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Immunological Response to Peptide Nucleic Acid and
its Peptide Conjugate Targeted to Transactivation
Response (TAR) Region of HIV-1 RNA Genome

Alok Upadhyay,' Nicholas M. Ponzio? and Virendra N. Pandey'’

Anti-human immunodeficiency virus-1 (HIV-1) polyamide (peptide) nucleic acids (PNAs) conjugated with cell-
penetrating peptides (CPPs) targeted to the viral genome are potent virucidal and antiviral agents. Earlier, we
have shown that the anti-HIV-1 PNA,-penetratin conjugate is rapidly taken up by cells and is nontoxic to mice
when administered at repeat doses of as high as 100 mg/kg body weight. In the present studies we demon-
strate that naked PNA,; is immunologically inert as judged by the proliferation responses of splenocytes and
lymph node cells from PNA,z-immunized mice challenged with the immunizing antigen. In contrast, PNA,-
penetratin conjugate is moderately immunogenic mainly due to its penetratin peptide component. Cytokine se-
cretion profiles of the lymph node cells from the conjugate-immunized mice showed marginally elevated levels
of proinflammatory cytokines, which are known to promote proliferation of T lymphocytes. Since the candidate
compound, PNA,-penetratin conjugate displays potent virucidal and antiviral activities against HIV-1, the fa-
vorable immunological response together with negligible toxicity suggest a strong therapeutic potential for this

class of compounds.

Introduction

POLYAMIDE NUCLEIC ACIDS (PNAs) are a new class of anti-
sense DNA mimics which are devoid of sugar-phosphate
backbone (Nelsen et al., 1991) and display higher affinity
to complementary nucleic acid sequences than do normal
oligo DNA or RNA. PNAs are constituted by an achiral,
uncharged pseudopeptide backbone that makes them ex-
tremely stable in biological fluids, completely resistant to
nucleases and proteases (Demidov et al., 1994). These unique
properties of PNA offer greater therapeutic potential for use
against viral and bacterial infections, metabolic disorders,
and diseases including cancers (Branden et al.. 1999; Boffa
et al,, 2000; Sazani et al., 2002; Chaubey et al., 2005; Tan et al.,
2005; Tripathi et al., 2005; 2007; Maier et al., 2006). Earlier, we
have demonstrated strong anti-human immunodeficiency
virus-1 (HIV-1) activity of PNA targeting the critical regions
of the HIV-1 RNA genome. We showed that PNAs targeting
the primer-binding site (PBS) and A-loop sequences in the
U5-PBS region of the HIV-1 genome block the initiation of
reverse transcription (Lee et al, 1998) by destabilizing the
natural tRNA;%* primer from the viral genome and strongly
inhibit HIV-1 replication (Kaushik et al., 2001; Kaushik and

Pandey, 2002). Similarly PNAs targeted to the transactivation
response (TAR) element of HIV-1 long-terminal repeat (LTR)
efficiently block Tat-TAR interaction, inhibit Tat-mediated
transactivation of HIV-1 LTR transcription (Mayhood et al.,
2000) and HIV-1 production (Kaushik et al., 2002b).

Several approaches have been used to improve the biode-
livery and efficacy of PNAs including their covalent conjuga-
tion to carriers such as neutral or cationic lipophilic molecules
(Muratovska et al.,, 2001; Filipovska et al., 2004; Mehiri et al.,
2008), cell-penetrating peptides (CPPs) (Kaushik et al., 2002a),
and cell-specific receptor ligands or encapsulation in autolo-
gous erythrocytes (Boffa et al., 2000; Koppelhus and Nielsen,
2003; Chiarantini et al., 2005). We have shown that anti-HIV-1
PNA conjugated with neamine is not only efficiently taken
up by the cells but also acquires a unique nuclease-like prop-
erty that specifically cleaves the target RNA (Riguet et al,
2004; Chaubey et al., 2007). Recently, we discovered that
anti-HIV-1 PNAs conjugated with CPP are potent virucidal
agents which penetrate into HIV-1 virions and render them
noninfectious. Besides, the PNA-CPP conjugates are nontoxic
at repeat intraperitoneally administered doses of as high as
100 mg/kg body weight and nonlethal at a single dose of
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300 mg/kg body weight (Chaubey et al., 2008). These stud-
ies have established the therapeutic potential of this class of
anti-HIV-1 PNA-CPP conjugates which are safe and possess
potent antiviral and virucidal activities. In this communica-
tion we present our studies on the immune response to PNA
and its CPP conjugates in the mouse model.

Materials and Methods
Materials

PNA¢ g-penetratin conjugate was synthesized by Bio-
Synthesis, Inc, (Lewisville, Texas, USA). PNAp;; was
(H,N-TCCCAGGCTCAGATCT-COOH,) covalently
linked at its N-terminus with penetratin peptide (H,N-
ROIKIWFQNRRMKWKK-COOH,) via egl-linker (-O-). The
conjugate had a molecular mass of 6898 with purity >90% as
determined by high performance liquid chromatography. The
lyophilized powder was dissolved in sterile phosphate buff-
ered saline with occasional shaking for 10-15 minutes at 50°C
till a clear solution was achieved.

Animals

Four-to-five-week-old female Balb/c mice were purchased
from Taconic Farms, Inc. (New York, USA) and quarantined
for 2 weeks before the start of the experiment. The weight var-
iation of individual mice was within *£10% of the mean body
weight. The mice were fed Lab-Diet certified Rodent Diet. Food
and water were available ad libitum. The mice were housed in
a room with a temperature of 70 = 3°F, relative humidity of
31%—-62%, and a 12-hour light/dark cycle. All husbandry condi-
tions and experiments were performed according to the Guide
for the Care and Use of Laboratory Animals and approved by the
Institutional Animal Care and Use Committee at UMDN].
Every measure was taken to ensure the welfare of the animals
at all times during the course of this study.

Preparation of antigen sample for immunization

The samples of penetratin peptide, PNA,z-penetratin conju-
gate, or naked PNA,; were prepared by dissolving in phosphate
buffered saline solution at a concentration of 2 mg/mL. The in-
dividual solutions were sterilized by passing through Millipore
syringe filter (polyvinylidene fluoride, 045 pm) and then mixed
with an equal volume of complete Freund's adjuvant. The final
concentration of each antigen solution was 1 mg/mL.

Subcutaneous immunization of mice

Six-week-old female Balb/c mice were used in this study.
We immunized each mouse with 0.2 mL of an individual
antigen solution (penetratin peptide, PNA,z-penetratin
conjugate or naked PNA,;) subcutaneously at two different
sites (total of 400 ug/mouse).

Preparation of mouse splenocytes and lymph node
cell suspension

Four weeks after immunization, the mice were eutha-
nized and their lymph nodes and spleens were removed
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aseptically. The cell suspension was prepared by teasing the
tissues with forceps and then triturating by flushing sev-
eral times with a Pasteur pipette. Following centrifugation
of the cell suspension at 1000 rpm for 10 minutes at 25°C,
the erythrocytes were lysed by a hypotonic solution and the
cells were washed twice with RPMI-1640. The cells were then
resuspended in RPMI medium supplemented with 10% fetal
bovine serum and 50 uM 2-mercaptoethanol (complete RPMI
medium), and their number was adjusted to 10° cells/mL.
The viability of the splenocytes and the lymph node cells was
determined by the trypan-blue dye exclusion technique.

Thymidine incorporation assay

The splenocyte and lymph node cell suspensions (0.2 X
10° cell/mL) from immunized mice were cocultured with
v-irradiated (3000 R) antigen-presenting cells (0.4 X 10°) in
a 96-well plate in complete RPMI medium. The individual
cell cultures were challenged with different concentrations
of penetratin peptide, PNAr,z-penetratin conjugate or naked
PNA¢ g for 72 hours at 37°C in 5% CO, and then pulsed with
50 uCi of *H-thymidine for 8 hours. As positive controls, the
cell cultures were also stimulated with Concanavalin A and
pulsed with *H-thymidine. The cells were then harvested
onto glass-fiber filters and counted for radioactivity in a
Liquid Scintillation Counter (Packard).

Cytokine assays

Six-week-old female Balb/c mice were immunized sub-
cutaneously at two different sites with 400 ng of individual
antigen samples prepared as above. Four weeks after immu-
nization, the mice were euthanized and their lymph nodes
were harvested. The single-cell suspension prepared from
lymph nodes was cocultured as above with y-irradiated anti-
gen-presenting cells in a 96-well plate and then challenged
for 24 hours with either 50 ng /mL of PNA,-penetratin
or penetratin alone. The culture supernatants collected
after 24 hours were analyzed for interleukin-2 (IL-2), IL-4,
IL-10, IL-12, TEN-y, and tumor necrosis factor-a (TNF-a).
Concanavalin A-stimulated cells were used as the positive
controls. Cytokine profiling in the presence of individual
challenging antigen was performed by sandwich enzyme-
linked immunosorbent assay at Cytokine Core Lab in
University of Maryland, Baltimore using Biotin-streptavidin-
peroxidase system. The individual cytokine concentration in
the samples was calculated from their standard curves using
SoftMaxPro (Molecular Devices, Sunnyvale, CA, USA).

Results

Proliferation responses of splenocytes and lymph
node cells following immunization

In the first set of experiments we immunized individual
mice with naked PNA,;, penetratin or PNA,r-penetratin
conjugate, and then examined the proliferation responses
of splenocytes and lymph node cells from each immunized
mouse by challenging with different concentrations of the
same immunizing antigen. The immunization of mice with
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antigen is generally carried out to prime the B and T cell that
leads to the formation of memory cells. These memory cells
elicit rapid immune response when encountered with the
same antigen. The results are shown in Figure 1. As shown
in the figure, the proliferation responses of splenocytes and
lymph node cells from mice immunized with naked PNA<,y
were the lowest (Fig. 1A), when compared with the responses
obtained from the mice immunized with penetratin or
PNA-penetratin conjugate (Fig. 1B and C). The proliferation
responses were more or less similar in both the penetratin
or PNA,z-penetratin immunized mice. We also determined
the proliferation response of splenocytes from nonimmu-
nized mice challenged with penetratin or PNA,z-penetratin
conjugate (Fig. 1D). The extent of *H-thymidine incorporation
in splenocytes from nonimmunized mice challenged with
the conjugate (25 ng/mL) was ~80% with respect to that
obtained with immunized mice (Fig. 1C). However, when
challenged with penetratin, the proliferation response in
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nonimmunized mice (Fig. 1D) was either negligible or insig-
nificant as compared to the response obtained with penetra-
tin-immunized mice (Fig. 1B).

Since the proliferation responses of splenocytes and
lymph node cells from mice immunized by naked PNAy
were insignificant when challenged with the same antigen
(Fig. 1A), we excluded naked PNA from our next immuni-
zation experiments. In the second set of experiments we
immunized mice with either penetratin (Fig. 2A) or PNAx-
penetratin conjugate (Fig. 2B) and determined the prolifera-
tion responses in the splenocytes and lymph node cells by
challenging them with either the conjugate or its individual
components (PNA,g, penetratin). As expected, proliferation
responses in both splenocytes and lymph node cells from
either conjugate or penetratin-immunized mice were neg-
ligible when challenged with naked PNA¢,;. In contrast,
the extent of H-thymidine incorporation in both spleno-
cytes and lymph node cells was significantly higher when
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FIG.1. Proliferation responses of splenocytes and lymph node cells from immunized mice challenged with the same im-
munizing antigen. The splenocytes and lymph node cells from mice immunized by either naked PNA,; (A), penetratin (B),
PNAq g-penetratin conjugate (C), or from nonimmunized mice (D) were challenged with individual immunizing antigens
and pulsed with *H-thymidine as described in the Materials and Methods. The cells were harvested and counted for radio-
activity. The results depicted are an average of three sets of experiments.
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FIG. 2. Proliferation responses of splenocytes and lymph node cells from penetratin-immunized (A) or conjugate-
immunized (B) mice challenged with naked PNA, penetratin, and the conjugate. Splenocytes and lymph node cells from
immunized mice were grown in triplicate in a 96-well plate and challenged with individual antigens at indicated concentra-
tions and pulsed with labeled thymidine as described in the Materials and Methods. The cells were harvested and counted
for incorporated radioactivity. The results shown are averages of three sets of experiments.

challenged with either penetratin or PNA¢,z-penetratin con-
jugate. These results indicated that PNA alone is nearly non-
immunogenic while PNA-penetratin conjugate or its peptide
component (penetratin) is moderately immunogenic.

Cytokine secretion by lymph node cells following
immunization with PNA.,s-penetratin conjugate or
penetratin peptide

Cytokine secretion by penetratin or PNA-penetratin
stimulated lymph node cells from mice immunized by the
respective antigen was compared (Table 1). Con A stimu-
lated lymph node cells from mice immunized by either pen-
etratin or PNA,z-penetratin conjugate was used as positive
controls and their cytokine secretion was determined. In a
parallel set of experiments, we also determined the prolif-
eration response of lymph node cells challenged with the
polyclonal T-cell mitogen, Con A, PNA,r-penetratin, or
penetratin alone (Fig. 3). The lymph node cells were stimu-
lated for 24 hours and the culture supernatants were assayed
for IL-2, IL-4, IL-10, IL-12, IFN-v, and TNF-a. As shown in
the table, lymph node cells from mice immunized with
PNA p-penetratin  conjugate when challenged with the
same antigen secreted significant levels of IL-2, IL-12, IFN-v,

and TNF-a while the amounts of IL-4 and IL-10 were below
detectable levels for the assay. Similar results were obtained
with penetratin-immunized mice challenged with penetra-
tin, although IL-2 secretion level was 30% lower than that
obtained with conjugate immunized mice. However, the
levels of IL-12 and IFN-vy produced by penetratin stimulated
lymph node cells were 2- and 8-fold higher, respectively,
than those of conjugate stimulated cells.

Discussion

This is the first study evaluating the immune response to
PNA and PNA-penetratin conjugate in mice. Although pen-
etratin peptide has been shown to suppress the inflammatory
response by inhibiting activation and nuclear translocation of
nuclear factor-kB (Letoha et al., 2006) in rats, its specific im-
munogenic response is not known. Recently Moschos et al.
(2007) have used penetratin to deliver small-interfering RNA
(siRNA) in lung and shown that siRNA-penetratin conjugate
bring forth innate immune response by inducing TNF-q,
IFN-o and IL-12 in mice. In another report, a CpG DNA oligo
has been demonstrated to be highly proinflammatory by
triggering TNF-a response in both cultured macrophages
and in mice while PNA oligo with similar CG sequences
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TaBLE1l. CYTOKINE SECRETION PROFILE OF LyMPH NODE CELLS FROM MUSE IMMUNIZED BY EITHER PENETRATIN
OR PNA/,-PENETRATIN CONJUGATE

Cytokines Lymph node cells from mice immunized by

Penetratin and challenged with: PNAq,z-penetratin and challenged with:

Penetratin Con A PNAq,z-penetratin Con A
Cytokine produced (pg/mL)

IL-2 214 +19 1670 + 169 29.3 = 3.5 1980 = 321
IL-4 Low 14.6 £0.8 Low 279 =04
IL-10 Low 93+19 Low 141 = 15
IL-12 101 * 1.5 13.0 £ 0.1 58 +20 209 £ 6.8
IFN-y 171 =28 624 + 35 2.03 £ 0.2 567 + 55
TNF-a 844 £ 14 155 = 84 691 = 0.74 168 + 22

Balb/c mice were immunized subcutaneously by either penetratin or the conjugate. Four weeks after immunization, the lymph nodes
were harvested and a single-cell suspension was grown and challenged by the immunizing antigen and also by Con A as described in
the Materials and Methods. After 24 hours, the culture supernatant of each set was collected and analyzed for indicated cytokines by

enzyme-linked immunosorbent assay in triplicate.
IL, interleukin; TNF, tumor necrosis factor.
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FIG.3. Proliferation response of lymphnode cells from con-
jugate immunized mice challenged with Con A, conjugate,
and penetratin. Lymph node cells from mice immunized by
PNAp, r-penetratin conjugate were grown in triplicate and
challenged with 10 ng/mL Con A or indicated concentrations
of the conjugate or penetratin as described in the Materials
and Methods. The cells were pulsed with *H-labeled thymi-
dine for 8 hours and the extent of thymidine incorporation
was determined as described in the Materials and Methods.
The results shown are averages of three sets of experiments.

was found to be immunologically inert (Yuan et al., 2003).
Another PNA oligo (PNAEp) that blocks c-myc hyper expres-
sion in Burkitt’s lymphoma failed to illicit antigenic immune
response in mice while the same PNAEp crosslinked to
the immunogenic carrier keyhole limpet hemocyanin was
antigenic (Cutrona et al, 2007). In the present studies, we
also noted that the immune response to naked PNA,; was
the lowest when compared with the immune response to
PNATAR-penetratin conjugate or penetratin alone. We deter-
mined the proliferation responses of splenocytes and lymph
node cells from mice immunized with individual antigens
by challenging with the same immunizing antigen. The

responses obtained with naked PNA, as immunizing and
challenging antigen were negligible and were the lowest in
comparison with the responses to penetratin and PNApz-
penetratin conjugate (Fig. 1). Our results together with the pre-
vious studies (Yuana et al., 2003; Cutrona et al., 2007) suggest
that irrespective of the PNA sequences, naked PNAs are im-
munologically inert molecules. The proliferation responses,
which we obtained with PNA,z-penetratin conjugate, could
be due to penetratin component of the conjugate. This pre-
mise was supported when splenocytes and lymph node cells
from mice immunized by penetratin or PNA,-penetratin
conjugate were challenged individually with conjugate or its
constituents, naked PNA¢,y, and penetratin (Fig. 2). The pro-
liferation responses were significant when challenged with
either penetratin or PNA-penetratin conjugate but not when
challenged with naked PNA.

Further analysis of the cytokine secretion profile of lymph
node cells from mice immunized by either PNA-penetratin
conjugate or penetratin and then challenged by the immu-
nizing antigen yielded very interesting results. We noted
that the secretion of IL-2 by lymph node cells was the
highest when challenged with either penetratin or PNA-
penetratin conjugate (Table 1). Since the candidate compound,
PNA r-penetratin conjugate, is a potent virucidal agent
against HIV-1 and displays strong HIV-1 antiviral activity, the
immunological response elicited by the conjugate with respect
to the elevated production of IL-2 is expected to be benefi-
cial to the patient. Although IL-2 exerts its effects on many
cell types, the most prominent effect of this cytokine is on
the activation of T lymphocytes (Kremer et al., 1996; Snijders
etal, 1998; Lenardo et al.,, 1999, Wang et al., 2000). It promotes
proliferation of T lymphocytes and increases the count of
mature T cells and also slows down the death of CD4+ T cells.
HIV-1 infection not only decreases the CD4+ cell count and
endogenous levels of IL-2 but also causes an increase in the
dysfunction of existing CD4+ cells. These three deleterious
effects of HIV-1 infection are potentially reversible with the ad-
ministration of recombinant IL-2 (Conard, 2003). A number
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of clinical trials on HIV-1 patients undergoing antiretroviral
therapy with IL-2 supplement have shown a significant in-
crease in the number of their CD4+ cells, and decrease in
HIV/AIDS-related morbidity as compared to patients re-
ceiving the same therapy without IL-2 supplement (Kovacs
et al.,, 1996, Arné et al,, 1999; Levy et al., 1999; Davey et al.,
2000; Emery et al., 2000; Losso et al., 2000; Ruxrungtham et
al., 2000; Abrams et al., 2002).

Besides IL-2, IL-12, interferon-y (IFN-vy), and TNF-a were
also produced by the lymph node cells from immunized
mice. IL-12 stimulates the growth and function of T cells
and the production of IFN-y and TNF-a. Both IL-12 and IL-2
are important cytokines in the regulation of a cell-mediated
immune response; IL-2 being responsible for stimulating the
proliferation of T cells, while IL-12 promotes the differen-
tiation of the antigen-activated CD4+ T cells into TH1 cell
type (Hsieh et al.,, 1993). The production of proinflammatory
cytokines (IL-2, IFN-y, TNF-o), but not anti-inflammatory
cytokines (IL-4, IL-10) from lymph node cells stimulated
with penetratin and PNAp,z-penetratin conjugate is con-
sistent with TH1 cell differentiation, which supports cell-
mediated immune responses (e.g., cytotoxic T lymphocytes,
natural killer cells, activated macrophages) that would ben-
efit patients with HIV-1 infection.

In conclusion, our results suggest that while naked anti-
HIV-1 PNAy,y is an immunologically inert molecule, its pen-
etratin peptide conjugate is moderately antigenic. However,
the immune responses elicited by PNA,z-penetratin conju-
gate are beneficial to the host since it induces elevated levels
of type 1 cytokines such as IL-2 and IL-12 which are known
to stimulate T-cell proliferation and slow down the death of
CD4+ T cells. We have earlier shown that anti-HIV-1 PNA-
CPP conjugates targeting critical regions of HIV-1 RNA
genome are efficiently taken up by cells and display both
antiviral and virucidal activities against HIV-1 (Kaushik et
al., 2002a; Chaubey et al.,, 2005; Tripathi et al., 2005; 2007).
We have recently shown that PNA-CPP conjugates are non-
toxic to mice up to a single 300-mg dose/kg of body weight
and well tolerated when administered in repeat doses of
100 mg/kg of body weight (Chaubey et al, 2008). The low or
negligible in vivo toxicity and stability of PNA and its CPP
conjugates, as well as their slow release and clearance from
different organs (Ganguly et al., 2008) together with the ben-
eficial immune responses that they induce suggest the pos-
sible therapeutic potential of this class of compounds.

Acknowledgment

This research was supported by a grant from the NIH/
NIAID (AI042520) to V.N.P.

References

ABRAMS, D.I, BEBCHUK, ].D., DENNING, E.T., DAVEY, R.T., FOX
L., LANE H.C. SAMPSON, ], VERHEGGEN, R, ZEH, D., and
MARKOWITZ, NP. (2002). Randomized, open-label study of the
impact of two doses of subcutaneous recombinant interleukin-2
on viral burden in patients with HIV-1 infection and CD4+ cell
counts of> or =300/mm?® CPCRA 059. ]. Acq. Imm. Defic. Syndro.
29, 221-231.

ARNO, A, RUIZ, L, JUAN, M,, JOU, A., BALAGUE M., ZAYAT M.K.
MAREFIL, S, MARTINEZ-PICADO, ], MARTINEZ, MA,, ROMEU,

UPADHYAY, PONZIO, AND PANDEY

J, PUJOL-BORRELL, R., LANE, C., and CLOTET, B. (1999). Efficacy
of low-dose subcutaneous interleukin-2 to treat advanced human
immunodeficiency virus type 1 in persons with=250/uL. CD4 T
cells and undetectable plasma virus load. J. Infect. Dis. 180: 56-60.

BOFFA, L.C, SCARFI, S, MARTANI, M.R, DAMONTE, G., ALLFREY,
V.G, BENATTI, U, and MORRIS, PL. (2000). Dihydrotestosterone as
a selective cellular/nuclear localization vector for anti-gene peptide
nucleic acid in prostatic carcinoma cells. Cancer Res. 60, 2258-2262.

BRANDEN, L], MOHAMED, A]., and SMITH, C.I. (1999). A pep-
tide nucleic acid-nuclear localization signal fusion that mediates
nuclear transport of DNA. Nat. Biotechnol. 17, 784-787.

CHAUBEY, B, TRIPATHI, S, DESIRE, ], BAUSSANNE, I,
DDECOUT, J., and PANDEY, V.N. (2007) Mechanism of RNA
cleavage catalyzed by sequence specific polyamide nucleic acid-
neamine conjugate. Oligonucleotides 17, 302-313.

CHAUBEY, B, TRIPATHI, S.,, GANGULY, S.,, HARRIS, D., CASALE,
R.A., and PANDEY, V.N. (2005). A PNA-transportan conjugate
targeted to the TAR region of the HIV-1 genome exhibits both
antiviral and virucidal properties. Virology 331, 418—428.

CHAUBEY, B, TRIPATHI, S., and PANDEY, V.N. (2008) Single
acute-dose and repeat-doses toxicity of anti HIV-1 PNATAR-
penetratin conjugate after intraperitoneal administration to
mice. Oligonucleotides 18, 9-20.

CHIARANTINI, L., CERASI, A, FRATERNALE, A, MILLO, E,,
BENATTI, U,, SPARNACCI, K., LAUS, M., BALLESTRI, M., and
TONDELLL L. (2005). Comparison of novel delivery systems for
antisense peptide nucleic acids. J. Control Release 109, 24-36.

CONARD A. (2003). Interleukin-2: where are we going? J. Assoc
Nurses AIDS Care 14, 83-88.

CUTRONA, G, BOFFA, L.C, MARIANI, MR, MATIS, S,
DAMONTE, G., MILLO, E., RONCELLA, S., and FERRARINI, M.
(2007). The peptide nucleic acid targeted to a regulatory sequence
of the translocated c-myc oncogene in Burkitt’s lymphoma lacks
immunogenicity: follow-up characterization of PNAEu-NLS.
Oligonucleotides 17, 146-150.

DAVEY RT. Jr, MURPHY, R.L.,, GRAZIANO, EM., BOSWELL, SLL.,
PAVIA, AT, CANCIO, M., NADLER, ].P, CHAITT, D.G., DEWAR,
R.L., SAHNER, DK, DULIEGE, AM., CAPRA, W.B.,, LEONG,
W.P, GIEDLIN, M.A, LANE, HC, and KAHN, J.O. (2000).
Immunologic and virological effects of subcutaneous interleu-
kin 2 in combination with antiretroviral therapy: A randomized
controlled trial. JAMA 284, 183-189.

DEMIDOV, VV,, POTAMAN, V.N., FRANK-KAMENETSKIL, M.D,,
EGHLOM, M., BUCHARD, O.,SONNICHSEN, S.H.,and NIELSEN,
PE. (1994). Stability of peptide nucleic acids in human serum and
cellular extracts. Biochem. Pharmacology 48, 1310-1313.

EMERY, S, CAPRA, W.B., COOPER, D.A., MITSUYASU, RT,
KOVACS J.A., and VIG, P,, SMOLSKIS, M., SARAVOLATZ, L.D,,
LANE, H.C, FYFE, G.A., and CURTIN, PT. (2000). Pooled analysis
of 3 randomized, controlled trials of interleukin-2 therapy in
adult human immunodeficiency virus type 1 disease. J. Infect.
Dis. 182, 428—434.

FILIPOVSKA, A., ECCLES, M.R,, SMITH, R.A., and MURPHY, M.P.
(2004). Delivery of antisense peptide nucleic acids (PNAs) to the
cytosol by disulphide conjugation to a lipophilic cation. FEBS
Lett. 556, 180-186.

GANGULY, S., Chaubey, B., TRIPATH]I, S., Upadhyay A., NETI, PV,
HOWELL, RW., and PANDEY, V.N. (2008). Pharmacokinetic
analysis of polyamide nucleic-acid-cell penetrating peptide con-
jugates targeted against HIV-1 transactivation response element.
Oligonucleotides. 18, 277-286.

HSIEH, C.S., MACATONIA, S.E.,, TRIPP, C.S,, WOLF, S.F,, O'GARRA,
A., and MURPHY, KM. (1993). Development of TH1 CD4+ T
cells through IL-12 produced by Listeria-induced macrophages.
Science 260, 547-549.

KAUSHIK, N., BASU, A, PALUMBO, P, MYERS, R. L., and PANDEY,
V. N. (2002a). Anti-TAR polyamide nucleotide analog conjugated



IMMUNOGENIC RESPONSE TO PNA

with a membrane-permeating peptide inhibits human immuno-
deficiency virus type 1 production. J. Virol. 76, 3881-3891.

KAUSHIK, N., BASU, A., and PANDEY, V.N. (2002b). Inhibition of
HIV-1 replication by anti-trans-activation responsive polyamide
nucleotide analog. Antiviral Res. 56, 13-27.

KAUSHIK, N., and PANDEY, V.N. (2002). PNA targeting the PBS
and A-loop sequences of HIV-1 genome destabilizes pack-
aged tRNAS3 (Lys) in the virions and inhibits HIV-1 replication.
Virology 303, 297-308.

KAUSHIK, N., TALELE, TT, MONEL, R, PALUMBO, P, and
PANDEY, V.N. (2001). Destabilization of tRNA3 (Lys) from the
primer-binding site of HIV-1 genome by anti-A loop polyamide
nucleotide analog. Nucleic Acids Res. 29, 5099-5106.

KOPPELHUS, U.,, and NIELSEN, PE. (2003). Cellular delivery of
peptide nucleic acid (PNA). Adv. Drug Deliv. Rev. 55, 267-280.

KOVACS, J.A.,, VOGEL, S., ALBERT, ].M., FALLOON, J., DAVEY, RT.
Jr, WALKER R.E. POLIS, M.A., SPOONER, K., METCALE, J.A,,
BASELER, M., FYFE, G. and LANE, H.C. (1996). Controlled trial
of interleukin-2 infusions in patients infected with the human
immunodeficiency virus. N. Engl. ]. Med. 335, 1350-1356.

KREMER, 1B, HILKENS, CM., SYLVA-STEENLAND, RM,
KOOMEN, CW., KAPSENBERG, M.L., BOS, ]D., and
TEUNISSEN, M.B. (1996). Reduced IL-12 production by mono-
cytes upon ultraviolet-B irradiation selectively limits activation
of T helper-1 cells. J. Immunol. 157, 1913-1918.

LEE, R, KAUSHIK, N., MODAK, M., VINAYAK, R., and PANDEY,
V.N. (1998). Polyamide nucleic acid targeted to the primer bind-
ing site of the HIV-1 RNA genome blocks in vitro HIV-1 reverse
transcription. Biochemistry 37, 900-910.

LENARDO, M., CHAN, FKX.-M., HORNUNG, F,, MCFARLAND, H,,
SIEGEL, R, WANG ], and ZHENG, L. (1999). Mature T lympho-
cyte apoptosis—immune regulation in a dynamic and unpre-
dictable environment. Annu. Rev. Immunol. 17, 221-253.

LETOHA, T, KUSZ, E., PAPAI, G., SZABOLACS, A, KASKAZI, ],
VARGA, T,, TAKACS, T, PENKE, B., and DUDA, E. (2006). I vitro
and in vivo nuclear factor-kappaB inhibitory effects of the cell-
penetrating penetratin peptide. Mol. Pharmacol. 69, 2027-2036.

LEVY, Y. CAPITANT, C.,, HOUHOU, S., CARRIERE, I, VIARD J.P,
AND GOUJARD, C., GASTAUT, J.A,, OKSENHENDLER, E.,
BOUMSELL, L., GOMARD, E.,, RABIAN, C., WEISS, L., GUILLET,
J.G., DELFRAISSY, J.F., ABOULKER, J.P. and SELIGMANN, M.
(1999). Comparison of subcutaneous and intravenous interleu-
kin-2 in asymptomatic HIV-1 infection: a randomised controlled
trial (ANRS 048 Study Group). Lancet 353, 1923-1929.

LOSSO, M.H., BELLOSO, WH., EMERY, S.,, BEN ETUCCI, J.A,
CAHN, PE, LASALA, M.C, LOPARDO, G., SALOMON, H.,,
SARACCO, M., NELSON, E., LAW,M.G., DAVEY, RT., ALLENDE,
M.C. and LANE, H.C. (2000). A randomized, controlled, phase II
trial comparing escalating doses of subcutaneous interleukin-2
plus antiretrovirals versus antiretrovirals alone in human immu-
nodeficiency virus-infected patients with CD4+ cell counts> or
=350/mm?. J. Infect. Dis. 181, 1614-1621.

MAIER, M.A., ESAU, C.C., SIWKOWSKI, A.M., WANCEWICZ,
EV., ALBERTSHOFER, K., KINBERGER, G.A., KADABA, N.S.,
WATANABE, T, MANOHARAN, M., BENNETT, C.F, GRIFFEY,
R.H., and SWAYZE, E.E. (2006). Evaluation of basic amphipathic
peptides for cellular delivery of antisense peptide nucleic acids.
J. Med. Chem. 49: 2534-2542.

MAYHOOD, T.,, KAUSHIK, N., PANDEY, PK.,, KASHANCHI, F,
DENG, L., and PANDEY, V.N. (2000). Inhibition of Tat-mediated
transactivation of HIV-1 LTR transcription by polyamide
nucleic acid targeted to TAR hairpin element. Biochemistry 39,
11532-11539.

MEHIRI, M., UPERT, G., TRIPATHI, S., DI GIORGIO, A., CONDOM,
A, and PATINO, N. (2008). An efficient biodiversity system
for antisense polyamide acid (PNA). Oligonucleotides. 18,
245-256.

335

MOSCHOS, S.A,, JONES, SW.,, PERRY, M-M., WILLIAMS, AE,
ERJEFALT, ].S,, TURNER, JJ., BARNES, PJ., SPROAT, B.S., GAIT,
M.J., LINDSAY, M.A. (2007). Lung delivery studies using siRNA
conjugated to TAT (48—60) and penetratin reveal peptide induced
reduction in gene expression and induction of innate immunity.
Bioconjug Chem. 18, 1450-1459.

MURATOVSKA, A, LIGHTOWLERS, R.N, TAYLOR, RW.,
TURNBULL, D.M., SMITH, R.A., WILCE, J.A., MARTIN, SW.,
and MURPHY, M.P. (2001). Targeting peptide nucleic acid (PNA)
oligomers to mitochondria within cells by conjugation to lipo-
philic cations: implications for mitochondrial DNA replication,
expression and disease. Nucleic Acids Res. 29, 1852-1863.

NIELSEN, PE., EGHOLM, M., BERG, RH., and BUCHARDT, O.
(1991). Sequence-selective recognition of DNA by strand dis-
placement with a thymine-substituted polyamide. Science 254,
1497-1500.

RIGUET, E., TRIPATHI, S, CHAUBEY, B, DESIRE, J., PANDEY, V.
N., and DECOUT, J. L. (2004). A peptide nucleic acid-neamine
conjugate that targets and cleaves HIV-1 TAR RNA inhibits viral
replication. J. Med. Chem. 47, 4806—-4809.

RUXRUNGTHAM, K., SUWANAGOOL, S, TAVEL, J.A,CHUEN-
YAM, M., KROON, E. UBOLYAM, S, BURANAPRADITKUN,
S, TECHASATHIT, W, LI, Y, EMERY, S, DAVEY, RT, FOSDICK,
L, KUNANUSONT, C, LANE, HC, PHANUPHAK, P. and
VANGUARD STUDY GROUP. (2000). A randomized, controlled
24-week study of intermittent subcutaneous interleukin-2 in HIV-1
infected patients in Thailand. AIDS 14, 2509-2513.

SAZANI, P, GEMIGNANI, F, KANG, SH., MAIER, MA,
MANOHARAN, M., PERSMARK, M., BORTNER, D., and KOLE,
R. (2002). Systemically delivered antisense oligomers upregulate
gene expression in mouse tissues. Nat. Biotechnol. 20, 1228-1233.

SNIJDERS, A., KALINSKI, P., HILKENS, C.M., KAPSENBERG, M.L.
(1998). High-level IL-12 production by human dendritic cells
requires two signals. Int. Immunol. 10, 1593-1598.

TAN, X.X., ACTOR, J.K., and CHEN, Y. (2005). Peptide nucleic acid
antisense oligomer as a therapeutic strategy against bacterial
infection: proof of principle using mouse intraperitoneal infec-
tion. Antimicrob. Agents Chemother. 49, 3203-3207.

TRIPATHI, S, CHAUBEY, B., BARTON, B.E., and PANDEY, V.N.
(2007). Anti HIV-1 virucidal activity of polyamide nucleic acid-
membrane transducing peptide conjugates targeted to primer
binding site of HIV-1 genome. Virology 363, 91-103.

TRIPATHI, S., CHAUBEY, B., GANGULY, S, HARRIS, D., CASALE,
R.A., and PANDEY, V.N. (2005). Anti-HIV-1 activity of anti-TAR
polyamide nucleic acid conjugated with various membrane
transducing peptides. Nucleic Acids Res. 33, 4345-4356.

YUAN, X.,, MA, Z., ZHOU, W,, NIIDOME, T., ALBER, S., HUANG,
L., WATKINS, S, LL S. (2003). Lipid-mediated delivery of peptide
nucleic acids to pulmonary endothelium. Biochem. Biophys. Res.
Commun. 302, 6-11.

WANG, K.S., FRANK, D.A., and RITZ, J. (2000). Interleukin-2
enhances the response of natural killer cells to interleukin-12
through up-regulation of the interleukin-12 receptor and STAT4.
Blood 95, 3183-3190.

Address reprint requests to:

Virendra N. Pandey

Department of Biochemistry and Molecular Biology
University of Medicine and Dentistry

New Jersey Medical School

185 South Orange Avenue

Newark, New Jersey 07103

E-mail: pandey@umdnj.edu

Received for publication July 16, 2008; accepted after
revision September 27, 2008.






