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One of the most effective ways to modulate either positively
or negatively host immune responses (i.e., to treat cancer
and autoimmunity, resp.) is to target effector immune cells,
such as B cells, CD4+, and CD8+ T cells, as well as professional
antigen-presenting cells, such as dendritic cells (DCs), that
promote the activation of the latter two. Frequently, this
modulation is aimed at targeting the initiation of the T cell
immune response, a process known as T cell priming, which
affects not only T cell outcome but also B cell responses that
are influenced by the help of CD4+ T cells. At present, several
strategies include the optimization of adjuvants and drugs to
manipulate the phenotype and function of DCs, frequently
with their ex vivo drug treatment and their reintroduction
into the host, activating/inhibiting ligands that interact with
T cell activation, differentiation, and function. Another strat-
egy consists in ex vivo T cell expansion and reinjection into
the host, among others. Although these immunomodulating
strategies have shown relatively high success in the clinic with
promising therapeutic potential, there are many other strate-
gies that target different immune cell types, especially those
associated with the innate immune system, that play crucial
roles in immunomodulation.Moreover, it has been evidenced
during recent years that cells of the innate immune system
canmodulate and dictate the inflammatory environment that
will take place during T cell priming. Cells of the innate
immune system are key players not only at initiating and
regulating adaptive immune responses, such as those elicited

against pathogens and cancer, but also at modulating
tolerance to autoantigens to prevent autoimmune diseases.
While some of these cells are considered exclusively innate,
as natural killer (NK) cells and innate lymphoid cells (ILCs),
others are positioned at the interface of innate and adaptive
immune responses, such as DCs, macrophages, monocytes,
and natural killer T (NKT) cells. The role of these cells in
different immune responses has led to the design of targeted
immunotherapies aimed at controlling diseases, such as
cancer, autoimmunity, and allergy, as well as potentiating
immune responses against pathogens. In this special issue,
original studies and review articles are encompassed together
to highlight recent discoveries on immunotherapy involving
innate immune cells to combat cancer and pathogens.

In the area of cancer immunotherapy, R. Yi et al. analyze
how innate immune cell-based immunotherapy combined
with classical therapies can improve the outcome of
castration-resistant prostate cancer. They perform a meta-
analysis aimed at studying the efficacy of the immunothera-
peutic vaccine sipuleucel-T combinedwith regular treatments
directed to the androgen receptor (AR). Sipuleucel-T is a cel-
lular immunotherapywhich consists in autologous peripheral
blood mononuclear cells (PBMCs) incubated with recombi-
nant specific prostatic antigens fused with granulocyte-
macrophage colony-stimulating factor. They described that
this immunotherapy greatly improved the efficacy of the
traditional therapy. Also aiming at cancer, P. G. Lokhov and
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E. E. Balashova investigate the efficacy of targeting tumor
vasculature antigens and their efficacy against cancer growth.
They describe the novel composition called SANTAVAC
(Set of All Natural Target Antigens for Vaccination Against
Cancer) and their use against tumoral microvasculature.
Finally, I. Knippertz et al. used a combined promoter system
of adenoviral vectors in order to induce maturation changes
in DCs. By targeting the active expression of heat shock factor
(mHSF), they induced maturation of human DCs, with a
concomitant increase in the expression of proinflammatory
cytokines and costimulatory molecules. This approach,
combined with specific antigens, could be useful not only in
cancer immunotherapy but also in improving immunity
against pathogens.

In the area of pathogen immunotherapy, X. Yu et al.
constructed a bispecific antibody with the ability to interact
with HIV and HIV-infected cells in one direction and with
CD89 in the other. This led to the targeting of neutrophils
and polymorphic mononuclear cells (PMNs) and resulted
in optimal anti-HIV activity. Although this strategy has been
described before, in the current work, the authors solved
structural limitations of the previous bispecific antibodies,
describing two novel structural-modified antibodies that
show excellent activity at inhibiting HIV infection and
mobilizing innate immune cells. Finally, S. Schülke et al.
investigate the adjuvant potential of monophosphoryl lipid
A (MPLA) when chemically coupled with protein antigens,
using ovalbumin (OVA) as an example. They described that
the coupled protein-adjuvant composition is not suitable for
allergy treatment, but likely appropriate for other diseases,
such as pathogen infections.

Taken together these articles represent novel advances
in the field of innate cell-based immunotherapy for cancer
and pathogen immunity and may be considered for future
clinical studies. Altogether, we are certain that we will see
an important increase in the numbers of studies focusing
on innate immune cells for immunotherapy in the near
future, as these approaches are showing promising results
against important diseases.
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New treatments, such as sipuleucel-T and androgen receptor- (AR-) directed therapies (enzalutamide (Enz) and abiraterone acetate
(AA)), have emerged and been approved for the management of castration-resistant prostate cancer (CRPC).There are still debates
over their efficacy and clinical benefits. This meta-analysis aimed to investigate the efficacy and safety of sipuleucel-T and AR-
directed therapies in patients with CRPC. RevMan 5.1 was used for pooled analysis and analysis of publication bias. Seven studies
were included in the meta-analysis, with three studies in sipuleucel-T (totally 737 patients, 488 patients in treatment group, and
249 patients in placebo group) and four in AR-directed therapies (totally 5,199 patients, 3,015 patients in treatment group, and 2,184
patients in placebo group). Treatment with sipuleucel-T significantly improved overall survival in patients with CRPC and was
not associated with increased risk of adverse event of grade ≥3 (𝑝 > 0.05). However, treatment with sipuleucel-T did not improve
time-to-progression and reduction of prostate-specific antigen (PSA) level ≥50% was not significantly different from that with
placebo. AR-directed therapies significantly improved overall survival in patients with CRPC and improved time-to-progression
and reduction of PSA level ≥50%. AR-directed therapies did not increase risk of adverse event of grade ≥3 (𝑝 > 0.05).

1. Introduction

Prostate cancer is one of the most frequently diagnosed can-
cers in men. Worldwide, in 2015, it is the second most com-
mon newly diagnosed cancer and the fourth most common
cause of cancer death in men. In the United States, incidence
and mortality of prostate cancer ranked first and second,
respectively, in men. Over the past few years, incidence of
prostate cancer increased steadily, with slowly increasedmor-
tality [1–3]. Current treatments for prostate cancer include
surgical and medically induced castration and androgen
deprivation therapy (ADT) using androgen receptor (AR)
antagonists [4]. Despite these treatments, a sizable number
of patients will eventually experience disease recurrence and
progression [5]. Castrate-resistant prostate cancer (CRPC) is
defined as disease progression despite ADT and may present
a spectrum of disease ranging from rising prostate-specific

antigen (PSA) levels, progression of preexisting disease, or
appearance of new metastases [6–8]. CRPC poses a great
challenge in the management of prostate cancer.

Docetaxel, approved by the US Food and Drug Adminis-
tration (FDA) in 2004, is a taxane drug that induces polymer-
ization of microtubules and phosphorylation of Bcl-2 pro-
tein. Three weeks of combined docetaxel and prednisone is
currently considered the standard of first-line chemotherapy
for men with CRPC [9]. The second-line chemotherapy with
cabazitaxel has been shown to increased survival time in
patients with CRPC. However, severe adverse events have
been reported for these treatments [10, 11]. With advances
in the understanding of disease pathophysiology, new treat-
ments for CRPC emerge in the recent years that aim to
improve both survival and quality-of-life of patients [12].
These treatments include cancer immunotherapy such as
sipuleucel-T, AR-directed therapies such as abiraterone
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acetate (AA) and enzalutamide (Enz), radium-223, and
PROSTVAC [13–18]. Radium-223 is mainly used to manage
bone metastases in CRPC [19]. Trials of immunotherapy
of PROSTVAC which utilizes recombinant poxviruses to
express PSA are ongoing [20]. Phase III clinical trials have
been conducted for sipuleucel-T, AA, and Enz and FDA has
approved their use in patients with CRPC [21–23].These new
treatments hold great potential as the first-line treatments for
patients with CRPC. Finding the optimal regimen is now the
major clinical challenge. This meta-analysis aimed to inves-
tigate and compare the efficacy and safety of these two treat-
ments and to provide scientific evidence for the management
of CRPC.

AA is a steroidal antiandrogen that exerts its effect
through inhibiting CYP17A and it also acts as an antagonist
of AR [24, 25]. Clinical trials showed significantly improved
survival for treatment withAA comparedwith placebo. It was
approved by the FDA in 2011 for patients with CRPC. Enz is
a synthetic nonsteroidal pure antiandrogen. It has a strong
binding affinity for AR and in addition prevents binding of
AR to deoxyribonucleic acid and AR to coactivator proteins
[26]. It was approved by the FDA in 2012 for patients with
CRPC.

Sipuleucel-T (PROVENGE�) is an autologous vaccine.
The antigen presenting cells (APCs) are harvested from
individual patient’s peripheral blood and later incubated with
recombinant fusion protein antigen, which contains both
prostatic acid phosphatase and granulocyte-macrophage
colony-stimulating factor [27, 28]. This process activates
the APCs, which are critical for priming a cytotoxic T-
lymphocyte-mediated immune response [27]. These acti-
vated APCs are then reinfused into the individual patient.
In 2010, sipuleucel-T became the first immune-therapeutic
agent approved by the FDA for patients with CRPC, based
on consistent observed improvement in overall survival.

This meta-analysis aimed to further determine the clin-
ical efficacy and safety of these two types of treatments,
namely, sipuleucel-T and AR-directed therapies (AA and
Enz), in the management of CRPC. Survival and disease
progression were assessed by overall survival (OS) and time-
to-progression (TTP) [29], respectively. Biological endpoint
was assessed as a≥50% reduction of PSA level. Adverse events
of grade ≥3 were also reviewed.

2. Methods

2.1. Literature Search and Study Selection. We systemati-
cally searched seven literature databases (OVID, Springer,
PubMed, Web of Science, ScienceDirect, Medline, and
Cochrane Library) from 1966 to October 2015 for all rele-
vant articles by entering terms including “castrate-resistant
prostate cancer”, “sipuleucel-T”, “enzalutamide”, and “abi-
raterone acetate” as key words, title, subject heading, and
text word. We also searched for potentially missed articles
from the reference list of retrieved articles and from previous
narrative reviews on this topic.

Studies were included if they met the following criteria:
(1) randomized double-blind place-controlled clinical tri-
als of sipuleucel-T, AA, and Enz presenting original data;

(2) patients with CRPC; (3) English articles published before
October 2015. In case of duplicated reports, the article
presenting the latest and the most comprehensive data on the
largest cohorts was selected. Studies were excluded if (1) they
were duplicated reports, were of poor quality, were lacking
original data, or presented incomplete data; (2) they were
review articles, conference abstracts, or commentary. Two
authors (Renliang Yi and Baoxin Chen) conducted literature
search and study selection independently. Results were com-
pared and discrepancies were resolved by a discussion with
another author (Peng Duan).

2.2. Quality Assessment. Full text of articles that fulfilled
inclusion and exclusion criteria were retrieved for review.
Quality of the included articles was assessed using the
Newcastle-Ottawa Scale (NOS) [30], in which a study is
judged on three broad perspectives: the selection of the study
groups (adequate definition of the cases, representativeness
of the cases, selection of controls, and definition of controls),
the comparability of the groups (compatibility of cases and
controls), and the ascertainment of the outcome of interest
(ascertainment of exposure, ascertainment of cases and con-
trols, and nonresponse rate). Total score of NOS is nine, with
higher score indicating higher quality. Two authors (Qun
Liu and Chen Yuan) conducted quality assessment inde-
pendently. Results were compared and discrepancies were
resolved by a discussion with another author (Weilin Ou).

2.3. Data Extraction. The following outcomes were extracted
from each study: OS, TTP, reduction of PSA level ≥50%, and
adverse events of grade ≥3. Two authors (Chanjiao Zheng
and Huanyu Shen) conducted data extraction independently.
Results were compared and discrepancies were resolved by a
discussion with corresponding author (Zhiheng Zhou).

2.4. Data Synthesis and Analysis. Review Manager 5.1 soft-
ware was used for data synthesis and analysis. The hazard
ratio (HR) with 95% confidence interval (CI) was calculated
for dichotomized data. Quantitative data were expressed as
weightedmean difference (WMD) with 95% CI. Heterogene-
ity analysis was performed using 𝑞 test with 𝑝 > 0.1 and
𝐼2 < 50% suggesting homogeneity among studies. For data
without significant heterogeneity, fixed-effect models were
used for pooled analyses. In case of significant heterogeneity,
sensitivity analysis was performed by excluding the study
with the highest variance. In the case that no definite cause
was found for heterogeneity, random-effect model was used
for pooled analyses. The significance of pooled data was
further tested and a 𝑝 < 0.05 was considered statistically
significant. When enough studies were included, funnel plot
was delineated and the publication bias was evaluated.

3. Results

3.1. Study Selection. Our search resulted in 571 articles. A
total of 302 articles were excluded after reviewing titles and
abstracts, and 80 articles were excluded due to duplicated
reports. A total of 182 articles were further excluded after
full-text review. Exclusion reasons included review articles
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Potentially 
relevant studies

Excluded based on 

Group sipuleucel-T Group abiraterone Group
full text acetate full text enzalutamide full

Excluded due to

Lack of data on important
Total studies included,

identified, n = 571

Repeated studies, n = 80
Title or abstract, n = 302

viewed, n = 39 viewed, n = 89 text viewed, n = 61

N = 7
factor, n = 68

Being not a randomized trial, n = 45
Letters or comments, n = 18

Reviews, n = 51

Figure 1: Flow chart of study selection. The summary of the study selection process was shown by flow chart.

Table 1: Quality indicators by Newcastle-Ottawa Scale.

Studies Selection Comparability Exposure Score
(1) (2) (3) (4) (5A) (5B) (6) (7) (8)

Beer and Tombal, 2014 Yes Yes Yes Yes No Yes Yes Yes Yes 8
Fizazi et al., 2012 Yes Yes Yes Yes Yes Yes Yes Yes Yes 9
Higano et al., 2009 Yes Yes Yes Yes No Yes Yes Yes Yes 8
Kantoff et al., 2010 Yes Yes Yes Yes Yes Yes Yes Yes Yes 9
Rathkopf et al., 2014 Yes Yes Yes Yes Yes Yes Yes Yes Yes 9
Scher et al., 2012 Yes Yes Yes Yes No Yes Yes Yes Yes 8
Small et al., 2006 Yes Yes Yes Yes No Yes Yes Yes Yes 8
(1): case independent validation; (2): representativeness of the cases; (3): community or hospital controls; (4): history of disease; (5A): study controls for the
most important factor; (5B): study controls for any additional factor; (6): ascertainment of exposure; (7): was follow-up long enough for outcomes to occur?
(8): adequacy of follow-up of cohorts.

and commentary, correspondence, nonrandomized placebo-
controlled trials, and lack of complete study outcomes. Seven
articles were included for the meta-analysis: three articles on
sipuleucel-T, two on AA, and two on Enz, respectively. Fig-
ure 1 shows the flow of literature search and study selection.

3.2. Study Characteristics. All seven studies were random-
ized, double-blind, placebo-controlled clinical trials. Results
of quality assessment using NOS for the seven studies are
showed in Table 1. The seven studies included a total of 5,936
patients with CRPC. Table 2 shows the main characteristics
of the included studies. Regimens used in these studies were
as follows: (1) sipuleucel-T: patients were randomly assigned
in a 2 : 1 ratio to receive either sipuleucel-T or placebo every
two weeks, for a total of three infusions; (2) AA: intervention
group received combined AA 1000mg and prednisone 10mg
daily and placebo group received prednisone 10mg daily plus
placebo; (3) Enz: intervention group received Enz 60mg daily
and placebo group received placebo.

3.3. Overall Survival (OS). All seven studies provided data on
survival with follow-up period up to 36 months [29, 31–36].
Analyses of OS were performed in 5,936 patients, with 737
patients for sipuleucel-T (intervention group versus placebo
group: 488 versus 249 patients) and 5,199 patients for AR-
directed therapies (intervention group versus placebo group:
3,015 versus 2,184 patients). Figure 2 shows the forest plot of
analysis of OS. Results showed that, compared with placebo,
both sipuleucel-T and AR-directed therapies significantly
improved survival of patient with CRPC. Pooled HR for OS
was 0.73 for sipuleucel-T (95% CI: 0.61–0.88; 𝑍 = 3.31; 𝑝 <
0.001) and 0.72 for AR-directed therapies (95%CI: 0.66–0.78;
𝑍 = 7.94; 𝑝 < 0.00001). Tests for heterogeneity showed
insignificant results, indicating homogeneity among studies
(both 𝑝 > 0.1 and both 𝐼2 < 50%).

3.4. Time-to-Progression (TTP). Six studies with a total of
5,936 patients reported TTP [29, 31–35], including 737
patients for sipuleucel-T (intervention group versus placebo
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Table 2: Main characteristics of included studies.

Study 𝑁 Patients Design Interventions Primary
endpoint

Small et al., 2006 127 CRPC Randomized, double-blind, placebo-controlled Sipuleucel-T, placebo

OS, TTP,
reduction of

PSA > 50%, AEs
grade ≥ 3

Higano et al., 2009 98 CRPC Randomized, double-blind, placebo-controlled Sipuleucel-T, placebo
Kantoff et al., 2010 512 CRPC Randomized, double-blind, placebo-controlled Sipuleucel-T, placebo
Fizazi et al., 2012 1195 CRPC Randomized, double-blind, placebo-controlled Abiraterone acetate, placebo
Rathkopf et al., 2014 1088 CRPC Randomized, double-blind, placebo-controlled Abiraterone acetate, placebo
Scher et al., 2012 1199 CRPC Randomized, double-blind, placebo-controlled Enzalutamide, placebo
Beer and Tombal, 2014 1717 CRPC Randomized, double-blind, placebo-controlled Enzalutamide, placebo
CRPC: castration-resistant prostate cancer; OS: overall survival; TTP: time-to-progression; PSA: prostate-specific antigen; AEs: adverse events.

Study or subgroup log[hazard ratio]
Experiment

SE Total

Control

Total
Weight

Hazard ratio Hazard ratio

IV, fixed, 95% CI IV, fixed, 95% CI
1.1.1 Sipuleucel-T

Higano et al. 2009
Kantoff et al. 2010
Small et al. 2006

Subtotal (95% CI)
Heterogeneity: 𝜒2 = 1.36, df = 2 (p = 0.51); I2 = 0%

Test for overall effect: Z = 3.31 (p = 0.0009)
1.1.2 Androgen receptor-directed therapies

Beer and Tombal 2014
Fizazi et al. 2012
Rathkopf et al. 2014
Scher et al. 2012

Subtotal (95% CI)
Heterogeneity: 𝜒2 = 3.46, = 3 (p = 0.33); I2 = 13%

Test for overall effect: Z = 7.94 (p < 0.00001)

Total

−0.239
−0.2614
−0.5306

0.2493
0.1178
0.2089

33
171
45

249488

2.4%
10.7%
3.4%

16.4%

0.79 [0.48, 1.28]
0.77 [0.61, 0.97]
0.59 [0.39, 0.89]
0.73 [0.61, 0.88]

−0.3425
−0.3011
−0.2357
−0.462

0.0859
0.0741
0.0917
0.0882

872
797
546
800

3015

845
398
542
399

2184

20.0%
26.9%
17.6%
19.0%
83.6%

0.71 [0.60, 0.84]
0.74 [0.64, 0.86]
0.79 [0.66, 0.95]
0.63 [0.53, 0.75]
0.72 [0.66, 0.78]

3503 2433 100.0%

0.05 0.2 1 5 20

Favors experiment Favors control

65
341
82

, df

Figure 2: Forest plot of hazard ratio of overall survival of sipuleucel-T and androgen receptor-directed therapies compared with placebo in
men with castration-resistant prostate cancer. The bars with squares in the middle represent 95% confidence intervals (95% CIs) and HRs.
The central vertical solid line indicates the HRs for null hypothesis. The size of the diamonds represents the weight for the random-effect
model in the meta-analysis.

group: 488 versus 249 patients) and 5,199 patients for AR-
directed therapies (intervention group versus placebo group:
3,015 versus 2,184 patients). Figure 3 shows the forest plot
of analysis of TTP. Compared with placebo, sipuleucel-T
showed no significant favorable effect on TTP with pooled
HR of 0.88 (95% CI: 0.74–1.06; 𝑍 = 1.35; 𝑝 = 0.18).
Test for heterogeneity was not significant (𝑝 = 0.35, 𝐼2 =
4%). In contrast, AR-directed therapies showed significant
improvement in TTP with pooled HR of 0.59 (95% CI: 0.40–
0.88; 𝑍 = 2.59; 𝑝 = 0.009).

3.5. Reduction of PSA Level ≥50%. Seven studies with a
total of 5,936 patients reported reduction of PSA level
≥50% as study outcome [29, 31–36], including 689 patients
for sipuleucel-T (intervention group versus placebo group:
458 versus 231 patients) and 4,975 patients for AR-directed
therapies (intervention group versus placebo group: 2,928

versus 2,047 patients). Pooled RR showed that sipuleucel-T
has no significant effect on reducing PSA level ≥50% (RR:
2.51; 95% CI: 0.65–9.73; 𝑍 = 1.33; 𝑝 = 0.18). Test for
heterogeneity was not significant (𝑝 = 0.5; 𝐼2 = 0%). In
contrast, AR-direct therapies showed significant effect on
reducing PSA level ≥50% (RR: 9.82; 95% CI: 1.99–48.46; 𝑍 =
2.89; 𝑝 = 0.004) (Figure 4).

3.6. Adverse Events (Grade ≥3). To investigate the safety of
these treatments, we compared the occurrence of adverse
events of grade ≥3, including fatigue, headache, back pain,
arthralgia, constipation, and diarrhea, with that in placebo.
Pooled RR revealed that, compared with placebo, risk of
adverse event was not significantly increased for sipuleucel-T
and AR-directed therapies (𝑝 > 0.05, Table 3 and Figure 5).
There were also no significant adverse events related to these
two treatments.
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Study or subgroup log[hazard ratio]
Experiment

SE Total

Control

Total
Weight

Hazard ratio

IV, random, 95% CI

Hazard ratio

IV, random, 95% CI
2.2.1 Sipuleucel-T

Higano et al. 2009
Kantoff et al. 2010
Small et al. 2006

Subtotal (95% CI)

Test for overall effect: Z = 1.35 (p = 0.18)

2.2.2 Androgen receptor-directed therapies
Fizazi et al. 2012
Rathkopf et al. 2014
Scher et al. 2012

Subtotal (95% CI)

Heterogeneity: 𝜏2 = 0.00; 𝜒2 = 2.08, = 2 (p = 0.35); I2 = 4%

Heterogeneity: 𝜏2 = 0.12; 𝜒2 = 44.64, = 2 (p < 0.00001); I2 = 96%
Test for overall effect: Z = 2.59 (p = 0.009)

Total

−0.0834
−0.0513
−0.3711

0.2354
0.1072
0.1959

65
341
82

488

33
171
45

249

13.1%
17.5%
14.5%
45.2%

0.92 [0.58, 1.46]
0.95 [0.77, 1.17]
0.69 [0.47, 1.01]
0.88 [0.74, 1.06]

−0.4155
−0.2357
−0.9163

0.0659
0.0917
0.0681

797
546
800

2143

398
542
399

1339

18.5%
17.9%
18.4%
54.8%

0.66 [0.58, 0.75]
0.79 [0.66, 0.95]
0.40 [0.35, 0.46]
0.59 [0.40, 0.88]

2631 1588 100.0%

0.01 0.1 1 10 100

Favors experiment Favors control

df

df

Figure 3: Forest plot of hazard ratio of time-to-progression of sipuleucel-T and androgen receptor-directed therapies compared with placebo
in men with castration-resistant prostate cancer. The bars with squares in the middle represent 95% confidence intervals (95% CIs) and HRs.
The central vertical solid line indicates the HRs for null hypothesis. The size of the diamonds represents the weight for the random-effect
model in the meta-analysis.

Study or subgroup
Experiment Control

Events Total Events Total
Weight

Risk ratio

M-H, random, 95% CI

Risk ratio

M-H, random, 95% CI
3.3.1 Sipuleucel-T

Kantoff et al. 2010
Small et al. 2006

Subtotal (95% CI)
Total events
Heterogeneity: 𝜏2 = 0.00; 𝜒2 = 0.45 (p = 0.50); I2 = 0%
Test for overall effect: Z = 1.33 (p = 0.18)

3.3.2 Androgen receptor-directed therapies
Beer and Tombal 2014
Fizazi et al. 2012
Rathkopf et al. 2014
Scher et al. 2012

Subtotal (95% CI)
Total events
Heterogeneity: 𝜏2 = 2.58; 𝜒2 = 239.10 (p < 0.00001); I2 = 99%

Test for overall effect: Z = 2.80 (p = 0.005)

Total
Total events

8

5

13

311

147

458

2

0

2

153

78

231

15.3%
10.2%

25.5%

1.97 [0.42, 9.15]
5.87 [0.33, 104.82]

2.51 [0.65, 9.73]

666
235
374
395

1670

854
797
546
731

2928

27
22
156
5

210

777
398
542
330

2047

18.9%
18.8%
19.1%
17.7%
74.5%

22.44 [15.47, 32.57]
5.33 [3.50, 8.12]
2.38 [2.06, 2.75]

35.66 [14.91, 85.33]
9.82 [1.99, 48.46]

3386 2278 100.0%
1683 212

0.001 0.1 1 10 1000

Favors experiment Favors control

, df = 1

, df = 3

Higano et al. 2009

Figure 4: Forest plot of risk ratio of reduction of prostate-specific antigen ≥50% of sipuleucel-T and androgen receptor-directed therapies
compared with placebo in men with castration-resistant prostate cancer. The bars with squares in the middle represent 95% confidence
intervals (95% CIs) and RRs. The central vertical solid line indicates the RRs for null hypothesis. The size of the diamonds represents the
weight for the random-effect model in the meta-analysis.



6 Journal of Immunology Research

Study or subgroup Experiment Control

Total
Weight

Risk ratio Risk ratio
M-H, fixed, 95% CI M-H, fixed, 95% CI
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Figure 5: Continued.



Journal of Immunology Research 7

Heterogeneity: 𝜒2 = 0.03 (p = 0.85); I2 = 0%

Test for overall effect: Z = 0.79 (p = 0.43)

Heterogeneity: 𝜒2 = 0.00 (p = 0.97); I2 = 0%
Test for overall effect: Z = 0.50 (p = 0.62)

Heterogeneity: 𝜒2 = 2.37 (p = 0.31); I2 = 16%

Test for overall effect: Z = 0.56 (p = 0.57)

Heterogeneity: not applicable
Test for overall effect: Z = 1.56 (p = 0.12)

Beer and Tombal 2014

Beer and Tombal 2014

Beer and Tombal 2014

Fizazi et al. 2012

Fizazi et al. 2012

Fizazi et al. 2012

Scher et al. 2012

Total events

Total events

Total events

Total events

Total events

Subtotal (95% CI)

Subtotal (95% CI)

Subtotal (95% CI)

Subtotal (95% CI)

Subtotal (95% CI)

Kantoff et al. 2010

Kantoff et al. 2010
Small et al. 2006

5.10.8 Arthralgia: androgen receptor-directed therapies
844

394
1238

28.7%
71.3%

100.0%

1.29 [0.55, 3.05]
1.17 [0.67, 2.04]
1.21 [0.76, 1.92]

5.10.9 Constipation: sipuleucel-T

Heterogeneity: 𝜒2 = 0.68 (p = 0.41); I2 = 0%

Test for overall effect: Z = 1.55 (p = 0.12)

168

45
213

72.1%
27.9%

100.0%

0.10 [0.00, 2.07]
0.55 [0.04, 8.57]
0.23 [0.03, 1.48]

5.10.10 Constipation: androgen receptor-directed therapies
844

394
1238

36.3%
63.7%

100.0%

1.29 [0.29, 5.76]
1.25 [0.39, 3.95]
1.26 [0.51, 3.14]

5.10.11 Diarrhea: sipuleucel-T
168
168

100.0%
100.0%

0.17 [0.02, 1.58]
0.17 [0.02, 1.58]

5.10.12 Diarrhea: androgen receptor-directed therapies

12

40

52

0

1

1

4

10

14

1

1

2
9
9

20

871

791
1662

338

82
420

871

791
1662

338
338

871
791
800

2462

9

17

26

2

1

3

3

4

7

3

3

3
5
1

9

844
394
399

1637

27.6%
60.4%
12.1%

100.0%

0.65 [0.11, 3.86]
0.90 [0.30, 2.66]
4.49 [0.57, 35.31]
1.26 [0.56, 2.83]

0.002 0.1 1 10 500

Favors experiment Favors control

, df = 1

, df = 1

, df = 1

, df = 2

Figure 5: Forest plot of risk ratio of all adverse events of grade ≥3 of sipuleucel-T and androgen receptor-directed therapies compared with
placebo inmenwith castration-resistant prostate cancer.Thebarswith squares in themiddle represent 95% confidence intervals (95%CIs) and
RRs.The central vertical solid line indicates the RRs for null hypothesis.The size of the diamonds represents the weight for the random-effect
model in the meta-analysis.

3.7. Publication Bias. Funnel plot for publication bias was
performed on study outcome of OS. Figure 6 shows sym-
metry funnel plot, indicating that there was no significant
evidence of publication bias.

4. Discussion

Researches on novel treatments for CRPC have gained
increasing interest in the past few years, especially those on
sipuleucel-T and AR-directed therapies. This meta-analysis
investigated the efficacy and safety of sipuleucel-T and AR-
directed therapies, providing valuable information thatmight
be useful clinical evidence on the treatments for CRPC.

We found that both sipuleucel-T and AR-directed therapies
could significantly improve OS in patients with CRPC,
with favorable safety. AR-directed therapies appear to have
superior effects in improving TTP and in reduction of PSA
level. However, there are still debates over the efficacy and
optimal regimen of these new treatment methods.

It has been known that traditional chemotherapeutic
drugs lacked the selectivity on target tumor cells, which may
cause different damage to normal cells, or even serious effects
on patients. For example, Lim et al. indicated that adverse
effects of docetaxel including edema, neurotoxicity, and hair
loss limit its application [37]. Zhou et al. also showed 2.7% of
CRPC patients died after docetaxel plus prednisone therapy,
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Table 3: Analyses of adverse events (grade ≥ 3).

Adverse events References Relative risk(95% confidence interval) 𝑝 Heterogeneity
Sipuleucel-T

Fatigue

Small et al., 2006
Higano et al., 2009
Kantoff et al., 2010

0.89 (0.27–3.01) 0.86 𝑝 = 0.81, 𝐼2 = 0%
Headache 2.03 (0.23–17.9) 0.52 𝑝 = 0.81, 𝐼2 = 0%
Back pain 0.88 (0.4–1.91) 0.74 𝑝 = 0.7, 𝐼2 = 0%
Arthralgia 0.93 (0.35–2.48) 0.88 𝑝 = 0.66, 𝐼2 = 0%
Constipation 0.23 (0.03–1.48) 0.12 𝑝 = 0.41, 𝐼2 = 0%
Diarrhea 0.17 (0.02–1.58) 0.12 —

Androgen receptor-directed therapies
Fatigue

Fizazi et al., 2012
Scher et al., 2012

Beer and Tombal, 2014
Rathkopf et al., 2014

0.92 (0.49–1.93) 0.5 𝑝 = 0.84, 𝐼2 = 0%
Headache 1.7 (0.44–6.58) 0.45 𝑝 = 0.16, 𝐼2 = 49%
Back pain 0.75 (0.54–1.03) 0.07 𝑝 = 0.56, 𝐼2 = 0%
Arthralgia 1.21 (0.76–1.92) 0.43 𝑝 = 0.85, 𝐼2 = 0%
Constipation 1.26 (0.51–3.14) 0.62 𝑝 = 0.97, 𝐼2 = 0%
Diarrhea 1.26 (0.56–2.83) 0.57 𝑝 = 0.31, 𝐼2 = 16%
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Figure 6: Funnel plot on overall survival for all included studies.
The funnel graph plots the log of HR against the standard error of
the log of the OR. The circles indicate the individual studies in the
meta-analysis. The line in the center represents the meta HR.

58.56% had neutropenia, and 19.82% had leukopenia [38].
Unlike the traditional ones, sipuleucel-T and AR-directed
therapies target tumor cells, thus causing little toxic effects on
normal cells due to high selectivity. For instance, AA and Enz
antagonize androgen receptors to inhibit the activity of tumor
cells. Similarly, sipuleucel-T could elicit immune response
targeting against antigen prostatic acid phosphatase (PAP)
that is highly expressed in most prostate cancer cells [39, 40].

Many results showed that sipuleucel-T and AR-directed
therapies improved the overall survival [29, 31–36] by exert-
ing different effects on TTP, PSA level, and AEs. Although
surgery, radiotherapy, or chemotherapy had stopped for a
period of time before the new drugs clinical trials were given,
it is still hard to rule out the possibility of the influence by

the former treatments. Therefore, further clinical validation
is needed. Beyond that, we paidmore attention to the sequela,
applicable scopes, and contraindications of these treatments.

All trials had strict selection of patients. To be an
eligible case for sipuleucel-T trial, histological confirmation
on castrate-resistant prostate cancer, serum testosterone level
<50 ng/dL, and a considerable somatic function for expected
survival were required. Patients accepted for AA trial should
had no more than two previous chemotherapies, at least
one previous docetaxel therapy, and mild symptoms or no
symptoms (radiographic progression in soft tissue or bone
with or without PSA progression, PSA <50 ng/dL, and ECOG
performance status of 2 or less). And Enz had similar
requirement to AA’s.

Upon the drug usage, patients from sipuleucel-T trials
were scheduled to undergo leukapheresis procedures every
2 week for a total of three times, and on the second day
after each leukapheresis procedure, patients were treated by
infusion of sipuleucel-T or placebo. Patients from AA trials
received abiraterone acetate 1000mg once daily plus pred-
nisone 5mg twice daily by oral or placebo plus prednisone.
And in Enz trials patients received enzalutamide 160mg
orally once daily or matched placebo.

We found that in AA trials patients with lower score
of ECOG, age ≥ 65 years, and PSA level > or < median
had the higher HR. On the contrary, in enzalutamide trials,
patients with age ≥ 65 years, higher score of ECOG, and PSA
Level > median had the higher HR. While in sipuleucel-T
trials, patients with age < median, psa < or > median, and
higher score of ECOG had the higher HR. Such differences
may be related to the characteristics of different individuals.
Drake 2012 indicated that the subgroup of patients aged less
than 65 years did not favor sipuleucel-T. Another observation
by them was the potential harm from the IMPACT study
interventions, because, to some extent, sipuleucel-T broke the
immune balance [41].
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Challenges remain in finding the optimal regimen for
sipuleucel-T and AR-directed therapies. Combined sipuleu-
cel-T, AA, and prednisone formula has been proposed as a
novel treatment diagram in CRPC. Research has shown that
concurrent administration of AA and prednisone did not
blunt immunologic effects or alter immune parameters that
correlatewith sipuleucel-T’s clinical benefits [42]. Cumulative
APC activation, cumulative APC number, total nucleated
cell counts, and immune responses to sipuleucel-T were not
affected by coadministration of AA and prednisone. Such
combination of treatments was well tolerated, with no new
risk marker emerging. Sipuleucel-T is recommended as the
first-line treatment for patients with CRPC by the National
Comprehensive Cancer Network [43] and it is recommended
as early use in asymptomatic CRPC or patients with mild
symptoms. Comparatively, treatments with AA and Enz
could induce symptomatic disease progression. Badrising et
al. 2014 reported that tolerance could be built up when com-
bining Enz and AA [44]. This was possibly a result of muta-
tion of AR induced by prednisone, which will subsequently
impact the effect of Enz onAR.Therefore, it appears that there
is limited clinical benefit for combination or sequential use of
Enz and AA [45–48].
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Recently it was demonstrated that tumors induce specific changes to the surface of human endothelial cells thereby providing the
basis for designing endothelial cell-based vaccines that directly target antigens expressed by the tumor endothelium. The present
report extends these studies in vitro by investigating the efficacy of allogeneic antigens with regard to their ability to target immune
responses against the tumor vasculature since alloantigens simplify vaccine development and implementation in clinical practice.
We demonstrated that allogeneic SANTAVAC (Set of All Natural Target Antigens for Vaccination Against Cancer), which presents
a specifically prepared composition of cell surface antigens from tumor-stimulated endothelial cells, allows targeting of the tumor
vasculature with efficacy of 17, where efficacy represents the killing rate of target cells before normal cells are adversely affected, and
efficacy of 60, where efficacy represents the fold decrease in the number of target cells and directly relates to tumor growth arrest.
These data suggest that allogeneic SANTAVAC may be considered an antigenic composition that following administration in the
presence of respective adjuvants may be clinically tested as a therapeutic or prophylactic universal cancer vaccine without adverse
side effects to the normal vasculature.

1. Introduction

Vaccination using antigens expressed by endothelial cells lin-
ing the tumor vasculature represents the most attractive vac-
cination strategy because immunization using this approach
may prevent the growth of any solid tumor [1]. There-
fore, endothelial cells can be used as a source of antigens used
in the development of a universal cancer vaccine (UCV).
However, 1utoimmune-mediated damage to microvessels,
the primary targets of anticancer endothelial cell-based
vaccination strategies, may lead to side effects, namely,
autoimmune-mediated damage of microvessels in healthy
tissues [2, 3]. Therefore, antigen compositions constituting a
UCV that are distinct from antigens expressed by endothelial
cells in normal tissues need to be designed to prevent the
elicitation of undesired autoimmunity.

Recently we described the interactions between tumor-
induced endothelial cell surface heterogeneity and endothe-
lial cell escape from cell-mediated immune responses [4, 5].

These data sets suggested that an efficient autologous vaccine
could be designed utilizing surface antigens expressed by
cultured human microvascular endothelial cells (HMEC) if
their tumor-induced cell surface profile and the profile of
target HMEC were similar. In this scenario, the efficacy
of the autologous vaccine would exceed 18 (i.e., 18 tumor
endothelial cells will be destroyed before 1 endothelial cell
in normal tissue is destroyed) [5]. Antigen compositions
intended for vaccination were based on a specifically derived
set of HMEC natural cell surface antigens distinguished
by the abbreviation SANTAVAC (Set of All Natural Target
Antigens for Vaccination Against Cancer) [6]. Although the
design of these studies was mainly intended to describe an
autologic type of SANTAVAC, it was found that alloantigen
compositions also may be efficiently used for anticancer
vaccination. In one case, the killing rate of target HMEC
using allogeneic surface antigens related directly to the in
vitro design of the allogeneic universal vaccine with efficacy
of targeting equal to 4 [6].This efficacy provides a therapeutic
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window where tumor HMEC could be killed before HMEC
of normal tissues are adversely affected. Unfortunately, the
efficacy of the allogeneic SANTAVAC in these studies was
characterized by a limited number of experiments. To fill
this gap, additional cytotoxicity assays (CTA)were performed
in the present study to complement the UCV design based
on the SANTAVAC. The possibility of excluding a patient’s
own biomaterial from the vaccine preparation simplifies
the development activities and increases the value of the
allogeneic SANTAVAC vaccines.

2. Materials and Methods

2.1. Cell Culture. Two abdominal subcutaneous adipose tis-
sue biopsies were obtained from female patients (40–50
years old) undergoing open abdominal surgical procedures
at the National Medico-Surgical Center (Moscow, Russia).
Theprotocol was approved by theResearch Ethics Committee
and the patients provided written informed consent. The
biopsy specimens were transported to the laboratory, and
endothelial primary cultures were established usingmagnetic
beads coated with anti-CD31 monoclonal antibody (Dyn-
abeads CD31 Endothelial Cells, Invitrogen, Life Technologies,
Carlsbad, CA, USA) as described previously [4]. Culture
media (Medium MCDB 131 and Microvascular Growth Sup-
plement, Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% FBS (fetal bovine serum)
(PAA Laboratories, Dartmouth, MA, USA), 50 𝜇g/mL strep-
tomycin, 50U/mL penicillin, 2mM glutamine (Gibco), and
12U/mL heparin (Sigma-Aldrich, St. Louis, MO, USA) were
changed every 2-3 days and after the first passage. Cells
were grown to 65% confluence and used in future experi-
ments. To obtain HMEC with tumor-induced phenotypes,
cell cultures were incubated for 4 days in culture medium
(MCDB 131, FBS, streptomycin-penicillin, glutamine, and
heparin) supplemented with 5%, 15%, and 25% of tumor-
conditioned medium. Cells were visualized using a Leic1
DM5000B microscope (Leica Microsystems, Buffalo Grove,
IL, USA).

Primary fibroblast cultureswere established froman adult
skin biopsy (45-year-old woman; donor provided written
informed consent) as described by Rittié and Fisher [7].
Primary cultures were cultured in DMEM (Gibco) sup-
plemented with 10% FBS, 5𝜇g/mL streptomycin, 5U/mL
penicillin, and 2mM glutamine at 5% CO

2
at 37∘C and

third passage cells were used to obtain fibroblast-associated
antigens (FAA).

2.2. Tumor-ConditionedMedium. Tumor-conditionedmedi-
um was collected from HepG2 (human hepatocellular car-
cinoma cells, ATCC, Manassas, VA, USA; cell lines have
been authenticated by cell proteomic footprinting [8]) as
described by Folkman et al. [9]. Media were conditioned for
48 h, collected, centrifuged for 10min at 600×g, and filter-
sterilized (0.2 𝜇m). Tumor-conditioned medium was then
concentrated 10x using Centriplus Centrifugal Filter Devices
YM-3 (Millipore, Merck KGaA, Darmstadt, Germany) and
used in experiments.

In order to determine the optimal concentration of
tumor-conditioned medium required to provide different
tumor-induced stimuli to HMEC, the 10x tumor-conditioned
medium was added to HMEC seeded in the wells of a 96-
well plate at different concentrations (0, 10, 20, 30, 40, and
50% inMCDB 131medium supplementedwith streptomycin-
penicillin, glutamine, and heparin). After 3 days in culture,
cells were counted in wells using trypan blue staining to
determine the concentration of tumor-conditioned medium
that induced weak (stimuli just a little higher than in the
control), moderate (half of themaximum), and strong (a little
more than related to maximum) stimulation.

2.3. FACS Analysis. Endothelial cells were stained with
phycoerythrin- (PE-) conjugated mouse anti-hVEGFR-2
IgG1 (clone 89106, R&D Systems, Minneapolis, MN, USA)
or PE-conjugated mouse anti-human CD62E IgG1 (clone
68-5H11, BD Pharmingen, Becton Dickinson, San Jose, CA,
USA). For isotype control, cells were stained with PE-
conjugated mouse IgG1 (R&D Systems, clone 11711, or BD
Pharmingen, clone MOPC-21, resp.). Flow cytometry was
performed on a BD FACSCalibur flow cytometry system
(Becton Dickinson) and the data analyzed using Cell Quest
software (Becton Dickinson).

2.4. Preparation of SANTAVAC and FAA. HMEC or fibrob-
lasts grown to 65% confluence were washed 5x with HBSS
before being treated with 0.2 𝜇g/mL trypsin (15,000U/mg,
Promega, Madison, WI, USA) in HBSS. A 0.5mL trypsin
solution was added to each well of a 6-well plate, incubated
for 20min at 37∘C in saturated humidity, then collected
again, and centrifuged (600×g for 5min). The resulting
supernatant contained cell surface targets andwas considered
a solution of SANTAVAC or fibroblast-associated antigens
(FAA), respectively.

2.5. Preparation of SANTAVAC-Loaded DC. Monocyte-
derived dendritic cells (DC) were generated as described
previously [10]. Briefly, fresh peripheral blood mononu-
clear cells (PBMCs) from healthy donors were isolated
using Ficoll-Hypaque (PanEco, Moscow, Russia) gradient
centrifugation and were then allowed to adhere to 12-
well culture plates for 1 h. Nonadherent cells were collected
and centrifuged, and cell pellets were mixed with autol-
ogous serum containing 10% DMSO and stored in liquid
nitrogen. Cryopreserved, nonadherent PBMCs, which also
are considered as peripheral blood lymphocytes, were later
used as a source of effector cells (cytotoxic T lymphocytes,
CTL) for cytotoxicity assays. The adherent cell fraction was
cultured in RPMI-1640 (Gibco) supplemented with 10%
FBS, streptomycin-penicillin, and glutamine in the presence
of 0.075𝜇g/mL granulocyte macrophage colony-stimulating
factor (Neostim, 1.67 × 106 ME, FDS FARMA, UK) and
1000U/mL interleukin-4 (Sigma-Aldrich). After 6 d in cul-
ture, SANTAVAC (0.5mL) or FAA (0.5mL) were added to
each well of a 12-well culture plate with immature DC (3 × 105
cells/well in 1mL of culture medium) and DC were matured
with 1000U/mL tumor necrosis factor-𝛼 (Sigma-Aldrich) for
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Figure 1: Primary HMEC cultures. A representative HMEC primary culture from donor 1 (a) and donor 2 (b). Images were obtained using a
Leic1DM5000B microscope (scale bar, 50 𝜇m). Flow cytometric analysis of HMEC from donor 1 before activation (c, d) and after activation
(e). Cells were stained with PE-conjugated monoclonal mouse anti-hVEGFR-2 or anti-human CD62E antibodies (labeled as “VEGFR-2+” or
“CD62+”). For isotype control, cells were stained with PE-conjugated mouse IgG1 (labeled as “control”).

48 h. Matured, SANTAVAC-loaded or FAA-loaded DC were
then used to stimulate CTL.

2.6. Stimulation of CTL. SANTAVAC-loaded DC (3 × 105
cells/well) in 12-well culture plates were combined with 6 ×
106 autologous nonadherent PBMCs (1 : 20) in 1mL of RPMI-
1640 medium (containing 10% FBS, streptomycin-penicillin,
and glutamine) supplemented with 30U/mL of clinical grade
human interleukin-2 (Ronkoleukin, Biotech, St. Petersburg,
Russia).The culturemedium supplemented with interleukin-
2 was replaced every third day. After incubation for nine
days, nonadherent PBMCs containing stimulated CTL were
washed by centrifugation and used as effector CTL in cyto-
toxicity assays.

2.7. Cytotoxicity Assays. HMEC (5 × 103 cells/well) were
seeded into 48-well plates, which yielded 3 × 104 cells/well
after 72 h. Effector CTL were then added to HMEC at
an effector : target ratio of 20 : 1. On the third day, target
HMEC were washed to remove CTL and attached HMEC
were trypsinized and viability detected using trypan blue

exclusion [11]. Cell counts were averaged over 3 measure-
ments. The number of nonstimulated and tumor-stimulated
HMEC in the presence or absence of effector CTL stimulated
with FAA-loaded DC was used as controls. CTA data were
used to calculate the in vitro efficacy of the allogeneic
SANTAVAC formulation, namely, efficacy type I, denoted
as “efficacy I” and calculated as a ratio of the number of
nonstimulated cells in control wells (i.e., HMEC0%) to the
number of tumor-stimulated cells in experimental wells, and
efficacy type II, denoted as “efficacy II” and calculated as
a ratio of the number of tumor-stimulated cells in control
wells (i.e., HMEC5%, HMEC15%, or HMEC25%) to tumor-
stimulated cells in experimental wells.

3. Results

3.1. Primary HMEC Cultures. Anti-CD31 beads were used to
isolate HMEC from a fat biopsy. Figures 1(a) and 1(b) show
primary HMEC cultures isolated from fat biopsies obtained
from donors 1 and 2, respectively. Adipose tissue-derived
HMEC presented with typical cobblestone-like morphology.
FACS analysis (Figure 1(c) for HMEC donor 1; data for
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Figure 2: Dose determination of tumor-conditioned medium used
to prepare HMEC with tumor-induced cell surface profiles. HMEC
cultures were incubated with 0, 10, 20, 30, 40, or 50% tumor-
conditioned medium. After 3 days in culture, cells were counted
(red points) in wells using trypan blue exclusion. Cell numbers were
approximated using a curve used to determine the concentrations of
tumor-conditioned medium that elicited either weak (stimuli just a
little higher than in the control), moderate (half of the maximum),
or strong (maximum) stimulation of HMEC cultures (green lines).
Green lines represent percentage selected for bTA.

donor 2 are not shown) revealed that the VEGFR-2 endothe-
lial cell marker is associated with almost 90% of the cells
during the first passage following isolation. No growth of
contaminating fibroblasts or mesothelial cells was detected,
demonstrating that primary HMEC cultures were success-
fully established. Additionally, FACS analysis of CD62 con-
firmed the endothelial nature of the primary cultures after
activation using tumor-conditioned medium (Figures 1(d)
and 1(e)).

3.2. Tumor-Induced Stimulation. The optimal concentration
of tumor-conditioned medium required to provide HMEC
stimulation was determined next. HMEC were cultured for
3 days in the presence of different concentrations of tumor-
conditioned medium. Culture medium containing tumor-
conditioned volumes of 5%, 15%, or 25% elicited weak
(stimuli just a little higher than in the control), moderate
(half of the maximum), or strong (a little more than related
to maximum) levels of HMEC stimulation, respectively
(Figure 2).

3.3. Cytotoxicity Assays. The immunologic properties of
respective SANTAVAC compositions were evaluated by load-
ing DC with corresponding SANTAVAC as a means of act-
ivating and stimulating human cytotoxic T lymphocytes
(CTL) against target HMEC. CTL stimulated with fibroblast-
associated antigen- (FAA-) loaded DC incubated in the pres-
ence of target HMECwere used as controls. On day 3, surviv-
ing target HMECwere identified using trypan blue exclusion.

A subtle improvement in cytotoxicity was observed when
CTL were stimulated with FAA-loaded DC. DC loaded with
HMEC and stimulated with 15% or 25% tumor-conditioned
medium elicited effective immune responses measured by
high death rates of target HMEC (Figure 3). Notably, CTL
stimulated with DC loaded with antigens from HMEC15%
(superscript represents the percentage of tumor-conditioned
medium used to stimulate HMEC) was also most effective
against HMEC15% target cells (in this case almost all target
cells were dead). The target HMEC25% were most efficiently
killed by CTL stimulated with DC loaded with antigens
from HMEC25%. SANTAVAC efficacy I indicates that in vitro
modeled vaccine safety was 17.3, achieved using antigens
derived from HMEC15% and HMEC15% used as targets.
SANTAVAC efficacy II indicates that the in vitro modeled
capacity to arrest tumor growth was ∼60, also achieved
by SANTAVAC15%HMEC15% (hereinafter [SANTAVACx% is
SANTAVAC generated from HMECx% for CTA][HMECy%

used as target cells in same CTA]).

4. Discussion

4.1. SANTAVAC: The Antigenic Composition of a Univer-
sal Endothelial Cell-Based Cancer Vaccine. Development of
cell-based vaccines focuses on the elicitation of immune
responses against target cells expressing native antigens
[12, 13]. Cell surface targets are prioritized for vaccine design
[14, 15] and are accessible to proteases whose byproducts
could be isolated following in vitro proteolytic cleavage.
Previously, it was shown that the “antigenic essence” of cells,
whichmay be used in cell-based vaccines in contrast to whole
cells, could be prepared by proteolytic cleavage of cell surface
targets [16, 17]. The composition of this “antigenic essence,”
which was established by the proteomic footprinting [8, 18],
directly defined target cell killing rates in CTA that represent
an in vitro anticancer vaccination model [4]. The “antigenic
essence” prepared for vaccines designed to target the tumor
vasculature gave rise to the name SANTAVAC [6]. SAN-
TAVAC formulations can be mixed with different adjuvants
and their immunogenicity and safety tested in vivo as UCV.

4.2. Allogeneic SANTAVAC. The present study expanded on
the selection of alloantigens used in the preparation of SAN-
TAVACvaccines.Theprimary benefit of utilizing alloantigens
as vaccine components is the possibility of excluding the
patient’s biomaterial from the vaccine preparation, thereby
simplifying vaccine development, lowering the cost, and
facilitating translation into clinical practice. Although auto-
genic SANTAVAC induced much higher target cell killing
rates in CTA than alloantigens, alloantigens may also be
highly efficient. Alloantigen compositions that induced low
tumor killing rates also exhibited low killing rates of healthy
tissues providing the required therapeutic window for their
application. From the perspective of estimating vaccine
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Figure 3: Efficacy I (a) and efficacy II (b) of target cell killing by SANTAVAC in CTA. Target HMEC were incubated in the presence of
effector CTL at a 1 : 20 ratio. After 3 days, CTL were removed, target cells were carefully washed, and target cell viability was determined.
Data is expressed as efficacy I (a) or efficacy II (b) of target cell killing by SANTAVAC. Efficacy I was calculated as a ratio of the number of
nonstimulated cells in control wells (i.e., HMEC0%) to the number of tumor-stimulated cells in experimental wells. Efficacy II was calculated
as a ratio of the number of tumor-stimulated cells in control wells (i.e., HMEC5%, HMEC15%, or HMEC25%) to the number of tumor-stimulated
cells in experimental wells; that is, the percentage of tumor-conditioned medium in control wells was the same as in the experimental wells.
Efficacy I allows in vitro estimation of the SANTAVAC efficacy by demonstrating howmany endothelial cells in the tumor vasculature will be
destroyed before 1 endothelial cell in normal tissue is destroyed (used to predict vaccine safety). Efficacy II allows in vitro estimation of the
SANTAVAC efficacy by demonstrating the degree of HMEC proliferation suppression in the tumor vasculature and is used to establish the
degree by which the vaccine can arrest tumor growth (predicted vaccine therapeutic effect). For efficacy calculation, the data representing the
mean value of 3 independent measurements was used. “FAA” indicates the data related to the control (◼) in CTA where fibroblast-associated
antigenswere used to simulate CTL. “swap” indicates CTAdatawhere primary cell cultures used to generate antigens and primary cell cultures
which were used as target cells were swapped (it was done to demonstrate the reproducibility of the CTA results at defined percentages of
the tumor-conditioned medium used to stimulate HMEC). Percentage values indicated in the superscript correspond to the percentage of
tumor-conditioned medium used to stimulate target HMEC or HMEC used to generate SANTAVAC for targeting immune response in CTA.

efficacy (defined by target cell destruction in the absence of
damage to healthy tissues), the immune response elicited by
alloantigens was safer and may have broader applications in
the medical field.

To prepare allogeneic SANTAVAC, the following pre-
viously discovered observations relating to endothelial cell
heterogeneity were considered: (i) the tumor influence on
HMEC was not specific to the tumor type and HMEC het-
erogeneity was a result of differences in strength of this
influence; (ii) there was a linear dependence between target
cell killing rates and the similarity of cell surface profiles of
target cells and cells used to generate surface antigens for tar-
geting the immune response; and (iii) the increase in tumor-
induced changes at the HMEC surface led to decreased
immunogenicity of HMEC surface antigens [4]. In addi-
tion, one particular observation from previous experiments
suggested that the strongest changes to the HMEC surface

were induced by HepG2 cells. This research was therefore
designed to measure target cell killing rates in CTA where
alloantigens were derived from HMEC stimulated to grow
following stimulation by HepG2 that possessed a different
signal strength (from weak to strong stimuli) [4]. It was
therefore expected that the CTA experiments would reveal
the maximum efficacy of allogeneic SANTAVAC in vitro.

Figure 2 showed how tumor stimuli strength was selected
to provide HMEC with the diversity of tumor-induced
surface profiles. Weak stimuli corresponded to the tumor-
conditioned medium that induced an HMEC proliferation
rate slightly higher compared to proliferation of control
HMEC. Moderate stimuli corresponded to the percentage of
tumor-conditionedmediumwhich providedHMECprolifer-
ation at half the maximum rate. Strong stimuli corresponded
to the percentage of tumor-conditioned medium used which
provided HMEC the stimuli to proliferate at a high rate.
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4.3. Cytotoxicity Assays (CTA). CTA revealed that HMEC
with tumor-induced surface changes may be efficiently tar-
geted by allogeneic SANTAVAC. This phenomenon was
consistent with previously published data describing HMEC
heterogeneity that established the foundation for the devel-
opment of the SANTAVAC. Tumor cells induced unidirec-
tional changes to the HMEC surface profiles resulting in
a more similar antigen profile between target cell surface
antigens and the surface antigen profile of cells used to
generate antigens needed to target the immune response. As
a consequence, the observed efficacy of SANTAVAC gen-
erated from HMEC15% and HMEC25% (i.e., SANTAVAC15%
and SANTAVAC25%, resp.) was sufficiently higher than
the efficacy observed for control cells (i.e., HMEC0%) and
SANTAVAC5%. The high similarity between antigens present
in SANTAVAC and the cell surface antigens expressed by
target cells explains this observation.

The fact that target cell killing of SANTA-
VAC15%HMEC15% was sufficiently higher than that of SAN-
TAVAC25%HMEC25% can be explained by one above-men-
tioned statement: that immunogenicity decreases with in-
creasing tumor-induced changes to the HMEC antigen sur-
face profile. Therefore, moderate tumor-induced changes to
HMEC surface antigens would be preferable in the context
of vaccine design resulting in efficacy I equal to 17.3 (safety)
and efficacy II equal to 60 (capacity to arrest tumor growth).
In this report two types of efficacy were described in relation
to the allogeneic SANTAVAC vaccine. Efficacy I allowed for
an in vitro estimation of the number of tumor vasculature
endothelial cells that would be destroyed before one normal
tissue endothelial cell would be destroyed. Efficacy II allowed
for an in vitro estimation of the vaccine efficacy in the
context of suppression of HMEC proliferation of the tumor
vasculature and primarily is a reflection of the potential for
the vaccine to arrest tumor growth; that is, it describes the
vaccine’s therapeutic effect.

It should be noted that stimuli of different strengths
would be expected in vivo due to gradual diminishing growth
stimuli in relation to increasing distance from the tumor cells.
Therefore, it can be expected that HMECwith different target
surface profiles, including profiles related to HMEC15%, will
also be present in the tumor-associated vasculature.

5. Conclusion

Future studies in the field of vaccine development using
allogeneic SANTAVAC are required; however, in vitro data
presented in this report demonstrated that the allogeneic
SANTAVAC was a perfect candidate for the development of
a UCV with outstanding efficacy and safety.The SANTAVAC
formulation described achieved efficacy equal to 17 and 60 in
relation to in vitro prediction of vaccine safety and capacity
to arrest tumor growth, respectively. Criteria critical to the
development of such efficient allogeneic SANTAVAC are
defined in this paper and may be used for preparing UCV for
clinical trials.
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To specifically target dendritic cells (DCs) to simultaneously express different therapeutic transgenes for inducing immune
responses against tumors, we used a combined promoter system of adenoviral vectors. We selected a 216 bp short Hsp70B core
promoter induced by a mutated, constitutively active heat shock factor (mHSF) 1 to drive strong gene expression of therapeutic
transgenesMelanA, BclxL, and IL-12p70 inHeLa cells, as well as inmatureDCs (mDCs). As this involves overexpressingmHSF1, we
first evaluated the resulting effects onDCs regarding upregulation of heat shock proteins andmaturationmarkers, toxicity, cytokine
profile, and capacity to induce antigen-specific CD8+ T cells. Second, we generated the two-vector-based “modular promoter”
system, where one vector contains the mHSF1 under the control of the human CD83 promoter, which is specifically active only in
DCs and after maturation. mHSF1, in turn, activates the Hsp70B core promotor-driven expression of transgenes MelanA and IL-
12p70 in theDC-like cell line XS52 and in humanmature and hence immunogenicDCs, but not in tolerogenic immatureDCs.These
in vitro experiments provide the basis for an in vivo targeting of mature DCs for the expression of multiple transgenes. Therefore,
this modular promoter system represents a promising tool for future DC-based immunotherapies in vivo.

1. Introduction

Dendritic cells (DCs) function as sentinels at the interface of
the innate and the adaptive immune system, thereby inducing
highly potent and antigen-specific immune responses trig-
gered by “danger” signals. As master antigen-presenting cells
(APCs), they not only express proinflammatory cytokines
(particularly IL-12) but also capture, process, and present
antigens on major histocompatibility (MHC) molecules to
näıve T cells, leading to an adaptive T cell-mediated immune
response [1]. Importantly, DCs possess the unique feature
to cross-present typical MHC class II restricted antigens via
MHC class I, thereby inducing cytotoxic CD8+ cell (CTL)
responses and enhancing antitumor humoral responses [2, 3].

In this context, DCs have been shown to have a significant
impact on oncogenesis, tumor progression, and response to
therapy in various preclinical tumor models and preclinical
studies [4]. Additionally, the discovery of immune checkpoint
blockers (e.g., monoclonal antibody [mAb] to CTLA-4; mAb
to PD-1) and their possible combination with DC vaccination
has made cancer immunotherapy one of the most exciting
topics in the oncology field recently [5, 6]. The main DC-
based anticancer interventions developed so far comprise
various ex vivo and in vivo immune manipulating strategies.
Ex vivo, DCs were loaded with different tumor associated
antigens (TAAs) using various strategies including (i) peptide
or protein pulsing, (ii) loading with complete tumor lysate
or (iii) tumor apoptotic bodies, and (iv) RNA transfection
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or (v) viral transduction [7]. In vivo, cancer antigens can be
delivered to DCs by fusing them to monoclonal antibodies
specifically targeting DC surface receptors such as mannose
receptor, C type 1 (MRC1), CD209 (DC-SIGN), or DEC-205
[7–10]. Another strategy is to incorporate TAAs, DNA, RNA,
or toll-like receptor ligands into DC-targeting immunolipo-
somes, nanoparticles, or viral vectors for delivery [11–14].

In recent years, viral vectors like lentiviruses or
adenoviruses (Ads) have been widely used in clinical
trials for many different types of inherited or acquired
disorders with Ad vectors being the ones most commonly
used for cancer gene therapy [15, 16]. Adenoviruses have
many advantages as they (i) can be grown into high titer
stable stocks, (ii) infect nondividing and dividing cells of
different types, (iii) are maintained in cells as an episome,
and (iv) have been proven safe and well tolerated while
also being therapeutically active [16]. Most Ad vectors are
genetically modified versions of Ad5 and can be either
replication-defective or replication-competent. Replication-
defective Ad vectors are effectively used as gene delivery
vehicles and have the essential E1A, E1B, and E3 genes
deleted and replaced by an expression cassette encoding for
foreign therapeutic transgenes up to ∼6.5 kb in size [16].
Specific targeting of a cell (e.g., a DC) can be achieved by
transductional or transcriptional targeting or a combination
of both. Transductional targeting involves chemically or
genetically modifying an adenovirus to redirect its tropism
from its natural binding partner CAR (coxsackie and
adenovirus receptor) to a new target expressed preferentially
on the target cell like, for example, DC-SIGN or DEC-205
for DCs [17]. Transcriptional targeting, on the other hand,
involves using tissue-specific promoters to genetically limit
expression of the introduced gene to distinct tissues [17].

However, there was no cell type- and maturation-specific
promoter available for DCs until recently. In 2013, we
identified and characterized a tripartite promoter complex
specifically regulating human CD83 expression in mature
immunogenicDCs.We found that it consisted of a 261 bp core
promoter flanked by (i) a 164 bp upstream regulatory element
and (ii) a 185 bp downstream enhancer separated from the
promoter by a 500 bp noncoding spacer sequence [18]. All
three elements were shown to be essential for transcriptional
activation inmature immunogenic DCs, while not mediating
this specific activation in tolerogenic immature DCs (iDCs),
or other CD83-positive cell types, such as subsets of activated
B or T cells. Thus, this promoter complex shows great
potential for the transcriptional targeting of mature DCs
and thereby the development of new immunotherapeutic
approaches.

Despite the successes of DC-based immunotherapy in
individual patients, the immunogenic potential to induce
effective antitumor CTL responses is still considered subopti-
mal [19]. Furthermore, the ex vivo generation of DC-vaccines
is laborious and expensive. Hence, new vaccination strategies
involving in vivo targeting of DCs for antigen expression and
functional manipulation should be addressed. To do this, we
developed a combined promoter system to transcriptionally
target human DCs to express several therapeutic transgenes
at the same time, the “modular promoter (MP)” system. Due

to the limited space for foreign DNA in adenoviral vectors,
it is problematic to use large, cell-specific promoters for
several transgenes.Therefore, we combined the cell type- and
maturation-specific CD83 promoter, which has a size of 1.2 kb
[18], with another short and induction-specific promoter in
a two-vector system. In this system, the transgenes in one
vector are under the control of a short inducible promoter,
which is activated by a factor, expressed from the larger,
highly specific CD83 promotor in the second vector. As a
short, inducible promoter we chose the short heat shock
protein (Hsp) 70B promoter, which has been reported before
to mediate specifically heat-dependent transgene expression
in replication-deficient adenoviruses [20]. The hsp70B gene,
along with hsp70(A)-1, hsp70(A)-2, and hsp70B, belongs
to the hsp70 gene family, all regulated by the heat shock
transcription factor 1 (HSF1) [20–23]. HSF1 is a highly con-
served transcription factor that coordinates stress-induced
transcription and directs versatile physiological processes in
eukaryotes [24]. Upon induction, it undergoes trimerization,
as well as phosphorylation, followed by nuclear translocation
and DNA binding to heat shock promoters [25].

For our MP system we used a mutated, constitutively
active HSF1 (mHSF1) [26] whose expression is controlled
here by the DC- and maturation-specific human CD83
promoter [18]. In turn, mHSF1 then binds to the short
heat shock response element Hsp70B driving the simulta-
neous expression of multiple therapeutic transgenes. Con-
comitantly, mHSF1 also binds to endogenous heat shock
promoters of targeted DCs. We have shown previously
that exposure of human DCs to thermal stress leads to
an upregulation of Hsp70A, costimulatory molecules, and
proinflammatory cytokines, as well as a markedly improved
capacity to prime autologous naı̈ve CD8+ T cells in vitro [27].
Therefore, in the present study we also analyzed the effects of
mHSF1 overexpression on DCs.

Our results demonstrate that the newly generated MP
system allows, for the first time, specific and simultaneous
expression of different therapeutic transgenes in human
matureDCs in vitro, representing a promising tool to improve
future DC-based immunotherapies. Moreover, we found no
effects regarding the viability, maturation, and function of
DCs by overexpressing mHSF1.

2. Methods

2.1. Human Dendritic Cells and CD8+ T Cells. Generation
of human monocyte-derived dendritic cells (DCs) was per-
formed as previously described [28]. In brief, peripheral
blood mononuclear cells (PBMCs) were prepared from
leukoreduction system chambers (LRSCs) of healthy donors
by density centrifugation, followed by plastic adherence on
tissue culture dishes (BD Falcon, MA, US). The nonadher-
ent fraction was stored at −80∘C for isolation of autolo-
gous CD8+ T cells, while the adherent cell fraction was
cultured for 4 days in DC-medium consisting of RPMI
1640 (Lonza, Basel, Switzerland) supplemented with 1%
(vol/vol) of heat-inactivated human serum type AB (Lonza),
1% Penicillin/Streptomycin/L-Glutamine (Sigma-Aldrich, St.
Louis, MO, US), and 10mM Hepes (Lonza) as well as
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800 IU/mL (day 0) or 400 IU/mL (day 3) recombinant human
granulocyte macrophage colony-stimulating factor (GM-
CSF) and 250 IU/mL (day 0 and 3) recombinant IL-4 (both
Miltenyi, Bergisch-Gladbach,Germany).Onday 4, immature
DCs (iDCs) were used for further experiments. Maturation
of DCs was induced by the addition of a maturation cocktail
(MC) consisting of 200U/mL IL-1𝛽, 1000U/mL IL-6 (both
CellGenix, Freiburg, Germany), 10 ng/mL TNF-𝛼 (Bero-
mun; Boehringer Ingelheim, Germany), and 1 𝜇g/mL PGE

2

(Prostin E
2
, Pfizer, NY, US) for 24 or 48 hours or by 0.1 ng/mL

lipopolysaccharide (LPS; Sigma-Aldrich) for 20 hours. For
the isolation of autologous CD8+ T cells the nonadherent
fraction was thawed and CD8+ T cells were isolated using
anti-CD8MACS beads (Miltenyi) according to the manufac-
turer’s instructions. Afterwards cells were cultured in RPMI
1640 (Lonza) medium additionally containing 10% (vol/vol)
of heat-inactivated human serum type AB (Lonza), 1% L-
Glutamine (Sigma-Aldrich), 20mg/L gentamycin, 10mM
Hepes (Lonza), 1mM sodium pyruvate (Lonza), and 1%
MEM nonessential aa (PAN Biotech, Aidenbach, Germany).
Cryopreservation and thawing of CD8+ T cells were per-
formed as described elsewhere [29]. Cell counting was per-
formed by using a Neubauer counting chamber and Trypan
Blue for exclusion of dead cells. Whenever relevant, HLA-
A0201+ donor material was used.

2.2. Approvals and Legal Requirements. For the generation of
PBMCs, moDCs, and CD8+ T cells from LRSCs of healthy
donors, the positive vote from the local ethics committee was
obtained (ethics vote number 4556).

2.3. Cell Lines. HeLa cells were cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM; Lonza) supplemented with 10%
(vol/vol) FCS (PAA/GE Healthcare, Little Chalfont, UK) and
1% (vol/vol) Penicillin/Streptomycin/L-Glutamine (Sigma-
Aldrich). XS52 cells, kindly provided by A. Takashima (Uni-
versity of Texas Southwestern Medical Center, Dallas, TX,
US), were cultured in Iscove’s Modified Dulbecco’s Medium
(IMDM; Lonza) supplemented with 10% (vol/vol) FCS, 1%
(vol/vol) Penicillin/Streptomycin/L-Glutamine, 1% (vol/vol)
sodium pyruvate (Lonza), 10% (vol/vol) NS47 supernatant,
and 10 ng/mL murine GM-CSF. 293 (Quantum) cells were
cultured in RPMI 1640 (Lonza) supplemented with 10%
(vol/vol) FCS and 1% (vol/vol) Penicillin/Streptomycin/L-
Glutamine.

2.4. PlasmidVectors. Thepromoterless pGL3-Basic luciferase
reporter vector (Promega, WI, US) was used for determi-
nation of vector-related background activity and to gen-
erate pHsp70B

−29/−489
and pHsp70B

−29/−242
by digesting

the human hsp70B gene 5-region (according to GenBank
accession no. X13229) with HindIII/BamHI or HindIII/SmaI,
respectively. pHsp70B

−29/−242
was then used to generate

pMelA, pBclxL, and pIL-12 by replacing the luciferase gene by
the open reading frame sequences of either MelanA/MART-
1, Bcl-xL, or the human single-chain of IL-12(p70) [30]
(kindly provided by F. Schnieders, Provecs Medical GmbH,
Hamburg, Germany). The vector pMelA/BclxL/IL-12 was
then generated by the sequential connection of the expression

cassettes Hsp70B
−29/−242

-MelanA/, Hsp70B
−29/−242

-BclxL/,
and Hsp70B

−29/−242
-IL-12(p70). Plasmids expressing mHSF1

under the control of the human CD83 promoter (P-510)
were manufactured by replacing the luciferase gene by
the open reading frame sequence of mHSF1 [26] (kindly
provided by R. Voellmy, HSF Pharmaceuticals, Fribourg,
Switzerland) of pGL3-CD83 promoter constructs described
before [18], resulting in pP-510/mHSF1, pEs/P-510/mHSF1,
and pEas/P-510/mHSF1. All constructs were generated by
standard cloning procedures.

The pGL3-Promoter vector (Promega), containing a
SV40 promoter, was used as a positive control and to
determine transfection efficacy.

All plasmids for transient transfection experiments were
purified by standard endo-free anion-exchange columns
(Qiagen, Hilden, Germany) and verified by DNA sequencing
(MWG Biotech, Ebersberg, Germany).

2.5. Recombinant Adenoviruses. Ad5MelA/BclxL/IL-12, Ad5-
MP2, Ad5mHSF1, Ad5P-510/mHSF1, Ad5Es/P-510/mHSF1,
Ad5Eas/P-510/mHSF1, Ad5MelA, Ad5Luc1, and Ad5TL are
first generation, E1- and E3-deleted, replication-deficient
adenoviral vectors. Ad5mHSF1 contains mHSF1 [26] under
the control of a CMV promoter, kindly provided by R.
Voellmy (HSF Pharmaceuticals, Fribourg, Switzerland).
Ad5Luc1 contains a CMV-firefly luciferase cassette and
Ad5TL contains both a CMV-firefly luciferase cassette and
a CMV-GFP cassette (both kindly provided by D. T. Curiel,
Washington University School of Medicine, MO, US). All
other replication-deficient adenoviruses were cloned as
follows: a gene cassette containing either a Hsp70B

−29/−242
-

MelanA/Hsp70B
−29/−242

-BclxL/Hsp70B
−29/−242

-IL-12(p70)-,
aHsp70B

−29/−242
-MelanA/Hsp70B

−29/−242
-IL-12(p70)- (MP2),

a P-510-mHSF1-, Es/P-510-mHSF1-, Eas/P-510-mHSF1-, or
a CMV-MelanA sequence was inserted into pShuttle. Virus
genomes were obtained by homologous recombination of
the corresponding shuttle plasmids containing the different
expression cassettes indicated above with pAdEasy-1 in E. coli
BJ5183 as described before [31]. Adenovirus particles were
produced by transfection of the different PacI-digested pAd
vectors into 293 cells using Lipofectamine (Invitrogen/Life
Technologies, CA, US). All viruses were amplified in 293
cells and purified by two rounds of CsCl equilibrium density
gradient ultracentrifugation. Verification of viral genomes
and exclusion of wild-type contamination were performed
by PCR. Physical particle concentration [viral particles
(vp)/mL] was determined by OD

260
reading and infectious

particle concentration was determined by TCID
50

assay on
293 cells.

2.6. Transfection of Cell Lines. For transfection of HeLa
cells, 5 × 104 or 8 × 104 cells were seeded in a 24-well or
12-well plate (BD Falcon) in a final volume of 500 𝜇L or
1mL growth medium per well, respectively. The next day,
HeLa cells were transfected using Lipofectamine� LTX with
Plus� reagent (Invitrogen/Life Technologies) according to
themanufacturer’s protocol with a total amount of 0.5𝜇g (24-
well) or 0.7 𝜇g (12-well) DNA. Twenty-four hours later, cells
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were transduced with adenoviruses at 300 TCID
50
/cell in a

final volume of 200𝜇L DMEM (Lonza) containing 2% FCS
(PAA/GE Healthcare). After 1.5 hours of incubation at room
temperature on a rocker, 800 𝜇L (24-well) or 2mL (12-well)
growth medium was added. Cells were harvested for further
experiments one day after transduction.

For transfection of XS52 cells, 5 × 105 cells were seeded
in a 6-well plate (BD Falcon) in a final volume of 2mL cell
growth medium per well. The following day, cells were trans-
duced using X-tremeGENE�HPDNATransfection Reagent
(Roche, Basel, Switzerland) according to the manufacturer’s
instructionswith 2𝜇gDNAand 6𝜇L transfection reagent in a
final volume of 200𝜇LOpti-MEM IReduced SerumMedium
(Gibco/ThermoFisher Scientific, MA, US). Four hours after
transfection, 2mL of growth medium was added and cells
were incubated for another 24 hours at 37∘C/5% CO

2
before

they were used for further analyses.

2.7. Adenoviral Transduction of Dendritic Cells. Immature d4
DCs were seeded in 12-well tissue culture plates (BD Falcon)
at a concentration of 1 × 106 cells/well in 250𝜇L medium
supplemented with either 800U/mLGM-CSF and 500U/mL
IL-4 (for iDCs) or the maturation cocktail consisting of
400U/mL IL-1𝛽, 2000U/mL IL-6, 20 ng/mL TNF-𝛼, and
2 𝜇g/mL PGE

2
, in addition to IL-4 and GM-CSF (for mDCs).

When indicated, 0.1 ng/mL LPS were used instead of the
cytokine cocktail, which was added to the cell culture after
the transduction. Adenovirus was added to the cells at 500
TCID

50
/cell in a final volume of 250 𝜇L medium without

cytokines. For cotransduction of two adenoviruses, the final
volume was halved to 125 𝜇L medium without cytokines,
also resulting in a final infection volume of 500𝜇L. After 1.5
hours of incubation at room temperature, 2mL of growth
medium replenished with cytokines as described before was
added per well. To determine transduction efficacy, cells were
transduced with Ad5TL and the percentage of living green
fluorescent cells was assessed by flow cytometric analysis
with a FACScan cell analyzer (BD Biosciences, NJ, US). Only
experiments that yielded transduction efficiencies of more
than 70% were evaluated and are shown.

2.8. Transfection and Peptide Pulsing of Dendritic Cells.
Immature DCs were transduced with Ad5Luc1 or Ad5mHSF1
or medium-treated in the presence of the cytokine matura-
tion cocktail as described above. The next day, transfection
of mature DCs with MelanA/MART-1 RNA was performed
using the nonlipid cationic reagent Transmessenger� trans-
fection kit (Qiagen) following an adapted protocol from Liao
et al. [32] as described previously in detail by Schaft et al.
[33]. For peptide pulsing, mature DCs were incubated with
10 𝜇g/mL of the MelanA-derived HLA-A2-binding analogue
peptide ELAGIGILTV in DC cell culture medium for 1 hour
at 37∘C/5% CO

2
.

2.9. Priming and Tetramer Staining of CD8+ T Cells. MelanA
RNA-transfected or MelanA peptide-loaded mature DCs
were used to stimulate autologous MACS-sorted CD8+ T
cells at a ratio of 1 : 10 for one week at 37∘C/5% CO

2
. Fresh

T cell medium was added when necessary and on days

2 and 4 1000 IU/mL IL-2 (Novartis, Nürnberg, Germany)
and 10 ng/mL IL-7 were supplemented. On day 7, cells were
harvested and stained with a HLA-A2-MelanA/iTag MHC
class I-tetramer (Beckmann Coulter, Krefeld, Germany) in
combination with an anti-CD8-PC7 antibody (Beckmann
Coulter). Finally, cells were analyzed using a FC500 cytoflu-
orometer (Beckmann Coulter).

2.10. Flow Cytometric Analyses. Cells were stained with
specific mAb or appropriate isotype controls for 30min at
4∘C in FACS buffer (Dulbecco’s PBS [Lonza] containing 2%
FCS [PAA/GE Healthcare]), washed twice, and finally resus-
pended in cold FACS buffer containing 0.1𝜇g/mL propidium
iodide (PI) (Carl Roth, Karlsruhe, Germany). Stained cells
were immediately analyzed with a FACScan cell analyzer
(BD Biosciences). Cell debris and dead cells were excluded
from the analyses by gating on proper forward and sideward
light scatter and on PI negative cells. Also, percentages of
PI positive cells were calculated using this gating strategy.
A minimum of 104 living cells was measured for each
sample and results were analyzed using FCS Express 4
Flow Cytometry Software (De Novo Software, CA, US). The
following monoclonal antibodies (all from BD Biosciences)
were used to determine the phenotype of DCs: PE-labeled
mouse anti-human CD25 (M-A251), CD80 (L307.4), CD83
(HB15e), CD86 (IT2.2), HLA-ABC (G46-2.6), and HLA-DR
(G46.6). Isotype mAb controls (all from BD Biosciences)
used but not shown were IgG1-PE (MOPC-21), IgG2a-PE
(G155-178), and IgG2b-PE (27-35).

2.11. Cytometric Bead Array. Inflammatory cytokines
secreted by DCs into the supernatant were assessed using
the Human Inflammatory Cytokine Cytometric Bead Array
(CBA; BD Biosciences) according to the manufacturer’s
protocol.

2.12. ELISA. IL-12p40 and IL-12p70 concentrations in cell
culture supernatants were determined by standard two-site
sandwich BD OptEIA� Human IL-12 (p70) and Human
IL-12 (p40) ELISA Kits (BD Biosciences) according to the
manufacturer’s manual.

2.13. BCA Protein Assay. Protein concentrations of cell
lysates for SDS-PAGE and luciferase reporter assays were
determined by Pierce� Protein Assay Kit (ThermoFisher
Scientific, MA, US) according to themanufacturer’s protocol.

2.14. SDS-PAGE andWestern Blotting. Whole cell extracts for
SDS-PAGE were generated as follows: 1 × 106 DCs or XS52
cells were washed with ice-cold PBS and then resuspended
in 50𝜇L lysis buffer mixed with NaVO

3
, NaF, and PMSF.

Afterwards, protein concentrations were determined by the
BCA protein assay described above. To prepare sample
proteins, they were boiled in the presence of a loading dye
mixed with SDS and 2-mercaptoethanol for 10min at 95∘C.
Then, 20 to 30 𝜇g of total protein per sample was separated
on a 12.5% polyacrylamide gel and afterwards transferred
onto nitrocellulose filters (Schleicher & Schüll/GE Health-
care, UK) with a pore size of 0.2𝜇m with the wet blotting
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device “Mini-Protean II Cell and System” (BioRad, CA,
US). Membranes were incubated with primary antibodies
(Abs) diluted 1 : 1000–1 : 100 against HSF1, Hsp40, Hsp70A
(C92F3A-5), Hsp70B, Hsp90 (AC-88), Grp94 (9G10) all
from Stressgen (distributed by Biomol, Hamburg, Germany),
BclxL (2H12; Calbiochem/Merck-Millipore, Darmstadt, Ger-
many), MelanA (A103; Sigma-Aldrich), or beta-actin (AC-
74; Sigma-Aldrich), followed by HRP-conjugated horse anti-
mouse IgG, goat anti-rabbit IgG, or goat anti-rat IgG Abs
(all Cell Signaling Technology, UK) diluted 1 : 10000–1 : 2000.
Detection was performed with the chemiluminescent Pierce
ECL Western Blotting Substrate (ThermoFisher Scientific)
on a high performance chemiluminescence film (GE Health-
care).

2.15. Luciferase Reporter Assay. Luciferase activity was mea-
sured using the luciferase assay system (Promega) according
to the manufacturer’s instructions, but utilizing 50 𝜇L of
luciferase assay reagent and 10 𝜇L of cell lysate. Relative lumi-
nescence units (RLUs) were obtained with a Wallac Victor
plate reader (PerkinElmer, MA, US). RLUs were normalized
to the protein concentration as determined using the Pierce
BCA� Protein Assay Kit (ThermoFisher Scientific).

2.16. Statistical Analyses. The significance of differences was
determined by using either one-way ANOVA or two-way
ANOVA and Bonferroni’s Multiple Comparison post hoc test;
𝑃 values < 0.05 were considered statistically significant.

3. Results

3.1. The “Modular Promoter” System. We considered two
aspects to be important for the development of a combined
promoter system, the so-called modular promoter (MP)
system, to transcriptionally target DCs. On the one hand,
the system should be highly specific for the targeted DC
and on the other hand, the therapeutic transgenes should
be expressed very efficiently. As there is only limited space
for foreign DNA in plasmid and especially viral vectors,
we envisioned a dual vector system, in which one vector
expresses a mutated, constitutively active heat shock factor
(mHSF) 1 [26] under the control of the humanmDC-specific
CD83 promoter [18] (Figure 1(a)). The mHSF1, in turn, will
then induce simultaneous expression of different therapeutic
transgenes contained in the second vector, such as tumor
antigens, proinflammatory cytokines, or apoptosis inhibitors,
by binding to the short heat shock response elements (HRE;
Figure 1(a)). We hypothesized that the expression of tumor
antigens in combination with different therapeutic proteins
will subsequently enhance the capacity of these modified
DCs to induce improved and potent antitumoral immune
responses.

Of note, mHSF1 may also induce the expression of
different endogenous heat shock proteins, such as Hsp70
or Hsp90, by binding to the cellular HRE (Figure 1(b)).
Therefore, it was indispensable to examine the resulting
effects of an overexpression of mHSF1 on DCs, especially
regarding (i) expression of phenotypic cell surfacematuration
markers, (ii) toxicity, and (iii) function.

3.2. Specific Induction of the Short pHsp70B
−29/−242 Promoter

in HeLa Cells. To develop a new and efficient dual promoter-
based transcriptional DC-targeting strategy, we initially
compared the activity of two different promoter fragments
derived from the 5 region of the human hsp70B gene. In
1985, Richard Voellmy isolated and characterized a 450 bp
BamHI/HindIII fragment of a 70,000-dalton heat shock pro-
tein segment (Hsp70) involved in the control of transcription
and translation of heat shock proteins [34]. Later, Schiller and
colleagues reported this copy of the hsp70 gene as the hsp70B
gene [35]. Four cis-acting heat shock regulatory sequences
(HSE 1–4)were described, whichwere supposed to contribute
to the Hsp70B promoter activity. Additionally, HSE 1–3
(within a short fragment of ∼200 bp in the 5 nontranscribed
region) were shown to be sufficient for optimal activity
in human HeLa cells. To determine if the shorter element
is sufficient, we cloned a −29/−489 bp and a −29/−242 bp
fragment of the human hsp70B gene 5 region (according
to GenBank accession no. X13229) into the pGL3-Basic
luciferase reporter vector resulting in pHsp70B

−29/−489
and

pHsp70B
−29/−242

, respectively (Figure 2(a)). Afterwards, plas-
mids were used to transfect HeLa cells. As a control we used
the promoterless pGL3-Basic (“Basic”) and the pGL3-SV40-
Promoter (“SV40”) vector. The next day, transcriptional
activity was induced by the transduction ofHeLa cells with an
adenovirus encoding for a mutant constitutively active HSF1
(Ad5mHSF1). TransductionwithAd5Luc1 orMock treatment
served as controls. Twenty-four hours later, a luciferase
reporter assay was performed and results were normalized
relative to the respective pGL3-SV40-Promoter control. As
shown in Figure 2(b), the Hsp70B

−29/−489
andHsp70B

−29/−242

promoter were exclusively induced by Ad5mHSF1 up to
16-fold relative to the SV40 promoter, whereas there was
no induction in the Mock sample or by the control virus.
Furthermore, neitherAd5Luc1 norAd5mHSF1 influenced the
transcriptional activity of the SV40 promoter and the Basic
vector. Interestingly, there was no difference in the promoter
activity when directly comparing the long Hsp70B

−29/−489

with the short Hsp70B
−29/−242

promoter, but looking closely
at the Mock-treated versus the Ad5mHSF1-transduced cells
for each promoter, we found an increase of up to 40 times
for the longer promoter fragment and up to 64 times for the
shorter one. Finally, the Hsp70B

−29/−242
promoter was listed

as theHsp70B (HSPA6) promoter in theGenBank (accession
no. NM 002155) in 2004.

Thus, we identified the Hsp70B
−29/−242

promoter to be
highly and specifically induced in HeLa cells and for this
reason it was used in the following experiments to generate
the “modular promoter” system.

3.3. Multiple Therapeutic Transgenes Can Be Simultaneously
Expressed under the Control of the Hsp70B

−29/−242 Promoter.
In order to prove our concept that mHSF1 can induce
not only the expression of single transgenes but also the
simultaneous expression of several transgenes under the
control of the Hsp70B

−29/−242
promoter, we generated

plasmid vectors containing either a Hsp70B
−29/−242

-MelA/
MART-1 (“pMelA”), a Hsp70B

−29/−242
-BclxL (“pBclxL”),
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Figure 1: Schematic representation of the therapeutic DNA/adenovirus strategy and the effects ofmHSF1 overexpression on endogenous heat
shock response elements. (a) A constitutively active mutant heat shock factor 1 (mHSF1) will be expressed under the control of the human
mDC-specific CD83 promoter. In turn mHSF1 binds to short heat shock response elements (HRE) of a second vector-encoded DNA driving
expression of therapeutic transgenes (e.g., antigens, cytokines, or apoptosis inhibitors). (b) By overexpressing mHSF1 in the target cell, also
endogenous HRE will become activated resulting in the expression of different heat shock proteins (Hsp), such as Hsp70 or Hsp90.

35

5 3

5

−242 −29

−29−489

35 regionhsp70B gene

−29/−489hsp70B

−29/−242hsp70B

(a)

Mock
Ad5Luc1
Ad5mHSF1

n.s.

∗∗∗

∗∗∗

∗∗∗

∗∗∗

pH
sp
7
0

B −
29
/−

4
89

pH
sp
7
0

B −
29
/−

24
2

SV
40

Ba
sic

0

5

10

15

20

25

Fo
ld

 in
du

ct
io

n 
to

 S
V
4
0

(=
1

)

(b)

Figure 2: Generation and evaluation of two different Hsp70B heat shock response elements. (a) Plasmid vectors containing Hsp70B
−29/−489

and Hsp70B
−29/−242

were generated by digesting the human hsp70B gene 5-region with HindIII/BamHI or HindIII/SmaI, respectively,
followed by ligation into the pGL3Basic vector. (b) HeLa cells were transfected with 0.5𝜇g of plasmid DNA of pGL3-SV40-promoter vector
(“SV40”), promoterless pGL3-Basic vector (“Basic”), pHsp70B

−29/−489
, or pHsp70B

−29/−242
. The next day, cells were either left untreated

(“Mock”) or transduced with adenoviruses Ad5Luc1 or Ad5mHSF1 at 300 TCID
50
/cell. Twenty-four hours later, cells were harvested and

analyzed by luciferase reporter assays. Results are shown as fold induction relative to the individual pGL3-SV40-promoter control containing
no virus, Ad5Luc1 or Ad5mHSF1. Data are mean ± SEM of three independent experiments. ∗∗∗𝑃 < 0.001, n.s.: not significant (𝑃 > 0.05);
bars without annotation are not significant (𝑃 > 0.05); two-way ANOVA with Bonferroni’s Multiple Comparison post hoc test.
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Figure 3: The constitutively active mHSF1 induces specific transgene expression in HeLa cells and human DCs. (a, b) HeLa cells were
transfected with 0.7𝜇g DNA of plasmid vectors expressing MelanA/MART-1 (“MelA”), BclxL or/and IL-12 under the control of the
Hsp70B

−29/−242
heat shock response element as indicated. The next day, cells were either left untreated (“Mock”) or transduced with

adenoviruses Ad5Luc1 or Ad5mHSF1 at 300 TCID
50
/cell. (c, d) Human immature DCs were cotransduced in the presence of the maturation

cytokine cocktail with adenoviruses as indicated at a total amount of 500 TCID
50
/cell. (a–d) Twenty-four hours later, cell lysates were analyzed

for BclxL andMelanA expression byWestern Blot (a, c) and cell culture supernatants for content of IL-12p40 and IL-12p70 by ELISA (b, d). (a
and c) Showing one representative experiment out of three; (b and d) data are mean ± SEM of three independent experiments with different
donors. ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001, and n.s.: not significant (𝑃 > 0.05); bars without annotation are not significant (𝑃 > 0.05); one-way
ANOVA with Bonferroni’s Multiple Comparison post hoc test.

a Hsp70B
−29/−242

-IL-12 (“pIL-12”), or the triple Hsp70-
B
−29/−242

-MelA-Hsp70B
−29/−242

-BclxL-Hsp70B
−29/−242

-IL-12
(“pMelA/BclxL/IL-12”) expression cassette. HeLa cells were
transfected with the above-mentioned vectors followed by
transduction with Ad5mHSF1, Ad5Luc1, or Mock the next
day. Twenty-four hours later cells were harvested, lysed,
and separated by SDS-PAGE followed by Western Blotting
using specific antibodies for MelanA/MART-1, BclxL, and
beta-actin expression. As shown in Figure 3(a), MelanA and
BclxL were highly expressed only after specific HSP70B

promoter activation by Ad5mHSF1. Of note, the MelanA
and BclxL proteins were equally well expressed from the
triple plasmid pMelA/BclxL/IL-12. For the determination of
the IL-12 concentration in the cell culture supernatants of
cells analyzed in (a), IL-12p70- and IL-12p40- specific ELISA
were performed (Figure 3(b)). Again, IL-12 production
after transfection with pIL-12 or pMelA/BclxL/IL-12 was
induced by Ad5mHSF1. Transduced HeLa cells secreted high
amounts of the immunologic active IL-12p70 (23.06 ng/mL
and 20.39 ng/mL, resp.) and much lower amounts of the
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homodimer IL-12p40 (0.58 ng/mL and 0.34 ng/mL, resp.).
Moreover, there was almost no difference in the quantity
of either IL-12p70 or IL-12p40 expressed from pIL-12 or
pMelA/BclxL/IL-12, respectively.

Regarding our aim to insert the MP system into an
adenoviral vector, we next generated Ad5MelA/BclxL/IL-
12 containing an Hsp70B

−29/−242
-MelanA/Hsp70B

−29/−242
-

BclxL/Hsp70B
−29/−242

-IL-12 expression cassette. Adenovirus
vectors contain several promoters within their own genome,
for example, the early transcripts E1A-E4, as well as multiple
recognition sites within these promoters for transcription
factors. They often represent cis-acting DNA sequences that
increase transcription, independent of their orientation and
distance relative to the RNA start site [36]. To exclude the
possible interference of these viral enhancers and upstream
regulatory elements with the Hsp70B promoter of our sys-
tem, we cotransduced human iDCs with Ad5MelA/BclxL/IL-
12, Ad5mHSF1 or control virus Ad5Luc1 in the presence of a
cytokinematuration cocktail. As a control, cells werematured
in absence of an adenoviral vector (“Mock”). Twenty-four
hours later, lysates ofDCswere generated to performWestern
Blot analyses to assess MelanA, BclxL, and beta-actin expres-
sion (Figure 3(c)). In addition, cell culture supernatants were
analyzed by ELISA for the content of IL-12p70 and IL-
12p40 (Figure 3(d)). As depicted there, only the cotrans-
duction of Ad5MelA/BclxL/IL-12 with Ad5mHSF1 induced
a specific transgene expression of MelanA, BclxL, and high
amounts of secreted IL-12p70 (57.84 ng/mL). Furthermore,
DCs transduced with Ad5MelA/BclxL/IL-12 produced less
of the homodimer IL-12p40 in comparison to Mock or only
Ad5Luc1 treated DCs (2.67 and 3.16 ng/mL versus 5.93 and
5.54 ng/mL, resp.).

In summary, we showed that the expression of multiple
therapeutic transgenes under the control of the Hsp70B
promoter can specifically be induced in HeLa cells, as well as
in primary human DCs. Moreover, we demonstrated that the
Hsp70B promoter acts in a highly specific manner, not only
in a plasmid-based vector system, but particularly also in an
adenoviral context.

3.4. Overexpression of mHSF1 Induces Expression of Heat
Shock Proteins and Does Not Impair DC Function. As overex-
pression of mHSF1 is also expected to induce the activation
of endogenous heat shock proteins thereby inducing a heat
shock response of Ad5mHSF1 treated DCs, we addressed
the influence of mHSF1 overexpression on DCs as follows.
Immature DCs were transduced with Ad5mHSF1 or control
virus Ad5Luc1 orMock-treated either in the presence (mDC)
or absence (iDC) of the maturation cocktail. Twenty-four
and 48 hours later, analyses of DCs were conducted. First,
regulation of heat shock proteins HSF1, Hsp40, Hsp70A,
Hsp70B, Hsp90, and Grp94 was determined in cell lysates
of DCs by SDS-PAGE followed by Western Blotting (Fig-
ure 4(a)). Here, a clear increase in expression of heat shock
proteins Hsp40 and Hsp70A was observed for iDCs and
mDCs, whereas Hsp70B and Hsp90 was only induced in
mDCs after Ad5mHSF1 treatment in comparison to Ad5Luc1
or Mock controls. HSF1 was only increased in Ad5Luc1
transduced mDCs, while mHSF1 was only found in DCs

treated with Ad5mHSF1. Expression of Grp94 was unaffected
by any treatment. Next, we examined the expression of typical
cell surface activationmarkers includingCD25, CD80, CD83,
CD86, HLA-ABC (MHCI), and HLA-DR (MHCII) by FACS
analyses (Figure 4(b)). As expected, all maturation markers
of DCs treated with the cytokine cocktail (“mDC”) for 24
as well as 48 hours were upregulated in comparison to
iDCs. Notably, treatment with any type of adenoviral vectors
did not induce maturation of iDCs when compared to the
Mock control. Furthermore, when DCs were matured during
transduction (mDC), the adenoviral vectors did not influence
the expression of the assessed surface markers. In addition
to their activation status, DCs were also analyzed by FACS
for their viability using propidium iodide (PI) staining. As
shown in Figure 4(c), there was only a slight increase in the
percentage of dead cells induced by the adenovirus treatment.
The percentage of PI positive iDCs increased from 5.68%
(Mock, 24 h) and 7.10% (Mock, 48 h) to 9.98% (Ad5Luc1,
24 h) and 11.90% (Ad5Luc1, 48 h) or 13.20% (AdmHSF1,
24 h) and 18.43% (AdmHSF1, 48 h), respectively. Matured
DCs remained almost uninfluenced when compared with
noninfected cells (2.20% and 1.55% PI+ cells after 24 h or 48 h,
resp.). Transduction with Ad5Luc1 resulted in 2.55% (24 h)
or 1.78% (48 h) and with Ad5mHSF1 in 4.68 (24 h) or 5.13%
(48 h) PI positive DCs.

Next, we assayed the functionality of these DCs by eval-
uating their capacity to secrete proinflammatory cytokines
including IL-1𝛽, IL-6, IL-8, IL-12p70, and TNF-𝛼, as
well as the anti-inflammatory cytokine IL-10, by cyto-
metric bead array 24 and 48 hours after treatment (Fig-
ure 4(d)). As the maturation cocktail contains IL-1𝛽, IL-
6, and TNF-𝛼, Mock-treated DCs served as a control
and yielded the background of the corresponding cytokine
indicated by a red line in the graph. Interestingly, 24
and 48 hours after infection, Ad5mHSF1-transduced mDCs
showed a superior secretion of IL-1𝛽 (2381/2451 pg/mL), IL-
6 (13965/16740 pg/mL), IL-8 (41154/43674 pg/mL), IL-12p70
(35/34 pg/mL), and TNF-𝛼 (5176/5005 pg/mL) to Mock-
treated mDCs (1443/1877 pg/mL, 8993/11063 pg/mL, 27581/
32420 pg/mL, 10/7 pg/mL, and 2757/1546 pg/mL, resp.). This
was not the case for Ad5Luc1 transduced mDCs, where (with
the exception of IL-12p70 and TNF-𝛼) only a slight increase
of cytokine production for IL-1𝛽 (1710/1775 pg/mL), IL-6
(11038/11519 pg/mL), and IL-8 (33398/34201 pg/mL) could
be observed either 24 or 48 hours after transduction.
Interleukin-10 is only secreted at very low amounts but
slightly enhanced at both time points in supernatants of
Ad5mHSF1 (65/49 pg/mL) treatedmDCs, but not of Ad5Luc1
(37/24 pg/mL) treated ones, in comparison to the Mock
control (34/24 pg/mL). Immature DCs secreted almost no
cytokines, independent of the treatment and time point at
which they were analyzed. Finally, we assessed the functional
ability of Ad5mHSF1 transduced mature DCs to prime autol-
ogous näıve CD8+ T cells. Therefore, iDCs were transduced
with Ad5Luc1 or Ad5mHSF1 or were Mock-treated in the
presence of the cytokine maturation cocktail the day before
they were transfected with MelanA RNA or peptide-loaded
with MelanA. Subsequently, DCs were cocultured with
MACS-sorted CD8+ T cells for seven days and afterwards
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Figure 4: Continued.
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Figure 4: Overexpression of mHSF1 does not impair the phenotype and function of immature and mature DCs. Immature DCs were
transducedwith Ad5Luc1 or Ad5mHSF1 at 500 TCID

50
/cell orMock-treated andwere either left immature (“iDC”) or werematured (“mDC”)

with amaturation cytokine cocktail (IL-1𝛽, IL-6, TNF-𝛼, and PGE
2
). (a)Western Blot analyses of cell lysates harvested 24 h after transduction

on HSF1, mHSF1, Hsp40, Hsp70A, Hsp70B, Hsp90, Grp94, and beta-actin protein expression. One representative experiment out of three
is shown. (b, c) Flow cytometric analyses of iDCs and mDCs on CD25, CD80, CD83, CD86, HLA-ABC, and HLA-DR (b) as well as PI (c)
24 h and 48 h after transduction. Data are mean ± SEM of four independent experiments with DCs derived from different donors. (d) Cell
culture supernatants derived from experiments shown in (b and c) were analyzed by cytometric bead array for the content of IL-1𝛽, IL-6,
IL-8, IL-10, IL-12p70, and TNF-𝛼. The red line in (d) indicates background levels of respective cytokines derived from the cytokines present
in the maturation cocktail. Data are mean ± SEM of three independent experiments. (e) Twenty-four hours after adenoviral transduction
accompanied by maturation of DCs, cells were either transfected with wild-type MelanA RNA (left panel) or loaded with MelanA analogue
peptide (right panel). Antigen-loaded DCs were cocultured withMACS-sorted autologous CD8+ T cells for seven days. Induction of antigen-
specific CTLs was determined by HLA-A2-MelanA/iTag MHC class I-tetramer and anti-CD8-PC7 staining using a FC500 cytofluorometer.
Data are mean ± SEM of three independent experiments with different donors. (b–e) ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001, and n.s.: not
significant (𝑃 > 0.05); bars without annotation are not significant (𝑃 > 0.05), one-way, (e) or two-way ANOVA (b–d) with Bonferroni’s
Multiple Comparison post hoc test.
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analyzed by staining with a HLA-A2-MelanA/iTag MHC
class I-tetramer and an anti-CD8 antibody followed by flow
cytometry. As shown in Figure 4(e), only antigen-loaded
DCs induced the proliferation of MelanA-specific CD8+ T
cells with analogue peptide-loaded DCs (1.5%) being twofold
more potent than wild-type RNA-transfected (0.73%) DCs.
Moreover, transduction with neither the control adenovirus
(RNA: 0.87%, Pep: 1.34%) nor Ad-mediated overexpression
of mHSF1 (RNA: 0.77%, Pep: 1.53%) impaired the capacity
of antigen-loaded DCs to induce specific CTL responses,
independent of the route of delivery.

From these data we conclude that neither transduction
with the used adenoviral vectors per senor the overexpression
of mHSF1 interfered with the function of DCs. However,
transduction with Ad5mHSF1 resulted in the upregulation of
various heat shock proteins and proinflammatory cytokines
by mDCs.

3.5. Specific Targeting of Mature DCs by a Combined CD83-
Hsp70B Promoter System. To realize our final goal of tran-
scriptionally targeting human mature DCs, we created new
vectors where the expression of mHSF1 is driven by the
human CD83 promoter, recently characterized by our group
[18]. This tripartite promoter complex, consisting of a 510 bp
upstream plus core promoter element (“P-510”) and a 185 bp
enhancer (“E”) fragment, was shown to act in a cell type-
and maturation-specific manner. To assess this, also in the
context of the modular promoter system, we generated
plasmid vectors (Figure 5(a)) containing mHSF1 and only
the P-510 CD83 promoter (“pP-510/mHSF1”) or the P-510
plus the enhancer in either the sense or antisense direc-
tion (“pEs/P-510/mHSF1” or “pEas/P-510/mHSF1”). These
were cotransfected into the murine DC-like cell line XS52
with plasmid vectors expressing MelanA/MART-1 and IL-
12 under the control of the Hsp70B

−29/−242
HRE (“pMP2”;

Figures 5(a)–5(c)). As a control pMP2 was replaced by (i)
a vector comprising only the Hsp70B

−29/−242
promoter or

(ii) the empty pLG3-Basic vector (“Basic”) (Figures 5(a) and
5(b)). Twenty-four hours later, cells were lysed for SDS-
PAGE and Western Blotting for MelanA and beta-actin
detection, while cell culture supernatants were analyzed by
ELISA for the content of IL-12p70 and IL-12p40. As depicted
in Figure 5(b), only cotransfection of pMP2 with pEs/P-
510/mHSF1 or pEas/P-510/mHSF1 resulted in a strong and
robust MelanA expression, while pP-510/mHSF1 without the
enhancer showed only weak transgene expression. Accord-
ingly, IL-12p70 secretion was not detectable in controls, at
low levels in the context of pMP2 plus pP-510/mHSF1 trans-
fected cells (1.07 ng/mL) and in large amounts by the com-
bination of pMP2 with pEs/P-510/mHSF1 (4.08 ng/mL) or
pEas/P-510/mHSF1 (4.79 ng/mL) (Figure 5(c)). Interleukin-
12p40, however, was only detectable in supernatants derived
from pMP2 plus pEs/P-510/mHSF1 (0.01 ng/mL) or pEas/P-
510/mHSF1 (0.434 ng/mL) transfected XS52 cells.

Finally, we generated corresponding adenoviral vectors,
that is, Ad5MP2, Ad5P-510/mHSF1, Ad5Es/P-510/mHSF1,
and Ad5Eas/P-510/mHSF1. These were used together with
Ad5Luc1 (negative control), Ad5MelA (positive control),
or Ad5mHSF1 to cotransduce immature human DCs. DCs

were then either left immature (“iDC”) or were matured
with LPS for 20 hours (“mDC”) because this maturation
stimulus induced the highest expression of the CD83
promoter ([18] and unpublished results). Afterwards, cell
lysates were analyzed for expression of MelanA and beta-
actin by Western Blot and supernatants by IL-12p70 and
IL-12p40 ELISA. Clearly, MelanA expression was specifically
induced only in mDCs after cotransduction of Ad5MP2 with
adenoviruses containing the CD83 promoter-mHSF1 cassette
(Figure 5(d)). Positive controls Ad5MP2 plus Ad5mHSF1, as
well as Ad5MelA plus Ad5Luc1, revealed expression of the
transgene in iDCs and mDCs, while negative controls did
not show a signal for either. Similar results were obtained
for cytokine-matured DCs (data not shown). Regarding
IL-12p70, LPS-matured DCs, in contrast to cocktail-matured
DCs, produced higher amounts in general (Figure 5(e)).
Interestingly, in comparison to controls, that is, Ad5MP2
plus Ad5Luc1 (19.05 ng/mL) or Ad5MelA plus Ad5Luc1
(16.1 ng/mL), the amount of IL-12p70 expressed doubled
when Ad5MP2 was cotransduced with Ad5P-510/mHSF1
(35.87 ng/mL), Ad5Es/P-510/mHSF1 (41.46 ng/mL), or
Ad5Eas/P-510/mHSF1 (57.56 ng/mL). Cocktail-matured DC
(data not shown) showed a lower, but specific, IL-12p70
production upon cotransduction of Ad5MP2 with Ad5P-510/
mHSF1 (9.83 ng/mL), Ad5Es/P-510/mHSF1 (16.78 ng/mL), or
Ad5Eas/P-510/mHSF1 (16.83 ng/mL). In comparison to LPS-
matured DCs, immature DCs showed a lower expression of
IL-12p70 (max. 8.93 ng/mL), while in the positive control
(Ad5MP2 plus Ad5mHSF1), higher amounts of IL-12p70
were detected for both LPS-matured (52.3 ng/mL) and
immature DCs (80.96 ng/mL). In contrast, IL-12p40 was
mainly secreted by control-transduced LPS-matured DCs
(max. 29.54 ng/mL), whereas LPS-matured DCs transduced
with the MP adenoviruses showed less (max. 13.05 ng/mL)
and iDCs no IL-12p40 irrespective of the adenovirus
used.

Taken together, we have here demonstrated our modular
promoter system to specifically target human immunogenic
mature DCs to efficiently induce the expression of different
therapeutic transgenes.

4. Discussion

One big challenge facing cancer immunotherapy is the
generation of cell-specific treatment strategies. For in vivo
DC-targeting, the restriction of transgene expression to this
specific cell type is the main interest. Adenoviruses display
several advantages for this targeted delivery of therapeutic
transgenes such as tumor antigens and immune stimulatory
proteins. They permit an extended expression of full length
antigens within the transduced DC. In contrast to other
targeting strategies, where peptides, proteins, or mRNAs are
used, the cancer-proteins are synthesized over a longer period
andprocessed by theDCs’ own antigen-presentationmachin-
ery. As a consequence, long-lasting antigen-presentation to
T cells is ensured without generating concerns regarding the
breakdown of peptide/MHC complexes [37].

Melanoma is viewed as an “immunogenic” tumor type
which is why here Ad-based and other strategies to improve
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Figure 5: Continued.
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Figure 5:The “modular promoter (MP)” system enables highly efficient and specific expression of therapeutic transgenes in mature DCs. (a)
Schematic outline of the dual vector “modular promoter” system.Ad5E/P-510/mHSF1 drives expression ofmHSF1 under the control of the cell
type- and maturation-specific human CD83 promoter, which in turn induces specific induction of therapeutic transgenes MelanA and Il-12
by binding to theHsp70B

−29/−242
HRE encoded by Ad5MP2. (b, c) XS52 cells were cotransfected with a total amount of 2𝜇g of plasmid vectors

pP-510/mHSF1, pEs/P-510/mHSF1, or pEas/P-510/mHSF1 in combination with plasmid vectors encoding the HRE alone (“pHsp70B
−29/−242

”)
or the modular promoter system (“pMP2”). As a control, the empty pGL3-Basic vector (“Basic”) was used. (d, e) Human immature DCs were
cotransduced with Ad5MP2 or Ad5MelA in combination with Ad5Luc1, Ad5mHSF1, Ad5P-510/mHSF1, Ad5Es/P-510/mHSF1, or Ad5Eas/P-
510/mHSF1. Cells were either left immature or were matured by adding 0.1 ng/mL LPS. (b–e) Twenty hours after transfection, cell lysates
were analyzed byWestern Blot for expression of MelanA and beta-actin (b, d) and cell culture supernatants by ELISA for content of IL-12p40
and IL-12p70 (c, e). Either one representative (b, d) or data mean ± SEM from three independent experiments (c, e) is shown. ∗𝑃 < 0.05;
∗∗

𝑃 < 0.01; bars without annotation are not significant (𝑃 > 0.05), one-way ANOVA (c) or two-way ANOVA (e) with Bonferroni’s Multiple
Comparison post hoc test.

DC-mediated immunotherapies have been used for the
treatment of this disease. Moreover, malignant melanoma
is the most common cause of mortality from skin cancer
worldwide. It is refractory to irradiation and chemotherapy in
late phases but rather amenable to immunological approaches
[38]. Although great efforts have been made in recent years,
antitumor DC-based vaccines rarely exceeded 15% of the
objective clinical responses [39]. Hence, there is still a high
medical need to develop new strategies to improve DC
vaccination.

In this study, we present in vitro experiments using a com-
bined CD83-Hsp70B promoter system (“modular promoter
[MP]” system; Figures 1 and 5(a)) to specifically targetmature
DCs for the simultaneous expression of different therapeutic
transgenes in the context of malignant melanoma.Therefore,
we expressed a mutated HSF1 (mHSF1) with a deletion
between amino acid positions 202–316 of wild-type HSF1,
which has been shown to be constitutively active even in

the absence of stress [26], under the control of the DC-
andmaturation-specific humanCD83 promoter [18]. In turn,
mHSF1 is used to drive simultaneous Hsp70B-dependent
therapeutic transgene expression. Heat shock promoters,
particularly Hsp70 promoters, have often been used for gene
therapy in the past and the Hsp70B promoter displays
several advantages. First, it is induced only after severe
stress, resulting in a lower basal expression compared to
other hsp70 genes [40, 41]. This is in accordance with our
data, as these demonstrated the Hsp70B promoter to be
induced only by mHSF1 and not to be sensitive to stress
factors induced by lipofection (Figure 2(b)) or adenoviral
transduction (Figure 3). Second, the moderate expression
of Hsp70B was reported to be restricted to white blood
cells like DCs, monocytes, and NK cells especially but to be
nearly absent in other blood cells and tissues [42]. Third, the
core Hsp70B promoter element is very short (213 bp) and
showed a promoter activity 16 times higher than the strong
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SV40 promoter (Figure 2(b)). In addition, (m)HSF1 is not
immunogenic as it is an ubiquitously expressed protein.

Interestingly, overexpression of mHSF1 did not influence
the maturation status, the survival of immature and mature
DCs, or their capability to prime näıve CD8+ T cells in
an antigen-specific manner whereas heat treatment of these
DCs did result in the upregulation of maturation markers
and increased capability to prime näıve CD8+ T cells [27].
However, mHSF1 overexpression or adenoviral transduction
of mDCs per se induced elevated levels of proinflammatory
cytokines including IL-1𝛽, IL-6, IL-8, IL-12p70, and TNF-𝛼 in
cell culture supernatants. We also found Hsp40 and Hsp70A
to be upregulated in cell lysates of iDCs and mDCs, whereas
Hsp70B and Hsp90 were only induced in mDCs. Heat shock
proteins such as Hsp40 and Hsp70 have been described to
act as chaperones and be involved in the proper folding of
proteins as well as in the prevention of the formation of
nascent protein aggregations thereby keeping the proteins
in a substrate-grabbable state. Others, like Hsp90, have
been demonstrated to contribute to antigen-presentation
on MHC I [43–45]. In this regard, heat shock proteins
also became the focus of attention in the vaccine research
area. Exogenous Hsp70 and Hsp90 have been reported to
induce secretion of cytokines like GM-CSF, IL-1𝛽, IL-6, IL-
12, and TNF-𝛼 and to upregulate cell surface maturation
markers CD83, CD86, or CD40 as well as to enhance the
migratory capacity of DCs [46–48]. Induction of heat shock
proteins, on the other hand, is ensued by the induction
of HSF1 [49]. Besides its role as a transcription factor in
stressed cells, HSF1 is involved in amultitude of physiological
processes such as cell metabolism, gametogenesis, aging,
insulin signaling, and cancer progression [24, 25]. Regarding
the latter, HSF1 was shown to act on cancer development by
regulating tumor cell proliferation, antiapoptosis, epithelial-
mesenchymal transition (EMT), migration, invasion, and
metastasis [50]. Interestingly, almost nothing is known about
the influence of HSF1 or mHSF1 overexpression on human
DCs. Thus, at least to our knowledge, this is the first study
indicating that overexpression of mHSF1 does not impair DC
maturation and function, although varying reports on the
DC’s responsiveness to heat shockwere published [27, 51–53].
Solely Ostberg and colleagues reviewed that effects such as
the induction ofmaturation or stimulation of T cells, induced
by mild thermal stress, are not dependent on HSF1-mediated
transcriptional events in murine bone marrow derived DCs
[54]. The mHSF1 used in the present study however was
also overexpressed by Xia and colleagues in HeLa cells [55].
As a consequence, HeLa cells, which are normally relatively
insensitive to Fas-mediated killing, became sensitive to Fas-
induced apoptosis, thereby providing a new target for Fas-
based antitumor vaccines.

Encouraged by these results, we generated the modular
promoter system to transcriptionally target mature DCs. To
perform first proof of principle, we successfully expressed
several therapeutic transgenes under the control of the core
Hsp70B promoter element, which we could specifically
induce with CMV promoter-driven mHSF1 both in HeLa
cells by plasmid transfection and in primary mature human
DCs by adenoviral vectors (Figure 3). In a second step, we

developed a two-vector-based system, where we set mHSF1
under the control of the human DC- and maturation-
specific CD83 promoter to express MelanA and IL-12p70
(Figure 5(a)). The advantage of MelanA is its widespread
expression on melanocytic cells and its ubiquitin-mediated
proteasome-dependent degradation leading to the presenta-
tion of the antigen via MHC class I [56]. Interleukin-12p70,
on the other hand, enhances the cytotoxic activity of CD8+
CTLs and NK cells [57]. Moreover, exogenous expression of
IL-12p70 is able to overcome the inhibitory effect of PGE

2

on IL-12p70 production of DCs matured with the standard
cytokine maturation cocktail used not only in vitro but
also in vivo in clinical trials [58]. Of note, the combined
CD83-Hsp70B promoter system not only facilitated specific
transcriptional targeting of mature immunogenic DCs but
also guaranteed high expression of the respective transgenes
(Figure 5) without affecting endogenous CD83 expression in
maturing DCs (data not shown).

Todate, only very fewpromoter systemshave beenproven
suitable for the transcriptional targeting of DCs. The group
of Ross et al., for instance, demonstrated the promoter of
the cytoskeletal fascin protein to induce specific transgene
expression in mature murine DCs after gene gun-mediated
DNA immunization [59]. Similar results were also reported
by Sudowe et al. to induce type 1 immune responses [59,
60]. In the context of a lentiviral vector system, Dresch and
colleagues described the 5 untranslated region from theDC-
STAMP gene as a suitable promoter region to yield long-
term and cell-selective transgene expression in murine DCs
in vivo [61]. Several cell type-specific promoters have been
reported in the past to target murine DCs in vitro and in vivo;
however here we report the first promoter system allowing
the specific targeting of mature human DCs. Regarding
its future prospects for cancer therapy, the CD83-Hsp70B
promoter system offers several interesting features. Due to
its modular composition, the system is highly flexible and
hence not restricted to a specific tumor entity or therapeutic
application. On the one hand, the therapeutic transgenes
encoded by one adenoviral vector could be replaced by any
gene of interest, even mutated cancer- and patient-specific
TAAs. On the other hand, it would be possible to use an even
more specific promoter or one with different cell-specificity,
for the expression of the mHSF1 within the other vector.
This modular composition would in theory allow the in
vivo targeting of any combination of transgenes to any cell
type although this requires substantial additional prepara-
tory experiments. Moreover, by combining transductional
targeting of adenoviruses to dendritic cells via bispecific dia-
bodies or single-chain antibodies incorporated into the virus
capsid, a further increase of targeting specificity might be
achieved.

Finally, since CD83 is not expressed by immature but is
highly induced in mature DCs, the applied CD83 promoter
complex represents an ideal candidate for transcriptional
targeting of mature DCs in vivo and could set the stage for
next generation in situ vaccination strategies. This should be
particularly effective and safe, as it assures selective antigen
expression in mDCs while avoiding expression in tolero-
genic iDCs for the first time. These promising perspectives,
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however, need to first be analyzed and explored in further
preclinical investigations.

5. Conclusions

In this study, we present the initial in vitro experiments show-
ing that a combined two-vector CD83-Hsp70B promoter
system is able to transcriptionally target human mature DCs
for the first timewith a highly specific and effective expression
of a panel of potential therapeutic transgenes. Moreover, we
first demonstrate that overexpression of mHSF1 does not
interfere with DCmaturation, viability, and function. Hence,
this study provides valuable new insights for the development
of a safe, modular, highly flexible, and hence patient-tailored
vaccination protocol for in vivo targeting of DCs, but also
other efficient genetic therapies in the future.

Competing Interests

The authors declare that there are no competing interests
regarding the publication of this paper.

Acknowledgments

This work was supported by the Deutsche Forschungsge-
meinschaft (DFG) via the CRC643 (Projects B13 and C1)
and the ELAN-Fonds of the Universitätsklinikum Erlangen.
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Innovative strategies are necessary to maximize the clinical application of HIV neutralizing antibodies. To this end, bispecific
constructs of human antibody F240, reactive with well-conserved gp41 epitope and antibody 14A8, reactive with the IgA receptor
(CD89) on effector cells, were constructed. A F240 × 14A8 bispecific single chain variable region (scFv) molecule was constructed
by linking two scFvs using a conventional GGGGS linker. Despite immunoreactivity with HIV gp41 and neutrophils, this bispecific
scFv failed to inhibit HIV infection. This is in sharp contrast to viral inhibition using a chemical conjugate of the Fab of these two
antibodies.Therefore, we constructed two novel Fab-like bispecific antibody molecules centered on fusion of the IgG1 CH1 domain
or CH1-hinge domain to the C-terminus of F240scFv and fusion of the kappa chain CL domain to the C-terminus of 14A8scFv.
Both Bi-Fab antibodies showed significant ADCVI activity for multiple clade B and clade C isolates by arming the neutrophils to
inhibit HIV infection.The approach presented in this study is unique for HIV immunotherapy in that the impetus of neutralization
is to arm and mobilize PMN to destroy HIV and HIV infected cells.

1. Introduction

Notwithstanding the isolation of broadly neutralizing anti-
HIV-1 human antibodies [1], there remain a number of limita-
tions for clinical applications, including global subtype cover-
age. One approach is to broadly target virus using conserved
nonneutralizing domains on the HIV-1 Env and to target
virus for destruction using noninfectable effector cells. It has
been shown that Antibody-Dependent Cellular Cytotoxicity
(ADCC) can be mediated by nonneutralizing antibodies and
it has been shown to be higher in HIV controllers [2, 3].

We previously demonstrated that a bispecific antibody,
constructed by chemical conjugation of the Fab regions of
F240 and the anti-CD89 (IgA receptor) antibody 14A8, pro-
motes destruction ofHIV by neutrophils [4]. F240 recognizes
a highly conserved extracellular epitope (residues 598 to 604)
on gp41 within cluster I and reacts with primary isolates from
all clades of HIV-1 [5], similar to other cluster I antibodies.
The majority of clades A, B, and C isolates in the HIV-1

sequence database have an identical peptide (amino acids
592 to 606), with the exception of clade D isolates, which
have a consistent L602H mutation. Our prior study supports
the notion that broadly reactive, nonneutralizing antibodies,
such as F240, could be used to “neutralize” HIV and might
be a practicable novel therapeutic strategy for prevention and
treatment of HIV infection. However, chemical conjugation
for the construction of bispecific antibodies is associated with
technical and large scale production issues.

To create and study different bispecific molecular con-
structs and promote a better production process, we have
constructed bispecific antibodies using conventional linkers
of scFv fragments as well as two novel Fab-like bispecific
antibody structures. Further, we demonstrate that specific
recombinant bispecific antibody structures effectively inhibit
HIV infection. The results described here also report on the
contribution ofmolecular structure of the bispecific antibody
to maximal anti-HIV functional activity.
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2. Materials and Methods

2.1. Monoclonal Antibodies, Virus, and Cell Lines. Antibody
F240, generated in our laboratory, binds to a broadly con-
served domain of gp41 [5]. The 14A8 is a human anti-CD89
antibody that was generated in Medarex-Mouse human
Ig transgenic mice [6]. The bispecific single chain (scFv)
antibody expression vector pcDNA3.1 was from Invitrogen.
The vectors of pLC-HuC𝜅 and pHC-HuC𝛾1 for expressing Bi-
Fab antibodies were obtained from Dr. McLean [7] and were
modified for expressing Fab-like bispecific antibodies. CHO-
K1 cells were from American Type Culture Collection. The
following reagents were obtained through the AIDS Research
and Reference Reagent Program, Division of AIDS, NIAID,
NIH: SF162 (R5) from Dr. Jay Levy; BaL (R5) from Dr.
Suzanne Gartner, Dr. Mikulas Popovic, and Dr. Robert Gallo;
93MW960 (clade C, R5) from Dr. Robert Bollinger and the
UNAIDS Network for HIV; JR-FL (R5) from Dr. Irvin Chen;
TZM-bl cells from Dr. John C. Kappes, Dr. Xiaoyun Wu,
and Transzyme, Inc.; isolate 67970 (CXCR4) from Dr. David
Montefiori.

2.2. Construction of Antibody F240 and 14A8 scFv Molecules.
Total RNA was isolated from F240 hybridoma cell line and
then amplified the variable domain fragments of heavy chain
(VH) and light chain (VL) using RT-PCR. The 14A8 variable
domain fragments of VH and VL were directly amplified
using 14A8 antibody gene plasmids as PCR template. A
peptide (GGGGS)

3
was used as a linker to assemble VH and

VL together to form the F240scFv and 14A8scFv individually
by overlap PCR.

2.3. Construction of Conventional F240 × 14A8 Bis-scFv Anti-
body Plasmid and Establishing Stable Expressing Cell Lines.
An F240 × 14A8 bispecific scFv antibody was constructed
using a conventional structure. A DNA sequence that codes
a short linker peptide consisting of glycine and serine
residues (GGGGS) was designed to connect F240scFv and
14A8scFv by overlap PCR. The amplified Bi-scFv fragment
was cloned into pcDNA3.1 vector utilizing the restriction sites
ofNheI andHindIII.The constructed plasmidwas transfected
into CHO cells with lipofectamine LTX (Invitrogen) using
selection medium containing 1mg/mL zeocin for at least two
weeks. Limiting dilution at 1 cell perwell was performed twice
to obtain a stable cell line.

2.4. Constructing Plasmids of F240 × 14A8 Bi-Fab and
Establishing Stable Expression Cell Lines. A human IgG CH1
fragment or CH1+ hinge fragment was amplified by PCR
from the human IgG1 heavy chain and c-myc plus 6XHis
tags was assembled into the 3 end. The F240scFv genes (as
described above with linkers) were connected directly with
these amplified fragments individually by overlap extensional
PCR, and the PCRproducts were cloned into the IgG express-
ing vector (Dr. McLean) to replace the human IgG1 constant
domain. Meanwhile, the14A8scFv was cloned into the vector
of pLC-HuC𝜅 using NheI/NotI sites which contained human
kappa chain constant. Paired purified plasmids encoding the
14A8scFv-CL versus F240scFv-CH1 or 14A8scFv-CL versus

F240scFv-CH1-hinge were cotransfected into CHO-K1 cells
in 6-well plates with lipofectamine LTX (Invitrogen Life
Technologies). G418 (800 𝜇g/mL) and puromycin (10 𝜇g/mL)
were used for selection of stable transfectants. The plates
were screened using capture ELISA assay. The positive wells
with top producing capacity were cloned by one-cell-per-
well limiting dilution to establish the highest expressing cell
clones. The expressed Bi-Fabs in culture supernatant were
purified using protein L. Expression from the stable cell
lines varied from a low expression of 1𝜇g/mL to 50𝜇g/mL
depending on the tissue culture vessel used. Recovery of
antibody following purification was similar to what we
see using protein G columns and IgG and efficiency was
proportional to the amount of antibody applied to the column
up to capacity.

2.5. Immunoreactivity of F240 and CD89 Components of Bi-
Fab Antibodies. To detect F240 reactivity, microplates were
coated with recombinant gp41 (ectodomain aa 546–682 of
HxB2 strain, Meridian) at 2𝜇g/mL in PBS overnight at 4∘C
followed by blocking with BSA blocking buffer plus 0.01%-
tween at room temperature for 2 hours. Bi-Fab samples
were added at 1 𝜇g/mL and serial dilutions were performed.
Samples were incubated for 30 minutes followed by washing
and incubation with HRP-conjugated protein L (Pierce). The
human monoclonal F240 was run as a standard to determine
relative reactivity of the F240-14A8 Bi-Fabs. After washing,
100 𝜇L of TMB substrate was added and incubated for 5
minutes. Reactionwas stoppedwith 100𝜇L of 1Mphosphoric
acid and plate was read on a plate reader at 450 nm.

Immunoreactivity of 14A8 with CD89 was determined by
flow cytometry. Neutrophils were isolated from peripheral
blood of HIV seronegative donors using Ficoll-Hypaque
gradient centrifugation and dextran sedimentation. PMNs
were washed twice with PBS and resuspended at a concen-
tration of 1 × 107 c/mL in HBSS containing 2.5% FBS. 100 𝜇L
of PMNs was mixed with 100𝜇L of serial diluted Bi-Fab
antibodies and incubated on ice for 30 minutes. Cells were
washed twice with PBS followed by 30-minute incubation
with FITC-labeled Goat anti-human Ig Kappa (Southern
Biotechnology Associates). PMNs were washed and fixed
in 1% paraformaldehyde and samples were acquired and
analyzed using Guava 8HT and Incyte software. Live cells
were gated based on forward and side scatter.

2.6. Antibody-Dependent Cell-Mediated Viral Inhibition
(ADCVI). The ability of the antibody to arm neutrophils
to inhibit HIV infection was measured as ADCVI activity
of constructed bispecific antibodies using HIV grown in
PHA stimulated PBMC [8, 9]. Bispecific antibodies were
tittered in 96-well plates with 50 𝜇L media. Neutrophils (5 ×
106 cells/well) were added and incubated with antibody for
10 minutes. PBMC productively infected with HIV-1 four
days earlier were used as target cells and 5 × 105 infected cells
were added to the antibody/effector cell mixture resulting
in an E : T ratio of 10 : 1. The 10 : 1 E : T ratio was selected
as the concentration of neutrophils that does not result
in nonspecific inhibition of HIV by the neutrophils. After
incubation for 4 hours, PHA stimulated PBMC (2 × 106/well)
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were added as indicator cells for measuring the surviving
infectious virus and incubated for seven days in the presence
of IL-2 and p24 quantitated by ELISA [10]. Linear regression
analysis was used to determine IC

50
values and Student’s

𝑡-test was used to detect significance. Control wells included
absent antibody, absent effector cells, and absent target
cells to determine background release of virus, maximal
production of virus, and whether PMN alone were infected,
respectively. Experiments were repeated three times.

3. Results

A bispecific single chain antibody was made using a G4S
peptide to link the F240 scFv with the 14A8 scFv. The
bispecific scFv was found to bind to both gp41 (ELISA) and
CD89 on neutrophils (flow cytometry). However, in contrast
to our results using a chemical conjugate of Fab fragments of
F240 and 14A84, the F240 × 14A8 biscFv antibody demon-
strated limited ADCVI activity. At 10𝜇g/mL, F240 × 14A8
biscFv only inhibited 21–23% for JR-FL or 89.6 and failed to
inhibit 93MW960 (data not shown). At this concentration,
the chemical conjugate of F240 and 14A8 inhibited more
than 50% for the isolates tested above. To ensure that this
was not due to a donor specific neutrophil defect, the
experiment was repeated on four separate occasions using
different donor neutrophils. While the biscFv antibody failed
to mediate ADCVI, a positive control anti-HIV b12 IgA
or A1g8-IgA antibody known to mediate ADCVI inhibited
infection (>40% at 10 𝜇g/mL), in the presence of neutrophil
effectors as previously reported [10]. Furthermore, failure of
the bispecific scFv to mediate ADCVI was not related to
immunoreactivity of the anti-gp41 F240 component as the
sequence of the epitope on gp41 recognized by this antibody
is identical in all isolates used in this study.

In reviewing the structure of the chemically conjugated
versus biscFv bispecific antibodies, we hypothesized that
failure of the biscFv tomediate ADCVI yet retain immunore-
activity may be a function of the structural constraints of
the smaller and less flexible biscFv as compared to the
Fab. The longer Fab fragment with the first Fc constant
domain (CH1) and light chain constant (CL) may allow for
more flexibility in bridging between the neutrophils and
the infected cells. Therefore, we performed an innovative
design to construct Fab-like bispecific antibodies. A dimeric
or a tetrameric bispecific antibody was formed through the
interchain disulfide bond between CH1 and CL or the CH1-
hinge part andCL, respectively.Thedimeric F240-CH1/14A8-
CL is designated as F240 × 14A8 Bi-Fab-A and the tetrameric
F240-CH1-hinge/14A8-CL as F240 × 14A8 Bi-Fab-B and as
depicted in Figure 1. Immunoreactivity of the F240 × 14A8
Bi-Fab antibodies with HIV gp41 was determined by ELISA
using F240 IgG1 antibody as the standard (Figure 2). Given
that the epitope recognized by F240 is extremely conserved,
it is expected that the Bi-Fab would react with the majority of
isolates, with the exception of clade D. Both F240 × 14A8Bi-
Fab antibodies react with gp41 and due to bivalency for
gp41 binding, higher level binding is seen with Bi-Fab-B and
the F240 IgG1, as compared to Bi-Fab-A. Immunoreactivity
of the 14A8 component of Bi-Fab antibodies with CD89 is

14A8 scFv F240 scFv BiscFv

F240 scFv 

14A8 scFv 

(a)

-s-s- -s-s-
-s-s-

-s-s-
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Figure 1: Schematic diagram of F240 × 14A8 Bi-Fab construction.
The structure of the bispecific single chain antibody (biscFv) is
depicted in (a) with the VH as either the green oval (14A8) or blue
oval (F240) and the VL as the red oval (14A8) or yellow oval (F240).
(b) represents the organization of the Bi-Fab.
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Figure 2: Immunoreaction of F240 × 14A8 Bi-Fab with gp41.
Immunoreactivity of Bi-Fab antibody constructs with HIV antigen
gp41. Antigen gp41 was coated at 2 𝜇g/mL in PBS; the serial dilutions
of Bi-Fab antibodies (Bi-Fab A, e, and Bi-Fab B, ◼) compared
to that of serial dilutions of F240 antibody (); the reaction was
developed by HRP-conjugated protein L (1 : 20,000) and measured
by optical density at 490 nm. Results are representative of three
different experiments and each experimental point is the mean ±
standard deviation of triplicate wells.

evident in Figure 3 using neutrophils fromuninfected donors.
Binding of both Bi-Fab antibodies occurs in a dose dependent
manner and, similar to immunoreactivity with gp41, means
that fluorescent intensity of Bi-Fab-B was greater than that
seen for Bi-Fab-A.
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Figure 3: Binding affinity of F240× 14A8 Bi-Fab with neutrophil through CD89. Neutrophils were washed twice with PBS and resuspended at
a concentration of 1 × 107 c/mL in HBSS containing 2.5% FBS. 100 𝜇L of neutrophils was mixed with 100 𝜇L of serial diluted Bi-Fab antibodies
with Bi-Fab A in (a) and Bi-Fab B in (b). Cells were incubated with FITC-labeled goat anti-human Ig Kappa for 30 minutes. Neutrophils were
fixed in 1% paraformaldehyde. Results are representative of four different neutrophil donors.

Table 1: ADCVI activity of HIV-1 by F240 Bi-Fab antibody con-
structs.

IC
50
(𝜇g/mL)a

BaL JR-FL 93MW960 SF162
Clade B, R5 Clade B, R5 Clade C R5 Clade B, R5

Bi-Fab-A 3.38 ± 2.39 0.04 ± 0.04 27.50 ± 7.78 15.69 ± 5.49
Bi-Fab-B 4.43 ± 0.16 35.85 ± 5.87 1.93 ± 2.65 0.22 ± 0.04

𝑝 = 0.60
b
𝑝 = 0.01 𝑝 = 0.05 𝑝 = 0.06

Chemical
bispecificc 4.35 ± 1.2 NTd 10.4 ± 7.7 10.7 ± 2.9

aThe ADCVI activity was determined by IC50 that represents concentration
(𝜇g/mL) of Bi-Fab antibody constructs required for 50% inhibition of HIV.
Results are from three separate experiments.
bThe 𝑝 value reflects the comparison of Bi-Fab-A versus Bi-Fab-B.
cChemical conjugation of Fab fragments of F240 and 14A8 as described in
[4].
dNT: not tested.

Importantly, both Bi-Fab antibodies showed significant
ADCVI activity for three clade B isolates and a clade C isolate
(Table 1). There are significant differences in ADCVI activity
among the virus isolates and between the different Bi-Fab
constructs which is not necessarily explained by differences
in the immunoreactivity with gp41 and neutrophils by the
Bi-Fab molecules. Whereas both molecules were effective at
inhibiting BaL (similar to the chemical conjugate of antibody
Fabs), F240 × 14A8 Bi-Fab-A was more effective at ADCVI
than F240 × 14A8 Bi-Fab-B for JR-FL. In contrast, the F240
× 14A8 Bi-Fab-B showed much higher ADCVI activity than
Bi-Fab-A against 93MW960 and SF162 with the activity of
the chemical conjugate intermediate between both of them.
These differences may represent a number of mechanistic
effects of the structure of both the antibody and the virus.
Neither Bi-Fab construct neutralized HIV directly (data not
shown).

4. Discussion

Building on our previous report of a chemically con-
structed bispecific antibody directing destruction of HIV4,
we have producedmolecular HIV specific bispecific antibody
molecules incorporating the HIV gp41 specific antibody,
F240, and an IgA receptor specific antibody, 14A8. A con-
ventional design was used to link two scFvs for expression as
a bispecific scFv. Despite immunoreactivity with HIV (gp41)
and neutrophils, this bispecific scFv failed tomediate ADCVI
activity. In retrospect, failure of the conventional F240 × 14A8
biscFv may be predicted by the structure of the biscFv. We
hypothesized that failure of the biscFv to mediate ADCVI
yet retain immunoreactivity with both HIV and neutrophils
may be a function of the structural constraints of the scFv
as compared to the Fab. The longer antibody Fab fragment
with the first constant domain of Fc part may allow for more
flexibility in bridging the neutrophils and the infected cells.

Viral isolates vary in quaternary structure such that
env trimers may range from open to closed. Additional
factors include differences in the spatial arrangement of
envelope or the glycosylation pattern of viral isolates or
the contribution of other membrane components as these
studies were performed with HIV infected PBMC. Further
studies using mutated viral isolates and crystallography are
being designed to explore this. It is also evident that the
structure of the bispecific antibody directly impacts function.
Consistent with what was observed previously, the heavy
chain CH1 domain can affect antibody binding affinity and
fine specificity [11]. A larger, flexible structure conferred by
the CH1 and CL domains significantly contributes to the
action of the bispecific antibodies in inhibiting HIV.Whereas
the single chain construct failed to function although it did
bind HIV and PMN, a flexible Bi-Fab molecule was able to
confer function. Interestingly, the activity of the chemical
conjugate of the Fab of antibodies F240 and 14A8 is similar
to both Bi-Fabs for BaL but intermediate between Bi-Fab A
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and Bi-Fab B for two other isolates (93MW960 and SF162).
This would suggest that the structure or conformation of the
variable regions (e.g., natural Fab versus scFv) also impacts
function. Finally, it is clearly shown that cross-linking CD89,
which occurs outside of the IgA binding site, is active even
if CD89 is occupied by IgA and is a viable option to activate
PMN to “inhibit”HIV.There is considerable research demon-
strating that cross-linking of Fc𝛼R (CD89) using bispecific
antibodies can induce tumor cytotoxicity [12–15], as well
as target pathogens, such as Streptococcus pneumonia [16],
Porphyromonas gingivalis [17], and Bordetella pertussis [18].
The approach presented in this study is unique for HIV
immunotherapy in that the impetus for “neutralization” is to
arm and mobilize neutrophils, which do not get infected, to
globally destroy HIV and HIV infected cells.

5. Conclusions

These results demonstrate that recombinant Fab-like bis-
pecific antibody constructs effectively inhibit HIV. More-
over, the molecular bispecific antibody construct profoundly
affects the functional activity of the antibody. The approach
presented in this study is unique for HIV immunotherapy
in that the impetus of neutralization is to arm and mobilize
PMN to destroy HIV and HIV infected cells.
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Background. The detoxified TLR4-ligand Monophosphoryl Lipid A (MPLA) is the first approved TLR-agonist used as adjuvant in
licensed vaccines but has not yet been explored as part of conjugated vaccines. Objective. To investigate the immune-modulating
properties of a fusion protein consisting ofMPLA andOvalbumin (MPLA :Ova). Results. MPLA andOva were chemically coupled
by stable carbamate linkage. MPLA :Ova was highly pure without detectable product-related impurities by either noncoupled
MPLA or Ova. Light scattering analysis revealed MPLA :Ova to be aggregated. Stimulation of mDC and mDC :DO11.10 CD4+
TC cocultures showed a stronger activation of both mDC and Ova-specific DO11.10 CD4+ TC by MPLA :Ova compared to the
mixture of both components. MPLA :Ova induced both strong proinflammatory (IL-1𝛽, IL-6, and TNF-𝛼) and anti-inflammatory
(IL-10) cytokine responses from mDCs while also boosting allergen-specific Th1, Th2, and Th17 cytokine secretion. Conclusion.
Conjugation of MPLA and antigen enhanced the immune response compared to the mixture of both components. Due to the
nonbiased boost of Ova-specificTh2 andTh17 responses while also inducingTh1 responses, this fusion proteinmay not be a suitable
vaccine candidate for allergy treatment but may hold potential for the treatment of other diseases that require a strong stimulation
of the host’s immune system (e.g., cancer).

1. Introduction

Currently, conventional allergen immunotherapy (AIT) with
allergen extracts is not convenient for patients due to a
multiyear treatment regimen [1]. For some allergies, AIT is
only partially efficacious and can be hampered by unwanted
side effects. To improve AIT, novel vaccine candidates and
accompanying adjuvants that increase efficacy while decreas-
ing unwanted adverse-effects are needed [2].

In this context, the discovery of TLR-ligands with their
intrinsic ability to induce robust innate immune responses
was thought to hold great potential for the discovery
and development of novel adjuvants. One of the best-
characterized TLR-ligands is lipopolysaccharide (LPS), a cell
wall component of Gram-negative bacteria that activates

TLR4. Despite its strong immune-stimulatory potential, its
use as an adjuvant is strongly limited due to its inherent
toxicity [3]. Accordingly, nucleic acid-based TLR-ligands,
such as CpG (TLR9), R848 (TLR7/8), or Poly I:C (TLR3), are
good immune activators but are hampered in their clinical
efficacy due to problems with both toxicity and stability in
vivo [3].

To be able to take advantage of the strong immune-
activating properties of TLR-ligands without the inherent
toxicity, variants of TLR-ligands were generated by chemical
modification which should retain most of their immune-
stimulating properties [4]. One such adjuvant is the TLR4-
ligand Monophosphoryl Lipid A (MPLA), a detoxified LPS-
derivative. MPLA was derived from the LPS of Salmonella
minnesota R595 by a series of organic extractions followed by
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mild acid and alkaline treatments [4]. This resulted in three
distinct modifications compared to the parent molecule: (1)
the removal of the core polysaccharide containing the O-
antigen, (2) the removal of one phosphate group, and (3) one
fatty acid chain [4].

Up to now, MPLA is the only TLR-ligand used as an
adjuvant in licensed vaccines. Several vaccines including
Fendrix� (hepatitis B), Cervarix� (human papillomavirus-
16 and papillomavirus-18), RTS,S� (malaria) [5–7], and the
allergen product Pollinex� Quattro (pollen allergies) [8]
which contain MPLA as one component of more complex
adjuvant systems have been licensed or are undergoing phase
III clinical trials. Immunologically, MPLA has been repeat-
edly shown to induce a predominantly Th1-biased immune
response [9]. The application of allergen therapeutics con-
taining MPLA leads to isotype switching from allergen-
specific IgE antibodies towards IgG

1
- and IgG

4
-dominated

humoral immune response in humans [10].
While MPLA was reported to be less toxic and pyro-

genic than LPS [11], the recent approval of several vaccine
formulations adjuvanted with MPLA prompted us to initiate
further detailed investigations of its adjuvant potential. In a
previous study we showed that, in direct comparison to LPS,
MPLA-stimulation induced similar but attenuated immune
responses in several important immune cell types such as
mouse epithelial cells, myeloid dendritic cells (mDCs), B and
T cells, and human ex vivo isolated monocytes. Interestingly,
MPLA was not able to activate either human or mouse mast
cells [12].

After initially characterizing MPLA’s immune-activating
potential [12] we wanted to determine its potential as an
integral part of an adjuvant : allergen fusion protein. In
several experimental allergy models, such conjugates, for
example, incorporating TLR5-, TLR7/8-, and TLR9-ligands,
have been described to have beneficial immune-modulating
properties by promoting Th1- and appropriate regulatory
responses [13–16].

To this end, we chemically coupled MPLA to the model
allergen Ovalbumin (Ova) and characterized the conjugate
by SDS-PAGE and light scattering analysis. Subsequently, the
immune-modulating properties of this MPLA :Ova fusion
protein were investigated using mouse bone marrow-derived
mDC and a coculture system of mDC and allergen-specific
DO11.10 CD4+ T cells (mDC :DO11.10 CD4+ TC) ex vivo to
directly compare what effect fusion of MPLA to Ova would
have on the initiated immune response.

2. Methods

2.1. Coupling of MPLA and Ova. To activate MPLA (Invivo-
Gen, Toulouse, France), it was dissolved in dried dioxane
(Sigma) at a concentration of 50mM and subsequently
incubated at 37∘C. 1,1-Carbonyldiimidazole (CDI, Sigma,
Steinheim, Germany) was added to a final concentration
of 0.5M and the mixture was incubated for 2 h at 37∘C
with stirring. Finally, dioxane was removed by the addition
of diethyl ether and evaporation overnight. To couple the
allergen to CDI-activated MPLA, EndoGrade Ovalbumin

(Hyglos, Bernried, Germany)was dissolved in 10mMsodium
borate (pH 8.5) at 2.5mg/mL and was subsequently used
to dissolve the CDI-activated MPLA. After incubation for
48 h at 4∘C with stirring, unconjugated MPLA was removed
by extensive dialysis against PBS at 4∘C for two days. The
resulting MPLA :Ova fusion protein was characterized by
SDS-PAGE and dynamic light scattering analysis.

2.2. SDS-PAGE. Chemically conjugated MPLA :Ova was
compared to EndoGrade Ovalbumin (Hyglos) by SDS-PAGE
according to the method described by Laemmli (cross linker
C = 5%, total bis/acrylamide 15%) [17] under reducing
conditions.

2.3. Dynamic Light Scattering Analysis. Dynamic light scat-
tering analysis was performed using a Zetasizer Nano ZS
(Malvern, Herrenberg, Germany). For light scattering anal-
ysis, 70𝜇L of MPLA (1mg/mL), MPLA :Ova (0.6mg/mL),
LPS (1mg/mL), or Ova (1mg/mL) in PBS was analyzed
at room temperature. Three individual measurements per
sample were performed and themean frequencies (calculated
as relative % in class) of hydrodynamic radii (𝑟H) in nm were
plotted.

2.4. In Vitro Generation of Mouse Bone Marrow-Derived
Dendritic Cells. Mouse myeloid dendritic cells (mDCs) were
generated as described previously [18]. Briefly, bone marrow
cells (BMCs) were isolated from femur and tibia of BALB/c,
mice and differentiated into mDCs using GM-CSF (R&D
Systems, Minneapolis, USA). On day eight, mDCs were
harvested for experiments.

2.5. Preparation and Stimulation of mDC and mDC :DO11.10
CD4+ T Cell Cocultures. Splenic CD4+ T cells were isolated
from Ova-TCR transgenic DO11.10 mice using the CD4+
T Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach,
Germany). BALB/c mDCs (3.2 × 105 cells/mL) were cultured
alone or in combination with DO11.10 CD4+ T cells (8.0 ×
105 cells/mL, >95% purity) and stimulated with equimolar
amounts of Ova, MPLA, MPLA mixed with Ova (MPLA +
Ova), or MPLA :Ova (fusion protein) for 72 h. Subsequently,
concentrations of IL-1𝛽, IL-2, IL-5, IL-6, IL-9, IL-10, IL-12p70,
IL-13, IL-17A, TNF-𝛼, and IFN-𝛾 in the supernatants were
measured by BD OptEIA ELISA (BD Biosciences, Heidel-
berg, Germany) or Ready-SET-Go! ELISA Sets (eBiosciences,
Frankfurt, Germany).

2.6. Statistical Analysis. Thehypothesis of a significant higher
cytokine secretion among all three concentrations used for
stimulation was tested with a two-factorial analysis of vari-
ance (ANOVA) with factors stimulus (0.2, 1.0, and 5.0) and
group (“MPLA + OVA” or “MPLA :OVA”). For statistical
significant results the following convention was used: ∗𝑝
value < 0.05, ∗∗𝑝 value < 0.01, and ∗∗∗𝑝 value < 0.001. The
statistical analysis was performed with SAS/STAT software,
version 9.4, SAS System for Windows.
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Figure 1: Generation of MPLA :Ova fusion protein. Applied chemical coupling strategy (a). Analysis of MPLA :Ova by reducing SDS-PAGE
(b,M:molecular weightmarker, 1: EndoGradeOva, and 2:MPLA :Ova) and dynamic light scattering (c). For light scattering analysis, 70 𝜇L of
MPLA (1mg/mL), MPLA :Ova (0.6mg/mL), LPS (1mg/mL), or Ova (1mg/mL) in PBS was analyzed at room temperature. Three individual
measurements per sample were performed and the mean frequencies (calculated as relative % in class) of hydrodynamic radii (𝑟H) in nm
were plotted.

3. Results

3.1. A Fusion Protein of MPLA and Ova Shows Noncovalent
Aggregation. For the generation of the MPLA :Ova fusion
protein, MPLA was conjugated to EndoGrade Ova using
a carbonyldiimidazole linker in order to generate a stable
carbamate linkage between both molecules (Figure 1(a)).
Noncoupled MPLA was removed by extensive dialysis. The
resulting MPLA :Ova fusion protein was characterized by
SDS-PAGE and displayed a distinct band with an apparent
molecular mass of 47 kDa (Figure 1(b)). Compared to Ova
(apparent molecular mass of 45 kDa) this moderate shift of
approximately 2 kDa suggests a coupling rate of onemolecule
of MPLA (molecular mass: 1.7 kDa) per molecule of Ova
(Figure 1(b)).

Dynamic light scattering analysis determined the hydro-
dynamic radius of MPLA (𝑟H = 496 nm) to be larger than
the radius of Ova (𝑟H = 0.9 nm, Figure 1(c)). This finding
suggests aggregation in theMPLA preparation which is likely
explained by the formation of micelle-like structures by the
fatty acid chains of MPLA [19]. Here, the size of aggregates
was reduced for theMPLA :Ova fusion protein (𝑟H = 20 nm),
likely due to steric hindrance ofmicelle-formation induced by

the fusion of Ova toMPLA (Figure 1(c)). However, compared
to Ova alone, the hydrodynamic radius of the MPLA :Ova
fusion proteinwas 22-fold enhanced in size, andnomolecules
with the hydrodynamic radius of either Ova or MPLA were
detected in the MPLA :Ova preparation (Figure 1(c)). Taken
together, these findings suggest both a complete coupling of
the twomolecules at a one-to-one ratio for the fusion protein
and a complete removal of noncoupled MPLA by dialysis,
resulting in a pure fusion protein preparation.

3.2. MPLA :Ova Boosts mDC-Derived Cytokine Secretion
Compared to the Mixture of Both Components. To investigate
the potential immune-modulating properties of the fusion
protein compared to both components alone or as a mixture
we performed stimulation experiments using both myeloid
dendritic cells (mDCs) alone (Figure 2(a)) and in coculture
experiments with Ova-T cell receptor transgenic DO11.10
CD4+ T cells (Figures 2(b) and 3).

In mDC cultures, stimulated with the different con-
structs, application of theMPLA :Ova fusion protein resulted
in increased secretion of IL-1𝛽, IL-6, IL-10, and TNF-𝛼 (Fig-
ure 2(a), IL-1𝛽: MPLA :Ova versus MPLA + Ova 𝑝 = 0.0241,
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Figure 2: The MPLA :Ova fusion protein boosts mDC-derived cytokine secretion compared to the mixture of both components. Cytokine
secretion determined from either BALB/c mDC (3.2 × 105 cells/mL, a) or BALB/c mDC (3.2 × 105 cells/mL) plus DO11.10 CD4+ T cell (8.0 ×
105 cells/mL, >95% purity) cocultures (b) stimulated with equimolar amounts of Ova (white bars), MPLA (light grey bars), MPLA + Ova
(dark grey bars), and the MPLA :Ova fusion protein (black bars) for 72 h and analyzed by ELISA. ELISAs were performed using either BD
OptEIA� ELISA (BD Biosciences) or Ready-SET-Go! ELISA Sets (eBiosciences). Data are mean results of two independent experiments ±
SD. The hypothesis of a significant higher cytokine secretion among all three concentrations used for stimulation was tested with a two-
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Figure 3: The MPLA :Ova fusion protein nonspecifically boosts Th1, Th2, and Th17 cytokine secretion from Ova-specific T cells. Cytokine
secretion from BALB/c mDC (3.2 × 105 cells/mL) and DO11.10 CD4+ T cell (8.0 × 105 cells/mL, >95% purity) cocultures stimulated with Ova
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mean results of two independent experiments ± SD. Statistical analysis was performed according to Figure 2.

IL-6: 𝑝 = 0.3447, IL-10: 𝑝 = 0.2114, TNF-𝛼: 𝑝 = 0.0078).
In contrast, stimulation with MPLA :Ova resulted in a dose-
dependent decrease of IL-12p70 secretion, which was not
observed for either component alone or themixture ofMPLA
and Ova (Figure 2(a) IL-12p70: MPLA :Ova versus MPLA +
Ova 𝑝 = 0.0272).

Compared to the results obtained when stimulating
mDCs alone, the levels of MPLA :Ova-induced cytokine
secretion observed upon stimulation ofmDC :DO11.10 CD4+
T cell cultures were either unchanged (TNF-𝛼 and IL-
1𝛽) or further increased (IL-6, IL-10, and IL-12p70, Fig-
ure 2(a) versus 2(b)). Therefore, when MPLA :Ova was
added to mDC :DO11.10 CD4+ T cell cultures, the fusion
protein induced a significantly higher cytokine secretion than
equimolar amounts of either component alone or themixture
of MPLA and Ova (Figure 2(b)). Here, in direct comparison
to the mixture of both components, the MPLA :Ova fusion
protein significantly boosted both proinflammatory (IL-1𝛽:
MPLA :Ova versus MPLA + Ova 𝑝 < 0.0001, IL-6: 𝑝 =
0.0026, IL-12: 𝑝 = 0.0001, TNF-𝛼: 𝑝 = 0.0015) and anti-
inflammatory (IL-10: 𝑝 = 0.0016) cytokine secretion.

Moreover, for the concentration corresponding to 1 𝜇g
Ova per mL,MPLA :Ova induced 4-fold higher IL-1𝛽, 4-fold
higher IL-6, 6-fold higher TNF-𝛼, 8-fold higher IL-10, and
53-fold higher IL-12p70 levels compared to the noncoupled
mixture of MPLA + Ova (Figure 2(b)).

3.3. MPLA :Ova Boosts Th1, Th2, andTh17 Cytokine Secretion
from Ova-Specific T Cells in a Nonbiased Way. In the next
step we investigated the effect ofMPLA :Ova-mediatedmDC

activation on the differentiation of Ova-specific CD4+ T cells
(Figure 3). In addition to the significantly increased mDC-
derived cytokine secretion (Figure 2), induced by the fusion
protein compared to the controls, we observed the same effect
for enhanced T cell-derived cytokine secretion in the applied
coculture system (Figure 3).

In accordance with the results shown in Figure 2, at a
stimulating concentration corresponding to 1𝜇gOva permL,
MPLA :Ova induced an 8-fold higher IL-2, 6-fold higher IL-
5, 3-fold higher IL-13, 10-fold higher IFN-𝛾, 2-fold higher
IL-17A, and 2-fold higher IL-9 secretion than the equimolar
mixture of both components (Figure 3). Here, neither IL-
2, IL-5, IL-13, IFN-𝛾, and IL-17A nor IL-9 secretion was
detectable when mDCs were stimulated in the absence
of Ova-specific CD4+ T cells (data not shown). Remark-
ably, at low concentrations (equivalent to 0.2𝜇g/mL Ova)
MPLA :Ova induced a 20-fold higher production of IL-17A
in comparison to the equimolar mixture of MPLA and Ova,
whereas at the highest applied concentration there was no
difference between the different stimuli (Figure 3).

Of note, this effect was reversed for MPLA :Ova-induced
IL-9 production, where stimulation with increasing amounts
of MPLA :Ova resulted in a dose-dependent decrease in IL-
9 secretion, while Ova alone dose-dependently induced IL-9
secretion (Figure 3, IL-9: MPLA :Ova versus MPLA + Ova
𝑝 = 0.1691).

Finally, theMPLA :Ova fusion protein boostedTh1 (IFN-
𝛾: MPLA :Ova versus MPLA +Ova 𝑝 < 0.0001 and IL-2: 𝑝 <
0.0001), Th2 (IL-5: 𝑝 = 0.0004 and IL-13: 𝑝 < 0.0001), and
Th17 cytokine secretion (IL-17A, 𝑝 = 0.1920 Figure 3) from
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allergen-specific T cells without skewing the overall immune
response in any particular direction.

4. Discussion

Herein we describe the generation and immunological char-
acterization of a novel vaccine candidate consisting of the
adjuvant MPLA and the model allergen Ovalbumin.

Adjuvant : allergen conjugates have several advantages
over simple nonconjugated mixtures of both components:
(1) they target the conjugate to the respective immune cells
by binding to specific immune receptors (in this case TLR4
which may mediate both proinflammatory signaling and
uptake). Upon binding to the target cell they (2) deliver
the conjugated allergen to the immune cell in the context
of the adjuvant-mediated immune cell activation which
may influence allergen uptake, processing, and presentation
[20]. Moreover, (3) adjuvant and allergen are simultaneously
delivered to the same cell in a fixed molecular ratio, thereby
preventing potentially detrimental bystander activation.

For this purpose, MPLA and Ovalbumin were coupled
chemically via a stable carbamate linkage and the resulting
fusion protein was characterized by SDS-PAGE and light
scattering analysis. In SDS-PAGE, MPLA :Ova displayed a
slight shift in molecular weight from approximately 45 kDa
observed for Ova to approximately 47 kDa observed for
MPLA :Ova. This moderate shift of approximately 2 kDa
indicates a coupling rate of one molecule of MPLA (molec-
ular mass: 1.7 kDa) per molecule of Ova.

Successful coupling of both molecules was further con-
firmed by light scattering analysis. With this assay we were
able to demonstrate that the resulting MPLA :Ova fusion
protein showed a single peak with a hydrodynamic radius
of approximately 20 nm, which represents a 22-fold increase
in size compared to nonconjugated Ova. Additionally, no
molecules with the hydrodynamic radius of MPLA or Ova
were detected within the MPLA :Ova preparation, demon-
strating a complete removal of noncoupledMPLA by dialysis
after coupling.

Previous studies investigating the effects of adju-
vant : allergen fusion proteins, including TLR5-, TLR7-,
and TLR9-ligands, on the modulation of allergen-specific
immune responses demonstrated the potential for such
conjugate vaccines to improve allergy treatment [13–16].
Studies by Kastenmüller et al. [15] and Fiĺı et al. [16] describe
allergen fusion proteins with TLR7- and TLR7/8-ligands as
adjuvants.

Kastenmüller and colleagues reported a conjugate vac-
cine of a TLR7/8-ligand and Ova and showed this con-
jugate to elicit potent Th1-biased CD4+ and CD8+ T cell
responses by activation and recruitment of dendritic cells
to draining lymph nodes and the subsequent induction
of type I interferon production [15]. In line with these
results, Fiĺı and coauthors described that the mite aller-
gen nDer p 2 conjugated to a TLR7-ligand (4-(6-amino-9-
benzyl-8-hydroxy-9H-purin-2-ylsulfanyl-)-butyric acid suc-
cinimidyl ester) stimulated IL-12 and IFN-𝛾 production
from monocytes and plasmacytoid DC and reduced allergic
symptoms, while inducing allergen-specific IgG

2A antibodies

in mice [16]. In this context, no induction of autoantibodies
or Th17 cells was observed [16].

Moreover, Tighe and colleagues described the conjuga-
tion of a 22-mer CpG-motif, acting as a TLR9-ligand, to the
major short ragweed allergen Amb a 1 [14]. In accordance
with the results from the other adjuvant : allergen fusion
proteins, this conjugate was shown to both induceTh1-biased
immune responses in both naı̈ve and sensitized mice and
suppress IgE-induction after allergen-challenge [14].

In our own preliminary work we could show that pro-
phylactic and therapeutic vaccination with a recombinant
conjugate of the TLR5 agonist flagellin A (FlaA) from Listeria
monocytogenes and Ova (rFlaA :Ova) was able to diminish
Th2 responses in a mouse model of Ova-induced intestinal
allergy [13]. Cocultures of mouse bone marrow-derived
mDCs and CD4+ DO11.10 T cells demonstrated an IL-10-
dependent reduction of Th2 and Th1 cytokine production
upon stimulation with rFlaA :Ova but not with rOva and
FlaA provided as a mixture [21].

When stimulating mDC with MPLA :Ova and the
respective controls we observed an increased secretion of
both proinflammatory (IL-1𝛽, IL-6, and TNF-𝛼) and anti-
inflammatory (IL-10) cytokines. Here, in direct compari-
son of mDC stimulations with mDC :CD4+ TC coculture
stimulations, overall levels of MPLA :Ova-induced cytokines
were further increased in cocultures compared to the respec-
tive stimulation of mDCs alone. These results suggest that
the mDC : TC interaction in the cocultures either further
increased mDC-derived secretion (possibly by licensing
effects of CD4+ T cells via mechanisms such as CD40-
CD40L interaction) or induced additional production of the
respective cytokines from Ova-specific T cells.

Unexpectedly in mDC :DO11.10 CD4+ T cell cocultures,
when chemically fusing the TLR4 agonist MPLA to Ova, we
observed a boost ofTh2 cytokine (IL-5 and IL-13) production
in such mDC :DO11.10 CD4+ T cell cocultures compared to
equimolar amounts ofMPLA+Ova. In addition,we observed
an upregulation of both Th1 and Th17 cytokines IFN-𝛾 and
IL-17A as well as mDC-derived proinflammatory (IL-1𝛽,
IL-6, and TNF-𝛼) and anti-inflammatory (IL-10) cytokines.
Such strong APC activation and TC-derived cytokine boosts
without distinct bias towards a defined T cell subtype (e.g.,
Th1-cells) are likely detrimental and can have significant
consequences for both vaccine development and safety.

In contrast to this pattern, we observed a dose-dependent
decrease of IL-9 secretion upon stimulation with the
MPLA :Ova fusion protein while Ova alone or the mixture
of MPLA + Ova dose-dependently induced IL-9 secretion.
IL-9 stimulates cell growth and prevents apoptosis [21];
therefore, we believe that the observed reduction of IL-9
secretion upon stimulation with higher doses of MPLA :Ova
represents a countermeasure to limit excessive cell activa-
tion and its potentially detrimental effects by this fusion
protein. In line with our results the available literature
describes the suppression of TC-derived IL-9 secretion by
differentially activated DC: Rampal and colleagues reported
that retinoic acid-monocyte-derived dendritic cells in the
presence of TGF-𝛽1 and IL-4 inhibited IL-9 and induced IFN-
𝛾 expression [22]. Concordantly, IFN-𝛾 secretion was shown
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to inhibit Th9-differentiation [23]. Taking into account these
results, the dose-dependent decrease of IL-9 secretion upon
stimulation with the MPLA :Ova fusion protein may also be
explained by the strong induction of other cytokines such
as IFN-𝛾 in higher stimulation concentrations. However,
further investigations of this phenomenon and physiological
relevance of MPLA :Ova-induced IL-9 secretion will need to
be addressed in further in vivo studies.

In contrast to the strongly Th1-promoting TLR7 or TLR9
ligands, LPS was described to induce both Th1 and Th2
responses depending on either the applied dose [24] or the
genetic background of the used organism [25]. The influence
of genetic background on the capacity of LPS to induce
either Th1 or Th2 responses was, for example, investigated
by Soudi and colleagues [25]. They found that (in line with
the well-described tendency of C57BL/6 and BALB/c to
induce Th1 and Th2 responses, resp.) macrophages isolated
from thioglycolate stimulated C57BL/6 mice produced more
IL-17, IL-10, and IFN-𝛾, while BALB/c macrophages pro-
duced more TGF-𝛽 1 and IL-4 when stimulated with LPS
[25].

In our own previous work, when directly comparing LPS
and MPLA for their capacity to skew Ova-induced T helper
cell differentiation in BALB/c mDC :DO11.10 CD4+ TC
coculture experiments we have demonstrated thatMPLAwas
able to boost Ova-induced Th2-cytokine (IL-4, IL-5, and IL-
13) secretion [12]. Interestingly, this effect was not observed
upon coapplication of LPS andOva [12]. Here, further studies
are necessary to more clearly define the adjuvant capacity
of MPLA in comparison to its parent molecule LPS. Also,
while MPLA was shown to induce an immune deviation in
favor ofTh1 responses in grass pollen allergic donors [26] the
differences in MPLAs adjuvant capacity in men versus mice
are not yet fully clear and need further investigation. In line
with this, the question whether the results obtained for the
MPLA :Ova fusion protein in this study can be transferred to
human DC : TC cocultures needs to be addressed in further
studies.

In summary, we successfully generated a novel fusion
protein consisting of the vaccine adjuvant MPLA and the
model allergen Ova by chemical linkage. The generated
fusion protein displayed a suggested coupling ratio of one
molecule MPLA per molecule of Ova and was shown to
aggregate, possibly mediated by the formation of micelle-
like structures by the fatty chains of MPLA. Immunologically
we observed that, compared to both components alone
or as a mixture, the fusion protein boosted both mDC-
cytokines as well as TC-derived Th1, Th2, and Th17 cytokine
secretion without skewing the induced TC-differentiation in
any particular direction.

Although the generated MPLA :Ova fusion protein may
not be a suitable vaccine candidate for allergy treatment,
due to the nonbiased boost of allergen-specific Th1, Th2, and
Th17 responses, these findings open many new avenues for
future research in the field of adjuvant biology, allergy, and
immunology. Here, MPLA : antigen fusion proteins might
hold potential for the treatment of other diseases which
require a strong stimulation of the hosts immune system (e.g.,
cancer).

5. Conclusions

(i) A fusion protein of the TLR4-ligandMPLA andOval-
bumin (MPLA :Ova) was generated in a highly pure
form with a coupling ratio of one molecule MPLA
per molecule of Ova and without contaminations by
either noncoupled MPLA or Ova.

(ii) Immunologically, in mDC :DO11.10 CD4+ TC cocul-
tures MPLA :Ova induced both stronger innate
(mDC) and adaptive (Ova-specific TC) immune
responses compared to the mixture of both com-
ponents, boosting Th1, Th2, and Th17 TC-derived
cytokine secretion.
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