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Introduction

Reactive oxygen species (ROS), which include superoxide anion, 
hydroxyl radical and hydrogen peroxide, are formed in small 
amounts during various cell processes. The production of these 
intermediates is stimulated by “danger-signal-molecules” released 
by infected, stressed, and/or dying cells. Production of an excess 
of ROS by cells of the immune system is crucial for the clearance 
of viral, bacterial or parasitic infections. The role of ROS in the 
innate immune response was first identified in phagocytic cells 
as a “respiratory burst,” resulting in intracellular killing of the 

HIV-1 infection induces chronic oxidative stress. The resultant neurotoxicity has been associated with Tat protein. Here, 
we for the first time describe the induction of oxidative stress by another HIV-1 protein, reverse transcriptase (RT). 
Expression of HIV-1 RT in human embryonic kidney cells generated potent production of the reactive oxygen species 
(ROS), detected by the fluorescence-based probes. Quantitative RT-PCR demonstrated that expression of RT in HEK293 
cells induced a 10- to 15-fold increased transcription of the phase II detoxifying enzymes human NAD(P)H:quinone 
oxidoreductase (Nqo1) and heme oxygenase 1 (HO-1), indicating the induction of oxidative stress response. The capacity 
to induce oxidative stress and stress response appeared to be an intrinsic property of a vast variety of RTs: enzymatically 
active and inactivated, bearing mutations of drug resistance, following different routes of processing and presentation, 
expressed from viral or synthetic expression-optimized genes. The total ROS production induced by RT genes of the viral 
origin was found to be lower than that induced by the synthetic/expression-optimized or chimeric RT genes. However, 
the viral RT genes induced higher levels of ROS production and higher levels of HO-1 mRNA than the synthetic genes per 
unit of protein in the expressing cell. The capacity of RT genes to induce the oxidative stress and stress response was then 
correlated with their immunogenic performance. For this, RT genes were administered into BALB/c mice by intradermal 
injections followed by electroporation. Splenocytes of immunized mice were stimulated with the RT-derived and control 
antigens and antigen-specific proliferation was assessed by IFN-γ/IL-2 Fluorospot. RT variants generating high total ROS 
levels induced significantly stronger IFN-γ responses than the variants inducing lower total ROS, while high levels of ROS 
normalized per unit of protein in expressing cell were associated with a weak IFN-γ response. Poor gene immunogenicity 
was also associated with a high (per unit of protein) transcription of antioxidant response element (ARE) dependent 
phase II detoxifying enzyme genes, specifically HO-1. Thus, we have revealed a direct link between the propensity of the 
microbial proteins to induce oxidative stress and their immunogenicity.
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invading pathogens.1 ROS react with DNA, proteins and lipids, 
and affect their intrinsic activities, leading to apoptotic cell death 
as a part of the antimicrobial defense.2,3 Proliferative and effector 
responses of CD8+ cytotoxic T cells (their cytolytic function and 
cytokine production) depend on the redox balance and are mark-
edly affected by the antioxidant regulation.4-6 Exogenous as well 
as endogenous sources of ROS also initiate and dictate the CD4+ 
T cell response.7 An uncontrolled oxidative stress can, however, 
be harmful: it affects activation of the immune cells, makes them 
refractory to growth and death stimuli and causes an overall dys-
function of the immune system.8-11
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With this in mind, we have undertaken a study of the oxidative 
stress and oxidative stress response on a panel of HIV-1 reverse 
transcriptase (RT) genes of high to low immunogenicity.34-36 All 
RT genes were found to induce oxidative stress in the transfected 
human embryonic kidney cells. The capacity of an RT gene to 
induce ROS correlated with its capacity to induce RT-specific 
IFN-γ responses in mice. Interestingly, however, high levels of 
ROS normalized to the amount of protein expressed per trans-
fected cell were predictive of a poor IFN-γ response. Weak gene 
immunogenicity was also associated with a high (per unit of pro-
tein in a cell) transcription of ARE-dependent phase II detoxify-
ing enzyme genes.

Results

Design of expression-optimized genes encoding active and 
inactivated multidrug-resistant RTs. We have designed syn-
thetic genes encoding multi-drug resistant reverse transcriptase 
(RT1.14) and RT1.14 with mutations D187N, D188N in the 
polymerase and E480Q in the RNase H domains. These muta-
tions abrogate both the polymerase and the RNase H activi-
ties of the enzyme.37 Genes were optimized for the expression 
in human cells (http://evrogen.ru/). This optimization led to a 
20-fold increase in the accumulation of the two RT1.14 variants 
as compared with the parental non-optimized protein encoded 
by the viral gene (from 20 to up-to 500–560 fg/cell; Fig. 1). We 
have compared the levels of RTopt and RTopt-in expression to 
that of the other RT gene variants designed by us earlier35,36,38,39 
(Fig.  S1). Equally good expression was achieved only for the 
fusions of RT with the lysosome-associated membrane protein I 
(LAMP-I) (Fig. S1).

Expression of RT genes leads to generation of reactive oxygen 
species (ROS). In the next step we have assessed the capacity of 
RT genes to induce oxidative stress. This was done by treating the 
RT-expressing cells with an oxidation-sensitive dye, 2',7'-dichlo-
rodihydrofluorescein diacetate (DCFH), a fluorescence-based 
probe commonly utilized to detect the total production of ROS.40 
Endogenous esterases deacetylate DCFH to dichlorofluorescein, 
which reacts with various ROS to form the fluorophore DCFH 
registered by microplate fluorimetry. Expression of all RT vari-
ants induced considerable ROS production, 7 to 11 times greater 
than the levels of ROS in the vector-transfected cells (Fig. 2A; 
data are presented as a fold-increase relative to the effect of the 
empty vector). ROS production induced by the expression of 
RT genes was similar in potency to that observed earlier for the 
nucleocapsid (core) and NS5A proteins of hepatitis C virus.33 
Induction of ROS was completely inhibited by pretreatment of 
cells with a ROS scavenger, pyrollidine dithiocarbamate (PDTC; 
data not shown). Cell transfections with serial dilutions of an RT 
gene (investigated for RT1.14opt) led to proportional decreases 
in the RT protein content per cell and in total ROS production 
(Fig. S2), indicating that the generation of ROS was RT-specific. 
Interestingly, the effect was not due just to the high protein 
expression (protein overload), since it was observed in response 
to both highly and poorly expressed RT gene variants (Fig. 2A; 
Fig. S1), and had not been earlier observed for a highly (up to 

ROS act not only as effectors, but also as signaling mol-
ecules: they coordinate the efforts of the innate and adaptive 
immune systems and, by mediating signal transduction via cell 
surface receptors, orchestrate the adaptive phase of the immune 
response.11-13 The regulatory role of ROS is achieved through 
modification of the critical thiol residues, which induces a revers-
ible activation of cellular kinases, phosphatases and transcription 
factors.3,9 This, among other events, results in the upregulated 
production of proinflammatory cytokines14 and IFN-γ.15 In its 
turn, INF-γ (as well as IL-2) helps to sustain oxidative stress by 
activating and supporting further production of ROS.16-18 In T 
cells, ROS-mediated modification of signaling molecules leads 
to the expression of a variety of genes defining T cell receptor 
signaling, commitment of T cells to Th1, Th2 and/or regulatory 
phenotypes, as well as their apoptosis.19-22

The redox-status coordination of gene expression in the 
immune system is mediated by multiple transcription factors, 
such as the nuclear factor-κB (NF-κB) and STAT families, AP-1, 
HIF-1α and others.23-26 The activities of pro-inflammatory tran-
scription factors, such as NF-κB, are counteracted by an effi-
cient defensive mechanism employing Nuclear factor E2-related 
factor 2 (Nrf2).27 The activity of Nrf2 is mediated through its 
binding to a short conservative sequence, antioxidant response 
element (ARE), in the promoters of the respective genes which 
initiates the Nrf2/ARE-pathway of oxidative stress response.28 
Specifically, it switches the anti-inflammatory cytoprotective 
genes, down-regulates the synthesis of Th1-, and up-regulates the 
synthesis of Th2-cytokines.27,29,30 We and others have described a 
poor performance of hepatitis C virus (HCV) core in gene immu-
nization31,32 and also found that the expression of HCV core gene 
in hepatoma cells induces the production of ROS as well as a 
strong Nrf2/ARE-mediated stress response.33 This pointed to 
possible causative associations of the oxidative stress induced by 
a gene when expressed in cell culture with a poor immunogenic 
performance of this gene when introduced into mice.

Figure 1. Expression in HEK293 cells of the viral gene encoding multi-
drug resistant HIV reverse transcriptase (RT1.14) and humanized genes 
encoding active (RT1.14opt) and inactivated (RT1.14opt-in) RT variants. 
(A) Cells were harvested 48 h post transfection and lysed. Accumula-
tion of RT proteins was assessed by western blotting with the poly-
clonal rabbit antibodies equally well recognizing diverse variants of RT 
protein.58 For normalization, blots were stripped and re-stained with 
anti-actin antibodies. (B) Quantification of RT expression per cell (done 
as described previously36).
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RT genes have no effect on the viability of the expressing 
cells. We have further assessed whether RT-specific ROS induc-
tion was toxic to the expressing cells. The viability of express-
ing cells was determined by their colorimetric metabolic activity 
(the mitochondrial activity related to the number of viable cells; 
MTT test).41 The effect of all RT genes was indistinguishable 
from that of the empty vector, indicating that none of the RT 
variants affected the viability of expressing cells (data not shown).

Immunogenicity of RT variants. Our next step was to assess 
the immunogenicity of the RT gene series. Seven of the plasmids 
have been characterized by us earlier.35,36,38,39 Comparative data 
are presented in Figure S3. Here we assessed the immunogenicity 
in mice of the two newly designed genes encoding the expression-
optimized active and inactivated drug-resistant RT (RT1.14opt, 
RT1.14opt-in). Groups of BALB/C mice (n = 5) were injected 
intradermally with the pVax1-based plasmids encoding 
RT1.14opt or RT1.14opt-in or the empty vector. Injections were 
followed by electroporation (Derma Vax, Cellectis). On day 
23 post immunization, mice were sacrificed, splenocytes were 
isolated and stimulated by a peptide representing the immuno-
dominant murine T-cell epitope of RT (aa 528–54342), recom-
binant RT1.14 protein or positive and negative control antigens 
(Fig. 5A–C and data not shown). RT1.14opt-in gene induced a 
significant IFN-γ, IL-2 and dual IFN-γ /IL-2, and RT1.14opt 
gene, a significant IL-2 response against the immunodominant 
mouse epitope of RT (RT 528–543)42 and the recombinant 
RT1.14 (Fig. 5). Cellular responses induced by both RT1.14opt 
and RT1.14opt-in genes well exceeded cellular responses to any 
other previously tested RT gene variant with the exception of the 
truncated RT gene (RTdelta) described recently by Hallengärd D 
et al.38 (RTdelta; Fig. S3).

Levels of ROS predict cytokine response in RT gene immu-
nization. Next, we have related the in vitro parameters of stress 
and stress response induced by the RT genes to the capacity of 
these genes to induce RT-specific IFN-γ and IL-2 responses in 

600–700 fg/cell) expressed gene of the RNA-dependent RNA-
polymerase of HCV.33

As noted above, up to 20-fold differences in the expression 
levels of RT protein variants (Fig.  S1) did not lead to a simi-
lar difference in total ROS production, indicating that RT gene 
variants might differ in their capacity to induce oxidative stress 
(Fig. 2). To characterize the effect of one protein unit, we divided 
total ROS production by the level of the respective RT protein 
accumulation in the expressing cell as compared to the wild-type 
RT (Fig. S1) which yielded the normalized levels of ROS (per 
protein unit per cell; Fig. 2). RT genes of the viral origin (such 
as RTwt and RT1.14) were found to generate significantly higher 
levels of the normalized ROS than the expression-optimized syn-
thetic RT genes (RT1.14opt, RT1.14opt-in, or RTdelta;38 Fig. 2).

Expression of RT genes induces transcription of phase 
II detoxifying enzymes. Next we investigated whether the 
RT-induced ROS production is followed by an oxidative stress 
response. Specifically, using quantitative RT-PCR, we studied 
the effects of RT variants on the transcription of genes for the 
phase II detoxifying enzymes human NAD(P)H:quinone oxi-
doreductase (Nqo1) and heme oxygenase 1 (HO-1). Expression 
of RT variants stimulated a 10- to 15-fold increased transcrip-
tion of these genes as compared with the effect of the empty 
vector (Fig. 3A). The effect of the RT variants was similar to 
what we have earlier observed for the core protein of HCV.33 
Using the data presented in Figure S1, we have normalized 
the transcription of Nqo1 and HO-1 modulated by RT vari-
ants to the level of the respective RT protein accumulation in 
the expressing cell as compared to the wild-type RT. As in the 
case of ROS, RT genes of the viral origin (RTwt, RT1.14) were 
found to induce markedly higher normalized levels of Nqo1 and 
HO-1 transcription than the synthetic or chimeric RT genes 
(Fig. 3B).

RT genes were then split into two populations, one inducing 
low (ROS < 9, dubbed “low ROS”) and the other high (ROS > 
9, “high ROS”) total production of ROS (ROS = 8 ± 0.5, and 
ROS = 10 ± 0.2, respectively; p = 0.022; Fig. 4A). “High ROS” 
RT genes were expressed at significantly higher levels than the 
“low ROS” genes (p = 0.028; Fig. 4A). In principle this could be 
due to a cumulative effect of a higher amount of protein, since 
we have shown here that the increased amount of RT leads to the 
proportional increases in the production of ROS and in the lev-
els of HO-1 and Nqo1 mRNA (Fig. S2). However, neither ROS, 
nor the levels of mRNA of the detoxifying enzymes correlated 
with the level of expression of the RT variants (p > 0.1 in the 
Spearman rank-order test; Fig. 4B). Also, RT populations char-
acterized by high or low total ROS production did not differ in 
the levels of the RT-induced transcription of HO-1, or Nqo1 (p > 
0.05 for the relative values; Fig. 4A). However, “high ROS” RT 
genes demonstrated lower levels of ROS, and of Nqo1 and HO-1 
mRNA normalized to the level of the respective RT protein accu-
mulation in the expressing cell (as compared to the wild-type RT, 
Fig. S1) than the “low ROS” genes (p < 0.05; Fig. 4A). Thus, 
RT genes differed both in their capacity to generate ROS and to 
induce an oxidative stress response and these phenomena were 
not due to the high or low levels of their expression.

Figure 2. Generation of ROS in HEK293 cells transiently transfected 
with RT genes. Total ROS production (gray bars) and ROS level normal-
ized to the content of RT variant per expressing cell (stripped bars) are 
both given in relation to the production of ROS in response to transfec-
tion with the empty vector. Data represent the results of two to three 
independent transfection experiments, each done in duplicate.
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mice. RT variants inducing high total ROS 
(ROS > 9) were found to mount a signifi-
cantly stronger Th1 cytokine response than 
the variants inducing low total ROS (ROS 
< 9). This could be seen from the levels of 
IFN-γ and IL-2 secretion by the splenocytes 
of RT-gene immunized mice after in vitro 
stimulation with the recombinant RT1.14 
or with the RT peptide representing the 
immunodominant T-cell epitope of BALB/c 
mice (RT 528–543;42 Fig.  6A). Specific 
IFN-γ secretion of mice immunized with 
RT gene variants was found to correlate to 
the total ROS production induced by these 
genes in cell culture (p < 0.05; Fig. 6B).

The level of gene immunogen expression is 
an important determinant of gene immuno-
genicity.43 In view of this, we tested whether 
the immunogenic performance of RT genes 
is defined by the level of immunogen expres-
sion and/or by the levels of ROS, Nqo1 and/
or HO-1 mRNA normalized to the level of 
the respective RT protein accumulation in 
the expressing cell as compared to the wild-
type RT (as in Fig. S1). Interestingly, IFN-γ 
production in the RT gene immunized mice 
was found to inversely correlate to the nor-
malized levels of ROS and of HO-1 mRNA 
(p < 0.05; Fig. 6C and D). No correlations 
were observed for the RT-specific produc-
tion of IL-2 (data not shown). The cytokine 
response did not correlate to the level of RT 
expression, the total levels of Nqo1 or HO-1, 
or the normalized levels of Nqo1 mRNA 
(data not shown).

We have used the linear equations of 
IFN-γ dependence on the total or the 

Figure 4. The effect of RT protein expression on the oxidative stress and oxidative stress 
response. (A) RT genes based on the viral sequences generate low (ROS < 9) and codon-opti-
mized synthetic RT genes, a high total production of ROS (ROS > 9). Data represent the results 
of two independent experiments, each done in three repeats; ** p < 0.05, F-test; (B) Absence 
of correlation between the levels of expression of different RT variants and their capacity to 
induce ROS or activate the oxidative stress response (p > 0.1; Spearman rank-order test).

Figure 3. Transient expression of RT gene variants in HEK293 cells activates the transcription of NAD(P)H:quinone oxidoreductase (Nqo1) and heme 
oxygenase 1 (HO-1). (A) HO-1 and Nqo1 mRNA levels were quantified by RT-qPCR and related to the respective mRNA levels after transfection of 
HEK293 cells with the empty vector. (B) Relative levels of HO-1 and Nqo1 mRNA were normalized to the level of the respective RT protein accumulation 
per expressing cell as compared to the wild-type RT (given in Fig. S1).
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Some of the RT variants were characterized by a high, others 
by a relatively low capacity to induce oxidative stress. The dif-
ference in total ROS production was not due to a varying level 
of protein expression. The analysis of the data obtained for the 
series of eight RT gene variants did not reveal any dependence of 
the total ROS production on the level of RT expression. Up-to 
20-fold increase in the RT expression induced only a 30 to 40% 
increase in the overall production of ROS. Further, we have iden-
tified two RT gene populations. One, including the chimeric RT 
genes RT-LAMP, RT1.14-LAMP and the expression-optimized 
synthetic RT genes, overexpressed the encoded proteins and was 
capable of triggering high total ROS production, but at the same 
time low levels of ROS normalized to the relative amount of the 
respective protein per expressing cell (as compared to wtRT). 
The other, including viral genes encoding the wild-type and 
multi-drug resistant RT variants and their chimeras with signal 
sequences, were poorly expressed and induced lower total, but at 
the same time higher normalized ROS production (p < 0,05). 
The mechanism of the induction of oxidative stress by HIV-1 RT 
and the reason(s) for the observed differences are currently being 
investigated.

The ability of RT genes to induce a cellular immune response 
varied with their ability to induce oxidative stress and oxidative 
stress response. The RT variants inducing low total ROS produc-
tion but high levels of normalized ROS had a reduced capacity 
to induce RT-specific Th1-type immune response, specifically 
the production of IFN-γ. We were able to use the correlations 
between the IFN-γ response to the RT gene and the levels of 
ROS production recorded in cell line tests (direct for the total 
and inverse for the normalized levels), to predict the Th1 immu-
nogenicity of the RT-based gene immunogens with an accuracy 
of up to 80%.

Interestingly, despite a potent induction of ROS, none of the 
RT gene variants was toxic to the expressing cells, suggesting the 
intervention of the oxidative stress response that counteracted the 
negative effects of ROS production. Indeed, all RT variants were 
found to activate the transcription of the genes of phase II detoxi-
fying enzymes,50,51 specifically of heme oxygenase-1 (HO-1) and 

normalized production of ROS, obtained on the series of eight 
RT genes (RT, RT1.14, RTIi, RTgar, RT-LAMP, RT1.14-LAMP, 
RT1.14opt, RT1.14opt-in) to predict the immunogenicity of the 
gene immunogen encoding the truncated HIV-1 RT (RTdelta). 
38 The immunogenicity of this RT gene variant was assessed in 
an independent experiment performed similarly to what was 
described above for RT1.14opt and RT1.14optin genes (Fig. S3). 
The capacity of the RTdelta gene to induce IFN-γ responses in 
mice could be predicted with an accuracy of 80%.

Discussion

HIV-1 infection induces chronic oxidative stress thought to be 
responsible for its neurotoxicity. Tissues of HIV-1 patients dem-
onstrate an enhanced protein and lipid oxidation (peroxidation) 
and a loss of the total antioxidant capacity, simultaneously with 
perturbations in the levels of superoxide dismutase, glutathione, 
ascorbic acid, tocopherols, and carotenoids.44,45 Oxidative stress 
contributes to several aspects of HIV pathogenesis, including 
viral replication, inflammatory response, decreased immune 
cell proliferation, loss of immune function, apoptosis, increased 
sensitivity to drug toxicities and dementia.44,46,47 Oxidative 
stress has been strongly and unequivocally associated with the 
Trans-Activator of Transcription (Tat) protein46-48 and recently 
also with the envelope glycoprotein gp120.49 Here, we for the 
first time describe the induction of oxidative stress by another 
HIV-1 protein, namely reverse transcriptase. We have shown 
that the expression of HIV-1 RT in human embryonic kidney 
cells induces strong oxidative stress, manifested by the produc-
tion of ROS that is 7–10 times greater than the levels of ROS 
induced by cell transfection with an empty vector. The capacity 
to induce oxidative stress appeared to be an intrinsic feature of all 
RT variants tested: enzymatically active and inactivated, bearing 
multiple mutations of drug resistance, having different routes of 
processing and presentation (proteasomal as the drug-resistant 
RT, lysosomal as fusions of RT with LAMP-I or Ii, or fusions of 
RT with a Gly-Ala repeat of the EBNA 1 protein of EBV targeted 
to autophagosomes).34,27,28

Figure 5. Cellular immune response against HIV-1 RT in BALB/c mice immunized by intradermal injections of the viral gene encoding multi-drug 
resistant RT (RT1.14; n = 5), a codon-optimized synthetic gene encoding enzymatically active (RT1.14opt; n = 5) or inactivated RT1.14 (RT1.14opt-in; n = 
5), all followed by electroporation. Control mice (n = 5) received the empty vector. Net production of IFN-γ (A), IL-2 (B) and dual IFN-γ/IL-2 (C) by mouse 
splenocytes stimulated with an RT peptide (RT aa 528–543) or recombinant RT1.14 (RT protein) assessed by the dual IFN-γ/IL-2 Fluorospot. Stimulations 
were repeated twice. Average levels of cytokine production in response to medium alone were subtracted from the experimental values. Levels of 
cytokine production higher than that by the viral RT1.14 and by the empty vector are designated by ** (p < 0.05, Mann-Whitney U-test).
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mRNA. This indicated that some RT 
variants (such as the wild-type HIV-1 
RT) were able to induce a stronger oxi-
dative stress response than other RT 
variants independently of the initial lev-
els of oxidative stress.

The induction of HO-1 and Nqo1 
transcription is facilitated by binding of 
the transcription factor Nrf2 to the anti-
oxidant response element (ARE) in the 
promoters of these genes (modulated by 
KEAP1, a redox-sensitive binding part-
ner of Nrf2), constituting the essential 
element of the Phase II response.53-55 
Nrf2 regulates the transcription of sev-
eral hundred genes controlling the oxi-
dative stress response. Induction of the 
Nrf2/ARE pathway leads to the down-
regulation of IFN-γ and IL-2 synthesis 
in favor of the Th2-type cytokines.29,30,56 
Involvement of Nrf2 would explain why 
the capacity of viral RT genes to induce 
high levels of ROS and of HO-1 mRNA 
normalized to the level of accumulation 
of respective proteins per expressing cell 
is associated with the decreased Th1-
type immunogenicity of their genes in 
mice.

Materials and Methods

Plasmids. The study employed a series 
of reverse transcriptase genes: RT of 
HIV-1 HXB2 (wild type RT; Gen Bank 
accession number AAB50259); RT of 
HIV-1 MN isolated from patient J14562 
treated with 3TC, d4T, saquinavir, and 
ritonavir (RT1.14) both expressed in the 
pKCMV-based vector;57,58 RT1.14 fused 
to the lysosome associate membrane 
protein I (pKCMVRT1.14-LAMP), RT 

fused to LAMP I (pKCMVRT-LAMP); N-terminally fused to 
the first 30 amino acids of human invariant chain (Ii) (pKC-
MVRT-Ii); carrying a 30 amino acid-long Gly-Ala repeat of 
EBNA1 (pCMVRT-gar), all described previously.57-59 Plasmid 
encoding the truncated version of RT (pKCMVRTdelta) was 
kindly provided by Dr Andreas Bråve (Swedish Institute for 
Communicable Disease Control).

Sequence of the gene encoding RT1.14 was optimized by 
codon humanization; to ensure the proper protein expres-
sion, the gene was provided with an AAT-ATG-GGA sequence 
fused to its 5'-end, which resulted in the addition of Met-Gly 
to the N-terminus of the protein. The humanized gene of the 
expression-optimized multidrug-resistant RT (RT1.14opt) was 
synthesized (Evrogen) and cloned into pVax1 vector to gener-
ate pVaxRT1.14opt. The enzymatic activity of RT1.14opt was 

of human NAD(P)H:quinone oxidoreductase 1 (Nqo1). HO-1 
transfers electrons from molecular oxygen to free heme, induc-
ing its degradation into free iron.52 Nqo1 catalyzes the reduction 
of quinones, such as ubiquinone and α-tocopherone, to regen-
erate their antioxidant capacity and prevent lipid peroxidation 
of cellular membranes.53 The level of transcription of HO-1 in 
RT-expressing cells was increased 9–16 fold, and of Nqo1, 10–15 
fold compared with the effect induced by the empty vector. Low/
no toxicity (no effect of RT gene variants on the metabolic activ-
ity of NAD(P)H-dependent cellular oxidoreductase enzymes) 
could have been a result of this effective oxidative stress response. 
Interestingly, however, activation of the transcription of HO-1 or 
Nqo1 did not correlate to the total ROS production. RT popula-
tions generating high total ROS did not differ from that gen-
erating low total ROS in either the levels of HO-1, or of Nqo1 

Figure 6. In vitro tests predicting the capacity of the RT gene variants to induce IFN-γ response in 
mice, based on total ROS production and ROS production normalized to the protein content per ex-
pressing cell. The average specific IFN-γ and IL-2 production by the splenocytes of mice immunized 
with “high ROS” (ROS > 9) and “low ROS” (ROS < 9) RT gene variants after the in vitro stimulation 
with the recombinant RT1.14 and with the peptide representing aa 528–543 of RT (A). Correlation of 
IFN-γ production by splenocytes stimulated in vitro with RT aa 528–543 to the total ROS production 
(B) and to the normalized levels of ROS (C), and HO-1 mRNA (D). Analysis was done by the Spearman 
rank-order test using Statistica AXA 10.1.
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analysis was performed by comparing threshold cycle number for 
target genes and a reference β-actin mRNA, amplified in sepa-
rate tubes.

DNA immunization of mice. DNA immunization was 
performed as described previously.34 In brief, groups of Balb/c 
(H-2d) mice (n = 4–6, females, 8 weeks old) were injected 
intradermally with 10 μg of DNA-immunogens in 20 μl PBS. 
Control mice received 10 μg of the empty vector. Immediately 
after injection, the electroporation was performed using the 
Derma Vax™ DNA vaccine delivery system (Cellectis Glen 
Burnie). Electroporation was performed as was described earlier.63 
In brief, a needle array electrode consisting of eight 2-mm pins 
arranged in 2 rows (1.5 × 4 mm gaps) (BTX, #47-0040) was 
placed tightly over the skin and electric field was applied as 2 
pulses of 1125 V/cm (50 μs interval) and 8 pulses of 275 V/cm 
(10 μs interval). Electroporation was performed in a controlled 
fashion by keeping the estimated (pre-pulse) skin resistance 
below 3000 Ω. At day 28, mice were bled and sacrificed and their 
spleens were collected. Main experiments were repeated twice 
with concordant results. All experiments were approved by the 
Swedish National Board for Laboratory Animals.

Assays of T-cell response. Spleens were homogenized individ-
ually in RPMI 1640 supplemented with penicillin/streptomycin 
(PEST), 2 mM L-Glutamine, and 5% fetal calf serum (FCS). 
The cells were washed once with RPMI 1640, resuspended in 
RPMI containing 5% FCS and used in IFN-γ /IL-2 FluoroSpot 
(Mabtech, FS-4142-10) according to the manufacturers instruc-
tions. In brief, 250 000 splenocytes were added per well and stim-
ulated for 18h with recombinant RTwt or RT1.14 (10 μg/ml), 
peptides (10 μg/ml), medium alone, or Concanavalin A (Con 
A, 5 μg/ml) as a positive control. Proteins RTwt and RT1.14 
were expressed in E. coli and purified by affinity chroma-
tography as described.62 A peptide representing aa 528–543 
(KEKVYLAWVP AHKGIG) of RT was purchased from GL 
Biochem Ltd. The number of cytokine-producing spot-forming 
cells (SFC) per million splenocytes was evaluated using the AID 
ELISpot reader system (Autoimmun Diagnostika GmbH). For 
each animal, a net SFC/106 cells in response to each antigen was 
calculated by subtracting values registered in response to stimula-
tion with medium.

Software and data analysis. Western blot images were quan-
tified using ImageJ software (http://rsb.info.nih.gov/ij/). Non-
parametric statistics were chosen as appropriate for sample sizes 
< 100.65 Continuous but not normally distributed variables, such 
as the numbers of cytokine-producing SFCs, were compared by 
the nonparametric Kruskal-Wallis and Mann-Whitney U tests. 
Linear correlations between the variables were obtained using 
the Spearman rank-order test. Statistical analysis was done 
with Spearman rank-order test, using STATISTICA AXA 10.0 
(StatSoft Inc.).

We have further used linear equations describing the correla-
tion of IFN-γ response to the normalized ROS production to 
build a model of in vitro ROS/in vivo IFN-γ dependence capable 
of predicting IFN-γ and dual IFN-γ /IL-2 production of the 
RT-based gene immunogens. For this, we excluded RT variants 
one by one from the original set of eight genes, re-formulated 

abrogated by point-mutations D187N, D188N, and E480Q, 
which were introduced into the RT1.14opt gene by site-directed 
mutagenesis (Evrogen). The latter yielded the expression-opti-
mized gene for inactivated drug-resistant RT (RT1.14opt-in) in 
the pVax-1 backbone dubbed pVaxRT1.14opt-in.

The empty vectors used as controls in cell line experiments 
and in immunization included pKCMV60 and pVax-1 (Invitrogen 
Corporation).

Expression of reverse transcriptase variants in the eukary-
otic cells. HEK 293 cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS; both by Invitrogen). Cells were transfected 
using Lipofectamine-LTX or Lipofectamine 2000 (Invitrogen, 
15338030 or 11668019) according to the manufacturer’s instruc-
tions. Cells were grown for 48 h, harvested, counted, and sub-
jected to Western blotting or oxidative stress tests. Cells were 
lysed and analyzed by Western blot as previously described.36 
RT-chimeras were detected using polyclonal rabbit anti-RT 
serum57 or monoclonal anti-RT antibodies (3F6).61 The amount 
of RT protein in the lysed cells was calculated on the basis of 
a standard curve built using serial dilutions of the recombinant 
wild-type RT protein62 which were analyzed together with the 
lysates as was described earlier.36

Measurement of reactive oxygen species. Production of the 
intracellular reactive oxygen species (ROS) was measured by 
epifluorescence. Cells were transfected as described above, growth 
medium was removed 40 h after transfection and cells were 
incubated in medium containing 25 μM 2',7'-dichlorodihydro
fluorescein diacetate (DCFH) for 30 min at room temperature. 
After the incubation, cells were washed 10 times with 500 μl 
of PBS. The fluorescence intensities (FLI) were measured using 
Plate CHAMELEON V reader (Hidex Ltd.) with excitation at 
485 nm and emission at 535 nm.

MTT assay. HEK293 cells were seeded in 24-well plates at 
density 8 × 104 cells/well and next day transfected with 0.4 μg 
of plasmid using Lipofectamine 2000 (Invitrogen, 11668019). 
Forty-eight hours later the medium was replaced with the MTT 
(3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) 
solution in cell culture medium (1 mg/ml) and the cells were 
incubated for additional two hours. Then the solution was 
removed and the resultant formazan crystals were dissolved in 
the 4 mM HCl in isopropanol. The absorbance at 590 nm was 
registered using Plate Chameleon V reader (Hidex Ldt.)

Quantitative real-time reverse transcription—PCR (QPCR). 
RNA was isolated from 5 × 105 transfected cells with PerfectPure 
RNA Cultured Cell kit (5Prime, 2302350) and reversely tran-
scribed using Reverse Transcription System (Promega, A3500) 
with random hexamer primer according to the manufacturer’s 
protocol. QPCR was performed using IQ5 Real-Time PCR 
Detection System (BioRad) using primers and probes described 
earlier.33 A standard reaction mixture (50 μl) contained Taqman 
primer/probe combination, cDNA equivalent to 100 ng total 
RNA, and qPCRmix-HS master mix. The real-time PCR ther-
mal conditions for all genes were 55°C for 5 min, 95°C for 10 
min, followed by 40 cycles each at 95°C for 10 sec and 57°C 
for 1 min (signal collection temperature). Relative quantitative 
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development by providing clues for a meaningful selection of 
candidate genes capable of inducing a potent Th1-type of the 
immune response.
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the correlation equations, and used them to predict the levels 
of IFN-γ production induced by the RT variant excluded from 
the equation. Predicted values of IFN-γ production were com-
pared with the levels registered after the RT-specific stimulation 
of splenocytes of the RT-gene immunized mice. RT-specific 
IFN-γ response could be predicted with an accuracy of 70  
to 90%.

Conclusions

We present the first evidence that the oxidative stress produced 
by HIV infection and manifested by generation of ROS can be 
induced by HIV-1 proteins other than Tat and gp120, namely by 
HIV-1 reverse transcriptase. Our data suggest that HIV reverse 
transcriptase activates the Nrf2/ARE pathway of the oxidative 
stress response. Induction of ROS and of the Nrf2/ARE stress 
response modulates the ability of RT genes to induce the Th1-
type of immune response in mice. This study points to direct 
links between the propensity of the microbial proteins to induce 
oxidative stress and the performance of their genes in immuni-
zation. These findings have direct implications for gene vaccine 
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