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a b s t r a c t
Despite more than three decades of intense research, a prophylactic HIV-1 vaccine remains elusive.
Four vaccine modalities have been evaluated in clinical efﬁcacy studies, but only one demonstrated
at least modest efﬁcacy, which correlated with polyfunctional antibody responses to the HIV surface
protein Env. To be most effective, a HIV-1 vaccine probably has to induce both, functional antibody and
CD8+ T cell responses. We therefore analyzed DNA/DNA and DNA/virus-like particle (VLP) regimens for
their ability to induce humoral and cellular immune responses. Here, DNA vaccination of mice induced
strong CD8+ responses against Env and Gag. However, the humoral response to Env was dominated
by IgG1, a subclass known for its low functionality. In contrast, priming only with the Gag-encoding
plasmid followed by a boost with VLPs consisting of Gag and Env improved the quality of the anti-Env
antibody response via intrastructural help (ISH) provided by Gag-speciﬁc T cells to Env-speciﬁc B cells.
Furthermore, the Gag-speciﬁc CD8+ T cells induced by the DNA prime immunization could still protect
from a lethal infection with recombinant vaccinia virus encoding HIV Gag. Therefore, this immunization
regimen represents a promising approach to combine functional antibody responses toward HIV Env
with strong CD8+ responses controlling early viral replication.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Due to the steadily increasing number of HIV-1-infected
people, a prophylactic vaccine represents a global health priority. While most licensed vaccines are thought to protect by
provoking sufﬁciently strong neutralizing antibody responses
[1,2], induction of these antibodies by vaccination against HIV1 has proven extremely complicated [3–6]. However, antibodies
can also mediate a plethora of Fc-dependent effector functions, like antibody-dependent cell-mediated cytotoxicity (ADCC),
antibody-dependent cell-mediated phagocytosis (ADCP), or NK cell
activation. Indeed, comparative analyses of clinical HIV-1 vaccine trials indicate that polyfunctional antibodies able to mediate
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several of the aforementioned functions could provide protection against infection as long as less functional subclasses do not
interfere [7–9]. Furthermore, even broadly neutralizing monoclonal antibodies against HIV-1 demonstrated superior efﬁcacy in
a murine model if provided as a polyfunctional subclass, namely
IgG2a, as compared to the less functional IgG1 [10]. Therefore, the
functional proﬁle seems to be an important determinant for the
protective efﬁcacy of a humoral immune response induced by vaccination.
In addition to functional antibodies, cytotoxic T cells (CTLs) may
be beneﬁcial or even necessary for an HIV vaccine to be efﬁcacious
[11]. SIV-speciﬁc CD8+ T cells were shown to reduce the viral loads
after challenge in the macaque model [12–14]. Furthermore, SIVspeciﬁc CTLs were also able to preserve CD4+ central memory T cells
and increase the survival of macaques [15]. However, a clinical HIV1 vaccine trial based solely on the induction of HIV-speciﬁc T cells
by adenoviral vectors failed to demonstrate efﬁcacy [16]. While this
study did not include an Env component, the follow-up study using
DNA and adenoviral vector vaccines encoding Env, Gag, Pol, and Nef
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also failed to provide any protection or alteration of viral kinetics
following infection, despite the induction of T cell and antibody
responses [6]. Collectively, the clinical studies suggest that qualitative properties of humoral and cellular immune responses are
likely to be critical for the efﬁcacy of an HIV-1 vaccine.
Therefore, our aim was to develop a vaccination strategy which
combines functional antibody responses against Env, as seen in the
RV144 trial, with substantial T cell responses able to control early
viral replication, which were undetectable in RV144. To this end, we
studied DNA and VLP vaccine candidates in different prime-boost
regimens in the mouse model (Fig. S1). We found that priming with
a DNA vaccine encoding GagPol followed by a VLP boost containing
Env and Gag could improve the functional proﬁle of Env-speciﬁc
antibodies via intrastructural help [17], while still inducing CD8+
T cell responses capable of providing protection. Therefore, the
GagPol-DNA prime VLP booster immunization regimen represents
a promising strategy for the development a prophylactic HIV-1 vaccine.
Supplementary Fig. S1 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.vaccine.2016.02.059.
2. Results
2.1. Immunization against HIV-1 Env and GagPol by DNA
electroporation induces protective CD8+ T cell responses
Due to the intracellular expression of their respective antigens,
genetic vaccines like nucleic acids or viral vectors are known as
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good inducers of CTL responses. Therefore, we ﬁrst immunized mice
with escalating doses of plasmids encoding HIV-1 Env and GagPol
by intramuscular electroporation twice in a three week interval
(Fig. S1A). Five weeks after the second immunization, the animals
were challenged intranasally with a lethal dose of recombinant
vaccinia virus expressing HIV-1 Gag (rVV-Gag).
Compared to naïve mice, all immunized animals demonstrated
signiﬁcantly reduced weight loss (p < 0.01) in a dose dependent manner (Fig. 1A). Quantitative PCR (QPCR) analysis of viral
loads in lung homogenates on day six after challenge revealed
a similar dose-dependency (Fig. 1B). In contrast, naïve animals
showed high viral loads, indicative of an uncontrolled replication.
Finally, ﬂow-cytometric analysis of Gag-speciﬁc CD8+ T cells in the
spleens revealed substantial anamnestic responses after challenge
in immunized animals (Fig. 1C). Surprisingly, IFN-␥-producing Gagspeciﬁc T cells were lowest in animals receiving the intermediate
antigen dose. This indicates that the responses were affected by
both, the antigen dose and the extent of viral replication. Almost
all IFN-␥-producing cells also demonstrated CD107 surface expression. While IFN-␥ is well recognized for its antiviral potential,
surface expression of CD107 is considered a surrogate marker for
the cytotoxic potential of T cells. Furthermore, a substantial fraction
of Gag-speciﬁc CD8+ T cells was also able to express IL-2. Thus, DNA
immunization against GagPol leads to polyfunctional CD8+ T cell
responses with the capacity for protection against a viral challenge.
Although the induced Gag-speciﬁc T cell responses were encouraging, we found a strong bias in the antibody response to the Env
protein toward IgG1 (Fig. 1D). This subclass was shown to be a weak
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Fig. 1. Titration of a bivalent HIV-1 DNA vaccine. Groups of ﬁve mice were immunized twice with different doses of a combined HIV-1 Env and Gag DNA vaccine by
intramuscular electroporation. Two weeks after the boost immunization Env-speciﬁc antibody responses were determined and three weeks later the animals were intranasally
challenged with 5 × 104 PFU of a recombinant vaccinia virus expressing HIV-1 Gag. (A) Body weight curves for the different groups depicted as means with SEM (n = 5; *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001; two-way ANOVA with Tukey’s post test). The dashed line indicates the end-point criterion for euthanasia. (B) log10-transformed copy
numbers of viral DNA in lung homogenates collected on day six post infection and normalized to total DNA content. Bars represent the means + SEM (n = 5; **p < 0.01;
***p < 0.001; ****p < 0.0001; one-way ANOVA with Tukey’s post test). (C) Intracellular cytokine staining of restimulated splenocytes on day six post infection. Bars represent
the mean with SEM (*p < 0.05; **p < 0.01; one-way ANOVA with Tukey’s post test). (D) Env-speciﬁc IgG1 and IgG2a responses as determined by ELISA. Shown are mean
values + SEM (n = 5; *p < 0.05; ****p < 0.0001 vs. naive; one-way ANOVA with Tukey’s post test; + p < 0.05; ++ p < 0.01; +++ p < 0.001 vs. IgG2a paired two-tailed t test).
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Fig. 2. Impact of genetic adjuvants on a bivalent HIV-1 DNA vaccine. Groups of mice were immunized twice against HIV-1 Env and Gag by intramuscular DNA electroporation
either with IL-12 or IL-28B as genetic adjuvant or pcDNA as control (10 g of each plasmid). Two weeks after the boost immunization four animals per group were sacriﬁced
for intracellular cytokine staining. Three weeks later, humoral immune responses against Env in remaining animals were determined by ELISA. Subsequently, the animals
were intranasally challenged with 5 × 104 PFU of rVV-Gag. (A) Env-speciﬁc humoral immune responses ﬁve weeks after the second DNA immunization including genetic
adjuvants expressed as mean values with SEM (n = 5–6; **p < 0.01; ****p < 0.0001 vs. naïve; # p < 0.05 vs. IL-28B; one-way ANOVA with Tukey’s post test; + p < 0.05; ++ p < 0.01
vs. IgG2a paired two-tailed t test). (B and C) Intracellular cytokine staining of Env- (B) or Gag-speciﬁc (C) splenocytes analyzed two weeks after the boost immunization.
Bars represent the mean with SEM (n = 4; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 vs. naive; # p < 0.05 vs. IL-28B; one-way ANOVA with Tukey’s post test). (D) Body
weight curves for the different groups challenged ﬁve weeks after the boost immunization and depicted as means with SEM (n = 5–6; *p < 0.05; **p < 0.01; ****p < 0.0001 vs.
naïve; two-way ANOVA with Tukey’s post test). The dashed line indicates the end-point criterion for euthanasia. (E) log10-transformed copy numbers of viral DNA in lung
homogenates collected on day six post infection and normalized to total DNA content. Bars represent the means + SEM (n = 5–6; ****p < 0.0001 vs. naïve; one-way ANOVA
with Tukey’s post test).

mediator of antiviral protection [18–20]. Therefore, we analyzed if
genetic adjuvants could improve the humoral immune response or
further enhance CTL-mediated protection.
2.2. Impact of genetic adjuvants on vaccine-induced immune
responses
Since the TH 2-associated IgG1 subclass is not considered
adequate for antiviral protection, we chose the prototypic TH 1
cytokine IL-12 and the antiviral cytokine IL-28B [21] and co-applied
respective expression plasmids with the mixed Env and GagPol DNA vaccine (Fig. S1B). No signiﬁcant differences in humoral
immune responses between immunized groups were observed two
weeks after the booster immunization (data not shown). However, ﬁve weeks after the second DNA immunization, the IL-28B
co-immunized animals showed a trend toward increased Envspeciﬁc IgG1 responses compared to the mock-adjuvanted control
group, while the opposite was true for the IL-12 group (Fig. 2A).
Consequently, IgG1 levels were signiﬁcantly different (p = 0.0209)
between the two groups. While both adjuvanted groups also
showed a trend toward higher Env-speciﬁc IgG2a responses as
compared to immunized control animals, IgG1 was still the predominant subclass.
Two weeks after the second immunization, a subset of animals
was sacriﬁced to verify the induction of cellular immune responses.
All immunized animals showed signiﬁcant CD8+ T cell responses
as determined by CD107, IFN-␥ and IL-2 expression (p < 0.05).

While IL-12 co-application did not affect Env-speciﬁc CD8+ T cell
responses, IL-28B led to a substantial increase in CD107+ and IFN-␥+
cells (Fig. 2B). Again, most of the responding CD8+ T cells expressed
both activation markers together and this subset was signiﬁcantly
expanded (p < 0.05) in the IL-28B-adjuvanted group. However, no
differences were observed in the polyfunctional population also
expressing IL-2, which accounted for about a quarter of all responding CD8+ T cells.
Gag-speciﬁc CD8+ T responses were generally lower than those
directed against Env (Fig. 2C). In addition, co-application of genetic
adjuvants seemed to reduce the cellular immune responses. Consequently, only in the mock-adjuvanted group Gag-speciﬁc CD8+
T cell responses reached signiﬁcant levels (p < 0.05). Again, twothirds of the responding CD8+ T cells expressed CD107 and IFN-␥
together, and about one third expressed all three markers concomitantly.
Five weeks after the second immunization, remaining animals
were challenged with rVV-Gag. None of the immunized animals
demonstrated signiﬁcant weight loss, while the naïve animals
started to lose weight by day three post infection (Fig. 2D). In line
with the previous experiment, the viral loads in the lung on day six
post infection were also signiﬁcantly reduced compared to naïve
animals (p < 0.0001). Again, there was no statistically signiﬁcant
difference between the immunized groups (Fig. 2E).
In conclusion, the DNA prime-boost immunization induced
polyfunctional and protective CD8+ T cell responses against both
vaccine antigens, while the humoral immune response against Env
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Fig. 3. The intrastructural help immunization induces functional antibody and protective CD8+ T cell responses. Mice were immunized with 20 g of HgpSyn by intramuscular
DNA electroporation and boosted with VLPs containing Gag and Env ﬁve and eight weeks later. Two weeks after each VLP immunization humoral immune responses were
determined by ELISA. Two weeks after the second VLP immunization and 6 days after the rVV-Gag challenge intracellular cytokine staining of splenocytes was performed.
Five weeks after the second VLP immunization the animals were intranasally challenged with 5 × 104 PFU of rVV-Gag. (A and B) Env-speciﬁc humoral immune responses after
the ﬁrst or second VLP immunization, respectively. Results are expressed as mean values with SEM (n = 4; *p < 0.05; **p < 0.01 vs. naive; unpaired two-tailed t test; + p < 0.05;
vs. IgG2a paired two-tailed t test). (C) Intracellular cytokine staining of restimulated splenocytes analyzed two weeks after the second boost immunization. Bars represent
the mean with SEM (n = 3–6; **p < 0.01; ***p < 0.001; unpaired two-tailed t test). (D) Body weight curves for the two groups challenged ﬁve weeks after the second boost
immunization and depicted as means with SEM (n = 4; *p < 0.05; ****p < 0.0001; two-way ANOVA with Tukey’s post test). The dashed line indicates the end-point criterion for
euthanasia. (E) log10-transformed copy numbers of viral DNA normalized to total DNA content or (F) infectious rVV-Gag particles in lung homogenates collected on day six
post infection. Bars represent the means + SEM (n = 4; ***p < 0.001; ****p < 0.0001; one-way ANOVA with Tukey’s post test). (G) Intracellular cytokine staining of restimulated
splenocytes analyzed six days after the rVV-Gag challenge. Bars represent the mean with SEM (n = 4; **p < 0.01; ***p < 0.001; unpaired two-tailed t test).

was biased toward an unfavorable subclass. Considering the relative importance of Env-speciﬁc antibody responses for protection
against HIV-1, we set out for an immunization approach able to
induce higher IgG2a responses against Env, while maintaining a
reasonable level of Gag-speciﬁc CTLs.

2.3. An intrastructural help immunization induces functional
antibody and T cell responses
GagPol-speciﬁc T helper cells are able to modulate the humoral
immune response against Env during VLP booster immunizations
[17,22]. The underlying mechanism was referred to as intrastructural help (ISH) [17,23–26]. To analyze if such an immunization
approach also induces functional CD8+ T cell responses, we immunized mice by intramuscular DNA electroporation against GagPol.

Five and eight weeks later, immunized and naïve mice received VLP
booster immunizations (Fig. S1C).
First, we veriﬁed that the immunization induced the expected
balanced humoral immune response against Env. Two weeks after
the ﬁrst VLP immunization, the GagPol-primed animals developed
signiﬁcantly stronger Env-speciﬁc IgG2a responses (p = 0.0063)
compared to animals that only received VLPs (Fig. 3A). The minor
impact on IgG1 led to an overall IgG2a-dominated humoral immune
response against Env. In contrast, animals that received only the
VLP immunization developed a similar IgG1 dominance, like DNAimmunized animals in previous experiments. Therefore, the bias
in the Env-speciﬁc antibody response is not an artifact of the DNA
immunization.
The second VLP immunization boosted Env-speciﬁc humoral
immune responses in both groups. While IgG1 responses were
similar in both groups, the GagPol-primed animals still exhibited
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signiﬁcantly higher IgG2a levels (p = 0.0136) against Env (Fig. 3B).
Such a selective increase in Env-speciﬁc IgG2a is associated
with enhanced functionality, as we have previously shown
[22].
Analysis of Gag-speciﬁc CD8+ T cells two weeks after the second VLP boost revealed lower frequencies of CD107, IFN-␥ or
IL-2 producing cells in DNA-primed mice compared with animals that received two DNA immunizations (Fig. 3C vs. Fig. 2C).
However, the proportion of IL-2-secreting cells was increased,
demonstrating their homeostatic potential. With no detectable
Gag-speciﬁc T cells in unprimed animals, these results suggest that the VLPs only had a minor impact on CD8+ T cell
responses.
Five weeks after the second VLP immunization, the animals
were challenged with rVV-Gag, which led to substantial weight loss
(Fig. 3D). However, all DNA-immunized animals recovered from
the weight loss, while all unprimed mice had to be euthanized
due to the severity of the weight loss. This equates to a survival
rate of 100%. In line with the signiﬁcantly higher body weights,
GagPol-primed animals had signiﬁcantly reduced lung viral loads
(p < 0.0001), as determined by QPCR and titration (Fig. 3E and F).
In contrast, animals that received only the VLP immunizations had
comparable rVV-Gag titers as naïve animals in the previous experiment (Fig. 2E).
Analysis of Gag-speciﬁc CD8+ T cells after the challenge revealed
substantial CD107 and IFN-␥ recall responses in the DNA primed
group with almost all responding T cells expressing both markers together (Fig. 3G). As expected for effector T cells, almost no
IL-2 expression was detectable. However, the polyfunctional CD8+
T cell population expressing CD107, IFN-␥ and IL-2 together was
still signiﬁcantly larger (p < 0.0001) in the DNA primed animals
compared to the group that only received the VLP immunizations. Therefore, our immunization approach based on ISH induced
improved humoral immune responses against HIV-1 that were
complemented by functional CD8+ T cells.

3. Discussion
A prophylactic HIV-1 vaccine will have to induce protective
humoral and cellular immune responses to be most effective. We
report here on a vaccination approach capable of inducing HIV-1
Env antibody responses predicted to be highly functional as well as
cytotoxic T cells against the more conserved Gag protein.
Although broadly neutralizing antibodies against HIV-1 are
probably the most potent mediators of protection, their induction by vaccination has not been achieved yet [3–6]. However,
highly functional binding antibodies against Env are associated
with spontaneous control of the HIV-1 infection [27] and may sufﬁce to confer protection after vaccination [5,8,9]. Unfortunately,
Env-based antigens tend to induce antibodies with poor functionality, at least if administered repeatedly [8,9]. In line with previous
reports [28–30], we also observed a predominant induction of the
less functional IgG1 subclass in mice immunized against Env either
by intramuscular DNA electroporation or with VLPs. Although not
reported yet, it is tempting to speculate that a poor functionality of the Env-speciﬁc antibody response contributed to the failure
of the recent HVTN505 trial, which employed a DNA/Ad5 vaccine
expressing HIV-1 Gag, Pol, Nef and Env [6].
Co-administration of an IL-12 or IL-28B expression plasmid at
the dose level tested was not able to overcome the IgG1 bias in
the antibody response against Env. HIV-1 Env has been reported to
induce IL-10 expression [31], which in turn could counteract the
effects of IL-12. In addition, IL-28B belongs to the IFN- cytokine
family that signals through a heterodimeric receptor containing the
IL-10R␤ subunit. Although these cytokines are recognized for their

antiviral activity, they may also exhibit functional similarity to IL10 [21]. Therefore, these factors may have contributed to the failure
of the adjuvants to overcome the IgG1 predominance.
In contrast, an immunization regimen based on intrastructural
help induced a balanced Env-speciﬁc antibody response, as we have
recently reported [22]. Here, GagPol-speciﬁc T helper cells were
able to signiﬁcantly increase Env-speciﬁc IgG2a levels after the
VLP booster immunizations. The potential of IgG2a to trigger Fcdependent effector functions through its cognate Fc receptor is well
established and has been shown to be important for protection from
viral infections [10,32–34]. Furthermore, murine IgG2a resembles
the functional proﬁle of human IgG3, which was identiﬁed as the
major determinant of protection in RV144 [5,8,9]. While a direct
proof is still missing, their association with control of viral replication and with vaccine efﬁcacy strongly argues for an important
role of polyfunctional antibodies for protection from HIV-1 acquisition [7,27]. Thus, an immunization based on intrastructural help is
a promising approach for the development of a prophylactic HIV-1
vaccine.
The sheer number of variants of HIV-1 [35] poses a signiﬁcant
impediment to achieving protection against infection by humoral
immune responses alone, as exempliﬁed by the sieve effect in
RV144 [5,36]. CD8+ T cells play an important role in the control
of an HIV-1 infection [37–39]. In addition to their potential to kill
infected cells, CD8+ T cells can mediate a plethora of antiviral activities via soluble factors. Among these are the CD8+ cell anti-HIV
factor (CAF), which was described early to contribute to HIV inhibition [40], nuclear proteins [41], ␤-chemokines [42] or antiviral
cytokines, such as IFN-␥ or TNF-␣. Furthermore, polyfunctional
T cells deﬁned by their ability to produce several cytokines after
antigen-stimulation have been associated with protection from disease progression [43].
The induction of HIV-speciﬁc CD8+ T cells, along with functional
antibodies, would provide another mechanism for inhibition of the
target pathogen. Therefore, we performed intracellular cytokine
stainings and analyzed the protection from a lethal intranasal challenge with a recombinant vaccinia virus in immunized mice, an
established surrogate model of T cell mediated protection [44,45].
The DNA/DNA vaccine regimens provided excellent protection and
this protection was associated with vaccine-induced and anamnestic polyfunctional CD8+ T cell responses against HIV-1 Gag.
While several studies reported on the beneﬁcial effects of incorporating a genetic adjuvant, such as IL-12 or IL-28B, within a genetic
vaccine [46–48], these neither enhanced T cell responses nor protection under the conditions tested. Possible reasons include the
aforementioned counteracting effects of IL-10, potentially induced
by the Env component of the vaccine regimen [31], the need for
further optimization of dose and administration conditions, or the
striking immunogenicity of our DNA electroporation, which may
have been too strong to be further enhanced by an adjuvant, at
least in the mouse model.
However, a T cell-based vaccine will probably not sufﬁce to
protect from HIV-1 infection, as the highly immunogenic vaccine
regimen of the Step study suggests [16,49]. Therefore we addressed
whether our new vaccination regimen based on intrastructural
help could not only overcome the bias in the humoral response
to Env, but still induce protective T cell responses. Indeed, in addition to the balanced humoral immune response against Env, the
DNA-primed animals had signiﬁcantly stronger Gag-speciﬁc CD8+
T cell responses and exhibited signiﬁcantly reduced viral loads
compared to the group immunized with VLPs only. Although the
etiopathology was more severe than in previous DNA prime boost
experiments, none of these animals succumbed to infection. Therefore, the protection was still remarkable, particularly when the
signiﬁcantly longer time between DNA immunization and challenge is considered (13 vs. 5 weeks).
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The assumption that the induction of cellular and humoral
immune responses would provide superior protection is backed
up by recent studies in the macaque model [50,51]. While Barouch
et al. also reported on the induction of cellular immune responses,
they ascribe the notable efﬁcacy of their Ad26 prime recombinant
HIV-1 Env boost vaccine to the polyfunctional antibody response
induced [50]. Lakhashe et al. on the other hand used GagPol VLPs
in combination with recombinantly produced HIV-1 Tat and Env
for immunization and identiﬁed neutralizing antibodies and IFN␥ ELISPOT responses as correlates of protection [51]. Since our
intrastructural help vaccine regimen also induced IFN-␥+ T cells and
antibody responses with increased functionality, we are optimistic
to achieve substantial protection in a relevant challenge model and
respective studies are under way.
In conclusion, our immunization approach based on intrastructural help not only signiﬁcantly enhances the Env-speciﬁc humoral
immune response, but also generates Gag-speciﬁc CD8+ T cells that
protect against viral challenge at a mucosal surface. Therefore, combined immunization regimens integrating modalities to achieve
intrastructural help represent a promising approach that should
be further considered for the development a prophylactic HIV-1
vaccine.
4. Materials and methods
4.1. Plasmids
The codon optimized HIV-1 expression plasmids HgpSyn [52]
for GagPol or pConBgp140GC/D [17,53] for Env that carries the
cytoplasmic domain of VSV-G, were used for VLP production and
as DNA vaccines. The murine IL-28B ORF was PCR ampliﬁed from
cDNA of an inﬂuenza-infected mouse lung and cloned into the
pVax plasmid (Invitrogen). The murine IL-12 expression plasmid
pORF-mIL-12(p40:p35) was obtained from Invivogen. pcDNA3.1(+)
(Invitrogen) was used to normalize total DNA amounts. Plasmids
were prepared with NucleoBond Xtra Maxi EF or the PC10000 EF
Kits (Macherey–Nagel).
4.2. VLP preparation
VLPs were prepared as described before [22]. Brieﬂy, 293T
(ATCC CRL-3216) cells were transfected with HgpSyn and pConBgp140GC/D using polyethylenimine. Two days later VLPs were
puriﬁed from the supernatants by ultracentrifugation through a
20% sucrose cushion for 2.5 h at 90,000 × g and 4 ◦ C. Puriﬁed VLPs
were resuspended in PBS.
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4.4. ELISA
Env-speciﬁc antibodies were measured by ELISA as previously
described [22]. In brief, ELISA plates (Greiner Bio One) were coated
with antigen at 4 ◦ C over night. After blocking with 5% skimmed
milk powder, sera were added in blocking buffer. Bound IgG1 or
IgG2a were detected with the respective HRP-conjugated antibodies (X56 and R19-15; BD Biosciences) using an ECL substrate
in an Orion-96 microplate reader (Berthold). Humoral immune
responses are expressed as log10 transformed relative light units
(RLU).
4.5. Intracellular cytokine staining
Env- or Gag-speciﬁc CD8+ T cell responses were determined
by intracellular cytokine staining (ICS). Brieﬂy, single cell suspensions of splenocytes were prepared using 70 m cell strainer
(BD Biosciences). After red blood cell lysis, 106 splenocytes were
stimulated with 5 g/ml of the MHC class I restricted peptide
IHIGPGRAFYT (Env) or AMQMLKETI (Gag) in the presence of anti
CD107a FITC or AlexaFluor488 (37.51; BD Bioscience or eBioscience, respectively) and 2 M Monensin for 6 h at 37 ◦ C in a
humidiﬁed 5% CO2 atmosphere. Surface staining was performed
with anti-mouse CD8 PerCP or Paciﬁc Blue (53–6.7; BD Bioscience)
and Fixable Viability Dye eFluor® 780 (both eBioscience). After ﬁxation with 2% paraformaldehyde cells were permeabilized with 0.5%
saponin in the presence of Fc-block (eBioscience) and subsequently
stained with anti-mouse IFN-␥ PE (XMG1.2; eBioscience) and antimouse IL-2 APC (JES6-5H4; BD Bioscience). Data were acquired on a
FACS Canto II (BD Bioscience) and analyzed with FlowJo (Tree Star).
4.6. Vaccinia virus challenge and qPCR
Animals received 5 × 104 PFU of recombinant vaccinia virus
expressing HIV-1 Gag by intranasal application under anesthesia
and body weights were monitored. Six days post infection animals were sacriﬁced, their lungs harvested and homogenized with
2 ml of PBS by gentleMACS (Miltenyi Biotec). After centrifugation,
DNA was puriﬁed from supernatants using the QIAamp DNA blood
kit (Qiagen). Vaccinia virus copy numbers were determined by
qPCR using the QuantiTect Probe PCR Kit (Qiagen) with SybrGreen
(Molecular Probes) and the oligonucleotides GACACTCTGGCAGCCGAAAT as forward and CTGGCGGCTAGAATGGCATA as reverse
primer. The supernatant was also used to titrate infectious virus
on CV-1 cells as previously described [45].
4.7. Statistical analysis

4.3. Mice and immunizations
Six to eight weeks old BALB/cJRj mice (Janvier) were housed at
the animal facility of the medical faculty, Ruhr University Bochum
and treated in accordance with the national law and institutional
guidelines. DNA immunizations were performed under anesthesia
with 100 mg/kg body weight ketamine (CP-Pharma) and 15 mg/kg
body weight xylazine (Bayer). The TriGrid electrode array (Ichor
Medical Inc.) with 2.5 mm electrode spacing bearing the centered injection needle was inserted into the shaved hind legs of
mice. A volume of 50 l PBS containing equal amounts of the
different expression plasmids (2.0–15 g in total) was injected
intramuscularly in each hind leg immediately followed by the local
application of electrical signals of 63 V amplitude and 40 mS total
duration.
The VLPs were diluted in sterile PBS. All animals received 400 ng
of Env per immunization distributed to both hind footpads.

Unpaired and paired two-tailed t tests and one-way or two-way
ANOVA with Tukey’s post tests were performed as indicated using
GraphPad Prism software.
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