cells and

were expressed in hemagglutinin units (HAU). Adenovirus expressing S1LC3
(Ad-S1LC3) was generated by cloning the S1LC3 construct into the pENTR4
entry vector (Invitrogen), followed by being subcloned into pAd/CMV/V5-DEST
(Invitrogen). Virus was produced in 293A cells (Invitrogen) by transfection with
linearized S1LC3-pAd/CMV/V5, followed by expansion and purification with the
Adeno-X purification kit according to the manufacturer’s recommendations (BD
Biosciences, San Jose CA).

Mice. Female BALB/c (H-2d) and CB6F1 (H-2bxd) mice aged 6 to 8 weeks
were obtained from Jackson Laboratories (Bar Harbor, ME) and maintained at
Thomas Jefferson University (Philadelphia, PA). Mice were primed intraperito-
neally with 100 HAU of infectious PR8 or B/Lee diluted in cold phosphate-
buffered saline (PBS) or intranasally with 0.1, 0.01, or 0.0001 HAU of infectious
PR8 in cold PBS. At least 10 days after being primed, mice were euthanized using
CO2 and spleens were harvested. CD4� T cells were purified using the Dynal
magnetic bead negative selection kit according to the manufacturer’s instructions
(Invitrogen), and the purified cells were used subsequently in all ELISpot ex-
periments. All experimental procedures involving mice were approved by the
Institutional Animal Care and Use Committee at Thomas Jefferson University.

Generation and retroviral transduction of bone marrow-derived primary den-
dritic cells (BMDCs). Bone marrow was isolated from the femurs and tibias of
naïve female BALB/c or CB6F1 mice as previously described (66). Bone marrow
was plated in 10-cm culture dishes at 2 � 106 cells/plate in a final volume of 10
ml of RPMI supplemented with 10% FCS, 1� penicillin-streptomycin, 1� L-glu-
tamine, 1� 2ME, and granulocyte-macrophage colony-stimulating factor (GM-
CSF) (10 ng/ml). Forty-eight h later the cells were harvested, counted, and plated
in 24-well plates at 1 � 106 cells per well. Short hairpin RNA (shRNA) directed
against Atg7 was designed using RNAiCODEX and cloned into the MSCV/
LTRmiR30-PIG (LMP) retroviral vector encoding green fluorescent protein
(GFP) under an internal ribosome entry site (IRES) promoter (OpenBiosys-
tems; Thermo Fischer Scientific). Retrovirus encoding Atg7 shRNA or an empty
LMP vector was overlaid onto the primary cells, and the cells were spun at
1,000 � g for 2 h. After the transduction, fresh growth medium was added to the
cells. Forty-eight to 72 h after transduction (66), the cells were harvested and
sorted for GFP expression for use in ELISpot assays. As in other knockdown
experiments, the reduction of Atg7 was confirmed by Western blotting.

siRNA transfections. Short interfering RNAs (siRNAs) against Atg7, Rpt2, or
a scrambled control were obtained from Ambion (Applied Biosystems, Austin,
TX). L-IEd fibroblasts were transfected with the indicated siRNAs using an
Amaxa nucleofection kit V (Lonza, Allendale, NJ) once (48 h before assay) or
twice in a 4-day period (once at day 0, then again at day 2). B6-IEd fibroblasts
were transfected with the indicated siRNAs 3 days prior to assays using
RNAiMAX transfection reagent (Invitrogen). A20 and Raw264.7 cell lines were
transfected with siRNA using the Amaxa nucleofection kit V (Lonza) 48 h before
use (for A20) or twice within a 48-h period (for Raw264.7). For the final 24 h of
culture, the Raw264.7 cells were treated with gamma interferon (IFN-�) to
upregulate class II machinery. For the siRNA knockdown of the autophagy
construct S1LC3, B6-IEd fibroblasts stably expressing S1LC3 were transfected
twice within a 3-day period to ensure the complete knockdown of preexisting
S1pMHC complexes.

Assessment of autophagy induction and knockdown. To examine the induction
of autophagy after influenza virus infection, L-IEd or B6-IEd fibroblasts were
infected with PR8 (4 to 50 HAU/106 cells) for 30 min at 37°C in PBS–0.1%
bovine serum albumin (BSA). At the indicated time points or after an overnight
(�16 h) culture, the cells were trypsinized, washed, and lysed in lysis buffer (100
mM NaCl, 100 mM Tris, pH 8.0, 1% Triton-X) in the presence of HALT
protease inhibitor cocktail (Thermo Fischer Scientific) for 15 min on ice. Sam-
ples were centrifuged for 15 min at 13,000 � g at 4°C to remove debris, and
protein concentrations were determined by BCA assay (Thermo Fisher Scien-
tific). Equal amounts of protein were loaded onto a 12% SDS gel, subjected to
electrophoresis, and transferred to a nitrocellulose membrane (GE Healthcare,
Piscataway, NJ) for blotting. Anti-LC3b, anti-Atg7, and anti-actin were obtained
from Sigma Aldrich (St. Louis, MO).

In vitro antigen presentation assays. B6-IEd fibroblasts were transiently trans-
fected with the indicated constructs using GeneJuice (EMD Biosciences,
Gibbstown, NJ). Twenty-four h after transfection, autophagy was induced by
treating cells with 200 nM rapamycin (EMD Biosciences) overnight. Cells were
harvested, fixed with 0.05% paraformaldehyde (PFA; Electron Microscopy Ser-
vices, Hatfield, PA) in 1� Hanks balanced salt solution (HBSS) (Thermo Fisher
Scientific) for 15 min at room temperature, washed extensively, and cultured
overnight with S1 T hybridomas. T cell activation was assessed by measuring
beta-galactosidase activity using the fluorescent substrate MUG, with the
amount of fluorescence being directly proportional to T cell activation (56, 62).

For chemical inhibition, the autophagy construct S1LC3 was transfected into
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B6-IEd as described above. Twenty-four h later the cells were washed in PBS,
acid washed to remove existing pMHC-II complexes from the surface, washed
extensively, and cultured overnight in the presence of 3-methyladenine (3MA;
Sigma Aldrich) or wortmannin (EMD Biosciences). Cells were harvested and
cultured for 6 h with S1 T hybridomas in a MUG assay. For siRNA-mediated
inhibition, the autophagy construct S1LC3 was stably transfected into B6-Ied,
and siRNA was transfected as described above. Cells were harvested and cul-
tured with S1 T hybridomas overnight in a MUG assay.

ELISpot assay. L-IEd or B6-IEd fibroblasts, A20 B cell lymphomas,
RAW264.7 macrophages, or primary BMDCs were transfected/transduced with
the indicated siRNAs or shRNAs. After the optimal time periods for maximal
knockdown, the cells were harvested and pulsed with infectious PR8 or UV-
inactivated PR8 for 30 to 60 min at 37°C in PBS–0.1% BSA. Cells were washed
and cultured overnight with purified CD4� T cells from the spleens of PR8-
primed mice in an IFN-� ELISpot assay. The next day the assay was developed
according to the manufacturer’s instructions (BD Biosciences). For experiments
involving AdenoS1LC3, L-IEd fibroblasts were transfected with the indicated
siRNAs. Six hours after the second transfection, media were changed and the
cells were infected with Ad-S1LC3 (3 � 108 IFU/0.2 � 106 cells). Thirty-six to
48 h after infection, the infected L-IEd fibroblasts were harvested and cultured
overnight with purified CD4� T cells from a PR8-primed mouse in an IFN-�
ELISpot assay. The AdS1LC3-infected L-IEd fibroblasts also were cultured
overnight with S1 T hybridomas in a MUG assay. For experiments involving
epoxomicin, cells were pretreated with 0.5 �M epoxomicin (Enzo Life Sciences,
Plymouth Meeting, PA) for 15 min prior to infection.

Statistical analysis. Statistics were calculated using a paired Student t test. P �
0.05 was considered significant.

RESULTS

Influenza infection induces functional macroautophagy.
Autophagy can be induced by a variety of viral and bacterial
infections (26, 30, 48). Two recent publications reported that
influenza virus infection can induce autophagy (15, 73); how-
ever, one of these indicated that the process is incomplete due
to the inhibition of vesicular fusion (15). To explore autophagy
induction and maturation in our system, L929 fibroblasts stably
transfected with the I-Ed� and I-Ed� genes (L-IEd) or B6
fibroblasts stably transduced with I-Ed� and I-Ed� (B6-IEd)
were infected with influenza virus A/PR/8/34 (PR8). As a pos-
itive control, the cell lines were treated with the known au-
tophagy inducer rapamycin (47). Autophagy induction then
was assessed by measuring the conversion of LC3-I to LC3-II
via Western blotting (41, 55). In both fibroblast lines, PR8
infection induced the conversion of LC3-I to LC3-II in a time-
dependent manner beginning at 8 h after infection (Fig. 1A).
The treatment of infected cells with bafilomycin A1, which
neutralizes endosomal vesicles, thereby preventing the turn-
over of converted LC3, accentuated this effect (Fig. 1B), indi-
cating that LC3 conversion is not an artifact of increased LC3
synthesis. The inhibition of autophagy via siRNA targeting
Atg7, a ubiquitin ligase-like protein essential for autophago-
some expansion, resulted in decreased LC3-II accumulation
compared to that of control cells in response to influenza virus
infection (Fig. 1C). Atg7 siRNA had a similar impact when
rapamycin was used to induce autophagy (data not shown).

To determine whether macroautophagy progressed to mat-
uration, we generated B6-IEd fibroblasts that stably express a
GFP-LC3 fusion construct (42). Autophagy induction via PR8
infection in B6-IEd-GFP-LC3 cells resulted in a significant
decrease in GFP fluorescence (Fig. 2A, left), reflecting the
successful fusion of the autophagosome and destruction of the
contents (61). A reduction in fluorescence was not observed in
cells expressing unconjugated GFP (Fig. 2A, right). Further-
more, the chemical inhibition of autophagy via wortmannin

prevented the reduction of GFP levels after influenza virus
infection (Fig. 2B) as well as the accumulation of endogenous
LC3-II (Fig. 2C). In addition, the PR8 infection of L-IEd
fibroblasts resulted in decreased levels of p62, a protein spe-
cifically degraded by the autophagy pathway (51 and data not
shown). Taken together, these results indicate that the cell
lines used for subsequent experiments are capable of being
induced to functional autophagy by influenza virus infection
and that our methods of silencing this process are effective.

Autophagy can contribute to the presentation of endogenous
antigens on MHC class II molecules. We next determined
whether autophagy can deliver endogenous antigens for
epitope presentation to CD4� T cells as has been described
previously (8, 23, 34, 45, 50, 53). To this end, we appended the
classically presented H2-IEd-restricted Site-1 (S1) epitope of
influenza hemagglutinin, which appears to have innate resis-
tance to endocytic proteases (3, 11) of two proteins that have
been well described to localize naturally to the autophago-
some. S1-conjugated neomycin phosphotransferase (C-termi-
nal attachment) or S1-conjugated LC3B (N-terminal attach-
ment) was transiently transfected into B6-IEd fibroblasts, and
S1 presentation was assessed using S1-specific T cell hybrid-
omas. As shown in Fig. 3, the S1 epitope was presented effi-
ciently from both constructs, unlike mock-transfected controls.
T cell stimulation was enhanced when cells expressing either
construct were treated with rapamycin, which is consistent with
an autophagy-dependent mechanism of presentation. The
more dramatic response of the S1LC3 construct likely is due to
LC3B being a specific component of the autophagy pathway,
whereas NeoS1 is an autophagy substrate that may be less
efficiently incorporated into the autophagosome.

The overnight treatment of S1LC3-expressing cells with a
chemical inhibitor of autophagy, 3MA or wortmannin, signif-
icantly reduced the presentation of the S1 epitope from B6-
IEd fibroblasts (Fig. 4A). 3MA treatment inhibited S1 presen-
tation to a greater extent than wortmannin; however, it also
was observed to be more toxic to the cells in culture (data not
shown). The Atg7 siRNA transfection of B6IEd cells stably
expressing S1LC3 also resulted in decreased S1 presentation
compared to that of control siRNA-transfected cells (Fig. 4B).
Additionally, we mutated the glycine at residue 120 of LC3 to
an alanine, which prevents LC3 conversion (25). This substan-
tially reduced S1 presentation from the fusion protein (see Fig.
S1 in the supplemental material).

Establishing a system to assess the contribution of au-
tophagy to the CD4� T cell response to influenza. To deter-
mine the contribution of autophagy to the in vivo influenza
virus-specific CD4� T cell responses, we elected to use an assay
that we previously developed for assessing the influence of
proteasome activity on the magnitude of the CD4� T cell
response (66). This involved the infection of wild-type mice
and analyzing the resulting CD4� T cell response with an
interferon-� ELISpot assay in which influenza-infected stimu-
lator cells were left untreated or were treated with proteasome
inhibitor. The difference in spot number reflected the number
of T cells specific for proteasome-dependent epitopes. Even if
proteasome-deficient mice had been available, we would have
chosen this configuration rather than comparing responses in
infected wild-type and knockout mice. Our rationale was that
the limited homeostatic space allowed greater and lesser quan-
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tities of naïve T cells in the wild-type and knockout mice,
respectively, to expand to the same absolute numbers. Thus,
although mice have been generated with autophagy deficien-
cies in certain cell types (34), we opted to dissect the response
that occurs in wild-type mice. Aiding this decision was the
report that DCs from these knockout mice appear to be im-
paired in exogenous antigen processing as well (34). To ensure
that the assay was sufficiently sensitive, we determined the
change in the responding T cell population that can be statis-
tically detected. BALB/c mice were primed with either PR8 or
B/Lee influenza viruses, which are immunologically distinct.
Ten days after being primed, CD4� T cells were isolated from
the spleens, mixed in different proportions, and cultured with

L-IEd fibroblasts infected with either PR8 or B/Lee virus.
Antigen-specific CD4� T cell responses above background lev-
els were detected when 10% of the total T cell population was
specific for the restimulating virus (see Fig. S2 in the supple-
mental material).

Also in preparation for the analysis of the in vivo response,
we constructed a positive-control adenovirus that expresses
S1LC3 (Adeno-S1LC3). We immunized mice intranasally with
live PR8 virus, and at least 10 days after immunization we
isolated CD4� T cells from the spleen via negative selection.
Under these conditions, the S1 epitope is immunodominant
(21). The CD4� T cells isolated from influenza virus-primed
mice were cultured with siRNA-transfected L-IEd fibroblasts

FIG. 1. Autophagy is induced in fibroblasts after PR8 infection. (A) L-IEd or B6-IEd fibroblasts were infected with PR8 (4 to 50 HAU/106 cells)
or stimulated with rapamycin (200 nM) in the presence of E64d (10 �g/ml) for the indicated times. (B) Fibroblasts were infected with PR8 (4 to
50 HAU/106 cells) overnight, and 2 h before harvesting cells for lysate collection bafilomycin A1 was added. (C) L-IEd or B6-IEd fibroblasts were
transfected with siRNA to Atg7 or a scrambled control. To achieve optimal (100%) knockdown, L-IEd fibroblasts were transfected twice within
a 4-day period, while B6-IEd fibroblasts were transfected once. Forty-eight to 72 h after the final transfection of siRNA, cells were harvested to
assess the knockdown (KD) and functional inhibition of autophagy. In all cases, autophagy induction was assessed by Western blotting, probing
lysates for LC3-II levels. Results are representative of three independent experiments.
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infected with Adeno-S1LC3 virus. Because only S1 is shared
between the two viruses, only S1-specific T cells respond in the
assay. Atg7 knockdown in Adeno-S1LC3-infected L-IEd fibro-
blasts significantly reduced the number of responding CD4� T
cells in an IFN-� ELISpot assay (Fig. 4C). A decrease in
S1-specific T cell activation in an in vitro T-hybridoma assay
(Fig. 4D) also was observed. Taken together, these results
demonstrate that ELISpot assays are capable of detecting with
considerable sensitivity a CD4� T cell population specific for
autophagy-dependent epitopes expressed in the context of a
viral infection.

Proteasomal activity, but not autophagy, contributes to
global MHC class II-restricted presentation in an influenza
virus infection. Having observed that influenza virus does in-
duce functional autophagy, and having validated various as-
pects of our approach, we asked whether macroautophagy
plays an appreciable role in the global CD4� T cell response to

this complex antigen. L-IEd or B6-IEd fibroblasts were trans-
fected with control or Atg7-specific siRNA, infected with live
PR8 virus, and cultured with purified CD4� T cells from in-
fluenza virus-primed mice in IFN-� ELISpot assays. Under
these conditions, more than 90% of the restimulating fibro-
blasts were infected with PR8 virus (see Fig. S3 in the supple-
mental material). If macroautophagy plays a major role in the
generation of MHC class II-restricted influenza virus-derived
epitopes in vivo, then CD4� T cells that recognize autophagy-
dependent epitopes will have been induced, and the inhibition
of this pathway should result in a decrease in the number of
responding CD4� T cells in the ELISpot assay. However, de-
spite the validation of knockdown (Fig. 4c) and sensitivity of
the assay, Atg7 siRNA had no detectable effect on the number
of responding CD4� T cells (Fig. 5A to D). Similar results
were obtained utilizing intraperitoneal and intranasal routes of
immunization and also when limiting doses of influenza were

FIG. 2. Autophagy induced by PR8 infection proceeds without a block in the pathway. (A) B6-IEd fibroblasts stably expressing GFP-LC3 (left)
or GFP alone (right) were infected with PR8 (4 to 50 HAU/106 cells), and GFP fluorescence was assessed via flow cytometry. (B) GFP-LC3-
expressing fibroblasts were infected with PR8 in the presence or absence of the chemical inhibitor wortmannin, and GFP fluorescence was assessed.
(C) B6-IEd fibroblasts were infected with PR8 as described for panel B, and autophagy was assessed by probing lysates for LC3 conversion by
Western blotting. Results are representative of three independent experiments.

FIG. 3. Site-1 presentation from NeoS1 and S1LC3 is enhanced upon metabolic induction of autophagy. B6-IEd fibroblasts were transiently
transfected with NeoS1 (A) or S1LC3 (B) (S3LC3 and NeoNA served as transfection controls), and 24 h later, cells were stimulated with rapamycin
(200 nM) overnight. The next day, cells were fixed in 0.05% PFA for 15 min at room temperature and cultured with S1-specific T cell hybridomas
overnight. The legend at the bottom of the figure indicates the number of APCs/well. Results are representative of three independent experiments.
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used both for the priming and for the infection of the antigen-
presenting cells (Fig. 5A versus C and B versus D) (data not
shown). When utilized as stimulators in the ELISpot assay, the
A20 B cell lymphoma line, the Raw264.7 macrophage cell line

(see Fig. S4 in the supplementary material), and fibroblasts
deficient in the autophagy protein Atg5 (data not shown)
yielded similar results.

To address the possibility that experimental conditions bias

FIG. 4. Presentation of S1 derived from S1LC3 is dependent upon autophagy. (A) B6-IEd fibroblasts transiently transfected with S1LC3 for
24 h were acid stripped with citric acid buffer, pH 2.0, washed extensively, and cultured overnight in the presence of autophagy inhibitors. The cells
then were cultured with S1-specific T cell hybridomas for 6 h to assess presentation. (B) B6-IEd fibroblasts stably expressing S1LC3 were
transfected with the indicated siRNAs twice for 2 days and cocultured overnight with S1 T cell hybridomas in a MUG assay. (C) L-IEd fibroblasts
were transfected with the indicated siRNAs twice during a period of 4 days. Six hours after the second siRNA transfection, the cells were infected
with S1LC3 adenovirus. Two days later, cells were harvested and cocultured with CD4� T cells isolated from the spleens of PR8-primed mice
overnight in an IFN-� ELISpot assay. (D) Transfection of fibroblasts as described for panel C, except that the L-IEd fibroblasts were cultured with
S1-specific T cell hybridomas in a MUG assay. Results are representative of at least two independent experiments. *, P � 0.05; **, P � 0.005.

FIG. 5. Autophagy does not significantly contribute to MHC class II-mediated presentation during an influenza viral infection. L-IEd (A) or B6-IEd
(B) fibroblasts were transfected with the indicated siRNAs harvested at optimally determined time points and infected with 100 HAU/106 cells of PR8. Infected
cells were cultured with CD4� T cells isolated from splenocytes of mice primed intraperitoneally (i.p.) with PR8. (C and D) Treatments were similar to those
described for panels A and B, except the fibroblasts were infected with a lower dose of influenza virus (4 HAU/106 cells) and were cultured with CD4� T cells
isolated from splenocytes of mice primed intranasally (i.n.) with PR8. Results are representative of at least three independent experiments.
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the response toward exogenously processed epitopes, thereby
masking contributions by endogenously presented epitopes,
stimulators were pulsed with equivalent doses of infectious or
UV-inactivated influenza virus. An appreciably greater num-
ber of CD4� T cells were activated in response to live virus
stimulation, indicating that endogenous epitopes are well rep-
resented in the ELISpot assays (see Fig. S5 in the supplemen-
tal material). We further investigated possible masking effects
by eliminating the response to the glycoproteins (HA and NA),
which are major targets of the CD4� T cell response (see
below) and which, by virtue of their membrane tethering, are
not expected to be substrates for autophagy. This was accom-
plished by stimulating PR8 (H1N1)-primed CD4� T cells in
the ELISpot assay with JAP (H2N2)-infected L-IEd fibro-
blasts, thereby restricting the response to the untethered in-
ternal and nonstructural proteins that are virtually identical in
all influenza A viruses. This heterologous restimulation re-
duces the total number of responding T cells by �50% com-
pared to the level for PR8 restimulation (see Fig. S5 in the
supplemental material). However, autophagy inhibition using
Atg7 siRNA does not significantly reduce the number of re-
sponding T cells after JAP restimulation. Thus, a substantial
portion of the CD4� T cell response is directed against inter-

nal proteins whose epitopes are produced principally, if not
completely, by processes other than autophagy.

DCs play a major role in priming both class I- and class
II-restricted responses in vivo, and it was possible that DCs are
more active in macroautophagy than the ELISpot stimulator
cells that had been tested and/or are distinct in their selection
of autophagy substrates. To address this concern, BMDCs
were transduced with the shRNA retroviral vector LMP or
LMP encoding an shRNA for Atg7. Forty-eight to 72 h after
transduction, BMDCs were sorted for high GFP expression
(GFPhi), infected with PR8 virus, and cultured with CD4� T
cells purified from influenza virus-infected mice in an IFN-�
ELISpot assay. Flow cytometry confirmed the synthesis of viral
proteins within DCs pulsed with infectious virus but not equiv-
alent amounts of UV-inactivated virus, indicating the availabil-
ity of endogenous antigens (see Fig. S3 in the supplemental
material and data not shown). Furthermore, the stimulation of
influenza virus-specific CD4� T cells with DCs infected with
live virus resulted in larger amounts of T cell activation than
that when UV-inactivated virus was used (data not shown),
again indicating that a substantial portion of the class II re-
sponse is directed against endogenous epitopes. The knock-
down of Atg7 in GFPhi cells was substantial (Fig. 6A), and this

FIG. 6. Autophagy is not a significant pathway of MHC class II-mediated presentation during influenza viral infection in dendritic cells.
BMDCs from BALB/c or CB6F1 mice were transduced with LMP alone or LMP-ATG7 shRNA retrovirus. (A) Forty-eight to 72 h after
transduction cells were harvested and sorted for high GFP expression (GFPhi), and knockdown was assessed by Western blotting. (B) Functional
knockdown of autophagy was determined by probing infected cell lysates for p62 accumulation via Western blotting (top, raw data; bottom,
densitometry analysis). (C) GFPhi BMDCs were infected with PR8 and cultured with CD4� T cells purified from influenza virus-primed mice
overnight in an IFN-� ELISpot assay (left, 48 h knockdown; right, 72 h knockdown). Results are representative of at least two independent
experiments at each time point.
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resulted in functionally impaired autophagy, as reflected by
p62 accumulation (Fig. 6B). As with all other cell types tested,
these primary DCs demonstrated no significant contribution of
the macroautophagy pathway to in vivo CD4� T cell activation
(Fig. 6C). Importantly, in contrast to Atg5-deficient DCs (34),
the presentation of exogenous antigens in our system was not
affected (see Fig. S6A and B in the supplemental material).

As previously reported (66), the treatment of stimulatory
APCs with the proteasome inhibitor epoxomicin resulted in a
significant decrease in the number of CD4� T cells responding
in the ELISpot assay (Fig. 7A and B). This was not due to
nonspecific effects of epoxomicin, as the presentation of syn-
thetic peptide and the classically presented S1 epitope were
not affected. Additionally, while the inhibition of protein trans-
lation is a potential off-target effect of proteasome inhibitors,
the production of influenza proteins was only marginally in-
hibited (see Fig. S7 in the supplemental material). To further
substantiate the contribution of proteasome-dependent pro-
cessing and to obtain a closer comparison with our autophagy-
related results, we carried out the siRNA knockdown of Rpt2,
an ATPase subunit of the 19S regulatory cap of the protea-
some (54). The impact on the ELISpot assay was comparable
to that of epoxomicin treatment (without an effect on protein
synthesis), while the siRNA inhibition of Atg7 again had no
effect (Fig. 7C and D).

In summary, although we were able to demonstrate the
autophagy-dependent presentation of individual epitopes,

both after transfection and viral infection we were unable to
detect a significant contribution of this pathway to the global
presentation of class II-restricted epitopes derived from influ-
enza virus infection. At the same time, we did observe a sig-
nificant contribution of the proteasome-dependent pathway to
the global class II-restricted response using two different ap-
proaches. These results reinforce the notion that, at least for
influenza virus, the majority of the endogenous epitopes pre-
sented on MHC class II are processed via a proteasome-de-
pendent pathway(s).

DISCUSSION

With recent work highlighting the potential for macroau-
tophagy to orchestrate the endogenous MHC class II-re-
stricted presentation of individual antigens (16, 35, 44, 45, 50,
60), our goal was to determine the role in the CD4� T cell
response to a complex pathogen, specifically influenza virus.
We focused on this virus due to our previous elucidation of a
proteasome-dependent endogenous pathway that is responsi-
ble for a substantial portion of the class II-restricted response
to influenza virus infection (66). Considering the large contri-
bution that the classical exogenous pathway also makes to the
response, we wondered if there would be sufficient opportunity
for another major pathway. Before addressing this central
question, preliminary work in three general areas was required
to validate both the relevance of studying autophagy in the

FIG. 7. Proteasome activity contributes to MHC class II-restricted presentation during influenza virus infection. L-IEd (A) or B6-IEd
(B) fibroblasts were left untreated or were pretreated with 0.5 �M epoxomicin (Epox) for 15 min, infected with PR8, and cultured with CD4� T
cells isolated from splenocytes of mice primed intranasally with PR8. Results shown in A and B are pooled data from three mice per group.
(C) L-IEd fibroblasts were transfected with the indicated siRNAs for 48 h, infected with PR8, and cultured with CD4� T cells isolated from
splenocytes of CB6F1 (H2bxd) mice primed intranasally. (D) Flow cytometry analysis of fibroblasts expressing NA at high levels on the cell surface
after siRNA transfection. Results are representative of at least two independent experiments.

6460 COMBER ET AL. J. VIROL.



context of an influenza infection and the experimental system
that we had selected.

First, although influenza virus infection has been shown to
induce LC3 conversion in a number of cell lines, it remains
unclear whether functional autophagy, resulting in membrane
fusion with active lysosomes, is stimulated (15, 33, 73). It has
been reported that the influenza infection of human lung ep-
ithelial cells prevents autophagosomes from fusing with lyso-
somes (15), with the viral M2 protein acting as an inhibitor of
Beclin-1, a key protein in the autophagy pathway. However,
others have concluded that functional autophagy, as measured
by the degradation of the autophagy substrate p62, does occur
in the face of influenza virus infection (33). The discrepancies
may be due to the cell types and/or the influenza virus strains
that were utilized. As assessed by both GFP-LC3 and p62
degradation, we observed that influenza virus infection does
induce functional macroautophagy in several different cell
types, including primary DCs, with no detectable block in the
pathway.

Second, using a standard approach in the field, we ascer-
tained our ability to observe macroautophagy-dependent anti-
gen processing by tracking the presentation of an individual
epitope (2, 35, 45, 50). Appending the S1 epitope onto neo-
mycin phosphotransferase or LC3B and expressing the con-
structs via transfection resulted in autophagy-dependent pre-
sentation that could be enhanced by inducing autophagy with
rapamycin or significantly decreased by the chemical and ge-
netic inhibition of the autophagy pathway. We also constructed
an adenovirus expressing the S1LC3 fusion protein and ob-
tained similar results.

Third, we utilized a recombinant adenovirus to validate the
ELISpot assay that was used subsequently to assess the global
contribution of autophagy. Results demonstrated that the de-
pendence of a polyclonal T cell population on functionally
active autophagy within the APC could be readily appreciated.
Because this assay represented a best-case scenario in which all
of the responding T cells were specific for the autophagy-
dependent epitope, we carried out additional assays with het-
erologous influenza viruses that confirmed that even minor
populations within the pool of primed CD4� T cells (�10%)
could be detected.

With the general framework of the assay having been vali-
dated, analyses could have been carried out in two general
ways: (i) the infection of wild-type and autophagy-deficient
mice (which have autophagy defects in only certain cell types)
and the subsequent determination of the differences in the
CD4� T cell responses, or (ii) the infection of wild-type mice
only, with the subsequent identification of the autophagy-de-
pendent component. We chose the latter for two reasons. First,
despite possible differences in precursor frequencies, CD4� T
cells in wild-type and mutant mice might have expanded to the
same absolute numbers, requiring us to analyze differences by
less meaningful criteria, such as T cell receptor diversity. Fur-
thermore, because multiple subsets of antigen-presenting cells
can initiate an immune response, the selective autophagy
knockout system that is currently available would complicate
interpretation. In fact, mice that lack the Atg7 gene only in the
hematopoietic stem cell compartment (either due to condi-
tional knockout or the reconstitution of an irradiated wild-type
mouse with Atg7-deficient bone marrow) display reduced

numbers of multiple immune cell subsets and die within weeks
following the elimination of this protein (43). Furthermore, the
recent analysis of Atg5-deficient DCs from the knockout mice
indicates a deficiency in exogenous antigen processing (34).
Our results demonstrate that the short-term knockdown of
autophagy, in contrast, does not have this effect.

Having carried out these preliminary steps, we asked
whether macroautophagy plays a major role in the generation
of epitopes during influenza virus infection. Despite the potent
induction of functional autophagy by influenza virus infection
and a sufficiently sensitive assay, we detected no significant
contribution of this pathway to the global CD4� T cell re-
sponse to influenza virus. This was true of all antigen-present-
ing cell types tested, including primary DCs and also when the
assay was restricted to the internal and nonstructural proteins
of the virus. In contrast, as previously reported (66) a substan-
tial portion of the CD4� T cell response was observed to be
proteasome dependent by two independent methods for mod-
ulating proteasome activity (chemical inhibition and siRNA
treatment).

Several factors may limit the utility of autophagy for class
II-restricted epitope generation. Although largely considered a
nonselective pathway of protein degradation, recent data sug-
gest that the efficient delivery of individual soluble proteins to
the autophagosomes is dependent upon a specific recognition
mechanism (27, 29, 46). In agreement with this, the S1 epitope
is more robustly presented from the S1LC3 construct, which is
directly targeted to the autophagy pathway via LC3B, unlike
the NeoS1 construct, which likely is targeted by less selective
mechanisms. It seems unlikely that individual viral proteins
would self target to this compartment, as has been reported in
some cases (69), unless it were advantageous. Both poliovirus
and rhinovirus induce the formation of double membrane au-
tophagosomes to facilitate replication, and autophagy inhibi-
tion via siRNA was observed to decrease the amount of
poliovirus released from infected cells. Indeed, conditions nec-
essary for processing likely are absent, since induced autopha-
gosomes are not mobile and presumably do not fuse efficiently
with the late endosome compartment (65). Likewise, hepatitis
C virus induces autophagy to initiate the early stages of viral
replication (9, 10, 64), but the degradation of autophagy sub-
strates, including p62, is blocked (63).

Once captured by the autophagosome, an epitope must sur-
vive in the highly proteolytic environment of the late endo-
some/lysosome. This may be a losing prospect in many cases.
Enhanced proteolytic activity has been reported generally to
be detrimental to antigen presentation, which is consistent with
the idea that proteases and empty class II molecules compete
for access to unfolded proteins (7, 59). What is more, au-
tophagy inhibition via siRNA has been reported to reduce
cathepsin activity in the late endosome (34), suggesting that
the fusion of the autophagosome with the endosomal compart-
ment creates an even more aggressive environment. We have
previously reported on the negative impact of heightened pro-
teolysis. The presentation of the hemagglutinin-based S3
epitope from exogenous sources of PR8 is enhanced up to
10-fold when endosomal cathepsins are inhibited (3), while the
NA79 epitopes appear to be so susceptible to endosomal pro-
teases that presentation from exogenous virus is undetectable
in most cases (11, 66). In contrast to S1, neither of these
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epitopes was presented when appended to neomycin phospho-
transferase with or without rapamycin treatment (data not
shown), suggesting that they are immediately destroyed upon
delivery to the autophagosome. Thus, only those class II-re-
stricted epitopes that are sufficiently resistant to endolyso-
somal proteolysis can be candidates for autophagy-mediated
presentation.

We cannot rule out the possibility that there is a small
autophagy-dependent fraction of the class II-restricted influ-
enza virus response that is below the detection limit of our
assays. In our system, we determined the sensitivity of the
ELISpot assay to detect antigen-specific T cells to be �10%,
suggesting that if autophagy does play a role in the class II
response, the contribution is minimal. In addition, we cannot
discount the possibility that epitopes are generated via parallel
pathways such that the inhibition of autophagy would shift the
substrate to other processing routes.

In preliminary experiments the global class II responses to
vaccinia and adenovirus infections also are not substantially
altered by the inhibition of autophagy (J. D. Comber, unpub-
lished observations). We are, nevertheless, cautious about gen-
eralizing these findings to other viruses. All three of the viruses
that have been tested mediate acute and limiting infections in
mice. In contrast, herpesviruses such as Epstein-Barr virus
generally are chronic, and evasion from CD8� T cell recogni-
tion appears to be a major priority (5). The EBNA-1 protein
contributes directly to this effort by blocking proteasomal deg-
radation and subsequent MHC class I-restricted presentation
via an N-terminal Gly-Ala repeat (36, 37). Other herpesviruses
encode proteins with similar functions (31, 71). The inhibition
of the proteasome induces aggregate formation, which may
shift the balance of global protein degradation toward the
autophagy pathway (28, 32, 68). Thus, similar analyses of vi-
ruses with fundamentally different replication strategies are
warranted.
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