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Abstract
Propionibacterium acnes (P. acnes) bacteria play a key role in the pathogenesis of acne vulgaris.
Although our previous studies have demonstrated that vaccines targeting a surface sialidase or
bacterial particles exhibit a preventive effect against P. acnes, the lack of therapeutic activities and
incapability of neutralizing secretory virulence factors motivate us to generate novel
immunotherapeutics. In this study, we develop an immunotherapeutic antibody to secretory
Christie-Atkins-Munch-Peterson (CAMP) factor of P. acnes. Via agroinfiltration, P. acnes CAMP
factor was encapsulated into the leaves of radishes. ICR mice intranasally immunized with whole
leaves expressing CAMP factor successfully produced neutralizing antibodies that efficiently
attenuated P. acnes-induced ear swelling and production of macrophage-inflammatory protein-2.
Passive neutralization of CAMP factor enhanced immunity to eradicate P. acnes at the infection
site without influencing bacterial growth elsewhere. We propose that CAMP factor is a novel
therapeutic target for the treatment of various P. acnes-associated diseases and highlight the
concept of neutralizing P. acnes virulence without disturbing the bacterial commensalism in
human micorbiome.
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1. Introduction
Propionibacterium acnes (P. acnes) is a Gram-positive, anaerobic, ubiquitous commensal,
and opportunistic pathogen [1, 2]. Nearly everyone hosts P. acnes [3, 4], which accounts for
approximately half of the total skin microbiome [5], with an estimated density of 102–105–6
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cm2 [6, 7]. P. acnes predominates (more than 46% of total bacteria) in facial skin [8];
however, it can be found almost everywhere on the body [9, 10]. P. acnes colonizes the
sebaceous follicles [6] and is one of the pathogens involved in the progression of
inflammation in acne vulgaris [11, 12] and tissue damage by releasing various virulence
factors [13, 14]. The inflammatory reaction is marked initially by suppuration, followed by
granulomatous inflammation, and, over time, by fibrosis and scarring. Once the hair follicle
wall has ruptured, P. acnes escapes from the damaged follicles and then enters the dermis in
most cases of late-stage and/or severe acne vulgaris [15]. Aside from acne vulgaris, many
human diseases such as implant infections, pulmonary sarcoidosis, osteomyelitis and
endocarditis have been linked to P. acnes infections [9, 16, 17].

Examination of the genome of P. acnes has revealed that Christie-Atkins-Munch-Peterson
(CAMP) factor is a potential secretory virulence factor [18]. The bacterium carries five
genes with sequence homology (approximately 32%) to the co-hemolytic CAMP factor of
Streptococcus agalactiae (S. agalactiae) [19, 20]. CAMP factor of S. agalactiae potentially
can bind to the Fc fragment of immunoglobulins of the Immunoglobulin G (IgG) and
Immunoglobulin M (IgM) classes [19]. In addition, it has been reported that CAMP factor of
S. agalactiae acts as a pore-forming toxin [20]. Although it is unclear if P. acnes CAMP
factor exhibits a similar co-hemolytic activity as that of S. agalactiae, it has been reported
that when P. acnes was grown on a sheep blood agar plate in close proximity to β-hemolytic
microorganisms [21], it synergistically enhances hemolysis similar to the classical CAMP
reaction first described by Charlistie and co-authors [22]. Moreover, we have recently
demonstrated that P. acnes CAMP factor enhances hemolysis and cytolysis by
Staphylococcus aureus (S. aureus) β-hemolysin, suggesting that S. aureus may shrewdly
utilize the secreted P. acnes CAMP factor to intensify its virulence [23].

There are many challenges in treating acne vulgaris. Current treatments using anti-acne
agents including antibiotics lack bacterial specificity, imbalance human microbiome
homeostasis, and have a risk of generating drug-resistant bacteria [24]. Benzoyl peroxide, an
agent for mild acne, releases oxygen free radicals that oxidizes bacterial proteins in the
sebaceous follicles to decrease the number of anaerobic bacteria and irritating-type free fatty
acids [25]. Although its use does not predispose to skin infection and develop bacterial
resistance [26], it has some adverse effects on the skin that may include stinging, dryness,
and peeling [27]. The increased oxygen free-radical by benzoyl peroxide could even
increase the risk of skin cancer [25, 28]. Importantly, most antibiotics targeting bacterial
particles are incapable of inactivating the secretory toxins [29]. Alternatively, isotretinoin is
a powerful and effective medication derived from vitamin A [30], often prescribed by
doctors to treat severe acne only after other treatments have failed. However, isotretinoin is
strictly regulated due to the induction of serious side effects. As little as one dose of
isotretinoin can cause severe birth defects in pregnant woman taking this medicine [31]. P.
acnes has been recognized as an ubiquitous commensal on the human body [32, 33] and
only becomes pathogenic in some diseases [13, 34]. Systemic treatment of P. acnes infection
using anti-acne agents or antibiotics may carry risks of disrupting the commensalisms of P.
acnes and have incapacity to naturalizing secretory toxins of P. acnes.

In our previous efforts, we have generated anti-P. acnes vaccines using a surface sialidase
[35] and killed P. acnes [12] as antigens. Although we have demonstrated that these anti-P.
acnes vaccines decrease P. acnes-induced inflammation [35], they may not have the
capability to neutralize the virulence factors secreted from P. acnes. In addition, these
vaccines designed as preventive modalities may lack the therapeutic effects. Notably, to
achieve preventive effects, these anti-P. acnes vaccines have to be administrated in the early
childhood. Many people may be reluctant to receive these vaccines since they cannot predict
if they will suffer from acne vulgaris. Thus, there is an urgent need for the development of
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immunotherapeutics for acne vulgaris. It has been documented that inhibition of secreted
virulence factors may present less selective pressure for the generation of microbial
resistance [36]. Inhibition of secreted virulence factors may not directly influence the growth
of commensal P. acnes [37], minimizing the risk of altering the homeostasis of resident
human microbes. Accordingly, neutralization of bacteria-induced virulence and
inflammation without directly killing bacteria would be an excellent immunotherapeutic for
the treatment of acne vulgaris. After neutralization of secreted virulence factors, the
“disarmed” bacteria in local lesions could be eliminated naturally by immune systems.
Therefore, passive transfer of antibodies against toxins would complement other treatments,
as it would be able to neutralize circulating P. acnes toxins while keeping the P. acne at an
optimal balance. Thus, passive immunization to toxins of P. acnes in place of commonly
used therapy such as anti-acne agents and antibiotics would have benefit for certain
condition of skin inflammation.

In this study, we employ a passive immunization approach to attenuate the virulence of
secretory CAMP factor of P. acnes. The factor was expressed in plant leaves using
agroinfiltration. There are several advantages to expressing the proteins in the plants, such as
low cost and high yield [38, 39]. Plants can also be grown on site, reducing the need for
costly refrigerated transport and storage [40, 41]. Furthermore, the main advantages
associated with plants include posttranslational modifications (PTMs) and production of
correctly folded and assembled multimeric proteins, low risk of contamination with
pathogens and endotoxins such as those occurring in mammalian and bacterial systems, and
the avoidance of ethical problems associated with transgenic animals and animal materials
[42].

Overall, this study provides a novel therapeutic target (CAMP factor) for treatment of acne
vulgaris and presents a concept of suppressing P. acnes-induced local lesions without
disturbing the commensalisms of P. acnes. The concept may be able to be broadly applied
for treating human diseases caused by commensal microbes that become pathogens in local
lesions [43].

2. Materials and methods
2.1. Molecular cloning and expression of recombinant green fluorescence protein (GFP)
and CAMP factors

A polymerase chain reaction (PCR) product encoding a putative mature protein (29–267
amino acid residues) of CAMP factor (accession number: gi/50842175) was generated using
gene-specific primers based on the complete genome of P. acnes [13]. The forward PCR
primer (5’-TAAGGCCTCTGTCGACGTCGAGCCGACGACGACCATCTCG-3’)
consisted of nucleotides containing a SalI site (GTCGAC) and the reverse PCR primer (5’-
CAGAATTCGCAAGCTTGGCAGCCTTCTTGACATCGGGGGAG-3’) consisted of
nucleotides containing a HindIII site (AAGCTT). PCR was performed by using P. acnes
genomic DNA as a template. The amplified DNA products were inserted at the restriction
enzyme sites into an In-Fusion™ Ready pEcoli-6×HN-GFPuv expression vector and
transformed into competent cells [Escherichia coli (E. coli), BL21 (DE3), Invitrogen,
Carlsbad, CA], which were subsequently selected on Luria-Bertani (LB) plates containing
ampicillin (50 µg/ml) and cultured overnight at 37°C. To express the GFP and CAMP factor,
a pEcoli-6×HN-GFPuv and pEcoli-6×HN-CAMP factor plasmids were transformed into E.
coli, BL21 (DE3) competent cells. A 2 ml aliquot of the overnight culture was added in 200
ml LB medium (1: 100 dilution) and incubated at 37°C until reaching optical density at 600
nm (OD600) of 0.6. Subsequently, Isopropyl-β D-thiogalactoside (IPTG) (Sigma-Aldrich, St.
Louis, MO) was added into the culture to a final concentration of 1 mM for 4 h. After
centrifugation at 3,000 × g at 4°C for 5 min, bacterial pellets were resuspended with 6 M
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urea. The supernatant was collected by centrifugation at 13,000 × g for 20 min then loaded
onto a column with 2 ml Ni-NTA agarose (QIAGEN, Valencia, CA), which had been
equilibrated previously with Buffer A (20 mM Tris-HCl, 0.5 M NaCl, 1 mM 2-
mercaptoethanol, pH 8.0) containing 6 M urea. The column was washed sequentially with 5
ml aliquots of Buffer A containing 6-0 M urea gradient. The bound fraction was then eluted
with 5 ml of Buffer A containing 500 mM Imidazole. The purified and refolded proteins
were dialyzed overnight at 4°C in 5 liters of phosphate-buffered saline (PBS) by using
Spectra/Por molecular porous membrane tubing [molecular weight cut off (MWCO): 3,500]
(Spectrum Laboratories Inc., Rancho Dominguez, CA) and then concentrated by
lyophilization. A 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and coomassie blue staining were used to determine the protein expression.

2.2. CAMP factor-induced inflammation
An amount of 50 µg purified CAMP factor in 25 µl PBS was intradermally injected in the
central portion of the right ear. As a control, purified GFP was injected into the left ear of
the same mice. To prevent leakage, proteins were gradually injected into mouse ears using a
28-gauge needle followed by a slow withdrawal of the needle. For histological observation,
the ear was cross-sectioned, stained with hematoxylin and eosin (H&E) (Sigma diagnostics,
St Louis, MO), and viewed on a Zeiss Axioskop2 plus microscope (Carl Zeiss, Thornwood,
NY).

2.3. Plant materials
Japanese radish sprouts (Kaiware-daikon) (Raphanus sativus L.) obtained from a
commercial supplier (ICREST International, JCP, Carson, CA) were 9 cm in length with
two leaflets. These sprouts were grown at room temperature under a 23 Watt fluorescent
bulb (Philips, Portland, OR) and sprayed with water daily.

2.4. Vector construction
The binary vector pBI121 (provided by Professor Nigel Crawford) harboring the reporter β-
glucuronidase (GUS) driven by the cauliflower mosaic virus 35S promoter was used for
gene construction [44]. The open reading frames of CAMP factor cDNA cloned in a
pEcoli-6×HN-GFPuv vector as described in “Molecular cloning and expression of
recombinant GFP and CAMP factors” section was amplified by PCR using a forward primer
(5′-CCTTCTAGAGGAGATATACCATGGGTCATAATCAT-3’) and a reverse primer (5′-
TCCCCCGGGTTAATTAATTAAGCGGCCGCC-3’). The spore coat-associated protein
(SCAP) cDNA cloned in a pIVEX- maltose binding protein (MBP) vector [45, 46] was
amplified using a forward primer (5′-
AGATCTAGAATGTCTGGTTCTCATCATCATCATC-3’) and a reverse primer (5′-
GCCCCCGGGTTAGCCTTCGATCCCGAGGTT-3’). The primers were designed to add
restriction sites to the ends of PCR products. Specifically, the restriction sites XbaI and
SmaI were encoded into the forward and reverse primers, respectively. PCR products were
treated with XbaI and SmaI then cloned into polylinker sites of pBI121 vectors to generate
35S::CAMP factor-Histidine (His) and 35S::SCAP-MBP-His constructs.

2.5. Agrobacterium tumefaciens transformation
All constructs were transformed into an Agrobacterium tumefaciens strain LBA4404 using a
liquid nitrogen freeze-thaw method [47]. A single colony of LBA4404 cells was inoculated
in 5 ml of YEP medium [10 mg/ml bacto-trypton (DIFCO, Detroit, MI), 10 mg/ml yeast
extract (DIFCO, Detroit, MI), and 5 mg/ml NaCl (Sigma, St. Louis, MO; pH 7.5)] with 250
rpm shaking at 28°C overnight. Subsequently, 50 ml of fresh YEP was inoculated with 2 ml
of liquid culture and incubated with 250 rpm shaking at 28°C until the OD600 reached 0.8.
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The bacteria were centrifuged at 3,000 × g for 5 min at 4°C and the pellet was resuspended
in 1 ml of 20 mM calcium chloride. The bacteria (0.2 ml) were transferred to a 1.5 ml
microfuge tube and 1 µg of gene constructs was added. The mixture was frozen in liquid
nitrogen for 5 min then thawed in a 37°C water bath for 5 min. One ml of YEP medium was
added to the mixture and incubated with 250 rpm shaking at 28°C for 2 to 4 h. The bacteria
were centrifuged at 3,000 × g for 5 min then resuspended in 0.1 ml of YEP. Transformants
were incubated at 28°C for 2 to 3 days and selected by plating bacteria on YEP-agar
medium (YEP medium containing 1.5% agar) containing antibiotics (50 µg/ml kanamycin
and 50 µg/ml streptomycin).

2.6. Agroinfiltration of gene constructs into leaves and protein extraction
A single colony of A. tumefaciens transformants was cultured in 2 ml of YEP medium
containing 50 µg/ml kanamycin and 50 µg/ml streptomycin with 250 rpm shaking at 28°C
until OD600 reached approximately 0.5. Afterward, the bacteria were collected by
centrifugation at 3000 ×g for 5 min, and resuspended in 2 ml sterile didistilled water
(ddH2O). All bacterial suspensions were maintained at room temperature for 30 min until
agroinfiltration. Non-transformed Agrobacterium served as a negative control and was
cultured under the same conditions as the transformants without adding kanamycin in the
medium. For syringe infiltration, the central lower epidermises (i.e., the centermost 25 mm2

area) of potted seedlings leaves were wounded with a sterile scalpel (number 15, Feather
Safety Razor Co., Osaka, Japan) and 0.1 ml of Agrobacterium bacterial suspension (5×107

CFU) was injected into the wound site, which was positioned between a finger and a 1 ml
syringe (BD, Bioscience, San Diego, CA). Infiltration was confirmed by visually monitoring
the diffusion of bacterial suspension toward the leaf margin [48]. Agroinfiltrated leaves were
grown for five days before GUS assays and immunization was performed. Agroinfiltrated
leaves were stained using a histochemical GUS assay solution consisting of 0.1 M NaPO4
(pH 7.0), 0.5 mM K3Fe(CN)6, 0.5 mM K4Fe(CN)6, 0.1% (v/v) Triton X-100, and 0.05% (w/
v) 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid, cyclohexylammonium salt (Sigma, St.
Louis, MO). Leaves were submerged in the staining solution and incubated at 37°C in the
dark overnight. After incubation, leaves were removed from the staining solution and
immersed in a stop solution containing 42.5% (v/v) ethanol, 10% (v/v) formaldehyde, and
5% (v/v) acetic acid [44]. Quantitative determination of GUS activity was accomplished by
the fluorometric assay. Whole leaves were grounded with 200 µl of 1 × CCLR [100 mM K-
phosphate (pH 7.8), 1 mM EDTA, 10% (v/v) glycerol, 1% (v/v) Triton X-100 and 7 mM β-
mercaptoethanol]. The mixture was centrifuged at 13,000 × g for 5 min at 4°C and 200 µl
supernatant was removed to a new microtube on ice followed by mixing with 1 mM 4-
Methylumbelliferyl-D-glucuronide buffer at 37°C for 1 h [44]. The enzymatic reaction was
measured spectrofluorometrically with excitation at OD365 and emission at OD455 by
SpectraMAX GeminiEM spectrofluorometer (Molecular Devices, Sunnyvale, CA). To
investigate the dynamic expression of antigen in radish leaves, leaves were removed at 0, 1,
3, and 5 days to quantify the level of GUS.

Purification of CAMP factor and SCAP from leaf tissues were carried out by affinity
chromatography on a Ni–NTA agarose column (Qiagen, Valencia, CA) with certain
modifications. The column was washed with water and equilibrated with buffer A (8 M
guanidine, 100 mM NaH2PO4, 10 mM Tris-HCl, pH 8.0). Leaf material (1 g) was ground
under liquid nitrogen using mortar and pestle in 15 ml ice-cold extraction buffer A.
Guanidine-solubilized proteins were centrifuged at 13,000 × g for 20 min to remove the
debris and insoluble material and the supernatant was gently stirred with 1.6 ml Ni–NTA
agarose resin for 1 h at room temperature. The mixture was loaded onto a column previously
equilibrated with buffer A. Briefly, the column was washed with buffer B (8 M urea, 100
mM NaH2PO4, 10 mM Tris-HCl, pH 6.8). Finally, proteins were eluted with buffer C (8 M
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urea, 100 mM NaH2PO4, 10 mM Tris-HCl, pH 6.3), buffer D (8 M urea, 100 mM NaH2PO4,
10 mM Tris-HCl, pH 5.9), and buffer E (8 M urea, 100 mM NaH2PO4, 10 mM Tris-HCl, pH
4.5).

2.7. Intranasal immunization with whole leaves containing recombinant CAMP factors
Female Institute of Cancer Research (ICR) mice (3 to 6 weeks old; Harlan, Indianapolis, IN)
were utilized for intranasal immunization [49]. Mice were maintained in accordance to
institutional guidelines. The central areas (25 mm2) of five radish leaves expressing GUS or
CAMP factors alone were excised using a sterile scalpel. To avoid Agrobacterium transgene
introgression, leaf sections were pooled and ground in 700 µl ddH2O and then sterilized by
an ultraviolet (UV) crosslinker (Spectronics, Westbury, NY) at 7,000 J/m2 for 30 min.
Inactivation of sterilized Agrobacterium was confirmed by their inability to form colonies
on YEP agar plates (data not shown). It has been indicated that plant-based vaccines
administered via intranasal delivery offer many advantages with respect of antigen levels
and dosage control compared to those administered via oral delivery [50, 51]. Whole leaves
containing either CAMP factor or GUS alone (as a negative control) without adjuvants were
then intranasally inoculated into the nasal cavities of ICR mice (25 µl of whole leaves/
mouse). Three boosts at the same dose were performed at 1, 2, and 4 weeks after the first
immunization.

2.8. Western blotting
To detect antigen expression, 15 µg recombinant GUS and 20 µg of whole leaves expressing
CAMP factors or SCAP alone were separated using 10% SDS-PAGE. Bands were
electrophoretically transferred to nitrocellulose membranes [52]. Membranes were probed
with anti-CAMP factor serum obtained from mice immunized with UV-irradiated E. coli,
BL21 (DE3) [45, 46, 53] over-expressing P. acnes CAMP factors. To confirm antibody
production in the immunized mice, purified CAMP factor (65 µg) was loaded into a 10%
SDS-PAGE and transferred to a nitrocellulose membrane. The blot was immuno-reacted to
serum (1:500 dilution) obtained from mice immunized for four weeks with whole leaves
containing CAMP factor. Antibodies IgG were detected with anti-mouse horseradish
peroxidase-conjugated IgG (1:5,000 dilution, Promega, Madison, WI). Peroxidase activity
was visualized with a Western lighting chemiluminescence kit (PerkinElmer, Boston, MA).

2.9. Culture of P. acnes
P. acnes ATCC 6919 (American Type Culture Collection, Manassas, VA) was cultured on
Reinforced Clostridium Medium (RCM, Oxford, Hampshire, England) under anaerobic
conditions using Gas-Pak (BD, Sparks, MD) at 37°C until reaching OD600 = 1.0–3.0
(logarithmic growth phase). Bacteria were harvested by centrifugation at 13,000 × g for 10
min, washed with PBS three times, and suspended to appropriate amount of PBS for
experiments.

2.10. Passive immunization of anti-CAMP factor serum against P. acnes-induced
inflammation

Complements in the serum were inactivated by heating at 56°C for 30 min. P. acnes was
pre-treated with 5 % (v/v) inactivated anti-GUS serum or anti-CAMP factor serum in the
medium at 37°C for 2 h. The 2 h incubation of anti-GUS serum (3.63 ± 1.47 × 108 CFU)
and anti-CAMP factor serum (3.3 ± 1.2 × 108 CFU), respectively, did not significantly
influence the growth of P. acnes. ICR mice were injected intradermally with an amount of
25 µl aliquots of anti-GUS or anti-CAMP neutralized P. acnes (1 × 107 CFU) suspended in
PBS overnight. As a control, 25 µl of PBS was injected into the right ear of the same mice.
The increase in ear thickness was measured using a micro caliper (Mitutoyo, Japan) after the
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bacterial injection, the increase in ear thickness of P. acnes injected ear was calculated as %
of a PBS-injected control. For histological observation, 3 days after injection the ear was
excised, cross-sectioned, stained with H&E, and viewed on a Zeiss Axioskop2 plus
microscope. To count the bacterial colonization, the bacteria-injected ears were
homogenized in 1 ml of sterile PBS for 1 min on a vibrating homogenizer (mini-beadbeater,
Biospec Products, Bartlesville, OK) in the presence of 0.5 ml of 2.0 mm zirconia beads
(Biospec Products, Bartlesville, OK). The bacterial number in homogenates was quantified
by serially diluting the bacteria and plating them on a RCM plate. After centrifugation at
1,3000 × g, macrophage-inflammatory protein-2 (MIP-2) in supernatants was measured by
an enzyme-linked immunosorbent assay (ELISA) kit as directed by the manufacturer (BD
Biosciences, San Diego, CA).

To investigate whether passive administration of neutralizing antiserum influences the
survival of P. acnes at other sites, the left ears of ICR mice were injected intradermally with
an amount of 25 µl aliquots of anti-GUS serum or anti-CAMP factor serum neutralized P.
acnes (1 × 107 CFU). The same amount of live P. acnes (1 × 107 CFU) alone was injected
into the right ears of the same mice. After overnight incubation, the bacteria number was
calculated by counting colonies on RCM plates.

3. Results
3.1. P. acnes CAMP factor is a virulence factor

To examine the toxicity of P. acnes CAMP factor, recombinant CAMP factor was (50 µg in
25 µl PBS) intradermally injected into mouse ears of ICR mice. Twenty hours after
injection, swelling with severe cutaneous erythema (Fig. 1A, right ear) was observed in ears
injected with a CAMP factor, but not in ears injected with a GFP (Fig. 1A, left ear).
Injection of P. acnes in mouse ear induced skin inflammation [35], and the secreted CAMP
factor was detectable in the lesion (Fig. S1). In addition, we observed that CAMP factor
caused erythrocytes hemolysis (Fig. S2), suggesting that P. acnes CAMP factor is a
hemolytic factor. Noticeably, in H&E staining histology, injection of CAMP factor caused
tremendous red deposits derived from ruptured erythrocytes (Fig. 1B, b) compared to GFP-
injected ear skin (Fig. 1B, a). These observations reveal that P. acnes CAMP factor, a
reported hemolytic pore-forming toxin [20], is a virulence factor.

3.2. Expression of CAMP factor in plant leaves
To test if radish is a good platform for protein expression, GUS was transiently expressed in
the radish leaves by bombarding an A. tumefaciens harboring a 35S::GUS construct via a
pressure infiltration. After five days of post-infiltration, expression of GUS within the leaves
was detected by histochemical GUS staining (Fig. 2A). Control infiltrations, in which A.
tumefaciens lacking 35S::GUS constructs were used, did not yield detectable GUS
expression (Fig. 2A). A time-course study was performed to examine the yields of GUS
production as a function of time. Histochemical staining and GUS activity assay illustrated
the highest yield of GUS production on day 3 post-infiltration (Fig. 2B and 2C).

To express the P. acnes CAMP factor in radish leaves, radish leaves were infiltrated with an
A. tumefaciens containing a 35S::CAMP factor-His construct to encapsulate CAMP factor
within leaves. The expression of CAMP factor was detected by a Western blot analysis.
Twenty µg of recombinant GUS, purified CAMP factor with a His tag as well as SCAP, a
surface protein of Bacillus anthracis [45, 46, 53], with a His tag and a MBP tag were
separated in a 10% SDS-PAGE and immune-reacted with mouse anti-CAMP factor serum
produced by mice immunized with UV-irradiated E.coli, BL21 (DE3) [45, 46, 53] over-
expressing P. acnes CAMP factor. A band at 29 kDa corresponding to the expression of a
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CAMP factor-His fusion protein appeared in leave samples that were infiltrated with an A.
tumefaciens containing a 35S::CAMP factor-His construct (Fig. 2D), indicating that P. acnes
CAMP factor was successfully expressed in radish leaves. The data demonstrate that
agroinfiltrated leaves can act as a bioreactor for the production of CAMP factor.

3.3. Immunization of whole leaves expressing CAMP factors
To test if CAMP factor encapsulated radish leaves can function as vaccines, whole leaves
expressing P. acnes CAMP factor were ground in sterile ddH2O, UV-inactivated, and then
inoculated intranasally into ICR mice (25 µl of whole leaves/mouse) for immunization. No
exogenous adjuvants were used for immunization. Via a Western blot assay, the anti-CAMP
factor antibody in mouse serum was detectable four weeks after immunization (Fig. 3,
CAMP factor). In contrast, no antibodies against CAMP factor were detected in the mice
immunized with 25 µl of whole leaves containing GUS (Fig. 3, GUS). This result clearly
demonstrates that the mice successfully produce antibodies to P. acnes CAMP factor after
immunization with antigen encapsulated radish leaves.

3.4. Passive neutralization of CAMP factor abrogated P. acnes-induced inflammation and
bacteria colonization, without affecting P. acnes commensalisms

Passive immunization that targets secretory virulence factor is a means that can neutralize
bacterial virulence in local lesions without systemically disrupting the bacterial
commensalisms. To test whether passive immunization with antibodies to CAMP factors
can effectively protect mice from P. acnes infection, P. acnes bacteria were first incubated
with 5 % (v/v) serum obtained from mice immunized with 25 µl of CAMP factor-expressed
whole leaves. As a control, bacteria were incubated with serum harvested from mice
immunized with 25 µl of GUS-expressed whole leaves. Then ears of naïve ICR mice were
injected intradermally with serum neutralized P. acnes and bacteria-induced inflammation
was measured subsequently. Three days after injection, ear thickness in the mice injected
with anti-CAMP factor serum neutralized P. acnes was twofold lower than that in the control
mice (Fig. 4A). Furthermore, compared to control mice injected with PBS (Fig. 4C, a) or P.
acnes/anti-GUS serum (Fig. 4B, a right ear; Fig. 4C, b), the cutaneous erythema (Fig. 4B b,
right ear) and granulomatous responses (Fig. 4C, c) were considerably suppressed when
mice were injected with anti-CAMP factor serum neutralized P. acnes.

It has been known that P. acnes can induce the production of several pro-inflammatory
cytokines, including interleukin (IL)-1β, -8, -12, and tumor necrosis factor-α (TNF-α), via
toll-like receptor 2 [54–56]. In addition, a significant increase in the level of the pro-
inflammatory cytokine MIP-2, a murine counterpart of IL-8, was detected when P. acnes
was administrated into mice [35, 57]. To determine whether passive immunization of CAMP
factor can reduce the production of P. acnes-induced pro-inflammatory cytokines, mouse
ears were excised and homogenized three days after injection with serum neutralized P.
acnes. The level of MIP-2 was measured by an ELISA. MIP-2 production in the ear injected
with anti-CAMP factor serum neutralized P. acnes was approximately 80 % (Fig. 5A solid
bar; 0.09 ± 0.01 ng/ml) less then that detected in the ear injected with anti-GUS serum
treated P. acnes (Fig. 5A open bar; 0.42 ± 0.05 ng/ml). Above results demonstrate that a
neutralizing antibody to the CAMP factor was produced in mice immunized with CAMP
factor encapsulated whole leaves. In addition, passive administration of neutralizing
antibodies to CAMP factors confers protection against P. acnes-induced inflammation.

To explore if passive neutralization of CAMP factor can enhance the clearance of
“disarmed” P. acnes by immune cells at an infected site, the left ears of mice injected with
anti-CAMP factor or anti-GUS serum treated P. acnes were excised and homogenized. As
shown in Fig. 5B, the number of P. acnes recovered from mouse ears administered passively
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with anti-CAMP factor serum (Fig. 5B solid bar; 0.42 ± 0.02×105 CFU) was much lower
than that recovered from ears administered with anti-GUS serum (Fig. 5B open bar; 1.80 ±
0.01 × 105 CFU), suggesting that inactivation of P. acnes virulence by neutralizing CAMP
factor enhanced the capability of immune systems in eradicating infected bacteria.

To prove the passive neutralization of CAMP factor carries no risk of destroying the
commensal P. acnes, live P. acnes was injected (without serum treatment) into the right ear
of a mouse that was injected with serum neutralized P. acnes on the left ear. Bacterial
colonization in right ears was enumerated overnight after injection (Fig. 5C). The numbers
of P. acnes in that right ears of mice injected with anti-GUS serum- (Fig. 5C open bar; 1.25
± 0.28 × 108 CFU) or anti-CAMP factor serum- (Fig. 5C solid bar; 1.41 ± 0.28 × 108 CFU)
treated P. acnes on their left ears are not significant different. Furthermore, injection of right
ears with live P. acnes alone resulted in a similar inflammatory response to that of left ears
with live P. acnes plus anti-GUS serum (Fig. S3). These results indicate that passive
neutralization of CAMP factor can naturally eliminate P. acnes in the infected lesions
without influencing the colonization of P. acnes at other sites.

4. Discussion
Analysis of the genome of P. acnes reveals that CAMP factor is a potential virulence factor
[18] that is cytotoxic, which leads to inflammation and tissue injury [13, 14]. It has been
reported that P. acnes encodes five different CAMP factor (CAMP factors 1 to 5) genes [58].
The CAMP factor (accession number: gi/50842175) we have cloned in this study is the
CAMP factor 2. Recently, it has been demonstrated that only CAMP factor 2 and 4 are
detectable in the secretion of P. acnes (KPA171202) [44]. In addition, CAMP factor 2, but
not CAMP factor 4, is a major active co-hemolytic factor of P. acnes [44]. Our data (Fig. 4
and 5A) shows that neutralization of P. acnes CAMP factor using anti-serum competently
attenuates P. acnes-induced inflammation in vivo, suggesting that CAMP factor 2
significantly contributes to the virulence of P. acnes. On the other hand, previous data
indicated that recombinant CAMP factor of S. agalactiae was toxic when administered to
mice [20]. Moreover, differential production of CAMP factors was found in various P. acnes
isolates [59]. Our recent data demonstrated that CAMP factor 2 was secreted into a
granulomatous inflammatory microenvironment when P. acnes was injected intradermally
into mouse ears (unpublished data). Furthermore, results of proteomics analysis showed that
CAMP factor 2 was significantly up-regulated under anaerobic conditions (unpublished
data), suggesting that P. acnes may become pathogenic and produce CAMP factor 2 in an
anaerobic microenvironment of acne lesions although it is unclear whether P. acnes, under
commensal conditions, constantly secretes CAMP factors or not. Thus, it is worth
investigating whether the secreted CAMP factors are detectable in acne lesions and healthy
skins in humans.

The lack of an excellent acne animal model has been hindering the development of vaccines
and drugs targeting P. acnes infection [60], because most animals (rabbits, mice, and
hamsters) never have acne lesions due to insufficient triglycerides to harbor P. acnes. Rhino
mice, a genetic mutant mouse with utricles that create larger follicles, have been utilized to
determine compound comedogenicity [61]. However, Rhino mice cannot produce antibodies
against thymus-dependent antigens [62], and thus may not be an appropriate model for
vaccination. Remarkably, there are no animal models for investigating the severe acne
lesion, occurring when P. acnes enters dermis and interacts with phagocytes to cause tissue
injury. An infectious granulomatous reaction is a form of cytolysis/cell death at the centre of
a granuloma. Our results indicate that intradermal injection of P. acnes into mouse ears
induced a remarkable granulomatous response (Fig. 4C), which is characterized as a lesion
of epithelioid macrophages and often surrounded by a lymphocyte cuff [63]. In the case of
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acne vulgaris, P. acnes could enter the dermis once the follicular wall was ruptured [64].
Injection of P. acnes into mouse ears may represent an animal model for the granulomatous
type of acne inflammation that follows follicular rupture. The granuloma creates a
microenvironment where P. acnes and immune cells counteract each other to gain maximum
survivals. It has been reported that P. acnes can induce tumor necrosis factor (TNF)-α
mediated cell death, which subsequently progress to a T-cell-mediated granulomatosis [65].

Through advances in molecular and genetic techniques, protein expression in plants has
been optimized for high-level production [66]. Recently, synthesis of codon-optimized
bacteria gene in plants is powerful and common [67]. It is conceivable that P. acnes and
radish sprouts have very different tRNA pools. Thus, synthesis of a codon-optimized CAMP
factor gene ought to enhance the production of CAMP factor in plant cells [68]. On the other
hand, intranasal immunization of mice with ground leaves expressing CAMP factor elicits
detectable antibodies to P. acnes CAMP factor, indicating that intranasal administration of
whole plant leaves may be a new regimen for vaccination. However, it had been reported
that vaccination via an intranasal route can cause facial nerve paralysis [69]. Therefore, the
safety of intranasal administration is worthy to be investigated since the human respiratory
tract is not exposed to plant leaves on a routine basis.

Passive immunization is the induction of immunity acquired by the transfer of antibodies
from another individual [70]. There are many advantages of passive immunization. (a) High
specific activity [71] (b) Unlike active immunization (vaccines), biological effects of passive
immunization are immediate and can be of value where symptoms have already occurred.
Thus, the modality using passive neutralization of P. acnes CAMP factor may benefit
patients who have already developed acne. (c) The lack of cell-mediated immunity and
direct bactericidal effect will have low impact on microbe commensalisms. (d) No adjuvant-
derived side effects are induced. (e) The administered dose can be adjusted based on the
severity of disease. (f) It can be easily combined with other therapies. Additionally, unlike
active immunization, which requires time to induce protective immunity and depends on the
host’s ability to mount an immune response, passive antibody can theoretically confer
protection regardless of the immune status of the host [72]. Moreover, P. acnes is a major
inhabitant of adult human skin, where it resides within sebaceous follicles, usually as a
harmless commensal [6]. In this study, we emphasize that passive immunization that targets
secretory CAMP factors instead of bacterial surface proteins can neutralize the P. acnes
virulence without directly killing bacteria, lowering the risk of creating drug-resistant P.
acnes and altering the commensalisms of P. acnes. Compared to active immunization of a
CAMP factor-targeted vaccine (Fig. S4), passive neutralization of CAMP factor (Fig. 4A)
displays roughly equal potency with respect to the suppression of P. acnes-induced ear
inflammation. The therapeutic antibodies to CAMP factors developed in this study can be
extended for the treatment of various P. acnes-associated human diseases including implant
infections, pulmonary sarcoidosis, osteomyelitis, and endocarditis [9, 16, 17]. Our future
studies will include generating the therapeutic monoclonal antibodies to P. acnes CAMP
factor. A variety of techniques such as microneedles for transdermal delivery of therapeutic
antibodies have been developed [73]. Epicutaneous application of a human monoclonal
antibody to CAMP factor onto the skins of patients with severe acne with the help of
microneedles may locally eradicate P. acnes without interrupting the residence of P. acnes
and other commensals in other locations of our body. Future studies will also include
establishing a CAMP factor-specific pro-inflammatory profile and comparing the efficacy
and safety of CAMP factor-targeted vaccines with surface sialidase- [35] and killed P.
acnes-based vaccines [12]. Moreover, further clinical observations for the use of passive
immunization to P. acnes as a therapeutic treatment reducing virulence without disturbing
the commensal relationship of the host with the organism will be required.
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Fig. 1.
P. acnes CAMP factor exerted virulence activity. Ears of ICR mice were injected
intradermally with recombinant GFP (left ear) and CAMP factors (right ear). (A)
Inflammation-induced ear redness (arrow) was visualized 24 hours after injection. (B) Ear
swelling was observed in an H&E-stained frozen tissue section of GFP- (a) or CAMP factor-
(b) injected ear. The magnification 4× images indicated the dilated veins filled with
erythrocytes (arrowheads). Bars (A)= 1 cm. Bars [B(a)]= 2 mm. Bars [B(b)]= 0.5 mm.

Liu et al. Page 16

Vaccine. Author manuscript; available in PMC 2012 July 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
CAMP factors and GUS transiently expressed in radish leaves. (A) Leaves of radish
(Raphanw sativus L.) were infiltrated with A. tumefaciens (LBA4404 strains) transforming a
35S::GUS construct (right). Leaves infiltrated with non-transformed LBA4404 cells (left)
served as negative controls. Dotted circles indicate locations of syringe infiltration with A.
tumefaciens. Blue stained areas indicate the GUS expression. The dynamic pattern of GUS
expression in radish leaves from 1 to 5 days after infiltration was analyzed by (B)
histochemical and (C) GUS activity assays. (*p<0.05 and **p<0.005, by Student’s t-test).
(D) Detection of CAMP factor expression by Western blot analysis. Ground radish leaves
(20 µg) infiltrated with A. tumefaciens carrying a 35S::CAMP factor-His (CAMP factor-
His), a 35S::SCAP-MBP-His (SCAP-MBP-His) or 15 µg recombinant GUS (rGUS) were
run on a 10% (w/v) SDS-PAGE and blotted onto a nitrocellulose membrane. The
membranes were then probed with anti-CAMP factor serum produced by mice immunized
with UV-irradiated E. coli, BL21 (DE3) over-expressing CAMP factor. An arrow indicates
CAMP factor appearing at a molecular weight of 29 kDa. Bar = 6 mm.
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Fig. 3.
Mice Immunized with CAMP factor-encapsulated whole leaves producing CAMP factor
specific antibodies. Purified CAMP factor from leaf extracts (65 µg) run on a 10% (w/v)
SDS-PAGE was blotted onto a nitrocellulose membrane and immuno-reacted to sera
obtained from mice immunized with 25 µl of whole leaves containing GUS (left) or CAMP
factors (right). A single band with 29 kDa indicates the purified CAMP factor reactive to
serum from CAMP factor-immunized mice, verifying the immunogenicity of CAMP factor.
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Fig. 4.
Passive immunization of mice with neutralizing antibody to CAMP factor diminished P.
acnes-induced inflammation. (A) 5 % (v/v) anti-GUS (open bar) or anti-CAMP factor (solid
bar) serum-treated P. acnes (1 × 107 CFU) was inoculated into the right ears of ICR mice to
induce an increase in ear thickness as described in the “Materials and Methods”. As a
control, an equal volume of PBS was injected into the left ears of the same mice. Ear
thickness was measured with a micro-caliper at the indicated times after bacteria injection.
The ear thickness of P. acnes-injected ear was calculated as % of a PBS-injected control.
Error bars represented mean ± SE of four mice (**p<0.005, by Student’s t-test). (B) Ear
redness (arrows) was visualized 3 days after injection with anti-GUS serum (a) or anti-
CAMP factor (b) serum treated-P. acnes (1 × 107 CFU). Bar = 1 cm. (C) Ear inflammation
was observed in an H&E-stained frozen tissue section of ear injected with PBS alone (a) or
P. acnes treated with anti-GUS (b) or anti-CAMP factor (c) serum. The granulamatous
reactions (arrowheads) were visualized under magnification 4× (a, b, c; bars= 2 mm).
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Fig. 5.
Passive neutralization of P. acnes CAMP factor reduced the production of pro-inflammatory
MIP-2 cytokine and bacterial colonization without altering P. acnes survival at other body
site. (A) Measurement of pro-inflammatory MIP-2 cytokine was carried out by a sandwich
ELISA using a Quantikine M mouse MIP-2 set. Compared to the neutralization with anti-
GUS serum (open bar), passive neutralization with anti-CAMP factor serum (solid bar)
markedly suppressed the P. acnes-induced increase in MIP-2. (B) The left ears of mice were
injected with P. acnes (1 × 107 CFU) in the presence of anti-GUS serum (open bar) or anti-
CAMP factor serum (solid bar). (C) The right ears of both mice from (B) were injected with
live P. acnes (1 × 107 CFU) alone. Bacterial colonization (CFU) was quantified in agar
plates as described in “Materials and Methods. Error bars represent mean ± SE of four mice
(*p<0.05, by Student’s t-test).
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