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Clearance of HIV Type 1 Envelope Recombinant
Sendai Virus Depends on CD4þ T Cells and Interferon-c

But Not B Cells, CD8þ T Cells, or Perforin

Sherri L. Surman,1,* Scott A. Brown,1,2,* Bart G. Jones,1 David L. Woodland,3 and Julia L. Hurwitz1,4

Abstract

T cell-mediated viral clearance is classically attributed to the CD8þ T cell subset, but CD4þ T cells can sometimes
assume this role. One such instance was illustrated by the immunization of C57BL/6 mice with HIV-1 envelope,
followed by challenge with a recombinant Sendai virus (rSeV-env) carrying a gene for secreted HIV-1 envelope
protein. Vaccinated mice that lacked both B cells (mMT) and CD8þ T cells controlled virus, but control was lost
when CD4þ T cells were depleted. To explain this activity, we questioned whether CD4þ T cells might utilize
perforin for killing of MHC class II-positive targets. We also asked if the process might depend on IFN-g, which
can upregulate MHC expression and enhance T cell recruitment to sites of virus challenge. To address these
possibilities, we vaccinated perforin-KO mice with HIV-1 envelope and challenged them with rSeV-env. We
found that perforin was not required for (1) CD4þ T cell homing to the site of virus challenge, (2) expression of
Th1 and Th2 cytokines (including IFN-g), or (3) virus clearance. To determine if IFN-g was required for pro-
tection, we repeated experiments in IFN-g-KO animals. In this case, significant protection was lost, although the
CD4þ T cells trafficked readily to the site of infection. In fact, local CD4þ T cell numbers in vaccinated IFN-g- KO
mice exceeded those in wild type animals. In both cases, cells were aß TCRþ, NK-1.1–, and CD44þ, typifying an
activated CD4þ T cell subset. Taken together, our results showed that HIV-1 envelope recombinant virus
clearance was dependent on CD4þ T cells and IFN-g, but occurred in the absence of B cells, CD8þ T cells, or
perforin.

Introduction

Antigen-specific CD4þ T cells play important, but varied
roles in experimental models of viral immunity. Their

presence is generally required for the activation of B cells and
production of virus-specific neutralizing antibodies.1–3 CD4þ

T cells also assist CD8þ cytotoxic T lymphocyte function.4

Although most researchers agree that CD4þ T cells are
‘‘helpers,’’ there are only a few definitive examples of CD4þ T
cell-mediated virus control in the absence of B cell or CD8þ T
cell input.5–7

One clear example of CD4þ T cell-mediated virus protec-
tion was revealed by our studies of HIV-1 envelope-specific
T cells in mice.5,8–10 Because there was (and remains) no
gold standard mouse model for HIV-1 infection, envelope-
vaccinated mice were challenged with a recombinant virus
(Sendai virus, SeV) engineered to encode HIV-1 envelope

gp120 protein. The SeV vehicle was specifically designed to
carry the gene for secreted HIV-1 envelope protein so that the
foreign antigen would not tag viruses or SeV-infected cells for
clearance by antibodies. With this system, HIV-1 envelope-
specific CD4þ T cells were shown to clear recombinant virus
following intranasal challenge in the absence of both B cells
and CD8þ T cell partners.5

Recent human and mouse studies have suggested that
CD4þ T cells can utilize perforin, a pore-forming polymer
often associated with CD8þ T cells, to mediate direct MHC
class II-restricted killing of virus-infected targets in vitro and
in vivo.11–15 For example, murine influenza virus-specific
perforin-positive CD4þ T cells were shown to kill virus-
infected targets in vitro.13,14 Additionally, human CMV-
specific CD4þ T cells from chronically infected patients were
shown to exhibit direct cytolytic activity associated with the
intracellular expression of perforin.15 In the CMV system,
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direct cytolytic activity by CD4þ T cells was associated with
interferon (IFN)-g expression, a cytokine that was also impli-
cated as necessary for CD4þ T cell-mediated clearance of
gamma herpes virus in a murine model.6 IFN-g can upregu-
late MHC class II glycoprotein expression on target cells to
enhance cytotoxicity, and can also increase CD4þ T cell traf-
ficking to a site of virus infection.16–18

To determine the relevance of both perforin and IFN-g to
the HIV-1 envelope-specific CD4þ T cell ‘‘protector’’ function
in our system, we vaccinated and challenged both CD8-
depleted perforin knock-out (KO) and IFN-g-KO mice. Our
results with perforin-KO mice showed that envelope-specific
CD4þ T cells did not utilize perforin for protection in our
system. However, when experiments were conducted in IFN-
g-KO mice, significant protection was ablated. This was de-
spite a vigorous influx of activated TCR aßþ CD4þ T cells to
the site of virus infection following vaccination and challenge,
coincident with a cytokine profile skewed toward Th2 prod-
ucts. Taken together, our results illustrate that the mechanism
for rSeV-env virus clearance by CD4þ T cells is dependent on
IFN-g, but can occur in the absence of B cells, CD8þ T cells, or
perforin.

Materials and Methods

Mice

Female C57BL/6J (B6, H2b) and KO mice for perforin
(Prftm1Sd2) or IFN-g (Ifngtm1Ts) genes (on a B6 background)
were purchased from the Jackson Laboratory (Bar Harbor,
ME). Ig-/- mMT mice on a B6 background were bred at St. Jude
Children’s Research Hospital (SJCRH). Animals were housed
under specific pathogen-free conditions in a BL1/BL2 or BL3
containment area at the SJCRH animal facility, as specified by
the Association for Assessment and Accreditation for La-
boratory Animal Care (AAALAC) guidelines. All studies
were conducted under AAALAC guidelines. Mice were ap-
proximately 2 months of age at the initiation of the immuni-
zation protocols. The mMT mice were confirmed to lack B cells
by FACSCalibur analysis with a B220-specific antibody. Data
analyses with BD CellQuest Pro (Becton Dickinson, Franklin
Lakes, NJ) showed that B cells represented <0.5% of the
lymphocyte population in these animals.

Immunogens/immunization

Mice were immunized as described previously8–10 with a
recombinant DNA vector expressing HIV-1 envelope from a
CCR5-tropic primary isolate, HIV-1UG92005 (UG, GenBank
accession no. AF338704). The DNA vaccine was prepared by
incorporating envelope sequence (gp140) into a kanamycin-
selectable pVVKan vector containing a cytomegalovirus
enhancer/promoter, cytomegalovirus intron A, tissue plas-
minogen activator leader, and bovine growth hormone
poly(A) sequence. The plasmid was purified (EndoFree
Plasmid Giga kit, Qiagen,Valencia, CA) and reconstituted in
phosphate-buffered saline (PBS) before injection into mice.
Mice were primed and boosted (with a� 3-week interval) at
least once with DNA with a 100mg dose (administered as
50 mg per gastrocnemius muscle). Prior to challenge experi-
ments, mice were also boosted once by intraperitoneal (ip)
injection with a recombinant vaccinia virus (WRWT, bromo-
deoxyuridine-selected, 107 PFU/mouse) expressing the same

UG92005 gp140 envelope protein. Experimental details for
individual experiments are described in the figure legends.

Recombinant Sendai virus challenge

The HIV-1UG92005 gp120 envelope gene was cloned be-
tween Sendai virus P and M genes and virus was rescued as
described previously.5,19–21 Mice were challenged at least 3
weeks after immunization. In mmt mouse experiments, ani-
mals were treated by ip injections with the GK1.5 mAb (to
remove CD4þ T cells) or the 2.43.1 mAb (to remove CD8þ T
cells22,23) on days�5,�3,�1,þ1, andþ3 relative to rSeV-env
challenge. The antibodies were administered as ascites fluid
diluted in PBS. Splenocytes were stained and checked to en-
sure cell depletion using flow cytometry with non-cross-
reactive mAbs (BD Biosciences Pharmingen, Franklin Lakes,
NJ) to CD4 (RM4–4) and CD8b (53–5.8). Whenever experi-
ments included perforin-KO or IFN-g-KO mice, all mice [both
KO and B6 wild type (wt) mice] were treated by ip injections
of the 2.43.1 mAb on days �5, �3, �1, þ1, and þ3 relative to
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FIG. 1. CD4þ but not CD8þ T cells or B cells are required
for protection against HIV-1 envelope-recombinant virus
challenge. mMT mice were vaccinated with DNA (D) and
vaccinia virus (V) in a prime-boost regimen. DNA was ad-
ministered intramuscularly at a dose of 100 mg (50 mg per
gastrocnemius muscle). Vaccinia virus was administered
intraperitoneally at a dose of 107 PFU/mouse. Inoculations
were in the order D-D-D-V-D. Two months after the last
injection, vaccinated and unvaccinated mice were challenged
with rSeV-env. The vaccinated mice were treated with the
GK1.5 antibody (to remove CD4þ cells, DCD4) or the 2.43
antibody (to remove CD8þ T cells, DCD8) on days �5, �3,
�1, þ1, and þ3 relative to challenge with rSeV-env (1�105

PFU/animal). On day 5 following rSeV-env challenge, lungs
were harvested to measure virus load (TCID50 measure-
ments on LLC-MK2 cells). The Reed–Muench formula was
used to calculate the TCID50. Each symbol represents the
TCID50 of a different animal.
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rSeV-env challenge. All challenges were by intranasal inocu-
lation (see the figure legends for virus dose).

Cytokine measurements

Bronchoalveolar lavage (BAL) was performed on eutha-
nized, virus-infected mice by exposing the trachea, inserting
catheters, and washing the lungs each with 1 ml of PBS�3
(3 ml total). Wash samples were centrifuged to remove cel-
lular material and the supernatants were tested for the pres-
ence of four different cytokines using a cytokine bioplex
technology (BioRad, Hercules, CA).

Membrane stainin

To characterize cell populations in the respiratory tract
airways, the site of virus challenge, cells from the BAL were
analyzed by cytofluorimetry. BAL cells were first incubated
on a 60�15-mm cell culture dish for 1 h at 378C in a 10% CO2
incubator to remove macrophages. Nonadherent cells were
removed by gentle washing. Cells were stained with fluoro-
chrome-conjugated antibody reagents including anti-CD4
(RM4-5), anti-CD3 (145-2C11), anti-TCR ab (H57-597), anti-
TCR gd (TCR- GL3), anti-NK-1.1(PK136), and anti-B220

(RA36B2, BD Pharmingen, Franklin Lakes, NJ; eBiosciences,
San Diego, CA). Data were collected on a BD FACSCalibur
and analyzed using FlowJo Software.

Virus titers

The lungs were removed sterilely, washed 4� in PBS, and
homogenized in a total volume of 1 ml PBS. The suspensions
were centrifuged at 2000�g for 10 min to clear cellular debris.
Virus titers were determined as measured by tissue culture
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FIG. 2. Vaccinated perforin-KO mice control virus chal-
lenge. Perforin-KO and wild type (B6) mice were vaccinated
with DNA (D) and vaccinia virus (V) in a prime-boost regi-
men. Inoculations were in the order D-D-V. One month after
the last injection, vaccinated and unvaccinated mice were
challenged with rSeV-env (1�105 PFU/animal, intranasal
administration). Mice were administered ip injections with
the anti-CD8 2.43.1 mAb on days �5, �3, �1, þ1, and þ3
relative to rSeV-env challenge. On day 5 after challenge,
groups of vaccinated challenge and groups of vaccinated and
unvaccinated mice were sacrificed. Lungs were harvested
and the titers of challenge virus in the lungs were determined
by a TCID50 measurement on LLC- MK2 cells. The Reed–
Muench formula was used to calculate the TCID50. Each
symbol represents the TCID50 of a different animal. The
levels of protection demonstrated in the vaccinated mice of
both perforin-KO and wild type strains were statistically
significant ( p< 0.05).
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FIG. 3. CD4þ T cells home to the lung airways upon virus
challenge of perforin KO and wild type animals. Perforin-KO
and B6 mice were vaccinated with DNA (D) and vaccinia virus
(V) in a prime-boost regimen. Inoculations were in the order D-
D-V. One month after the last injection, vaccinated and un-
vaccinated mice were challenged with rSeV-env (1�105 PFU/
animal). Mice were given ip injections with the anti-CD8
2.43.1 mAb on days �5, �3, �1, þ1, and þ3 relative to rSeV-
env challenge. BAL lymphocytes from individual vaccinated
and unvaccinated animals were counted 5 days after chal-
lenge. The fraction of CD4þ T cells among BAL lymphocytes
was determined by flow cytometry (samples were combined
from each test group to ensure sufficient numbers for the
CD4þ T cell analysis). Total lymphocyte numbers were mul-
tiplied by the CD4þ T cell fraction to determine the approxi-
mate CD4þ T cell count in the BAL of each animal.
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infectious dose-50 (TCID50). TCID50 measurements were
performed by plating serial 10�dilutions of lung suspension
on LLC-MK2 cells with minimal essential medium containing
0.1% bovine serum albumin in the presence of 5mg/ml of
acetylated trypsin and 50mg/ml of gentamicin. Cell super-
natants were collected after 4–5 days of incubation and mixed
1:1 with chicken red blood cells (0.5%) in PBS for hemagglu-
tination detection. TCID50 values were calculated by the
Reed–Muench formula.24

Statistical analyses

Mann–Whitney tests were performed using GraphPad
Prism software (GraphPad Software, Inc. San Diego, CA).

Results

Envelope-specific CD4þ T cells protect against
an envelope-recombinant virus infection
in the absence of CD8þ T cells or B cell activity

Our previous studies demonstrated that the priming of mice
with HIV-1 envelope recombinant antigens elicited a protective
response against infection with an envelope-recombinant
challenge virus (rSeV-env5). The recombinant challenge virus
encompassed a gene for HIV-1 envelope protein (gp120),
which lacked the transmembrane region, to avoid the expres-
sion of the passenger gene on virus membranes or virus-
infected cells and thus avoid antibody-mediated protection.
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FIG. 4. Cytokines detected in the lungs of vaccinated and unvaccinated perforin KO and wild type animals. Perforin-KO
and wild type (B6) mice were vaccinated with DNA (D) and vaccinia virus (V) in a prime-boost regimen. Inoculations were
in the order D-D-D-V. Two months after the last injection, vaccinated and unvaccinated mice were challenged with rSeV-env.
Mice were given ip injections with the anti-CD8 2.43.1 mAb on days �5, �3, �1, þ1, and þ3 relative to rSeV-env chal-
lenge. BAL fluid from vaccinated and unvaccinated mice was examined for IL-2, INF-g, IL-4, and IL-5 on day 5 after
challenge. Results are shown for individual B6 (top) and perforin-KO (bottom) mice.
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In this system, protection occurred in the absence of both B cell
and CD8þ T cell activity. An example of experimental results is
shown in Fig. 1. In this experiment, mmt mice (mice lacking B
cells, B6 background) were immunized with the HIV-1 enve-
lope vaccine and then challenged with the recombinant Sendai
virus expressing the UG92005 gp120 envelope (rSeV-env). On
days �5, �3, �1, 1, and 3 relative to challenge, groups of ani-
mals were treated with either anti-CD8 or anti-CD4 antibodies.
Five days after challenge, animals were sacrificed. As demon-
strated in Fig. 1, the mmt mice that were treated with anti-CD8
antibodies before and after challenge exhibited extraordinary
control of the rSeV-env. However, when CD4þ T cells were
depleted from vaccinated mmt animals, significant protection
was lost.5 Results encouraged a further investigation of the
mechanism required for HIV-1 envelope-specific CD4þ T cell-
dependent virus protection.

Vaccinated perforin-KO mice are protected
from virus challenge

To determine if perforin played a role in protection, ei-
ther via expression within the CD4þ T cells or via expression
by a downstream effector, experiments were conducted in
perforin-KO mice. In this set of experiments, groups of
perforin-KO mice and wild type (B6) controls were immu-
nized with the HIV-1 envelope vaccine and then challenged
with rSeV-env. For all experiments with KO mice, every ani-
mal (KO and B6) was treated on days �5, �3, �1, 1, and 3
relative to challenge with the anti-CD8 antibodies to ensure
that CD8þ T cells did not contribute to virus control. Five days
after challenge, lungs were homogenized in PBS, and the virus
in clarified supernatants was titered by TCID50 assays on
LLC-MK2 cells. As shown in Fig. 2, the virus titers were
substantially lower in vaccinated animals compared to con-
trols for both perforin-KO and B6 wild type animals ( p< 0.05,
Mann–Whitney test). In repeat experiments, the protection in
perforin-KO mice remained significant and trended toward
better protection than that observed in the vaccinated B6
counterparts. These results showed that perforin was not re-
quired for viral clearance.

CD4þ T cells migrate to the site of virus challenge
in vaccinated mice

Our previous studies demonstrated an impressive influx of
CD4þ T cells into the respiratory tract airways (the site of virus
challenge) in vaccinated/challenged mice.5 To determine if
the CD4þ T cell influx was similar between B6 and perforin-
KO strains, lymphocytes in the BAL of vaccinated and un-
vaccinated animals were compared. As shown in Fig. 3, CD4þ

T cells were detected in large numbers in the lung airways of
vaccinated B6 animals on day 5 postchallenge. The cell
numbers in most vaccinated perforin-KO animals were also
greater than those in unvaccinated controls.

The lung airways exhibit both Th1 and Th2 cytokines
in challenged animals

Our previous studies with B6 animals also demonstrated
that the lung airways of challenged animals exhibited a mixed
Th1/Th2 cytokine profile.5 As shown in Fig. 4, the perforin-
KO mice were again similar to the B6 strain in that both Th1
and Th2 cytokines were observed in the BAL.

Protection is insignificant in IFN-g-KO mice

Previous experiments in other systems have suggested that
IFN-g may be necessary for T cell maturation, upregulation of
MHC class II on target cells,17 and homing of T cells to the site
of virus challenge.18 We therefore questioned whether IFN-g
was required for CD4þ T cell-mediated protection against
rSeV-env. To answer this question, we vaccinated and chal-
lenged IFN-g-KO mice, after which lungs were tested for virus
load. As before, all KO and B6 wild type animals were treated
on days�5,�3,�1, 1, and 3 relative to challenge with the anti-
CD8 antibodies. After challenge, lungs were homogenized in
PBS, and the virus in clarified supernatants was titered by
TCID50 assays on LLC-MK2 cells. As shown in Fig. 5, the
challenge virus was significantly reduced in vaccinated B6
animals ( p< 0.05, Mann–Whitney test), but not in vaccinated
IFN-g-KO animals ( p¼ 0.19, Mann–Whitney test). The defi-
ciency in CD4þ T cell-associated protection in IFN-g-KO ani-
mals may have occurred at multiple levels, including the
initial T cell response to vaccination, the reactivation of T
cells upon virus challenge, the homing of cells to the site of
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FIG. 5. Vaccinated INF-g-KO mice fail to control virus
challenge. IFN-g-KO and B6 mice were vaccinated with DNA
(D) and vaccinia virus (V) in a prime-boost regimen.
Inoculations were in the order D-D-V-D. One month after the
last injection, vaccinated and unvaccinated mice were chal-
lenged with recombinant Sendai virus (2�103 PFU/animal,
intranasal administration) and sacrificed on day 5. Mice were
given ip injections with the anti-CD8 2.43.1 mAb on days �5,
�3, �1, þ1, and þ3 relative to rSeV-env challenge. Lungs
were harvested and the titers of challenge virus in the lungs
were determined by a TCID50 measurement on LLC- MK2
cells. The Reed–Muench formula was used to calculate the
TCID50. Each symbol represents the TCID50 of a different
animal. The asterisk indicates that the titer reached the assay
peak and may therefore have been higher than indicated.
The level of protection demonstrated in the vaccinated B6
mice was statistically significant ( p< 0.05), but protection
was not significant in the interferon g-KO mice ( p¼ 0.19).
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infection, and the function of cells or downstream effectors at
that site. Repeat experiments showed similar results in that
there were some trends toward protection, but statistically
significant virus control was not observed in vaccinated IFN-
g-KO animal sets. Results thus demonstrated that IFN-g was
required for significant virus protection against HIV-1 enve-
lope recombinant virus in this system.

CD4þ T cells infiltrate lung airways in vaccinated
IFN-g-KO mice upon virus challenge

Based on previous suggestions that IFN-g may be necessary
for the homing of vaccinated CD4þ T cells to the site of virus
infection, we questioned whether IFN-g-KO animals had a
general defect in the capacity of CD4þ T cells to traffic to the
lung. To address this question, we examined lymphocytes in
the BAL after rSeV-env challenge. Surprisingly, the numbers
of CD4þ lymphocytes in the BAL of vaccinated IFN-g-KO
animals were significantly higher than those in vaccinated B6
controls (Fig. 6). CD4þ T cell phenotypes were similar be-
tween the two mouse strains (Fig. 7), in that CD4þ cells in the
BAL of IFN-g-KO and B6 animals were positive for TCR ab
(but not TCR gd), CD3, the activation antigen CD44, but not
NK-1.1 (suggesting that cells were not NK-T cells) or B220.
Results demonstrated that there was no general defect in the
capacity of CD4þ T cells to home to the site of virus challenge
in IFN-g-KO animals.

Cytokine production in the lung airways
of challenged animals

The IFN-g-KO mice were also tested for cytokine produc-
tion in the BAL. Results are shown In Fig. 8. As expected, the
IFN-g-KO mice lacked IFN-g and therefore showed a skewing
of cytokines toward the Th2 profile as compared to the wild
type B6 mouse strain.

Discussion

Complex mechanisms of CD4þT cell-associated
protection against rSeV-env

The study described in this report provided evidence
that unlike the situation for some other viral systems,
protection against an HIV-1-envelope recombinant virus
challenge (rSeV-env) was independent of perforin, CD8þ

T cells, or B cells, but dependent on CD4þ T cells and IFN-g.
These results emphasized that CD4þ T cells have capacities
for viral clearance that surpass simple ‘‘help’’ for CD8þ

T cell or B cell function. The vaccines did not need to be
administered at the mucosal surface or at the site of
draining lymph nodes25–28 to be effective. Rather, vaccine
administration by intramuscular and intraperitoneal inoc-
ulations elicited CD4þ T cells able to home to lung airways
and protect.

The lack of perforin dependence in the current study does
not negate its importance in other systems. Influenza virus-
specific CD4þ T cells have been demonstrated to have the
capacity for direct perforin-mediated killing of virus-infected
cells in vitro.14 For the study of influenza virus-specific CD4þ

T cells, researchers designed model systems in which either B
cell (mMT mice) or CD8þ T cell (nude mice) activities were
removed.13 In these situations, in vitro-stimulated CD4þ T
cells had the capacity to utilize both classical helper and
perforin-mediated killer activity to protect against low-dose
virus. When the virus load was increased, or when (in a dif-
ferent model) influenza virus-specific CD4þ T cells were tes-
ted in mice lacking both B cells and CD8þ T cells, activity was
lost.13 It was also shown that CD4þ T cell activity was not
dependent on IFN-g.13,14 The influenza virus system thus
differed from our rSeV-env system by mode of function,
demonstrating the complexity of the CD4þ T cell-associated
antiviral immune response.
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FIG. 6. CD4þ T cells in vaccinated IFN-g-KO mice home to the lung airways upon virus challenge. IFN-g-KO and B6 mice
were vaccinated with DNA (D) and vaccinia virus (V) in a prime-boost regimen. Inoculations were in the order D-D-V-D. One
month after the last injection, vaccinated and unvaccinated mice were challenged with rSeV-env (2�103 PFU/animal). Mice
were given ip injections with the anti-CD8 2.43.1 mAb on days �5, �3, �1, þ1, and þ3 relative to rSeV-env challenge. Results
show the approximate number of CD4þ T cells in the BAL from individual B6 (A) and IFN-g- KO (B) mice on day 5
postchallenge, as described in Fig. 3.
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FIG. 7. Activated CD4þ T-lymphocytes in the lung airways of vaccinated, challenged animals. The phenotype of airway-
resident CD4þ cells was determined by FACS analyses. The cells were gated on lymphocytes, and then CD4þ cells. (A)
Membrane markers are shown among CD4þ lymphocytes in B6 mice. (B) Membrane markers are shown among CD4þ

lymphocytes in IFN-g-KO mice. The majority of CD4þ T cells in the BAL were activated as indicated by membrane CD44
expression. Results were reproducible among animals. For example, among four vaccinated IFN-g-KO animals tested in one
experiment, the means and standard deviations for percentage positive cells within the gated CD4þ population were 97� 3
for CD3, 96� 6 for CD44, 2� 0.7 for NK1.1, and 0.5� 0.4 for B220.
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A role for IFN-g in protection against rSeV-env

IFN-g has been repeatedly recognized as important for
CD4þ T cell-mediated virus control6 as it can promote T cell
maturation, enhance MHC class II expression on cytotoxic T
cell targets, and enhance trafficking of CD4þ T cells to sites of
viral infection.16–18 In our system, the dependence of viral
clearance on IFN-g may have occurred at multiple levels in-
cluding envelope-induced induction of naive CD4þ T cells,
cell maturation, cell homing, cell reactivation, and/or re-
sponses by down-stream effectors. There was nonetheless no
general defect in trafficking of CD4þ T cells to the site of virus
challenge in IFN-g-KO animals as demonstrated by the large
numbers of CD4þ, CD44þ T cell numbers in lung airways after
rSeV-env challenge. In fact, the CD4þ T cell magnitude in the
airways of IFN-g-KO mice was greater than that of vaccinated
B6 controls, perhaps because there was uncurbed virus in-
fection and prolonged expression of HIV-1-envelope protein
in the lung. The lack of IFN-g was associated with a relatively
low Th1/Th2 cytokine ratio in the lung airways, which may

have represented cytokine secretion by both T cells and non-T
cells at that site. These experiments thus highlighted IFN-g,
but not perforin, as an important mediator of protection
against rSeV-env. IFN-g has also been described as important
for the CD4þ T cell-mediated clearance of wild type SeV, with
the provision that regulatory signals from CD8þ T cells are
additionally required.29,30 Of note, in some circumstances,
CD8þ T cells have been shown to mediate virus (respiratory
syncytial virus) control via an IFN-g-dependent mechanism in
the absence of perforin, CD95 ligand, or TNF,31 emphasizing
that IFN-g and perforin-dependent mechanisms need not be
linked.32

What is the precise mechanism by which cells mediate vi-
rus clearance of rSeV-env? A trivial explanation for our results
may be that rare conventional CD8þ T cells escape antibody
depletion and kill virus-infected targets by mechanisms that
are independent of perforin. This explanation cannot be ruled
out, but is considered unlikely because the depletion of CD8þ

T cells in mmt animals did not reduce protection, but rather
showed a slight improvement in virus clearance.5 A second
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FIG. 8. Cytokines detected in the lungs of vaccinated IFN-g-KO and wild type animals. IFN-g-KO and B6 mice were
vaccinated with DNA (D) and vaccinia virus (V) in a prime-boost regimen. Inoculations were in the order D-D-V-D. One
month after the last injection, vaccinated and unvaccinated mice were challenged with rSeV-env. Mice were given ip
injections with the anti-CD8 2.43.1 mAb on days �5, �3, �1, þ1, and þ3 relative to rSeV-env challenge. BAL fluids from
vaccinated and unvaccinated mice were examined for IL-2, IFN-g, IL-4, and IL-5. Results are shown for individual mice.
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trivial explanation is that B cells may contribute to virus
clearance in some circumstances. Again, this explanation
cannot be ruled out, but is considered unlikely because (1) the
model was designed to preclude expression of the HIV-1 en-
velope antigen on the surface of virus or virus-infected cells
(the antigen is expressed in its secreted form), and (2) there
was solid protection in mMT animals. A third consideration is
that CD4þ T cells are cytotoxic for MHC class II-positive in-
fected cells, but that a perforin-independent mechanism is
used such as Fas-ligand-mediated kill.14

Possibly CD4þ T cells have the capacity to ‘‘help’’ innate
immune cells as well as B cells and CD8þ T cells to limit virus
growth. The interaction of CD4þ T cells and innate cells is well
appreciated in the context of bacterial infections, but innate
cells are often dubbed ‘‘a nuisance’’ in the context of virus
infection due to their association with enhanced inflamma-
tion.33 In recent literature, the positive roles of innate cells
as inhibitors of virus growth have been highlighted.34 IFN-g
is known to upregulate IFN-a and downstream effector
molecules, autophagy,35 and tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL6,36–43). These functions
may inhibit virus growth directly and/or lend to the de-
struction of virus-infected cells to limit virus load (e.g. TRAIL
can downregulate receptors for HIV- 1 and can contribute to
enhanced influenza virus clearance35,44–49). Cells that associate
with inflammation (e.g., killer DCs,44,48 macrophages,46 and
eosinophils50) may each be considered as potential contribu-
tors to these processes. Future experiments are warranted for
the better dissection of mechanisms associated with CD4þ T
cells, IFN-g production, innate cells, and virus inhibition.34

Do CD4þT cells protect against virus in humans
without CD8þT cell or B cell function?

The study of human CD4þ T cell protector function is dif-
ficult in vivo, but numerous in vitro studies suggest that hu-
man CD4þ T cells also control virus without CD8þ T cell or B
cell assistance.51 Cytotoxic T cell studies have long indicated
that CD4þ T cells can kill labeled targets following activation
in tissue culture. For example, Slobod et al. demonstrated
killing of human parainfluenza virus-type 1-infected targets
by CD4þ T cells.52 In addition, Casazza et al.15 demonstrated
CMV- specific CD4þ T cell kill. In the latter case, the authors
associated direct cytolytic activity with intracellular expres-
sion of perforin, but also suggested that other mediators may
be active. CD4þ T cells are likely to control HIV-1 infections in
the absence of CD8þ T cell and B cell partners, as they secrete
chemokines and cytokines that limit virus growth in vitro and
they interact with innate cells such as macrophages and
dendritic cells that influence the growth and transport of in-
fectious virions.53–56

In conclusion, the current model system has demonstrated
that CD4þ T cells control rSeV-env in the absence of CD8þ

T cells, B cells, or perforin, but that control is dependent on
IFN-g. Follow-up studies of the precise mechanisms respon-
sible for virus control are now warranted. The robust nature of
the CD4þ T cell-mediated virus protection in the current rSeV-
env model may assist systematic analyses of interactions be-
tween adaptive and innate effectors. Results may reveal that
the CD4þ T cells play a much greater and more complex role
in prevention of nonhuman and human viral diseases than
was originally envisioned.
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