
ed 10- to 100-fold less than in untreated 
mice but still at least 10-fold more than in 
IFN-a-treated control mice (8). These pre- 
liminary results indicate that in vivo, IFN-y 
and IFN-a/P may exert their antiviral ac- 
tivity through different, in part nonredun- 
dant, pathways. 

Interferon-y has been proposed to regu- 
late antigen processing at the level of both 
proteolytic generation (24) and transport of 
MHC class I-binding peptides (25). The 
finding that IFN-yR-deficient mice mount- 
ed normal T or B cell responses suggests 
that these IFN-y effects are not essential. 
Still, several questions regarding the role of 
IFN-y in modulating certain immune reac- 
tions remain to be answered. Thus, the 
balance between T helper cell subsets (26) 
known to determine the immune response 
to parasites such as Leishmania (27) may be 
affected in IFN-yRol" mice. IFN-y has been 
implicated in autoimmunity (28-30). In- 
vestigating the consequences of a genetic 
IFN-yR defect in these immune reactions 
will require backcrossing of the mutation 
into appropriate genetic backgrounds. In 
addition to its direct analytical potential, 
the approach of genetically inactivating the 
IFN-y receptor offers the possibility of cell- 
or tissue-specific reconstitution of a func- 
tional receotor to further elucidate IFN-Y- 
mediated knctions. Moreover, combiniAg 
the IFN-YR defect with other cvtokine 
deficienciis through appropriate breeding of 
mice may help to reveal interactions of 
various cytokines in vivo. 
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Heterologous Protection Against Influenza by 
Injection of DNA Encoding a Viral Protein 

Jeffrey B. Ulmer,* John J. Donnelly,* Suezanne E. Parker, 
Gary H. Rhodes, Philip L. Felgner, V. J. Dwarki, 

Stanislaw H. Gromkowski, R. Randall Deck, Corrille M. DeWitt, 
Arthur Friedman, Linda A. Hawe, Karen R. Leander, 
Douglas Martinez, Helen C. Perry, John W. Shiver, 

Donna L. Montgomery, Margaret A. LiuT 
Cytotoxic T lymphocytes (CTLs) specific for conserved viral antigens can respond to 
different strains of virus, in contrast to antibodies, which are generally strain-specific. The 
generation of such CTLs in vivo usually requires endogenous expression of the antigen, 
as occurs in the case of virus infection. To generate a viral antigen for presentation to the 
immune system without the limitations of direct peptide delivery or viral vectors, plasmid 
DNA encoding influenza A nucleoprotein was injected into the quadriceps of BALB/c mice. 
This resulted in the generation of nucleoprotein-specific CTLs and protection from a 
subsequent challenge with a heterologous strain of influenza A virus, as measured by 
decreased viral lung titers, inhibition of mass loss, and increased survival. 

A challenge to the development of vaccines 
against viruses such as influenza A or human 
immunodeficiency virus (HIV) , against 
which neutralizing antibodies are generated, 
is the diversity of the viral envelope proteins 
among different isolates or strains. Because 
CTLs in both mice and humans are capable 
of recognizing epitopes derived from con- 
served internal viral proteins (1) and are 
thought to be important in the immune 

J. B. Ulmer, J. J. Donnelly, R. R. Deck, C. M. DeWitt, A. 
Friedman, L. A. Hawe, K. R. Leander, D. Martinez, H. 
C. Perry, J. W. Shiver, D. L. Montgomery, M. A. Liu, 
De~artment of Cancer Research. Merck Research 

response against viruses (2), efforts have 
been directed toward the development of 
CTL vaccines capable of providing heterol- 
ogous protection against different viral 
strains. CD8+ CTLs kill virally infected cells 
when their T cell receptors recognize viral 
peptides associated with major histocompat- 
ibility complex (MHC) class I molecules 
(3). These peptides are derived from endog- 
enously synthesized viral proteins, regardless 
of the protein's location or function in the 
virus. Thus, by recognition of epitopes from 
conserved viral proteins, CTLs may provide 
cross-strain protection. Peptides capable of 

~aboratories, West Point, PA 19486. associating with MHC class I molecules for 
S. E. Parker, G. H. Rhodes, P. L. Felgner, V. J. Dwarki, 
S. H. Gromkowski, Vical, San Diego, CA 92121. CTL recognition originate from proteins 

that are present in or pass through the 
*Both authors contributed equally to the production of 
this work. cytoplasm or endoplasmic reti'culum (4). 
tTo whom correspondence should be addressed. Therefore, in general, exogenous proteins, 
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Fig. 1. Detection of NP plasmid DNA in muscle by PCR. $ s m $ s d  
BALBIc mice were iniected three times with RSV1 -NP DNA N N N N S  
or blank vector (100 kg per leg) into both quadriceps 
muscles, followed by influenza infection. The muscles were 
removed 4 weeks after the final injection and immediately 
frozen in liquid N,. They were then pulverized in'lysis buffer 
[25 mM tris-H,PO, (pH 8), 2 mM CDTA (trans-1 :2-diameno- 
cyclohexantetra-acetic acid); 2 mM dithiothreitol (DTT), 

tion. We a 40-cycle PCR reaction (32)'to detect I 
the Dresence of NP plasmid DNA in muscle. A 772-bp PCR 
product (indicated by the arrowhead), generated from oligonucleotides spanning 18 bases of 
the 3' portion of the promoter region (GTGTGCACCTCAAGCTGG) and 23 bases of the 5' portion 
of the inserted NP sequence (CCCTTTGAGAATGTTGCACATTC), is seen on an ethidium bro- 
mide-stained agarose gel in selected NP DNA-injected muscle samples but not in the blank 
vector control (600L). Labeling above each lane indicates mouse identification number and 
right or left leg. 

which enter the endosomal processing path- 
way (as in the case of antigens presented by 
MHC class I1 molecules), are not effective at 
generating CD8+ CTL responses. 

Most efforts to generate CTL responses 
have either used replicating vectors to 
produce the protein antigen in the cell (5) 
or have focused on the introduction of 
peptides into the cytosol (6). Both of 
these approaches have limitations that 
may reduce their usefulness as vaccines. 
Retroviral vectors have restrictions on the 
size and structure of polypeptides that can 
be expressed as fusion proteins and still 
maintain the ability of the recombinant 
virus to replicate (7), and the effectiveness 
of vectors such as vaccinia for subsequent 
immunizations may be compromised by 
immune responses against the vectors 
themselves (8). Also, viral vectors and 
modified pathogens have inherent risks 
that may hinder their use in humans (9). 
Furthermore, the selection of peptide 
epitopes to be presented is dependent on 
the structure of an individual's MHC an- 
tigens, and peptide vaccines may therefore 
have limited effectiveness due to the di- 
versity of MHC haplotypes in outbred 
populations (1 -3). Hence, immunization 
with nonreplicating plasmid DNA encod- 
ing viral proteins may be advantageous 
because no infectious agent is involved, 
no assembly of virus particles is required, 
and determinant selection is permitted. 
Because the sequence of nucleoprotein 
(NP) is conserved among various strains of 
influenza (1 0). protection was achieved 
here against subsequent challenge by a 
virulent strain of influenza A that was 
heterologous to the strain from which the 
gene for NP was cloned. 

Intramuscular (i-m.) injection of DNA 
expression vectors in mice has been dem- 
onstrated to result in the uptake of DNA 
by the muscle cells and expression of the 
protein encoded by the DNA (1 1). Plas- 
mids were shown to be maintained episo- 

mally and did not replicate. Subsequently, 
persistent expression was observed after 
i.m. injection in skeletal muscle of rats, 
fish, and primates and in cardiac muscle of 
rats (1 2). This technique could be a meth- 
od of introducing viral proteins into the 
antigen-processing pathway that results in 
the generation of virus-specific CTLs. We 
therefore evaluated the ability of injected 
cDNA encoding the conserved viral pro- 
tein influenza A NP to generate specific 
CTLs and also evaluated the protective 
efficacy of this approach against subse- 
quent viral challenge. 

BALB/c mice were injected in the quad- 
riceps of both legs with plasmid cDNA 
encoding A/PR/8/34 NP (13) driven by 
either a Rous sarcoma virus (RSV) or cyto- 
megalovirus (CMV) promoter (1 4). Nega- 
tive control animals were uninjected or 
injected with the appropriate blank vector 
lacking the inserted NP gene. The presence 
or absence of NP plasmid DNA in the 
muscles of selected animals was analyzed by 
polymerase chain reaction (PCR) (Fig. 1). 
Plasmid DNA (either NP or luciferase 
DNA) was detected in 44 of 48 injected 
muscles tested. In mice injected with lu- 
ciferase DNA, protein expression was dem- 
onstrated by luciferase activity recovered in 
muscle extracts (1 1, 12). NP expression in 
muscles after injection of NP DNA was 
below the limit of detection for protein 
immunoblot analysis (<1  ng) but was 
indicated by the production of NP-specific 
antibodies (Fig. 2). For analysis of NP- 
specific CTL generation, spleens were re- 
moved 1 to 4 weeks after immunization 
(1 5). and spleen cells were re-stimulated 
with recombinant human interleukin-2 
(IL-2) plus autologous spleen cells that 
had been either infected with influenza A 
(A/PR/8/34) or pulsed with the H-2Kd- 
restricted NP peptide epitope (15) (NP 
residues 147 to 155) (16). Spleen cells 
re-stimulated with virally infected (1 7) 
cells or with epitope-pulsed syngeneic cells 

0 2 4 6 8 
Time (weeks) 

Fig. 2. Production of NP-specific antibodies in 
mice injected with NP DNA. Mice were injected 
with 100 pg of V1-NP DNA in each leg at 0, 3, 
and 6 weeks, and blood was drawn on 0, 2, 5, 
and 8 weeks. The presence of anti-NP IgG in 
the serum was assayed by an ELISA (IS), with 
NP purified from insect cells that had been 
transfected with a baculovirus expression vec- 
tor. The results are plotted as mean log[ELISA 
titer] 2 SEM (n = 10) against time after the first 
injection of NP DNA. Mice immunized with 
blank vector generated no detectable NP-spe- 
cific antibodies. 

were capable of killing NP epitope-pulsed 
target cells (Fig. 3A). This indicates that 
i.m. injection of NP DNA generated the 
appropriate NP-derived peptide in associ- 
ation with MHC class I molecules for 
induction of the specific CTL response. 
These CTLs were capable of recognizing 
and lysing virally infected target cells (Fig. 
3B), or target cells pulsed with the 
H-2Kd-restricted NP peptide epitope. 
This demonstrates their specificity as well 
as their ability to detect the epitope gen- 
erated naturally in infected cells. 

A more stringent measure of immunoge- 
nicity of the NP DNA vaccine was the 
evaluation of the primary CTL response. 
Spleen cells taken from NP DNA-injected 
mice were activated by exposure to con- 
canavalin A (Con A) and IL-2 but did not 
undergo in vitro re-stimulation with anti- 
gen-expressing cells before their ability to 
kill appropriate targets was tested. Spleno- 
cytes from mice immunized with NP DNA, 
when activated with Con A and IL-2 in 
vitro without antigen-specific re-stimula- 
tion, lysed both epitope-pulsed and virally 
infected target cells (Fig. 3, C and D). This 
lytic activity of both the re-stimulated and 
activated spleen cells compares favorably 
with that of similarly treated splenocytes 
derived from mice that had been first in- 
fected with influenza A/HK/68, a virulent, 
mouse-adapted H3N2 strain that arose 34 
years after A/PR/8/34 (HlNl). Thus, injec- 
tion of NP DNA generated CTLs that were 
specific for the NP epitope and that were 
capable of identifying the naturally pro- 
cessed antigen. 

Injection of mice with NP DNA resulted 
in the production of high-titer antibodies to 
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Effector: target 

Fig. 3. Percent specific lysis determined in a 
4-hour 51Cr release assay (15) for CTLs ob- 
tained from mice immunized with DNA. Mice 
were immunized with 400 pg of V1-NP DNA 
(solid circles) or blank vector (solid squares) 
and killed 3 to 4 weeks later. Negative control 
CTLs were obtained from a naive mouse (open 
triangles), and positive controls from a mouse 
that had recovered from infection with NHW68 
4 weeks before (solid triangles). Graphics de- 
pict data from representative individual mice. 
At least eight mice were studied for each set of 
conditions. (A) Spleen cells re-stimulated with 
NP(147-155)-pulsed autologous spleen cells 
(15) and assayed against NP(147-155)- 
pulsed P815 cells. (B) Spleen cells re-stimulat- 
ed with NP(147-155)-pulsed autologous 
spleen cells and assayed against P815 targets 
infected with influenza Wictorid73 (H3N2) for 
6 hours before addition of CTLs. (C) Spleen 
cells re-stimulated with Con A and IL-2 without 
additional antigen and assayed against P815 
cells pulsed with NP(147-155). (D) Mice were 
injected with 200 pg per injection of V1-NP 
DNA or blank vector three times at 3-week 
intervals. Spleens were harvested 4 weeks after 
the last immunization, spleen cells were cul- 
tured with IL-2 and Con A for 7 days, and CTLs 
were assayed against P815 target cells infect- 
ed with influenza AA/ictoria/73. 

NP [anti-NP immunoglobulin G (IgG)] 
(Fig. 2). Generation of high-titer IgG in 
mice is thought to require CD4+ T helper 
cells (18, 19). This suggests that NP ex- 
pressed from the plasmid in situ was pro- 
cessed for presentation by both MHC class 
I and class I1 molecules. To investigate a 
potential role of NP-specific antibodies in 
protective immunity to influenza, we used 
two approaches. First, viral lung titers were 
determined in a passive transfer experiment 
(20) where nafve mice were infused with 
anti-NP serum and then challenged with 
A/HK/68 (2 1). No reduction in viral lung 

Fig. 4. Mass loss (in grams) and recovery in DNA- 22 
immunized mice after unanesthetized intranasal chal- 
lenge with l o4  TCID,, of NHW68. Mice were immu- 21 

nized three times at 3-week intervals with V1-NP DNA 
20 

or blank vector or were not injected and were then 
challenged 3 weeks after the last immunization. Mass- 5 19 
es for groups of ten mice were determined at the time 8 
of challenge and daily from day 4 for NP DNA-injected 2 18 
mice (solid circles), blank vector controls (open trian- 
gles), and uninjected controls (open circles). Shown 17 

are mean masses +- SEM. NP DNA-iniected mice 
displayed significantly less mass loss 'on days 8 , a , a , , , , , ' 
through 13 than blank vector-injected mice (P 5 

0 2 4 6 8 10 12 14 

0.005) and uniniected mice (P 5 0.01), as analyzed by 
Time after challenge (days) 

the t test. No s'ignificant difference was noted between the two controls (P = 0.8 by the t test). 

titers was seen in mice that had received 
anti-NP serum, obtained from mice that 
were injected with NP DNA (6.3 + 0.2; 
mean + SEM; n = 4), as compared with 
control mice that had received normal se- 
rum (6.1 5 0.3; mean + SEM; n = 4). As 
a positive control, serum was collected from 
mice that had been infected with A/HK/68 
and passively transferred to four naive mice. 
After a challenge with A/HK/68, no viral 
infection was detectable in their lungs, 
indicating that this serum against whole 
virus was completely protective for chal- 
lenge with the homologous virus. Second, 
naive mice were immunized with ~urified 
NP (5 pg per leg; three times over a period 
of 6 weeks) by i.m. injection. These mice 
generated high-titer NP-specific antibodies 
but did not produce NP-specific CTLs and 
were not protected from a lethal dose of 
virus (22). Therefore, unlike the neutraliz- 
ing effect of antibodies to whole virus, 
circulating anti-NP IgG did not confer pro- 
tective immunity to the mice. 

We evaluated the in vivo protective 
efficacy of NP DNA injections to determine 
whether a cell-mediated immune response 
was functionally significant. One direct 
measure of the effectiveness of the immune 
response was the ability of mice first immu- 
nized with NP DNA to clear a progressive, 
sublethal lung infection with a heterologous 
strain of influenza (A/HK/68; H3N2) (2 1 ) . 
Mice immunized with NP DNA had viral 
lung titers after challenge that were three 
orders of magnitude lower on day 7 (1.0 + 
1.0; mean + SEM; n = 4) than those of 
control mice that had not been immunized 
(4.1 + 0.3; mean + SEM; n = 4) or that 
had been immunized with blank vector (4.5 
k 0.0; mean k SEM; n = 4). In fact, three 
of four immunized mice had undetectable 
amounts of virus in their lungs. whereas - ,  

none of the controls had cleared virus at 
this point. The substantial difference in the 
viral lung titers seen in this experiment and 
six others (22) demonstrates that the im- 
mune response accelerated clearance of the 
virus. The lack of protective effect of the 
blank vector control confirms that DNA 
per se was not responsible for the immune 

response. Moreover, because the challenge 
strain of virus, A/HK/68 (H3N2), was het- 
erologous to the strain A/PR/8/34 (HlN1) 
from which the NP gene was cloned, im- 
munity was heterotypic. 

To ~rovide a measure of virus-induced 
morbidity, we observed the mass loss in 
mice that were infected sublethally with 
influenza A/HK/68 after immunization with 
NP DNA (Fig. 4). Uninjected mice or mice 
injected with the blank vector were used as 
controls. Mice immunized with NP DNA 
exhibited less mass loss and a more r a ~ i d  
return to their masses before challenge after 
influenza A infection, as compared with 
control mice. 

Intranasal infection of fully anesthetized 
mice with influenza A causes rapid, wide- 
spread viral replication in the lung and 
death in 6 to 8 days if the infection is not 
controlled (23). Survival of mice chal- 
lenged by this method reflects their ability 
to limit the severity of an acute lung infec- 
tion. The capacity of mice to survive chal- 
lenge with A/HK/68 (Fig. 5) and A/PR/8/ 
34 (24) was studied. Mice immunized with 
NP DNA showed a 90% survival rate, as 
compared with a 0% survival rate in ani- 
mals injected with blank vector and a 20% 
survival rate in uninjected control animals 
(Fig. 5). In a total of 14 such studies, mice 
immunized with NP DNA showed 250% 
greater survival rate than controls (22, 24). 
Thus, the ability of the NP DNA-induced 
immune response to effectively accelerate 
recovery and decrease disease caused by a 
virus of a different strain arising 34 years 
later supports the rationale of targeting a 
conserved protein for the generation of a 
CTL response. 

The i.m. injection of a DNA expression 
vector encoding a conserved, internal pro- 
tein of influenza A resulted in the genera- 
tion of significant protective immunity 
against subsequent viral challenge. In par- 
ticular, NP-specific antibodies and primary 
CTLs were produced. NP DNA immuniza- 
tion resulted in decreased viral lung titers, 
inhibition of mass loss, and increased sur- 
vival, as compared with controls. The pro- 
tective immune response was not mediated 
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Fig. 5. Survival of DNA-immunized mice after 
intranasal challenge (under anesthesia) with 
1 02.5 TCIDSO of A/HK/68. Mice immunized three 
times at 3-week intervals with V1-NP DNA 
(closed circles) or blank vector (open circles) 
and uninjected controls (open triangles) were 
challenged 3 weeks after the final immuniza- 
tion. Percent survival is shown for groups of 
nine or ten mice. Survival of NP DNA-injected 
mice was significantly greater than controls (P 
= 0.0004 by chi-square analysis), whereas no 
significant difference was seen between blank 
vector-injected mice and uninjected mice (P = 
0.17 by chi-square analysis). 

by the NP-specific antibodies, as demon- 
strated by the lack of effect of NP-specific 
antibodies alone in combating a virus infec- 
tion, and was thus likely due to NP-specific 
cellular immunity. Moreover, significant 
amounts of primary CTLs directed against 
NP were generated. The protection was 
against a virulent strain of influenza A that 
was heterologous to the strain from which 
the DNA was cloned. Additionally, the 
challenge strain arose more than three dec- 
ades after the A/PR/8/34 strain, indicating 
that immune responses directed against 
conserved proteins can be effective despite 
the antigenic shift and drift of the variable 
envelope proteins. Therefore, the use of an 
expression vector encoding a viral protein 
as an immunogen offers a simple means to 
induce cross-strain protective immunity 
without the need for self-replicating agents 
or adjuvants. 

In addition, immunization with DNA 
offers a number of other advantages. First. - 
this approach to vaccination should be 
applicable to tumors as well as to infectious 
agents because the CD8+ CTL response is 
important for both pathophysiological pro- 
cesses (25). Therefore, eliciting an immune 
response against a protein crucial to the 
transformation process may be an effective 
means of cancer protection or immunother- 
apy. Second, the generation of high-titer 
antibodies to expressed proteins after injec- 
tion of viral protein (NP and hemaggluti- 
nin) and human growth hormone DNA 
(26) indicates that this may be a facile and 
effective means of making antibody-based 
vaccines, either separately or in combina- 
tion with CTL vaccines targeted toward 

conserved antigens. The ease of producing 
and purifying DNA constructs compares 
favorably with traditional protein purifica- 
tion techniques, possibly facilitating the 
generation of combination vaccines. Final- 
ly, because protein expression is maintained 
after DNA injection (12), the persistence 
of B and T cell memory may be enhanced 
(27), thereby engendering long-lived hu- 
moral and cell-mediated immunity. 
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High Levels of HIV-1 in Plasma During All Stages 
of Infection Determined by Competitive PCR 

M. Piatak, Jr., M. S. Saag, L. C. Yang, S. J. Clark, J. C. Kappes, 
K.-C. Luk, B. H. Hahn, G. M. Shaw, J. D. Lifson* 

Quantitative competitive polymerase chain reaction (QC-PCR) methods were used to 
quantify virion-associated human immunodeficiency virus type-1 (HIV-1) RNA in plasma 
from 66 patients with Centers for Disease Control stage I to IVC1 infection. HIV-1 RNA, 
ranging from 100 to nearly 22,000,000 copies per milliliter of plasma (corresponding to 50 
to 11,000,000 virions per milliliter), was readily quantified in all subjects, was significantly 
associated with disease stage and CD4+ T cell counts, and decreased by as much as 
235-fold with resolution of primary infection or institution of antiretroviral therapy. Plasma 
virus levels determined by QC-PCR correlated with, but exceeded by an average of 
60,000-fold, virus titers measured by endpoint dilution culture. Quantitation of HIV-1 in 
plasma by QC-PCR may be useful in assessing the efficacy of antiretroviral agents, 
especially in early stage disease when conventional viral markers are often negative. 

T h e  natural history of HIV-1 infection is 
characterized by a variable clinical course, 
with the development of acquired immun- 
odeficiency syndrome (AIDS) generally oc- 
curring after 7 to 11 years (1). A central 
paradox of HIV disease involves the pro- 
gressive development of immunologic ab- 
normalities, beginning during the early 
stages of infection when assays for circulat- 
ing p24 antigen and culturable virus in 
peripheral blood suggest minimal or absent 
levels of viral replication (2-8). Recent 
studies of HIV- 1 DNA and RNA in clinical 
samples suggest that, as compared with 
peripheral blood cells, lymphoid tissue rep- 
resents a preferred and continuous site of 
viral replication, although such studies have 
necessarily been limited by the relative in- 
accessibility of the tissue compartment, es- 
pecially for repeated evaluation (9). 

Previous polymerase chain reaction 
(PCR) studies of HIV-1 RNA in plasma 
have generally been limited to qualitative 
(1 0) or semiquantitative analyses (I 1 ). In 
standard PCR methods, the absolute 
amount of product generated does not al- 
ways bear a consistent relation to the 
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amount of target sequence present at initi- 
ation of the reaction, particularly for clini- 
cal specimens (1 2). Both the kinetics and 
efficiency of amplification of a target tem- 
plate are dependent on the starting abun- 
dance of that template and on the sequence 
match of the primers and target template 
and may also be affected by inhibitors pre- 
sent in the specimen (1 2). In PCR analysis 
of RNA samples, variable efficiencies in 
both the reverse transcription and amplifi- 
cation steps are potential sources of vari- 
ability. For these reasons, comparison of 
the amount of specimen-derived PCR prod- 
uct to the amount of product from a sepa- 
rately amplified external control standard 
(I I) does not provide a rigorous basis for 
absolute quantitation. Normalization based 
on coamplification of a heterologous "inter- 
nal control" target sequence (such as 
P-globin or actin) does not optimally ad- 
dress this problem, owing to different tem- 
plate abundances and priming efficiencies 
for different primer-target combinations. 

In the quantitative competitive PCR 
(QC-PCR) method for RNA quantitation 
(1 3) a competitive RNA template matched 
to the target sequence of interest, but dif- 
fering from it by virtue of an introduced 
internal deletion, is used in a competitive 
titration of the reverse transcription and 
PCR steps, ~roviding stringent internal 
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