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ABSTRACT Induction of the endogenous innate immune system by interferon (IFN)
triggers the expression of many proteins that serve like alarm bells in the body, acti-
vating an immune response. After a viral infection, one of the genes activated by
IFN induction is the IFN-stimulated gene 15 (ISG15), which encodes a ubiquitin-like
protein that undergoes a reversible posttranslational modification (ISGylation). ISG15
protein can also act unconjugated, intracellularly and secreted, acting as a cytokine.
Although ISG15 has an essential role in host defense responses to microbial infec-
tion, its role as an immunomodulator in the vaccine field remains to be defined. In
this investigation, we showed that ISG15 exerts an immunomodulatory role in hu-
man immunodeficiency virus (HIV) vaccines. In mice, after priming with a DNA-ISG15
vector mixed with a DNA expressing HIV-1 gp120 (DNA-gp120), followed by a
booster with a modified vaccinia virus Ankara (MVA) vector expressing HIV-1 anti-
gens, both wild-type ISG15-conjugated (ISG15-wt) and mutant unconjugated (ISG15-
mut) proteins act as immune adjuvants by increasing the magnitude and quality of
HIV-1-specific CD8 T cells, with ISG15-wt providing better immunostimulatory activity
than ISG15-mut. The HIV-1 Env-specific CD8 T cell responses showed a predominant
T effector memory (TEM) phenotype in all groups. Moreover, the amount of DNA-
gp120 used to immunize mice could be reduced 5-fold after mixing with DNA-ISG15
without affecting the potency and the quality of the HIV-1 Env-specific immune re-
sponses. Our study clearly highlights the potential use of the IFN-induced ISG15 pro-
tein as immune adjuvant to enhance immune responses to HIV antigens, suggesting
that this molecule might be exploitable for prophylactic and therapeutic vaccine ap-
proaches against pathogens.

IMPORTANCE Our study described the potential role of ISG15 as an immunomodu-
latory molecule in the optimization of HIV/AIDS vaccine candidates. Using a DNA
prime–MVA boost immunization protocol, our results indicated an increase in the
potency and the quality of the HIV-1 Env-specific CD8 T cell response. These results
highlight the adjuvant potency of ISG15 to elicit improved viral antigen presentation
to the immune system, resulting in an enhanced HIV-1 vaccine immune response.
The DNA-ISG15 vector could find applicability in the vaccine field in combination
with other nucleic acid-based vector vaccines.

KEYWORDS ISG15 adjuvant, alarmin, DNA vectors, MVA-B, HIV vaccine, immune
responses, ISG15, vaccines

The recent coronavirus pandemic highlights how important for humanity is the
development of effective vaccines that protect us from emerging virus infection

outbreaks, which can cause the deaths of hundreds of thousands of people and have
a high impact on the global economy. Before the introduction of vaccines in public
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health, natural immunity was the only mechanism that protected people from viral
infections, and hence, understanding the immune responses and signaling pathways
involved in this mechanism is fundamental for the development of effective vaccines.
Over the past few years, our knowledge about the processes that regulate protective
immunity has rapidly expanded, while there are still many unidentified molecular
aspects, which are essential to further improve current vaccination strategies. For this
reason, future studies covering the remaining gaps in these signaling pathways will be
crucial in the biomedical field.

After a viral infection, the host’s innate immune system and interferon (IFN) induc-
tion are an essential first-line defense to prevent viral replication before a more specific
protection induced by the adaptive immune system is elicited. Host pattern recognition
receptors (PRRs) recognize viral components triggering several signaling pathways that
ultimately lead to the production of type I IFN, responsible for the transcriptional
induction of a large group of genes called interferon-stimulated genes (ISGs), which are
indispensable elements for host resistance to viral infections and for generation of the
antiviral state. One of the most highly induced genes in the type I IFN signaling
pathway is ISG15, which encodes a small ubiquitin-like (Ubl) protein involved in a
posttranslational modification process known as ISGylation. ISGylation is a reversible
protein modification that involves a cascade of enzymatic reactions that finally bind
ISG15 to a lysine residue of de novo-synthesized target proteins (1–4). The isopeptidase
ubiquitin-specific protease 18 (USP18) is the specific enzyme involved in the release of
ISG15 from the ISGylated protein. In mice, a mutation of the USP18 protein (USP18-
C61A) completely abolishes the isopeptidase activity, producing excessive ISGylation,
which blocks viral infection (5).

The role of ISGylation is not exclusive to viral or bacterial infections, but the
implication of ISGylation in processes such as cancer progression (6), metabolism
control after infection (7–9), hypoxia response (10), or exosome secretion (3), among
many others, has recently been elucidated. In addition to the presence of conjugated
ISG15, ISG15 protein can be found as a free molecule in two different states: intracel-
lular and extracellular, acting as a cytokine. Although our knowledge of ISGylation has
increased greatly in the last years, the role of free ISG15 as an extracellular cytokine is
less known. Lymphocyte function-associated antigen 1 receptor (LFA1), the classical
receptor for intercellular adhesion molecule 1 (ICAM-1), has been identified as the
cellular receptor for ISG15, promoting IFN-� and interleukin-10 (IL-10) secretion in
natural killer (NK) cells (11). In humans, intracellular ISG15 is essential to prevent
IFN-�/� overamplification (12). The role of ISG15 as an inductor of IFN-� secretion
seems to be the basis for the increased susceptibility to mycobacterial diseases in
human patients lacking a functional form of ISG15 (13). Secreted ISG15 has also been
described to promote NK cell (14) and dendritic cell (DC) (15) maturation and to act as
a chemotactic factor for neutrophils (16). During parasite infection, the presence of
dimeric and multimeric forms of extracellular ISG15 is important for its cytokine activity,
and the existence of an unknown ISG15 receptor on DCs that mediates chemotaxis of
these cells to the site of infection and IL-1� production is hypothesized (17).

Although the role of ISG15 in antimicrobial activity is unquestioned, here we
focused our studies on investigating the function of ISG15 in the generation of immune
responses. In breast cancer, it has been demonstrated that free intracellular ISG15
enhanced the expression of major histocompatibility complex class I (MHC-I) and
antigen presentation, thus favoring the action of cytotoxic immune cells against the
tumor (18). As these results highlight the potential role of ISG15 protein as an adjuvant
enhancing immune responses, we decided to analyze this possible function in the
context of an HIV/AIDS vaccine candidate following a prime-boost immunization
protocol in mice. Our results pointed out a relevant potential role of ISG15 as an
adjuvant when it is expressed from a DNA vector in different vaccination protocols.
Particularly, when wild-type ISG15-conjugated (ISG15-wt) or mutant unconjugated
(ISG15-mut) protein was expressed from a DNA vector in muscle, our results indicated
higher infiltration of immune cells after ISG15-mut inoculation than after ISG15-wt
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administration. However, both ISG15-wt and ISG15-mut proteins enhance immune cell
infiltration in the proximal draining lymph node (DLN). In addition, when we studied
the immunostimulatory effect of ISG15-wt or ISG15-mut on the adaptive and memory
phases of the immune response, although both ISG15-wt and ISG15-mut act as immune
adjuvants by increasing CD8� T cells, the ISG15-wt protein showed better immunos-
timulatory activity than ISG15-mut. In correlation with our results, it has been recently
described that ISG15 acts as an alarmin in skin by inducing extracellular matrix
remodeling, myeloid cell infiltration, and inflammation (19). Hence, our results here
revealed the immunomodulatory role of ISG15 and its use in optimized immunization
protocols against HIV-1 antigens.

RESULTS
Analysis of wild-type ISG15 and mutated ISG15 expression and ISGylation

levels in transfected cells. ISG15-wt contains a C-terminal LRLRGG motif that is
necessary for its conjugation to target proteins. To determine whether this conjugation
process was involved in ISG15-mediated immunomodulation, we included in this study
a mutant ISG15 (ISG15-mut) incapable of conjugation due to a mutated C-terminal
LRLRAA motif. To verify the expression of both forms of ISG15 and the absence of
ISGylation in the presence of ISG15-mut protein, HEK293T cells were mock transfected
or cotransfected with plasmids encoding the ISGylation machinery and DNA-ISG15-wt
or DNA-ISG15-mut and analyzed by Western blotting as described in Materials and
Methods. The highest level of ISG15 expression was achieved at 48 h posttransfection,
presenting high-molecular-weight bands corresponding to ISGylated proteins in cells
transfected with DNA-ISG15-wt. As expected, in cells transfected with DNA-ISG15-mut,
only the band corresponding to the monomeric form of ISG15 was detected (not
shown).

Alarmin effect of ISG15 in muscle. It has been recently published that ISG15 acts
as an alarmin when it is expressed from a DNA vector in skin by inducing extracellular
matrix remodeling, myeloid cell infiltration, and inflammation (19). Since the intramus-
cular (i.m.) route is one of the most common vaccine delivery pathways, we decided to
evaluate the local effect of ISG15 expression on immune cell infiltration in muscle and
proximal draining lymph node (DLN). For this, four groups of animals were intramus-
cularly inoculated with DNA-ISG15-wt, DNA-ISG15-mut, empty DNA (DNA-�), or
phosphate-buffered saline (PBS). At 48 h postinoculation, total muscle from the site of
inoculation and the proximal DLN were excised and processed as described in Materials
and Methods, and the different immune cell populations present in muscle and DLN
cell suspensions were determined by flow cytometry.

Large amounts of cell infiltration of macrophages, F480high macrophages, neutro-
phils, NK cells, and DCs were detected in muscle from all groups that received DNA
vectors compared with the PBS group, as indicative of DNA sensing by local innate cells;
however, in groups where ISG15-wt or ISG15-mut was expressed, the absolute numbers
of these populations were significantly higher than those observed in the group that
received empty DNA, the infiltration of immune cells being higher in the DNA-ISG15-
mut group than in the DNA-ISG15-wt group in muscle (Fig. 1A). A similar behavior in
the proximal DLN was observed, with the absolute numbers of macrophages, CD4 and
CD8 T cells, and NK and NKT cells being higher in groups receiving DNA-ISG15-wt or
DNA-ISG15-mut (Fig. 1B).

Overall, these data indicate that both ISG15-wt and ISG15-mut proteins act as
alarmins when expressed from a DNA vector inducing immune cell infiltration in muscle
and proximal DLN.

Coadministration of ISG15-wt significantly enhances the magnitude and qual-
ity of HIV-1 Env-specific CD8 T cells. We have previously shown that heterologous
combination of DNA encoding HIV-1 gp120 protein (DNA-gp120) as a prime followed
by modified vaccinia virus Ankara B (MVA-B) vector as a boost is an efficient protocol
to induce HIV-1-specific B and T cell immune responses in mice (20–23). Thus, we
decided to use this regimen as a model to explore the immunostimulatory effect of
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FIG 1 Effect of ISG15 expression on immune cell infiltration. Four groups of animals were inoculated with DNA-ISG15-wt,
DNA-ISG15-mut, DNA-�, or PBS by the intramuscular (i.m.) route. At 48 h postinoculation, total muscle from the site of inoculation
and the proximal DLN were excised and processed as described in Materials and Methods, and the different immune cell populations
present in muscle (A) and proximal DLN (B) cell suspensions were determined by flow cytometry. The dotted red line indicates the
absolute cell numbers of the different cell populations detected in naive mice. n.s., not statistically significant. *, P � 0.05; **, P �
0.005; ***, P � 0.001.
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ISG15-wt or ISG15-mut on the adaptive and memory phases of the immune response.
For this, four groups of BALB/c mice (n � 8) were immunized following the schedule
shown in Fig. 2A. At 10 or 53 days postboost, animals were sacrificed to evaluate in
spleen the HIV-1- or vaccinia virus (VACV)-specific T cell adaptive or memory immune
responses, respectively. The HIV-1 Env-specific T cell responses were evaluated by
polychromatic intracellular cytokine staining (ICS) assay after ex vivo stimulation of
splenocytes with a pool of overlapping peptides that spanned the HIV-1 gp120 protein.
The overall magnitude of the HIV-1 Env-specific CD4 and CD8 T cell responses was
determined as the percentages of T cells within each subset that produced IFN-�, IL-2,
and/or tumor necrosis factor alpha (TNF-�), whereas the cytotoxic potential was
indirectly determined by the expression of the degranulation marker CD107a on the
surface of activated cells. The quality of the HIV-1 Env-specific T cells was characterized
by the pattern of cytokine production and their cytotoxic potential. At both time points,
we also evaluated the humoral response by analyzing the levels of total IgG binding
antibodies against the HIV-1 gp120 protein and the anti-gp120 IgG1, IgG2a, and IgG3
subclasses in serum of individual animals by enzyme-linked immunosorbent assay
(ELISA).

(i) HIV-1 Env-specific adaptive immune response. As shown in Fig. 2B, and in line
with our previous findings (20–23), more than 90% of the overall HIV-1 Env-specific
response elicited by the heterologous administration of DNA-gp120 prime–MVA-B
boost was mediated by CD8� T cells. The coadministration of DNA-ISG15-wt or
DNA-ISG15-mut with DNA-gp120 in the prime increased even more the prevalence of
the HIV-1 Env-specific CD8 T cells over the CD4 T cells (98%), although with differences
between groups. In groups receiving DNA-ISG15-wt or DNA-ISG15-mut, the percent-
ages of CD8� T cells secreting effector cytokines were 5- and 2-fold higher, respectively,
than those in the reference group (Fig. 2B, left panel). Similarly, the levels of CD8�

cytotoxic T lymphocytes (CTLs) were 3.4- and 1.5-fold higher in these groups, respec-
tively (Fig. 2B, right panel). When we analyzed the quality of the HIV-1 Env-specific CD8
T cell response, we observed that in all groups more than 70% of the CD8� T cells
exhibited two or more functions; however, DNA-ISG15-wt increased this polyfunction-
ality profile up to 90% (Fig. 2C). Both DNA-ISG15-wt and DNA-ISG15-mut preferentially
increased the CD8� T cells expressing simultaneously CD107a� IFN-�� TNF-�, although
the magnitude was significantly higher in the DNA-ISG15-wt group.

When we analyzed the HIV-1 Env-specific humoral response at 10 days postboost,
we detected high levels of anti-gp120 total IgG binding antibodies in all groups, with
medians of endpoint titers ranging from 104 to 105, except for the negative-control
group (DNA-�/MVA-WT), which showed no reactivity (Fig. 2D, left panel). The anti-
gp120 IgG2a/IgG1 or IgG3/IgG1 ratios were similarly low in all groups, evidencing a
Th2-associated IgG1 bias response (Fig. 2D, middle and right panels).

Overall, these results indicated that both ISG15-wt and ISG15-mut act as immune
adjuvants by increasing the CD8� T cells; however, the ISG15-wt showed better
immunostimulatory activity than ISG15-mut.

(ii) HIV-1 Env-specific memory immune response. At 53 days postboost, we
analyzed the magnitude, quality, and memory phenotype of the HIV-1 Env-specific T
cell immune responses in the different immunization groups. As in the adaptive phase,
the overall long-term HIV-1 Env-specific responses were mediated by CD8 T cells,
although the magnitudes of the responses were lower (Fig. 3A). Interestingly, as we
observed previously (23, 24), the HIV-1 Env-specific CD8 T cell response in the reference
group (DNA-gp120/MVA-B) was minimally reduced, with magnitudes similar to those
observed during the adaptive phase. In contrast, in groups where DNA-ISG15-wt or
DNA-ISG15-mut was coadministered with DNA-gp120, the overall HIV-1 Env-specific
CD8 T cell responses were reduced by 3-fold. Even with this scenario, the magnitude of
the HIV-1 Env-specific CD8 T cells was higher when ISG15-wt was expressed. No
changes in the polyfunctional profile of the HIV-1 Env-specific CD8 T cells compared
with the adaptive response were detected (Fig. 3B).
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FIG 2 HIV-1 Env-specific cellular and humoral adaptive immune responses elicited in mice after (DNA-ISG15 plus DNA-gp120)

(Continued on next page)
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At this time point, we also evaluated the phenotype of the CD8� T cells by
measuring the expression of the CD127 and CD62L surface markers on activated cells.
This marker combination allows the classification of the different memory subpopula-
tions in T central memory (TCM; CD127� CD62L�), T effector memory (TEM; CD127�

CD62L�), and T effector (TE; CD127� CD62L�) cells. As shown in Fig. 3C, the HIV-1
Env-specific CD8 T cell responses showed a predominant TEM phenotype in all groups.

The long-term humoral HIV-1 gp120-specific response behaved similar to the re-
sponse observed at the adaptive phase. High levels of anti-gp120 total IgG binding
antibodies with medians of endpoint titers of 105 (Fig. 3D, left panel) and low anti-
gp120 IgG2a/IgG1 or IgG3/IgG1 ratios (Fig. 3D, middle and right panels) were similarly
maintained in all groups.

(iii) VACV-specific adaptive and memory T cell immune responses. Since we use
a single dose of MVA vector (MVA-B or MVA-WT) as a boost in our immunization groups,
we next decided to evaluate the antivector CD8� T cells. For this, VACV-specific
responses were measured by polychromatic ICS assay following the protocol described
below, but using the VACV E3 peptide for the ex vivo stimulation of the splenocytes
from immunized mice. As shown in Fig. 4A, at 10 days postboost, the highest E3-
specific CD8 T cell responses were detected in the DNA-�/MVA-WT control group,
indicating that the HIV-1 Env antigen acts as a competitor for the immunodominance
of MVA antigens. During the memory phase, the overall magnitude of antivector
responses decreased in all groups, but in animals receiving DNA-ISG15-wt, the reduc-
tion of the response was lower, and hence the percentages of E3-specific CD8 T cells
were similar to those obtained in the DNA-�/MVA-WT control group (Fig. 4B).

The anti-VACV CD8 T cell responses were highly polyfunctional in all groups during
the adaptive and memory phases, with more than 70% of the CD8� T cells exhibiting
two or more functions (Fig. 4C and D). CD8� T cells expressing simultaneously CD107a�

IFN-�� TNF-� were the most prevalent population. At the memory phase, the VACV-
specific CD8 T cell responses showed an effector memory phenotype (TEM; data not
shown).

Overall, these results suggest that coadministration of ISG15-wt or ISG15-mut with
DNA-gp120 during the prime does not affect the VACV-specific CD8 T cell response
induced after MVA boost.

Coadministration of ISG15-wt allows reducing 5-fold the dose of DNA-gp120
without affecting the HIV-1 Env-specific responses. One critical issue in the vaccine
field is the antigen dose required for eliciting an optimal immune response. Current
clinical trials in which a DNA vector is included normally by the intramuscular (i.m.)

FIG 2 Legend (Continued)
prime followed by MVA-B boost. (A) Immunization schedule. Groups of female BALB/c mice (n � 8) received the indicated doses
of DNA-based vectors by the i.m. route, and 28 days later, animals were immunized with 1 � 107 PFU of MVA-WT or MVA-B by the
intraperitoneal (i.p.) route. At 10 days postboost, 4 mice of each group were sacrificed, spleens were processed for the intracellular
cytokine staining (ICS) assay, and sera were harvested for the enzyme-linked immunosorbent assay (ELISA) to measure the cellular
and humoral adaptive immune responses against HIV-1 gp120 antigen, respectively. At 53 days postboost, the remaining 4 mice
of each group were sacrificed, and spleens and sera were processed as described above to measure the HIV-1 Env-specific cellular
and humoral memory immune responses. (B) Magnitude of the HIV-1 Env-specific T cell responses measured at 10 days postboost
by ICS assay following ex vivo stimulation of splenocytes from immunized mice with the HIV-1 Env clade B consensus peptide
pools. The total value in each group represents the sum of the percentages of CD4� plus CD8� T cells secreting IL-2, and/or IFN-�,
and/or TNF-� (left panel) or the percentages of CD4� plus CD8� T cells expressing CD107a (right panel) against HIV-1 Env clade
B consensus peptide pools. All data are background subtracted. The 95% confidence interval (CI) is represented. **, P � 0.005; ***,
P � 0.001. (C) Polyfunctional profile of the HIV-1 Env-specific CD8 T cell responses in the different immunization groups. The seven
positive combinations of the responses are indicated on the x axis, while the percentages of the functionally different cell
populations within the total CD8 T cells are represented on the y axis. Specific responses are grouped and color coded based on
the number of functions. Abbreviations: C, CD107a; I, IFN-�; 2, IL-2; T, TNF-�. ***, P � 0.001. (D, left panel) Levels of HIV-1 gp120
Bx08-specific total IgG binding antibodies measured in the sera from individual immunized mice at 10 days postboost by ELISA.
The different colored shapes represent the antibody titers for each mouse defined as the last serum dilution that gave three times
the mean optical density at 450 nm (OD450) of the control group (endpoint titer): the solid horizontal line indicates the mean
antibody titer for each group, and the dotted horizontal line represents the detection limit of the assay. (Middle and right panels)
Levels of HIV-1 gp120 Bx08-specific IgG1, IgG2a, and IgG3 binding antibodies were measured in individual sera from immunized
mice at 10 days postboost as the OD450 at a serum dilution of 1:25,600 by ELISA, and ratios of IgG2a to IgG1 (middle) and IgG3
to IgG1 (right) are represented. The different colored circles represent the antibody ratios for each mouse, and the open columns
indicate the mean antibody ratios for each group.
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FIG 3 HIV-1 Env-specific cellular and humoral memory immune responses elicited in mice after (DNA-
ISG15 plus DNA-gp120) prime followed by MVA-B boost. (A) Magnitude of the HIV-1 Env-specific T cell

(Continued on next page)
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route use between 1 and 4 mg of DNA/dose (https://aidsinfo.nih.gov). In this context,
adjuvants can be used to increase the immunogenicity elicited by heterologous
antigens and, therefore, to reduce the antigen dose needed. Thus, once we had
demonstrated the immunostimulatory properties of ISG15-wt on the HIV-1 Env-specific
CD8 T cell responses, we next decided to evaluate whether this response could be
modulated by the coadministration of ISG15-wt with decreasing doses of DNA-gp120.
For this purpose, five groups of animals (n � 4) were immunized as shown in Fig. 5A.
We used a total DNA amount of 100 �g for prime. In the different test groups, we
combined 50 �g of DNA-ISG15-wt with decreasing amounts of DNA-gp120 (50, 25, and
10 �g) to compare with the reference group, which received 50 �g of DNA-
gp120 plus 50 �g of DNA-�. At 10 days postboost, the overall HIV-1 Env-specific CD4
and CD8 T cell responses were determined as previously described. As shown in Fig. 5B,
and consistent with our previous results (Fig. 2B), the overall HIV-1 Env-specific T cell
responses were mainly mediated by CD8 T cells. The coadministration of DNA-ISG15-wt
allows reducing 5-fold the amount of DNA-gp120 necessary to induce similar responses
to the reference group (DNA-gp120/MVA-B). Interestingly, in the group where ISG15-wt
was coadministered with half the amount (25 �g) of DNA-gp120, the total percentages
of effector cytokines and CD8 CTL cells were significantly higher than in the reference
group and similar to those in the group receiving DNA-ISG15-wt plus 50 �g of DNA-
gp120. The polyfunctional profiles of the CD8� T cells were similar in all groups
(Fig. 5C), with the population simultaneously expressing CD107a� IFN-�� TNF-� being
the most induced. Additionally, no changes in the levels of anti-gp120 total IgG binding
antibodies were detected when decreasing doses of DNA were assayed (Fig. 5D).

Overall, these results confirm the immune adjuvant properties of ISG15-wt when
decreasing amounts of heterologous DNA-gp120 are used, without affecting the
potency and the quality of the HIV-1 Env-specific immune responses.

DISCUSSION

Vaccines are one of the most cost-effective medical treatments in modern civiliza-
tion, but the development of an effective vaccine against HIV/AIDS has proven to be
one of the greatest complex scientific challenges. Despite the progress that has been
made in the field, currently no vaccine candidate has improved the 31.2% efficacy
demonstrated in the RV144 trial (25). Overcoming this challenging task requires a
multidisciplinary approach, which includes the design of novel immunogens, the
development of optimized adjuvants, the testing of different vaccination routes/
schedules, and the generation of novel delivery vectors, with the aim to induce
effective HIV-1-specific T and B cell immune responses. Finding new adjuvants is,
therefore, one of the components that should be optimized for the development of an
effective HIV-1 vaccine. Compared with traditional adjuvants, such as alum, a novel
adjuvant in the HIV-1 field should preferentially trigger a durable and potent memory

FIG 3 Legend (Continued)
responses measured at 53 days postboost by ICS assay following ex vivo stimulation of splenocytes from
immunized mice with the HIV-1 Env clade B consensus peptide pools. The total value in each group represents
the sum of the percentages of CD4� plus CD8� T cells secreting IL-2, and/or IFN-�, and/or TNF-� (left panel)
or the percentages of CD4� plus CD8� T cells expressing CD107a (right panel) against HIV-1 Env clade B
consensus peptide pools. All data are background subtracted. The 95% CI is represented. ***, P � 0.001. (B)
Polyfunctional profile of the HIV-1 Env-specific CD8 T cell responses in the different immunization groups. The
seven positive combinations of the responses are indicated on the x axis, while the percentages of the
functionally different cell populations within the total CD8 T cells are represented on the y axis. Specific
responses are grouped and color coded based on the number of functions. Abbreviations: C, CD107a; I, IFN-�;
2, IL-2; T, TNF-�. ***, P � 0.001. (C) Phenotypic profile of the memory HIV-1 Env-specific CD8 T cells. The
phenotype of the vaccine-induced memory responses was determined based on expression of the CD127 and
CD62L surface markers on activated cells as follows: T central memory (TCM; CD127� CD62L�), T effector
memory (TEM; CD127� CD62L�), and T effector (TE; CD127� CD62L�) cells. (D, left panel) Levels of HIV-1
gp120 Bx08-specific total IgG binding antibodies measured in the sera from individual immunized mice at
53 days postboost by ELISA. (Middle and right panels) Levels of HIV-1 gp120 Bx08-specific IgG1, IgG2a, and
IgG3 binding antibodies were measured in individual sera from immunized mice at 53 days postboost as the
OD450 at a serum dilution of 1:25,600 by ELISA, and ratios of IgG2a to IgG1 (middle) and IgG3 to IgG1 (right)
are represented.
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response from B cells, CD8 T cells, and/or NK cells but avoid overstimulation of
HIV-1-susceptible CD4 T cells (26). In this context, we explored here the immunomodu-
latory properties of ISG15 when it is expressed by a DNA vector in a setting of a
heterologous DNA-gp120 prime–MVA-B boost immunization regimen.

ISG15 is a ubiquitin-like protein expressed mainly in monocytes, lymphocytes, and
neutrophils, as well as in DCs, NK cells, epithelial tissue-derived cell lines, fibroblasts,
and several tumor cells (1, 13, 27, 28). Over the last decade, a detailed study of the
functions of ISG15 in response to pathogen invasion has been performed. The antiviral
activity of ISG15 is mostly associated with its canonical function as an intracellular
posttranslational modifier (29). However, other functions independent of the conjuga-
tion activity, such as intracellular attenuation of IFN-�/� signaling (12) or as an
extracellular cytokine, have been recently reported (14). Identification of the relation-
ships between the extracellular and the intracellular conjugation-dependent and
-independent functions of ISG15 is likely to reveal critical connections among innate

FIG 4 VACV E3-specific CD8 T cells elicited in mice after (DNA-ISG15 plus DNA-gp120) prime followed by MVA-B boost at adaptive and memory phases of the
immune response. (A and B) Magnitude of the VACV E3-specific CD8 T cell responses measured at 10 (A) or 53 (B) days postboost by ICS assay following ex
vivo stimulation of splenocytes from immunized mice with the VACV E3 peptide. The total value in each group represents the sum of the percentages of CD8�

T cells secreting IL-2, and/or IFN-�, and/or TNF-� (left panels) or the percentages of CD8� T cells expressing CD107a (right panels) against VACV E3 peptide.
All data are background subtracted. The 95% CI is represented. **, P � 0.005; ***, P � 0.001. (C and D) Polyfunctional profiles of the VACV E3-specific CD8 T
cell response in the different immunization groups at 10 (C) or 53 (D) days postboost. The seven positive combinations of the responses are indicated on the
x axis, while the percentages of the functionally different cell populations within the total CD8 T cells are represented on the y axis. Specific responses are
grouped and color coded based on the number of functions. Abbreviations: C, CD107a; I, IFN-�; 2, IL-2; T, TNF-�. *, P � 0.05; ***, P � 0.001.
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FIG 5 HIV-1 Env-specific cellular and humoral adaptive immune responses elicited in mice after the
administration of DNA-ISG15-wt with decreasing amounts of DNA-gp120 in the prime followed by the MVA-B

(Continued on next page)
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immune responses and provide opportunities for modulation of responses to infectious
diseases (30).

The immunomodulatory role of extracellular ISG15 was initially defined based on
cell culture experiments, which evidenced that ISG15 works in synergy with IL-12 to
stimulate the release of IFN-� from peripheral blood mononuclear cells (PBMCs), most
notably from NK cells and, to a lesser degree, from T cells (17). Recently, the discovery
of LFA-1 as the ISG15 cell surface receptor and the downstream signaling events
leading to IFN-� secretion extended our knowledge on the putative cytokine function
of free ISG15 (16). However, only three studies have assayed the immune adjuvant role
of ISG15 in vivo against cancer (18, 19, 31). In the context of breast cancer, it has been
established that vaccination against ISG15 results in major CD8-mediated diminutions
in both primary and metastatic mammary tumor burdens (31). In the other studies,
using a human papillomavirus (HPV)-associated tumor murine therapeutic model, these
authors demonstrated that ISG15 acts as an immunoadjuvant, independently of con-
jugation. Recently, Iglesias-Guimarais et al. demonstrated that extracellular ISG15 is an
alarmin that promoted the vaccine-specific CTL response by enhancing CD8� T cells
mostly via NK cells (19). These authors, using an elegant deep-sequencing approach
from the skin area after vaccination, concluded that at the molecular level, ISG15
induces tissue alert, represented by upregulation of metalloproteases and collagens,
suggesting the remodeling of the extracellular matrix. In addition, they found several
members of myeloid cell infiltration and inflammation categories (19).

Here, we observed that the intramuscular delivery of DNA vectors expressing
ISG15-wt or ISG15-mut proteins in mice induced enhanced immune cell infiltration in
muscle and proximal DLN. This innate activation at the inoculation site seemed to
impact the HIV-1 Env-specific adaptive and memory CD8 T cell responses when
DNA-ISG15-wt or DNA-ISG15-mut was coadministered with DNA-gp120 in the prime,
since enhanced magnitude of effector CD8� T cells with cytotoxic capacity and
polyfunctional profile were detected in these groups. Regarding the migratory capacity
of macrophages stimulated after intramuscular plasmid inoculation, our results do not
evidence any relevance of ISGylation, as our colleagues have previously reported in the
papillomavirus system in the dermis. However, in contrast to previous findings, we
observed that ISG15-wt exhibits better immunostimulatory activity than ISG15-mut,
indicating that in addition to the free ISG15 or intracellular conjugation-independent
functions, the intracellular ISGylation also plays an important role in the connection
between innate and adaptive immunities.

The discrepancy between our results and previous in vivo studies could be explained by
the immunization regimen used, which involves different doses of ISG15 adjuvant. Villareal
et al. immunized the animals with a homologous DNA/DNA regimen using intramuscular/
electroporation delivery at 2-week intervals, while Iglesias-Guimarais et al. used shorter time
intervals (3 days) to deliver 3 doses of DNA vectors by intraepidermal tattoo. In both studies,

FIG 5 Legend (Continued)
boost. (A) Immunization schedule. Groups of female BALB/c mice (n � 4) received the indicated doses of
DNA-based vectors by the i.m. route, and 28 days later, animals were immunized with 1 � 107 PFU of MVA-WT
or MVA-B by the i.p. route. At 10 days postboost, animals were sacrificed, spleens were processed for the ICS
assay, and sera were harvested for ELISA to measure the cellular and humoral adaptive immune responses
against HIV-1 gp120 antigen, respectively. (B) Magnitude of the HIV-1 Env-specific T cell responses measured
at 10 days postboost by the ICS assay following ex vivo stimulation of splenocytes from immunized mice with
the HIV-1 Env clade B consensus peptide pools. The total value in each group represents the sum of the
percentages of CD4� plus CD8� T cells secreting IL-2, and/or IFN-�, and/or TNF-� (left panel) or the
percentages of CD4� plus CD8� T cells expressing CD107a (right panel) against HIV-1 Env clade B consensus
peptide pools. All data are background subtracted. The 95% CI is represented. ***, P � 0.001. (C) Polyfunc-
tional profile of the HIV-1 Env-specific CD8 T cell responses in the different immunization groups. The seven
positive combinations of the responses are indicated on the x axis, while the percentages of the functionally
different cell populations within the total CD8 T cells are represented on the y axis. Specific responses are
grouped and color coded based on the number of functions. Abbreviations: C, CD107a; I, IFN-�; 2, IL-2; T,
TNF-�. ***, P � 0.001. (D) Levels of HIV-1 gp120 Bx08-specific total IgG binding antibodies measured in pooled
sera from immunized mice at 10 days postboost by ELISA. The endpoint titer is defined as the last serum
dilution that gave three times the mean optical density at 450 nm (OD450) of the control group.
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the ISG15 proteins were codelivered with the vaccine antigen at least two times. Here, we
immunized the animals by intramuscular and intraperitoneal routes using a heterologous
DNA (i.m.)-MVA (i.p.) regimen at 4-week intervals, and hence the animals received the ISG15
adjuvant only once in the prime. Another explanation for the discrepancies observed could
be attributable to vaccination system. The aim of the present study was the optimization
of an effective vaccine against HIV/AIDS, using DNA-gp120 as antigen delivery vector
administered in the prime. It has been reported that ISG15 protein is dramatically increased
in transgenic mice overexpressing HIV-1 gp120 protein (32). Specifically, ISG15 and its
conjugates were remarkably elevated in the cortex and hippocampus of gp120 mice (32).
These results may indicate a difference in the ISG15 and ISGylation levels after gp120
overexpression that may vary the results with respect to the aforementioned tumor models.

Taking into consideration all the above data, we hypothesized that in the context of
an HIV/AIDS vaccine candidate following a prime-boost immunization protocol in mice,
in addition to the secreted unconjugated form of ISG15, another source of extracellular
ISG15 conjugates might be produced intracellularly. ISGylated proteins might be
transported to the surface of transfected cells or released due to cell death. These
different sources of extracellular ISG15 conjugates could potentially engage LFA-1 on
NK cells and contribute to the enhanced CD8 T cell responses that we observed in
animals receiving DNA-ISG15-wt. In this context, the maintenance of the potency and
quality of the HIV-1 Env-specific immune responses in the presence of ISG15-wt when
decreasing amounts of heterologous DNA-gp120 were used is a finding of special
relevance for the vaccine development field.

Overall, this study reveals the immunomodulatory properties of either ISG15-wt or
ISG15-mut proteins when expressed by a DNA vector, conferring immune potency to an
HIV-1 vaccine candidate, with a possible role for ISGylation in the connection between
innate and adaptive immunities. Hence, the DNA-ISG15 vector could be used as a prom-
ising CD8 T cell-driven vaccine adjuvant for the modulation of specific immune responses
to HIV-1 or other vaccine candidates to enhance control of infectious diseases.

MATERIALS AND METHODS
Cells and viruses. HEK293T cells (a highly transfectable cell line derivative of human embryonic

kidney 293 cells; ATCC catalog no. CRL-3216), primary chicken embryo fibroblast (CEF) cells (obtained
from pathogen-free 11-day-old eggs; MSD, Salamanca, Spain), and DF-1 cells (a spontaneously trans-
formed CEF cell line; ATCC catalog no. CRL-12203) were cultured in Dulbecco’s modified Eaglés medium
(DMEM; Invitrogen Gibco, NY, USA) supplemented with 2 mM L-glutamine (Merck, Kenilworth, NJ, USA),
100 U/ml penicillin–100 �g/ml streptomycin (Sigma-Aldrich, St. Louis, MO, USA), 0.1 mM nonessential
amino acids (Sigma-Aldrich), 0.5 �g/ml amphotericin B (Fungizone; Gibco-Life Technologies, Waltham,
MA, USA), and 10% heat-inactivated fetal calf serum (FCS; Sigma-Aldrich) and maintained at 37°C in a
humidified air incubator with 5% CO2 atmosphere.

The poxviruses used in this work included the attenuated wild-type modified vaccinia virus Ankara
(MVA-WT) obtained from the Ankara strain after 586 serial passages in CEF cells (provided by Gerd Sutter,
Ludwig-Maximilians-University of Munich, Munich, Germany) and the MVA-B recombinant virus, which
simultaneously expresses the full-length HIV-1 Gag-Pol-Nef (GPN) fusion protein as an intracellular
product and the monomeric gp120 as a cell-released product of clade B from the viral thymidine kinase
(TK) locus (J2R gene) (33). Viruses were grown in CEF cells with DMEM–2% FCS and purified through two
36% (wt/vol) sucrose cushions. The virus titers were determined by immunostaining plaque assay in
monolayers of DF-1 cells, as previously described (34).

DNA vectors. DNA vectors used in this work included the plasmids pCAGGS-� (DNA-�), pCAGGS-GFP
(encoding GFP reporter gene), pCAGGS-ISG15-GG (encoding wild-type murine ISG15 [DNA-ISG15-wt]),
pCAGGS-ISG15-AA (encoding the no-ISGylable form of murine ISG15 [DNA-ISG15-mut]), pCMV-�, and
pCMV-gp120 Bx08 (encoding the HIV-1 clade B Bx08 gp120 protein [DNA-gp120]). pCAGGS mammalian
expression vectors encoding murine ISG15 (-wt or -mut) fused to the V5 tag at its N-terminal end were
kindly provided by Adolfo García-Sastre (Mount Sinai Hospital, New York, NY, USA). Plasmid pCMV-gp120
Bx08 has been previously described (33). Plasmids were purified using the EndoFree Plasmid Mega kit
(Qiagen, Hilden, Germany) and diluted for injection in endotoxin-free phosphate-buffered saline (PBS).

Transfection assays. To determine the correct expression of murine ISG15-wt or ISG15-mut,
monolayers of HEK293T cells grown in 24-well plates at 70 to 80% confluence were cotransfected with
200 ng of each plasmid encoding murine E1, E2, and E3 ligases together with 400 ng of pCAGGS-
ISG15-AA or pCAGGS-ISG15-GG using TransIT-LT1 transfection reagent (Mirus Bio, LLC, Madison, WI, USA)
according to the manufacturer´s recommendations.

Western blotting. At 24 to 48 h posttransfection, cells were harvested and lysed in 1� Laemmli
buffer. Cell extracts were then fractionated by 12% SDS-PAGE and analyzed by Western blotting using
mouse monoclonal anti-V5 Tag antibody (1:5,000; Thermo Fisher Scientific, Carlsbad, CA, USA) to evaluate
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ISGylation or ISG15 expression. The mouse monoclonal anti-�-actin 8H10D10 antibody (1:1,000; Cell
Signaling, Danvers, MA, USA) was used as a loading control. Horseradish peroxidase (HRP)-conjugated
goat anti-mouse antibody (1:10,000; Sigma-Aldrich) was used as conjugated secondary antibody. Im-
mune complexes were detected by the enhanced chemiluminescence system using Clarity Western ECL
substrate (Bio-Rad, CA, USA) and imaged via the ChemiDoc system (Bio-Rad).

Mouse immunizations. Animal experimental protocols were approved by the Ethical Committee of
Animal Experimentation (CEEA) of Centro Nacional de Biotecnología (CNB-CSIC; Madrid, Spain) according
to Spanish National Royal Decree RD 53/2013, Spanish National Law 32/2007 on animal welfare,
exploitation, transport, and sacrifice, and International EU Guidelines 2010/63/UE on protection of
animals used for experimentation and other scientific purposes (permit no. PROEX 281/16). Female
BALB/c mice (6 to 8 weeks old) used for immunogenicity assays were purchased from Envigo Labora-
tories (Indianapolis, IN, USA) and kept in the animal facility of the CNB (Madrid, Spain).

To evaluate the local effect of ISG15 expression on immune cell infiltration in muscle and proximal
draining lymph node (DLN), three groups of BALB/c mice (n � 4) were immunized with 100 �g of a DNA
mixture containing 50 �g of DNA-ISG15-mut, DNA-ISG15-wt, or DNA-� and 50 �g of pCAGGS-GFP by the
intramuscular (i.m.) route (groups 1 to 3). PBS-treated animals were used as the control (group 4). At 48 h
postinoculation, animals were sacrificed, and total muscle from the site of inoculation and the proximal
DLN were excised and processed for the analysis of different immune cell populations by flow cytometry.

To characterize the immunostimulatory effect of ISG15-wt or ISG15-mut on the HIV-1 Env-specific
adaptive and memory phases of the immune response, three groups of BALB/c mice (n � 8) were
immunized with 100 �g of a DNA mixture containing 50 �g of DNA-ISG15-mut, DNA-ISG15-wt, or DNA-�
and 50 �g of DNA-gp120 by the i.m. route (groups 1 to 3). Group 4 received 100 �g of DNA-�. Four
weeks later, mice were immunized with 1 � 107 PFU of MVA-B (groups 1 to 3) or MVA-WT (group 4) by
the intraperitoneal (i.p.) route. At 10 and 53 days postboost, four animals of each group were sacrificed,
spleens were processed for the intracellular cytokine staining (ICS) assay, and sera were harvested for the
enzyme-linked immunosorbent assay (ELISA) to determine both cellular and humoral HIV-1 Env-specific
adaptive and memory immune responses, respectively.

To evaluate whether the HIV-1 Env-specific response could be modulated by the coadministration of
ISG15-wt with decreasing doses of DNA-gp120, groups of BALB/c mice (n � 4) were immunized with
100 �g of a DNA mixture containing 50 �g of DNA-ISG15-wt and decreasing doses (50, 25, or 10 �g) of
DNA-gp120 (completed up to 50 �g with pCMV-�) by the i.m. route (groups 1 to 3). Group 4 received
50 �g of DNA-� plus 50 �g of DNA-gp120, and group 5 was inoculated with 50 �g of DNA-� plus 50 �g
of pCMV-�. Four weeks later, mice were immunized with 1 � 107 PFU of MVA-B (groups 1 to 4) or
MVA-WT (group 5) by the i.p. route. At 10 days postboost, animals were sacrificed, spleens were
processed for the ICS assay, and sera were harvested for ELISA to determine both cellular and humoral
HIV-1 Env-specific adaptive immune responses, respectively.

Processing of murine muscle for the analysis of immune cell infiltration by flow cytometry.
Muscle tissue from the injection site was obtained during necropsy at 48 h postinoculation. For this
procedure, total muscle from the site of inoculation was dissected with a scalpel, and pooled muscle
tissues of each group were placed in complete RPMI 1640 medium (Sigma-Aldrich; 2 mM L-glutamine,
100 U/ml of penicillin–100 �g/ml of streptomycin, 10 mM HEPES, and 0.01 mM �-mercaptoethanol) with
10% FCS and stored on ice until processing. For this, muscle pieces were drained, transferred to a petri
dish containing 8 ml dissociation solution (complete RPMI medium–5% FCS supplemented with
0.1 mg/ml DNase I and 1.6 mg/ml collagenase VIII [both from Sigma-Aldrich]), and cut into smaller pieces
with tweezers and a scalpel (mechanical dissociation). Enzymatic digestion was then performed by
transferring the muscle tissue samples in dissociation solution to a 50-ml Falcon tube and incubating for
30 min at 37°C with vortexing every 10 min. The digested pieces of muscle were then filtered through
40-�m-pore cell strainers (BD Bioscience, San Jose, CA, USA), washed twice with 1� PBS–2% FCS by
centrifugation for 5 min at 1,500 rpm, resuspended in 1� PBS–2% FCS, and finally seeded on a 96-well
plate according to the number of flow cytometry staining panels.

Peptides. The HIV-1 clade B consensus peptide pools used in this work include Env-1 (63 peptides)
and Env-2 (61 peptides). They were provided by the National Institutes of Health (NIH) AIDS Research and
Reference Reagent Program (Germantown, MD, USA) and covered the HIV-1 clade B Env protein included
in DNA-gp120 and MVA-B vectors as consecutive 15-mers overlapping by 11 amino acids. The VACV
E3140-148 peptide (sequence VGPSNSPTF; CNB-CSIC Proteomics Service, Madrid, Spain), previously de-
scribed as an immunodominant epitope in BALB/c mice (35), was used to determine VACV-specific CD8
T cell responses.

Analysis of immune cell infiltration by flow cytometry. To analyze the local effect of ISG15
expression on immune cell infiltration in muscle and proximal DLN, 2 � 106 cells from muscle or DLN
seeded on 96-well plates in 1� PBS–2% FCS (myocytes) or complete RPMI medium–10% FCS (lympho-
cytes from DLN) were centrifuged, washed once with fluorescence-activated cell sorter (FACS) buffer (1�
PBS–2 mM EDTA–1% bovine serum albumin [BSA]), and incubated with the LIVE/DEAD fixable violet or
Read Dead Cell stain kits (Invitrogen) for 30 min at 4°C in the dark. After washing twice with FACS buffer
and blocking Fc receptors by incubation with anti-CD16/CD32 antibody (BD Biosciences, San Jose, CA,
USA) for 15 min at 4°C in the dark, cells were incubated for 20 min at 4°C in the dark with fluorochrome-
conjugated surface antibodies for the identification of different immune cell populations (macrophages,
neutrophils, NK cells, CD4 and CD8 T cells, monocytes, and DCs) as follows. (i) For staining 1, MHC-II–
fluorescein isothiocyanate (FITC), Ly6G-phycoerythrin (PE), CD19-PE, CD3-PE, SinglecF-PE, MHC-II (IA/IE)-
biotin (Biot)/avidin (Av)-PECF594, Ly6C-Biot/Av-peridinin chlorophyll protein (PerCP), CD86-PE-Cy5, F480-
PE-Cy7, CD8-PE-Cy7, CD64-allophycocyanin (APC), CD11c-APC, CD11b-Alexa Fluor 700, CD3-APC-eFluor
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780, CD19-APC-Cy7, CD11c-APC-Cy7, CD45-PB, B220-BV510, and CD45-BV570 were used. (ii) For staining
2, ��TCRT-PE, CD3-PECF594, CD19-SPRD, Gr-1–PerCP–Cy5.5, CD8-PE-Cy7, NKG2D-APC, CD49b-Alexa 700,
CD4-APC-Cy7, and CD45-BV570 were used. All antibodies for staining 1 and staining 2 were from BD
Biosciences.

Analysis of the cellular immune response by intracellular cytokine staining assay. To analyze
the magnitude and phenotype of the HIV-1 Env- or VACV-specific T cell immune responses, 2 � 106

splenocytes (erythrocyte depleted) seeded on 96-well plates were stimulated ex vivo for 6 h in complete
RPMI medium with 10% FCS, anti-CD107a-FITC (BD Biosciences), 1 �l/ml Golgiplug (BD Biosciences), 1�
monensin (Invitrogen), and 5 �g/ml of the HIV-1 Env clade B consensus peptide pools (Env-1 plus Env-2)
or 10 �g/ml of VACV E3 peptide. After stimulation, splenocytes from immunized mice were stained for
surface markers, fixed/permeabilized (Cytofix/Cytoperm kit; BD Biosciences), and stained intracellularly.
The following fluorochrome-conjugated antibodies were used: IL-2–APC, IFN-�–PECy7, and TNF-�–PE for
functional analyses and CD3-PECF594, CD4-APC-Cy7, CD8-V500, CD127-PerCP-Cy5.5, and CD62L-Alexa
700 for phenotypic analyses (all from BD Biosciences). The dead cells were excluded using the LIVE/DEAD
fixable violet dead cell stain kit (Invitrogen).

Cells for flow cytometry analysis were acquired in a Gallios flow cytometer (Beckman Coulter, Brea,
CA, USA), and data analyses were carried out using FlowJo software (version 10.4.2; Tree Star, Ashland,
OR, USA). Lymphocyte-gated events ranged between 105 and 5 � 105. After gating, Boolean combina-
tions of single functional gates were generated to quantify the frequency of each response based on all
the possible combinations of cytokine expression or differentiation markers. Background responses in
the unstimulated controls (RPMI) were subtracted from those obtained in stimulated samples for each
specific functional combination.

HIV-1 Env-specific antibody measurement by enzyme-linked immunosorbent assay. Antibody
binding to HIV-1 gp120 Bx08 protein in serum was determined by ELISA as previously reported (36).
Briefly, individual or pooled sera from immunized mice were 2-fold serially diluted in duplicates and
incubated with 2 �g/ml of recombinant HIV-1 gp120 Bx08 purified protein (kindly provided by Suresh
Chithathur). Levels of HIV-1 Env-specific total IgG binding antibodies or IgG1, IgG2a, or IgG3 subclasses
were established as the last serum dilution that gave 3 times the mean optical density at 450 nm (OD450)
of the control group (endpoint titer) or as the OD450 at a serum dilution of 1:25,600, respectively.

Data analysis and statistics. For the analysis of ICS data, a statistical approach that adjusts the
values for the nonstimulated controls (RPMI) and calculates the confidence intervals and P values was
used (37). Only antigen responses significantly higher than those of the corresponding RPMI samples are
represented. When indicated, the values represented are background subtracted. For the analysis of
ELISA data, a one-way analysis of variance (ANOVA) followed by Tukey’s honest significant difference
criterion was carried out.
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