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Abstract

Severe skin and soft-tissue infections can lead to septic shock and organ failure.
Antibiotic treatment is turning ineffective due to the rise of antimicrobial resistance. This
calls for the need of novel antimicrobial therapies such as antimicrobial peptides. These
peptides are small molecules that show antimicrobial activity and immune-related
functions. The aim of this study was to determine the possible activity of the newly
synthetized collagen-based REI-26 and cyclic CD4-PP in wound infections.

REI-26 and CD4-PP antimicrobial activity was determined by measurement of MIC
values against S. aureus, MRSA, P. aeruginosa and Group A Streptococci. AMP
treatment in vitro of infected keratinocytes and macrophages was also performed. The
impact of treatment in immune-related and proliferation markers was assessed by
quantitative PCR and confocal microscopy.

Both studied synthetic AMPs showed antimicrobial activity at low concentrations when
MIC values were measured. Infected keratinocytes and macrophages with common skin
bacterial pathogens showed decrease in bacterial load only when treated with the cyclic
CD4-PP. In contrast, REI-26 treatment showed either no reduction or an increase in
bacterial load. Upregulation of immune chemokines and AMPs and downregulation of
proliferation markers was observed when keratinocytes were treated with CD4-PP.

The novel cyclic antimicrobial peptide, CD4-PP, presented promising results treating skin
bacterial infections, with optimal antimicrobial activity in MIC values and survival
assays. Further research is required in order to adapt CD4-PP treatment to a clinical
setting.

Keywords: Antimicrobial peptides, skin infections, wound healing.



Popular Scientific Summary
A novel bacterial skin infection treatment

Skin and soft tissue infections can develop into septic shock and subsequently organ
failure if they are not effectively treated. This type of infections entails 14 million
outpatient visits and 900,000 admissions each year in the United States alone. Due to the
increase of antimicrobial resistance, novel ways of treatment are required in order to
prevent the life-threatening results of this type of infections.

One of the main alternatives to antibiotics are antimicrobial peptides. These peptides are
naturally produced small molecules which can inhibit bacterial growth as well as they
will promote the defense mechanisms that our body presents against microbes. CD4-PP
Is a novel synthetic cyclic peptide that has been produced using LL-37 as a base. This
parental peptide is naturally produced and has showed antimicrobial activity against a
wide range of bacteria. Another collagen-based linear peptide, REI-26, has also been
produced as a possible alternative to treat bacterial infections. The aim of this study is to
describe the possible clinical applications in wound context of both novel compounds,
CD4-PP and REI-26.

CD4-PP and REI-26 showed antimicrobial activity towards the common skin bacterial
pathogens Staphylococcus aureus, MRSA, Pseudomonas aeruginosa and Group A
Streptococci at low concentrations. Therefore, treatment in vitro for keratinocytes and
macrophages was analyzed. No reduction in bacterial load was observed when REI-26
treatment was applied to infected studied cells. In contrast, CD4-PP was able to
significantly reduce the bacterial load of infected keratinocytes and macrophages.

Once treatment in vitro was studied, the production of short response immune related
molecules was also analyzed. Keratinocytes treated for 2 hours with CD4-PP presented
and increase in other antimicrobial peptides and alarm molecules which will trigger the
response of other cells towards the microbial pathogen. This indicates that CD4-PP will
be able to help our bodies to eliminate the bacterial pathogens. When observing the effect
of this novel peptide in keratinocyte proliferation markers, a decreasing trend was
observed.

REI-26 showed promising results in the case of antimicrobial activity but was not able to
inhibit bacterial growth when treating keratinocytes and macrophages. This could be due
to the possible inactivation or degradation when exposed to other cell components as it
has been reported for other collagen-based peptides. Moreover, its linear structure may
not have been as effective as if it presented a cyclic structure.

CDA4-PP presents a high clinical potential due to its ability of reducing bacterial load when
treating infected keratinocytes and macrophages. It also promotes immune response.
Further investigation regarding the impact on wound healing properties and on other skin-
present cells such as fibroblasts should be explored.

As a summary, this is the first report analyzing the antimicrobial effect of CD4-PP and
REI-26 in a wound context. Collagen-based REI-26 requires further optimization while
CD4-PP’s effects needs to be explored in order to be able to apply it in a clinical setting.
However, CD4-PP is a strong candidate as a novel treatment for skin and soft-tissue
infections.



Introduction

Skin and soft-tissue bacterial infections (SSTIs) can present from mild to complicated
symptoms. This type of bacterial infections can affect the upper layer of the skin as well
as the underneath layers such as the subcutaneous tissue, the fascia and the muscle (1).
The bacterial invasion of these layers can consequently result in the presence of bacteria
in the blood which can cause a septic shock (2). This fatal medical condition can be one
of the most life-threatening clinical outcomes since it can rapidly develop into multiple
organ dysfunction and conclude in patient death (3,4).

Patient visits due to SSTIs are estimated in 900,000 admissions and 14 million
outpatients’ visits in the US alone (5). The development of a superficial infection to severe
necrotizing infections presents high mortality and morbidity (6,7). Approximately, 20-
30% of the patients admitted due to necrotizing infections die during hospital treatment.
Moreover, the patient’s quality of life can worsen after infection treatment (8).

Control and prevention of severe bacterial infection begins with early identification of the
symptoms as well as appropriate antibiotic therapy. SSTIs can developed from different
clinical situations such as cutaneous abscess, cellulitis, wound infection or surgical-site
infection (9). The main clinical symptoms are caused due to inflammation as well as
erythema, edema, and pain (4). Fever and hypotension can be symptoms derived from the
activation of the immune system. Regarding treatment of this type of bacterial infections,
conventional antibiotic therapy has been the most recommended prescription.

The most common bacterial pathogens involve in SSTIs are Staphylococcus aureus and
Streptococcus pyogenes (10). The identification of these pathogens leads to the treatment
with the B-lactam cloxacillin and the cephalosporins, cefazolin and cephalexin (11).
Nonetheless, both of these bacteria can present virulence and resistance mechanisms
which will lead to the non-clearance by antibiotic treatment (12,13).

During recent years, an increase in antimicrobial resistance has been described because
of antibiotic misuse. This resistance has been observed in different common bacterial
pathogens. In the context of SSTIs, incidence of methicillin-resistant S. aureus (MRSA)
was described as 35.9% in North America, followed by Latin America with a percentage
of 29.4% and Europe with 22.8%. Calculated incidence rate varied between different
countries in Europe, being the southern ones the most affected (10,14).

Resistance in Group A Streptococci and P. aeruginosa has also been reported as well as
different resistance mechanisms, such as biofilm formation, have been observed
(13,15,16). Therefore, there is a need for novel treatments in order to improve the
treatment of SSTIs.

Novel ways of treatment: the AMP alternative

Antimicrobial peptides (AMPs) are one of the main candidates as alternative treatment to
bacterial infections. They are naturally produced small molecules that possess
antimicrobial activity since they are one of the first-line defense mechanisms of the
immune system. They present broad antimicrobial activity towards different bacteria,
viruses, and fungi (17,18).



The majority of the discovered AMPs present a short amino acid sequence where
positively charged and hydrophobic amino acids are present (19). This composition
allows them to interact with the negatively charged microbial membrane as well as they
are flexible molecules. They can present a broad range of secondary structure such as a-
helix or B-sheets allowing them to adapt to the interaction with different pathogens (20).
Hence, it has been described that AMPs are able of interacting with different components
of the pathogenic microbe such as DNA, RNA and proteins (21,22).

Their specific mechanisms of action differs from different peptides depending on their
target, but most of them are based in the negative charge interaction with the microbial
membrane leading to posterior insertion and disruption (23). Due to the base of this
interaction, the development of resistance from the bacteria is more difficult that in the
case of conventional antibiotics (24).

AMPs can be produced in skin by keratinocytes, neutrophils and macrophages (25).
Moreover, it has been reported that AMPs can play a role in wound healing, indicating
that they can become a more suitable treatment for wound infections than the overused
antibiotics (26,27).

Novel synthetic AMPs: CD4-PP and REI-26

CDA4-PP is derived from the studied human cathelicidin LL-37. This parent peptide
contains 37 amino acids in an o-helical structure (28). The mechanism of action of this
antimicrobial peptide is based in its positive charge and structure that allows this peptide
to aggregate and insert in the bacterial surface leading to pore formation and consequently
microbial elimination (29). With the focus on developing a more potent synthetic AMP,
LL-37 has been previously converted into a smaller linear peptide called KR-12 which
only presents the residues from positions 18 to 29 (30). Nonetheless, KR-12 was not as
suitable as expected due to proteolysis (31). Therefore, the Department of
Pharmacognosy at Uppsala University developed a new derivative including the
cyclization of two KR-12 peptides to form CD4-PP (31). CD4-PP has showed before
antimicrobial activity towards uropathogens as well as it has been described as
proteolytically stable (unpublished data).

The Department of Pharmacognosy at Uppsala University also studied the possibility of
developing synthetic AMPs derived from collagen. This is due to the report of
antimicrobial activity against Gram-positive and Gram-negative bacteria of collagen VI
(32,33). Due to collagen VI being a component of the extracellular matrix in most of the
connective tissues, host cytotoxicity of this compound and its derivatives is expected to
be low (34). Furthermore, it is hypothesized that it can also present beneficial impact on
wound healing mechanisms. Thus, a linear 26 amino acids peptide was synthetized and
named as REI-26.

Study significance

Antimicrobial resistance supposes a threat towards the effectiveness of conventional
antibiotics in community and hospital settings. Therefore, patients with bacterial skin
infections risk to present complications if not treated effectively as well as the situation
can lead to life-threatening consequences. It is believed that antimicrobial peptides can
be a valid alternative to this type of bacterial infections and possible applications should



be explored. Moreover, they can also present beneficial properties such as the promotion
of the immune innate response and wound healing properties.

Aim

The main aim of this study is to describe the antimicrobial properties of the AMPs REI-
26 and CD4-PP in a wound context. Antimicrobial activity will be analyzed towards the
common skin bacterial pathogens S. aureus, MRSA, P. aeruginosa and Group A
Streptococci. Type strains of these bacteria will be analyzed as well as clinical isolates
collected at the Karolinska University Hospital, in order to bring a perspective closer to
a clinical setting. Effect of in vitro treatment will as well be evaluated in infected
keratinocytes and macrophages, two cell lines that are present in the skin.

As a secondary aim, the impact of these two novel peptides in host immune response and
wound healing factors will also be described.

Materials and Methods
Antimicrobial peptides (AMPS)

Antimicrobial peptides collagen-derived linear REI-26 and cathelicidin-derived cyclic
CD4-PP were provided by Dr. Taj Muhammad, Dr. Adam Stromstedt and Prof. UIf
Goransson. They were synthetized at the Department of Pharmacognosy, Uppsala
University and diluted in micellar water.

Cell lines

All cell lines were grown at 37°C and 5% CO> Human keratinocytes HaCaT (RRID:
CVCL_0038) were used in this study. Two different macrophages cell lines were also
used: murine RAW 264.7 macrophages (American Type Culture Collection [ATCC];
TIB-71) and differentiated THP-1s (ATCC; TIB-202). HaCaT and RAW 264.7 cell lines
were grown in Dulbecco's Modified Eagle Medium (DMEM; ref. 41966-029, Gibco). The
media that was used for the dTHP1s was RPMI-1640 (ref. 11879-020, Gibco). Both cell
culture medias used were supplemented with 10% of heat inactivated fetal bovine serum
(FBS) (ref. 10270106, Gibco, country of origin Brazil). No antibiotics were used during
the growth of these cell lines. The THP-1 monocytes were differentiated to inactivated
macrophages by using phorbol myristate acetate (PMA) for 24 hours at a 150 ng/ml
concentration. This differentiation step was followed by RPMI 1640 media replacement
without PMA for another 24 hours.

Bacterial strains

ATCC and CCUG type strains are indicated in Table 1. Clinical isolates used for the
description of minimal inhibitory concentrations (MIC) were isolated at the Department
of Clinical Microbiology at the Karolinska University Hospital, Stockholm.



Table 1. Bacterial type strains. Table 1 indicates the bacterial type strains used in this study and
their respective ATCC and CCUG reference number.

Bacterial species Type strain Additional information
Staphylococcus aureus ATCC 29213 Susceptible to oxacillin
Resistant to methicillin,
Methicillin-resistant S. aureus penicillin G,
(MRSA) CCUG 31966 sulfonamide and
tetracycline
Pseudomonas aeruginosa ATCC 27853
Streptococcus pyogenes Group A ATCC 19615 Lancefield’s group A
Listeria monocytogenes ATCC 19111

Minimal inhibitory concentration (MIC)

Type strains and clinical isolates from S. aureus, P. aeruginosa and Group A Streptococci
were grown in blood agar (BA) at 37°C overnight. Single colonies were inoculated in 3%
trypticase soy broth (TSB) and grown from 2-4 hours at 37°C shaking. These growth
conditions were maintained until log phase was reached.

After 5 minutes of centrifugation at 2500 rpm, the bacterial pellet was resuspended in 3
ml of 10 mM Tris-buffer. This washing procedure was repeated twice. A densitometer
(DensiCHEK™ Plus, Biomérieux) was used to obtain a bacterial suspension with 0.5
McFarland turbidity. This suspension was later diluted in 10 mM Tris in a ratio of 1:150
to achieve bacterial suspension with 10° colony forming units per milliliter (CFU/ml).
With the purpose of allowing the interaction of the AMP and the bacteria of interest, 50
ul of the performed bacterial suspension were added to a U-bottomed 96-well plate made
of polystyrene (Costar) containing the different dilutions of AMPs.

AMPs two-fold dilutions from 6.25 M to positive control growth with no peptide were
prepared in 10 mM Tris-buffer with AMPs stock concentration of 1 mM. 50 pl of these
serial dilutions were added to 7 wells of the 96-well plate. The final volume of the reaction
was 100 pl and was incubated for 1 hour at 37°C. After 1 hour, 5 ul of 20% TSB were
added to each well and the plate was further incubated for another 16 (+ 2 hours) at 37°C.
Measurement of the optical density (OD) at 598nm using the EZ read 400 microplate
reader (Biochrom) indicated the MIC of each studied bacterial isolate.

Cell cytotoxicity assay

HaCaT and RAW 264.7 cells were grown in a flat-bottomed 96-well plate (Costar) until
80% of confluency was reached. Two-fold dilutions starting at 100 uM of REI-26 or CD4-
PP were added to the confluent cells and incubated for 24 hours at 37°C. Washing of the
cells was performed twice using 1XPBS. Fresh DMEM media with 10% FBS
supplemented with 2.15 pl menadione (Sigma; 172.18g/ml) per ml of XTT (Sigma) was
prepared. XTT was added in a relation of 20% to the total volume of media with
menadione. Stock concentration of XTT in the media was of 1 mg/ml diluted in 1XPBS.
Blank wells contained only prepared media with XTT-menadione. Cells were incubated
for 3 hours at 37°C with 5% CO,. OD was measured at 450 nm and 690 nm with EZ read



400 microplate reader (Biochrom). The OD value of 690 nm was subtracted from the OD
value at 450 nm. The assays were performed with three natural replicates.

Bacterial survival assay in HaCaT and dTHP-1 cell lines

HaCaT cell line was seeded in a 24-well flat-bottomed plate (Costar) with DMEM media
with 10% FBS until 80% confluency was reached. THP-1 cell line required differentiation
step first, as it is indicated in the cell line section of methods. All bacterial strains of
interest (Table 1) were plated on BA and incubated at 37°C overnight.

Three different conditions were set for this experiment performed in duplicates: untreated
infected control, infected treated cells pre-infection (AMPs were added at the initial
infection time-point), infected treated cells post-infection (AMPs were added 2 hours
after infection was stablished). Cells were treated with the indicated REI-26 and CD4-
PP’s concentrations and their respective media without 10% FBS supplementation.

Bacterial suspension was prepared by adding few colonies to 3 ml of 1XPBS. This was
followed by a centrifugation of 3 minutes at 1000 rpm. The stock bacterial solution
presenting 108 CFU/mI was determined by measuring absorbance at 600 nm. The stock
bacterial suspension was then serial diluted to 10" CFU/ml in 1XPBS and 100 pl were
inoculated to the specified cells to achieve a multiplicity of infection (MOI) of 5. Plate
was centrifuged for 1 min at 1000 g. Cells were then incubated for 2 hours at 37°C and
5% CO,. Pre-inoculum density (PID) was calculated by plating 50 ul of the dilutions 10*
and 10° CFU/ml in BA and grown overnight at 37°C. This was used as a comparison of
the initial number of bacteria added to the cells and the remaining bacteria at the end of
the experiment. After 2 hours of pre-infection treatment or no treatment, cells were
washed thrice with lukewarm 1XPBS. Cell culture media with the respective AMPs was
later added, and cells were then incubated for further 2 hours at 37°C and 5% CO.. Cells
were then washed again three times with 1XPBS and lysed and scraped with 200 pl ice-
cold 1X PBS with 0.1% Triton X-100.

Lysate was serially diluted and 50 pl were plated in BA plates. Plates were incubated
overnight at 37°C, to compare the survival bacteria for different treatment conditions.
Lysate from cells infected with Group A Streptococci were plated in Brilliant Green agar
(BG) and grown overnight anaerobically at 37°C.

Phagocytosis assay in RAW 264.7 and dTHP-1 cell lines

Phagocytosis assay was mainly conducted following the same protocol as bacterial
survival assay. The main difference between these two methods was the addition of
gentamicin for 30 minutes in a concentration of 10 pg/ml to the macrophages. This step
was performed after 2 hours of incubation at 37°C with the bacterial type strain indicated.
It assured the elimination of only extracellular bacteria due to the inability of gentamicin
of surpassing the eukaryotic cell membrane (35). Treatment conditions pre-infection and
post-infection were followed as in the bacterial survival description.

Plating of PID, and intracellular bacterial survival was achieved in the same manner as in
bacterial survival assay. As indicated in the section of cell lines, THP-1s were first seeded
and differentiated with exposure to 150 ng/ul of PMA for 24 hours. This cell line was
ready to be infected once PMA-free media was added for other 24 hours.
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Host response: measurement of mMRNA levels

HaCaT cells were used for measuring gene expression of SI00A7, DEFB4, IL6, CXCLS,
MKI167 and VCL. Cells were seeded in a flat-bottomed 24-well plate and exposed to the
different indicated conditions (treatment with AMPs, infection with S. aureus ATCC
29213) once they reached 80% confluency. The different conditions were done in
triplicates. The control reference were untreated cells. When infecting the cells, S. aureus
ATCC 29213 was grown overnight at 37°C on BA plate and working bacterial solution
was performed as indicated in the bacterial survival assay.

After total incubation of 2 hours at 37°C and 5% CO2, media was removed, and cells were
lysed by using 350ul RLT lysis buffer (Qiagen). RNA extraction was achieved as
indicated in the protocol for RNeasy Midi Kit instructions (Qiagen). RNA quality was
assessed by using nanodrop (ThermoFisher).

Total RNA was transcribed to cDNA using 100-300 ng of RNA with cDNA reverse
transcription kit (Applied Biosystems). SYBR Green expression assay protocol (Applied
Biosystems) was used to measure the gene expression of indicated genes of interest and
compared to the expression of the housekeeping gene ACTB. qPCR was performed on a
Rotor Gene RG3000 (Applied Biosciences). Forward and reverse primers used for each
gene are shown in Table 2 and were provided by Integrated DNA Technologies.

Table 2. Primers used for gene expression measurement. Table 2 shows the forward and
reverse primers used for the gene expression measurement of HaCaT cell line exposed to different
conditions (treatment with CD4-PP, REI-26 and infection with S. aureus ATCC 29213).

Gene Forward primer (5°-3°) Reverse primer (5°-3”)
ACTB AAGAGAGGCATCCTCACCCT TACATCGCTGGGGTGTTG
S100A7 CACCAGACGTGATGACAA GGCTATGTCTCCCAGCAA
DEFB4 CCCTTTCTGAATCCGC GAGGGTCTTGTATCTCCT
CXCL8 AAGAGAGCTCTGTCTGGACC GATATTCTCTTGGCCCTTGG

IL6 TGGCATTTGTGGTTGGGTCA TTCGGTCCAGTTGCCTCTC

MKI67 | CTCTCCAAGGATGATGATGCTTTA | TCCCGCCTGTTTTCTTTCTGAC

VCL | CCAAAACATGTCTCCTATATCCTGG | GAAGTGTCCTTCAGACAGGG

Host response: protein levels measurement by confocal microscopy

HaCaT cells were seeded on coverslips in DMEM media with 10% FBS in a 24-well
plate. Four different conditions were utilized: control where only media was added to the
cells, 20 uM of CD4-PP, 1.6 uM of psoriasin (S100A7) and combination treatment of
both AMPs. Treatment conditions were 20 uM of CD4-PP, 1.6 uM of psoriasin and
combination treatment of both AMPs.

Once 24-hour treatment, old media was removed, and cells were fixed with 4%
paraformaldehyde (PFA) for 15 minutes. After, cells were washed with 150 pl of 1XPBS
and permeabilized by adding 50 pl of freshly prepared 0.1% Triton-X 100 for 5 minutes.
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Blocking for unspecific interaction was done by adding 50 pl of 5% bovine serum
albumin (BSA) to each coverslip for 30 minutes. Primary antibody staining was
performed by adding the respective primary antibodies in a 1:200 dilution in equal volume
of 1XPBST (1X PBS with 0.1% Tween) and 5% BSA and left at 4°C overnight. Primary
antibodies were used against Ki67 (rabbit; AB15580-Abcam) and vinculin (mouse;
V9131-Sigma). The following day cells were washed thrice with 150 ul of 1XPBST and
stained with 1:1000 dilution of secondary antibody staining. Anti-rabbit Alexa fluor dye
488 (A-21467, Life Technologies Cooperation) was used for the staining of Ki67 while
anti-mouse Alexa Fluor dye 647 (ref. A-21235, Life Technologies Cooperation) was used
for the staining of vinculin. Binding step of primary and secondary antibody was
performed for 1 hour at room temperature in the dark. Cells were washed again thrice
with 1XPBST and 50 pl of 1:1000 dilution of DAPI staining solution (ref. D3571,
Invitrogen) for 15 minutes at room temperature. Washing with 1XPBST was performed
thrice. Coverslips were then mounted with 3 ul of Fluromount G (ref. 01001, Southern
Biotech) in glass slides and observed under Zeiss LSM 700 confocal microscope with
63X oil immersion objective. Imaging was performed by Dr. John Kerr White.

Nitric oxide production

When phagocytosis assays were performed with RAW 264.7 and dTHP-1s, 150 pl of
supernatant after 1 hour or 4 hours of incubation at 37°C and 5% CO were removed and
mixed with 120 pl of distilled water in a flat-bottomed 96-well. 20 ul of freshly prepared
Griess reagent (ref. G7921, Invitrogen). 150 ul water was used as reaction blank and 150
ul of respective cell culture media were used as blank for the media. Plate was incubated
for 30 minutes in the dark at room temperature, and then OD was measured at 562 nm
using the EZ read 400 microplate reader (Biochrom).

Statistical analysis

Statistical analysis was performed by using GraphPad Prism 8. Statistical tests used are
indicated in the figure legends for each result. Presence of outliers was checked using
Grubb’s test.

Results

REI-26 and CD4-PP show antimicrobial activity towards skin bacterial pathogens

While most skin infections heal even without other treatment than keeping the wound
clean, others need antibiotic treatment and some infections may develop into severe
infections and even septicaemia (2). Given this fact, antimicrobial activity of the novel
AMPs REI-26 and CD4-PP was assessed by performing MIC assays against these skin
bacterial pathogens. MICs were measured for the type stains and clinical isolates. The
range of antimicrobial peptide concentrations tested started at 6.25 pM and were followed
by decreasing 2-fold dilutions. A positive control for bacterial growth with no peptide
was also performed. 6.25 pM was chosen as a starting concentration due to susceptibility
of other bacterial pathogens to CD4-PP at 1.56 uM (unpublished data).

REI-26’s MIC value for all type strains from the different skin bacterial pathogens was
1.56 uM (Table 3). Regarding the clinical isolates, 15 out of 20 clinical isolates of S.
aureus presented an equal MIC value or lower than the type strain. In the case of P,
aeruginosa, 17 clinical isolates out of 20 showed an equal or a lower MIC value while
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for Group A Streptococci (GAS) was 18 clinical isolates out of 20. Thus, REI-26 showed
antimicrobial activity against the type strains and also against most of the isolated clinical
strains. Furthermore, only one clinical isolate of S. aureus presented an MIC of 6,25 uM.
The growth of rest of the clinical isolates from the studied bacteria was inhibited at a
concentration of 3,25 uM of MIC.

Table 3. REI-26 MIC values for skin bacterial pathogens. Table 3 indicates the REI-26 MIC
values for the type strain bacterial pathogen and how many of the tested clinical isolates (N=20) presented
equal or lower MIC.

Bacterial species REI-26 MIC Percentage of clinical isolates
(ATCC number) type strain with equal or lower MIC (N=20)
5. aureus 1.56 uM 75% (n=15
(ATCC 29213) S6p o (n=15)
P aeruginosa 0/ (e
(ATCC 27853) 1.56 uM 85% (n=17)
Group A Streptococci 0/ (o
(ATCC 19615) 1.56 uM 90% (n=18)

On the other hand, the MIC values for CD4-PP varied depending on the species that was
analyzed. CD4-PP was able to inhibit growth of the type strains of S. aureus and Group
A Streptococci at a concentration of 0.78 uM, and the type strain of P. aeruginosa at 1.56
uM. As for the clinical isolates, all clinical isolates from P. aeruginosa and Group A
Streptococci showed equal or lower MIC than the type strain. In the case of S. aureus,
growth of 18 out of 20 clinical isolates was inhibited when they were exposed to a
concentration equal or lower than 0.78 uM.

Table 4. CD4-PP MIC values for skin bacterial pathogens. Table 4 shows the CD4-PP MIC
values for the type strain bacterial pathogen and how many of the tested clinical isolates (N=20) presented
equal or lower MIC.

. . Percentage of clinical isolates
s | cosmcone | e
( A?bcglgegu513) 0.78 uM 90% (n=18)
(iTagé‘gZ’;‘ggg) 1.56 uM 100% (n=20)
Gr"(‘g{é?rfgpg‘l’g‘;c"i 0.78 uM 100% (1=20)

Both novel AMPs were able to inhibit bacterial growth of common skin pathogens at low
concentrations, below 2 uM. When comparing results, CD4-PP showed a lower MIC than
REI-26 as well as it was able to prevent the growth of the different clinical isolates with
the same MIC concentration or lower. However, both showed promising results towards
a possible treatment for bacterial skin infection.
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Treatment of infected keratinocytes and macrophages with novel AMPs

Keratinocytes are the major cell type present in the outer layer of the skin, the epidermidis.
These cells are epithelial cells which are highly specialized and present structural function
(36). Since the skin represents one of the main immune barriers of our body, immune
cells such as macrophages are also present in the basal layers of the skin (37). This deeper
layer will be exposed to microbial pathogens in a wound context. Therefore, in order to
obtain a broader picture of a possible treatment of skin bacterial infections, in vitro
assessment with these two cell types should be analyzed. Due to the favorable MIC results
for both novel AMPs, treatment of keratinocytes (HaCaT cells) and macrophages (RAW
264.7 and differentiated THP-1s) was performed.

Prior to the possible effect of novel AMP treatment, the impact of both AMPs on cell
viability was assessed using the XTT-menadione method in the different used cell lines.
REI-26 showed no cytotoxic effect in cell viability in concentrations up till 100 uM. CD4-
PP showed cytotoxicity at a concentration of 50 uM in RAW 264.7 and HaCaT cells.
(Figure S1)

HaCaT and dTHP-1s cells were treated with a range of REI-26 concentrations to assess
which one was the most effective. The chosen trial concentrations were 2, 4, 6 and 16
UM. All HaCaT cells were infected with S. aureus type strain ATCC 29213, which
showed a MIC of 1.56 uM previously. REI-26 was added whether at the same time as the
bacteria or 2 hours after infection with bacteria (2 h). No bacterial growth inhibition was
observed when performing these survival assays (Figure 1, 2). Furthermore, an increasing
trend in bacterial growth was observed when the cells were treated from the beginning of
the infection and at higher REI-26 concentrations. No statistically significant difference
was found between the different conditions due to the spread between the different sets.
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Figure 1. Infection assay for S. aureus in HaCaT cells treated with REI-26. A comparison between the
untreated control infection and the different treatments was performed. The different used concentrations
of REI-26 are indicated in each figure. The graphs comprehend the mean value of each set and the total
mean value with the standard deviation. Statistical test applied was ANOVA Dunnett’s multiple
comparisons.

14



o
=2
e

2 pM of REI-26 4 yM of REI-26 6 pM of REI-26
825 “g’: 2.5 “g’a 2.0
c
S S < T
K= % 2.0 ﬁ
O 2.0 - .04 —
o T T 157
° (<] (<]
2 1.5 £ 1.5+ =
§ g g 1.0 e—e 1
g 1.0 o—e —_ é 1.0- o—e —_ g
7] " ®» 0.5
g 0.5 .g 0.5+ g
© o &
© 0.0 T —T © 0.0 T T T ° 0.0-—F—TF—
o © 14
o\ % ) o\ ) o 2% 120
Gg““* q&\zg&\q’ Go(\“* 9&\19&\1 co‘\“* gﬁ\’:g@\i
\)(e“ig (L“\ ao(e“‘i,)g \?“\\ a“(e““:g \?“\\
@ R\ S- % @
A 2

Figure 2. Infection assay for S. aureus in cell line dTHP-1 treated with REI. A comparison between
the untreated control infection and the different concentration treatments was performed. The different used
concentrations or REI-26 are indicated on top of each figure. Total mean value for fold change of each is
described as well as the standard deviation. Statistical test applied was ANOVA Dunnett’s multiple
comparisons.

Due to CD4-PP’s ability of inhibiting bacterial growth at low concentrations, it was also
considered a potential candidate for possible in vitro skin and immune cell treatment.
Previous to this study, HaCaT cells were infected with type strains of S. aureus ATCC
29213, MRSA CCUG 31966, P. aeruginosa ATCC 27853 and GAS ATCC 19615 and
treated with 2 uM of CD4-PP. As indicated before, a treatment pre-infection and post-
infection was performed. In the case of S. aureus, MRSA and Group A Streptococci,
bacterial load was significantly decreased for both treatments, initial and two hours post-
infection with a p-value < 0.001 when considering the mean values of each set. When
infecting with P. aeruginosa, treatment given after 2 hours of infection was unable to
reduce the bacterial burden in infected HaCaT cells. (Figure 3)
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Figure 3. Bacterial survival assay for different skin bacterial pathogens in HaCaT cell line treated
with CD4-PP. This was studied prior to this study by Dr. John Kerr White. Relative bacterial survival of
the untreated control was compared to 2 pM CD4-PP treated replicates. Treatment was administered to
HaCaT cells at the initial infection or 2 hours post-infection. Relative survival of type strains of S. aureus
ATCC 29213 (a), MRSA CCUG 31966 (b), P. aeruginosa ATCC 27853 (c) and GAS ATCC 19615 (d) is
indicated. 4 stars indicate a p-value < 0.001 when ANOVA Dunnett’s multiple comparisons were applied.

Due to the significant increase in bacterial clearance observed in infected HaCaT cell line
with CD4-PP treatment, the effect of this novel AMP in the phagocytosis rate of immune
cells was the next step to be considered. A trial phagocytosis assay experiment was

15



performed in mouse macrophages (RAW 264.7) since it was the first time that this AMP’s
effect was measured in immune cells. RAW 264.7 were infected with the intracellular
bacteria L. monocytogenes due to its intracellular cycle as a way of measuring if CD4-PP
enhanced the phagocytic capacity of murine macrophages (38).

MIC value for L. monocytogenes was 0.78 uM when exposed to CD4-PP. Due to some
inactivation of the novel peptide when added to cell culture media, the concentrations
tested were 2 and 4 uM. RAW 264.7 macrophages were treated and infected for a total of
1 hour and 4 hours. After one hour of infection and two hours of infection, gentamicin
was added to eliminate extracellular bacteria (35). A significant decrease in intracellular
bacteria was observed when treated control was compared to untreated control. This
reduction was present in both time-period treatments and concentrations (Figure S2).

Once the effect of CD4-PP was also proven in intracellular bacteria and the minimal
optimal CD4-PP concentration was described, phagocytosis assays in dTHP-1s was
performed. As in the case of the keratinocytes, dTHP-1s were infected with skin common
pathogens (S. aureus ATCC 29213, MRSA CCUG 31966, P. aeruginosa ATCC 27853
and GAS ATCC 19615) and treated at pre-infection time or 2 hours post-infection with 2
uM of CD4-PP. After 2 hours of infection, gentamicin was used with the same purpose
as in RAW 264.7 phagocytic assay, to kill extracellular bacteria.

Lower intracellular bacterial load of all skin common bacterial pathogens was observed
when comparing the treated replicates to the untreated controls. When treating pre-
infection, all bacterial species tested showed a significant decreased with a p-value <
0.001. However, when the treatment was performed 2 hours post-infection, significant
reduction was observed.
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Figure 4. Phagocytosis assay of infected dTHP-1s treated with CD4-PP. Relative survival of type
strains of S. aureus ATCC 29213 (a), MRSA CCUG 31966 (b), P. aeruginosa ATCC 27853 (c) and GAS
ATCC 19615 (d) is indicated. 4 stars indicate a p-value < 0.001, 2 stars, p-value <0.01 and 1 star, p-value
<0.1. Statistical analysis was performed by using ANOVA Dunnett’s multiple comparisons test.

REI-26 showed no decrease in survival of bacteria when treating infected keratinocytes
and human macrophages. In contrast, CD4-PP showed significant bacterial reduction
when treating infected keratinocytes and macrophages. Moreover, a reduction was
observed in both type of treatments: pre-infection and post-infection.
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Immune innate response of keratinocytes when exposed to novel AMPs

During infection, stressed keratinocytes release chemokines, antimicrobial peptides, and
oxidative species as part of the innate immune response. AMPs themselves are also potent
immunomodulators, capable of regulating different immune pathways and functions (39).
Therefore, it was assessed whether CD4-PP would alter the expression of these immune-
related compounds.

Firstly, even if REI-26 did not show any reduction in bacterial load when added to
infected keratinocytes, it was hypothesized that it may present other beneficial properties
for the host cells in a skin infection context. HaCaT cells were then treated during 2 hours
with a range of REI-26 concentrations. The expression of the antimicrobial peptides beta-
defensin 2 (DEFB4) and psoriasin (S100A7) were analyzed due to their described constant
presence in the skin (40,41). mRNA levels of the chemokine CXCL8 were also analyzed
due to its chemoattractant properties. This studied chemokine is able to attract neutrophils
to the site of infection as well as it has been described that is has an effect on epithelial
cells and macrophages (42).

When measuring the mRNA levels of the indicated immune components in REI-26
treated HaCaT cells, only a decreasing trend could be observed in the case of DEFB4
(Figure 5). No statistically significant differences in mRNA expression levels were found
between untreated and treated cells nor the different concentrations tested.
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Figure 5. mRNA levels of CXCL8, DEFB4 and S100A7 in REI-26 treated HaCaT cell line. HaCaT

cells were treated for 2 hours with the indicated concentration of REI-26. mRNA levels of CXCL8 (a),

DEFB4 (b), S100A7 (c), did not show any statistically significant differences when unpaired t-test was
performed.
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Secondly, the effect in the host innate immune response by CD4-PP was also analyzed.
Prior to this study, a significant increase in the mRNA levels of antimicrobial peptide
S100A7 was observed when HaCaT cells were treated with 20 uM of CD4-PP for 2 hours.

Chemokine characterization had not yet been performed. Therefore, mMRNA expression
of the aforementioned chemoattractant CXCL8 was measured as well as for the
inflammatory marker IL6. This last marker was of interest is it has been described that it
also plays a key role in the modulation of skin reparative processes (43).

HaCaT cells were infected with S. aureus ATCC 29213 and treated with 20 uM of CD4-
PP for 2 hours. mMRNA levels of the different indicated chemokines were measured. An
increasing trend was found in the case of IL6 expression. When comparing the means
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between treated and untreated groups, only CXCL8 showed statistically significant
increase with a p-value< 0.1. (Figure 6)
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Figure 6. mMRNA levels of CXCL8 and IL6 in REI-26 treated keratinocytes infected with S. aureus.
MRNA level of IL6 (a) showed no significant increase. CXCL8 (b) showed significant increase with a p-
value< 0.1. Statistical analysis was obtained by using unpaired t-tests.

Nitric oxide production of infected and treated with CD4-PP macrophages

Besides presenting phagocytic activity, macrophages are also able to eliminate
intracellular bacteria by converting the amino acid arginine to nitric oxide which is highly
toxic for microbes (44). Therefore, nitric oxide production was studied in RAW 264.7
cells infected with Listeria monocytogenes type strain ATCC 19111. RAW 264.7
macrophages were treated with 4 uM CD4-PP. Nitric oxide production was measured
after 1 hour and 4 hours of infection. A significant decrease in nitric oxide production
was observed when infected RAW 264.7 macrophages were treated with CD4-PP after 1
hour of infection (Figure 7a). Tris decreasing trend when adding CD4-PP treatment
wanted to be confirmed as well in human macrophages. When analyzed, the previously
described decreasing trend was not observed when dTHP-1s were infected and treated
with 2 uM for 1 hour (Figure 7b).
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Figure 7. Nitric oxide production in infected RAW 264.7 and dTHP-1s macrophages. Nitric oxide
production levels were measured at an optical density of 562 nm. Infected RAW 264.7 macrophages (a)
showed a decrease in nitric oxide production when treated with 4 uM of CD4-PP for 1 hour, p-value<0.1.
This result was not observed when the experiment was performed in infected dTHP-1s macrophages (b).
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CD4-PP treatment effect in proliferation markers of keratinocytes

This study is focused on beneficial effects of antimicrobial peptides in a wound context.
Besides presenting antimicrobial activity, CD4-PP’s beneficial impact on proliferation of
keratinocytes and wound closure was also explored.

MRNA levels of keratinocyte proliferation markers MKI167 and VCL were analyzed in
uninfected HaCaT cells when exposed to 20 uM of CD4-PP for 6 hours. A significant
decrease was observed in the case of MKI67 with a p-value<0.1, while no significant
difference was found in the mRNA expression of VCL. (Figure 8)
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Figure 8. mRNA levels of MKI167 and VCL in treated HaCaT cells. HaCaT cells were treated with 20
uM of CD4-PP for 6 hours. mRNA expression was compared to untreated control. mRNA levels of MKI67
(a) decreased with p-value< 0.1. mRNA levels of VCL (b) showed a non-significant decreasing trend. The
statistical test applied was unpaired t-test.

The described downregulation of the mRNA levels of these two proliferation markers,
led to suggest the possibility of reduced protein levels of Ki-67 and vinculin. This was
analyzed through confocal microscopy. Psoriasin (S100A7) has been described as an
antimicrobial peptide involved in cell proliferation and keratinocyte differentiation
(45,46). HaCaT cells were treated with 20 uM of CD4-PP, 1.6 uM of psoriasin and a
combination of both AMPs for 24 hours. (Figure 9)

Cell observation through microscopy seemed to indicate a decrease in fluorescence
intensity once CD4-PP was applied for both proteins, Ki-67 (green) and vinculin
(magenta; Figure 9b). Moreover, a difference in the location of expression was also
noticed for Ki-67. In the untreated control, fluorescence for this protein was mainly
situated in the cell nucleus while when treated with CD4-PP the expression was displaced
to the cytoplasm. In contrast to CD4-PP treatment, the fluorescence intensity of both
proteins, seemed higher when using only psoriasin as treatment (Figure 9¢). An increase
in the protein expression of Ki-67 was observed when combinational treatment was used
(Figure 9d). All visual comparisons were compared to the untreated control.
Densitometry analysis of the fluorescence intensity presented the same trend as the one
described in the visual analysis. Levels of nuclear Ki-67 appear to lower when treatment
with CD4-PP was applied to HaCaT cells. Psoriasin seemed to upregulate the protein
expression of both proteins. The recovery in protein expression was not observed when
combined treatment was used. No statistically significant differences were described
when comparing mean values. Significant decrease in nuclear Ki-67 and vinculin protein
expression levels was observed when individual values were compared.
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Figure 9. Immunofluorescence of vinculin and Ki-67 in HaCaT cell line. Representative cell images
obtained from confocal microscopy with primary antibodies targeting the proteins Ki-67 and vinculin are
shown. Alexa Fluor secondary antibodies were used for staining. Images obtained from untreated control
(a). Decrease in Ki-67 and vinculin protein expression was observed HaCaT cells were treated with 20 uM
of CD4-PP (b). Treatment with 1.6 uM of psoriasin (c) showed upregulation of the studied proteins. Faint
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recovery was observed when combination treatment was used (d). Densitometry showed the same trend as
observed in the representative cell images (e, f). Statistical analysis was performed by comparing the
different mean groups by ANOVA Dunnett’s multiple comparison test.

Discussion

Both novel AMPs showed antimicrobial activity towards common skin bacterial
pathogens when MIC values measurements were performed. Treatment with AMPs of
infected keratinocytes and macrophages showed decrease in bacterial load only when
CDA4-PP was applied. Regarding the regulation of immune factors such as AMPs and
chemokines, treatment with REI-26 did not show any changes while CD4-PP presented
an upregulation. The effect of CD4-PP in known proliferation markers was analyzed
showing downregulation.

Here it is shown that CD4-PP is active against skin bacterial pathogens and can be
considered a novel treatment towards bacterial skin infections. CD4-PP presents
promising characteristics that can lead to the development of a novel way to treat bacterial
skin infections. This is highly needed in the actual context where antimicrobial resistance
is one of the main burdens of hospital care when treating bacterial skin infections (47,48).

Treatment with REI-26 did not show bacterial load reduction in infected cells

REI-26 did not present antimicrobial activity when it was used as treatment for infected
keratinocytes and macrophages. It was then suggested that the peptide was no longer
active due to the interaction with the cell culture media. This presumption was sustained
by evidence of other studied AMPs which did not show antimicrobial activity once
standard antimicrobial susceptibility tests where applied (49,50). The presence of
negatively charged aminoacids and pH changes in the standard media used could lead to
modifications in the AMPs charge. This alteration can subsequently lead to precipitation
and AMP inactivation (51-53).

Moreover, REI-26 presents a linear structure while CD4-PP is cyclic. Cyclic peptides
have been described to present an enhanced antimicrobial activity due to their persisting
conformation. This maintained conformation improves the amphipathic interactions with
the targeted negative-charged bacterial membrane resulting in a deeper insertion and the
lysis of the bacterial pathogen (54,55). On the other hand, linear peptides present a less
advantageous conformation towards interacting with the bacterial membrane since their
structures are more flexible. No restriction in conformation leads to a lower charge
density and subsequently the no disruption of the bacterial membrane (56).

CD4-PP treatment showed inhibited bacterial growth in vitro

Treatment with CD4-PP showed a reduction in bacterial growth when keratinocytes and
macrophages where infected with all the strains. Nonetheless, HaCaT cells infected with
P. aeruginosa and treated post-infection with CD4-PP did not show a clear reduction in
bacterial load. P. aeruginosa has been described as a pathogen that contains multiple
resistance mechanisms such as biofilm formation (16). This mechanism was considered
a possible explanation towards the no effect of CD4-PP treatment. Hence, biofilm
production was assessed after two hours infection and early biofilm formation was
observed. This will then explain the no effective treatment by CD4-PP when added 2
hours after infection (unpublished data).
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Towards a possible CD4-PP treatment, it would be important to consider the development
of resistance since this has been already described for its parental peptide LL-37 in MRSA
(57). Possible inactivation of CD4-PP from bacteria should be explored.

CDA4-PP treatment increases mRNA levels of IL6 and CXCLS8 in keratinocytes

IL-6 and IL-8 are inflammatory chemokines present in acute inflammatory response
which lead to the differentiation of T cells and chemoattraction of neutrophils in the
wound site (58,59). IL-6 can also interact with M2 macrophages and fibroblasts resulting
in the activation of a fibrotic environment where proliferation and wound healing
signalling is promoted in order to initiate wound closure (60). Besides interacting with
neutrophils, CXCLS8 can also attract fibroblasts to the wound site as well as it presents
antibacterial activity (61). Therefore, the observed increase of IL-6 and CXCL8 when
CDA4-PP treatment was applied is coherent with what is expected in a wound context since
this increase was observed after two hours of treatment. Moreover, upregulated
expression levels of IL-6 and CXCL8 have been described in keratinocytes when exposed
to other AMPs such as the parental LL-37 and human defensins (62).

It would be important to consider that the dysregulation of these chemokines can lead to
a chronic fibrotic context causing diseases such as psoriasis (63). Thus, a longer exposure
of keratinocytes to CD4-PP should be assessed as a way of describing a possible chronic
effect.

Nitric oxide production is not affected by CD4-PP treatment in macrophages

A decrease in nitric oxide production was observed when CD4-PP treatment was applied
to RAW 264.7 macrophages after 1 hour of infection with L. monocytogenes. This
reduction was not observed in treated dTHP1s infected with S. aureus. It has been
reported that nitric oxide presents antimicrobial function as well as it promotes
vasodilatation and wound healing (64). Furthermore, novel therapies for wound healing
involving this molecule are currently under study (65). Therefore, the no difference in
nitric oxide production observed in treated dTHP1s is a positive result towards subsequent
wound closure and healing.

CD4-PP treatment downregulated protein expression of Ki-67 and vinculin

Ki-67 has been described as one of the main cell proliferation markers due to its constant
presence in cell nucleus throughout the cell cycle while vinculin is associated with cell
adhesion and its absence indicates a decrease in cell spreading (66,67). The
downregulation of both markers in keratinocytes when CD4-PP was applied is not
positive towards possible wound treatment. This indicates that this novel peptide may not
be suitable for the skin unless an increase of other keratinocyte-proliferative molecules is
verified.

However, it is important to consider that this decrease was observed in keratinocytes
exposed to treatment during 24 hours and it has been described that the migration of
fibrotic cells does not occur until 2 days after injury (68,69). Moreover, a broader picture
will be required to not consider this peptide as a suitable one for wound infections. Studies
regarding the effect of this novel peptide in other regenerative cells such as fibroblasts
and M2 macrophages should not be dismissed (70).
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Future aspects and applications

In relation to collagen-based REI-26, the effect that cell culture media could have on its
antimicrobial activity should be confirmed by performing survival assays with refined
media (71). However, further investigations should also recognize the possible effect that
this antimicrobial peptide may have in an in vivo context where inhibitory molecules
might be present.

Regarding the promising CD4-PP peptide, the impact of this peptide in short response
immune mechanisms should be assessed in other cells such as dTHP1s, T-cells and
fibroblasts which play a major role in bacterial infections in wounds. Moreover, longer
exposures to this peptide should also be described considering the regulation of different
proliferation markers and the migration of different cells.

In order to observe the whole picture behind the CD4-PP treatment in skin bacterial
infections, macrophages could be exposed to conditioned media obtained from treated
infected keratinocytes (72). These macrophages will later be infected, and bacterial load
would be analyzed. Another method that can be applied in this case for analyzing the
induction of T cells is flow cytometry. The presence of activation markers in the cell
surface may differ from treated to untreated cells (73).

Furthermore, as an intermediate step from in vitro to in vivo, the application of this peptide
could be described in skin 3D bio model where migration of the different cells could be
observed as well as treatment exposure could be prolonged (74).

The application of CD4-PP could be developed as a polymerized hydrogel since gel
advantages comprehend an effortless application in skin, present strong adherence and
can prevent quorum sensing and biofilm formation (75). In addition, hydrogels diminish
the inflammation sensation by providing a cooling relief when they dissipate the heat
related to inflammation (76). This gel based-form of application has already been adapted
in other contexts such as implanted-devices and the use of parental LL-37, which is in
Phase Il of clinical trials (23,77).

Conclusions

The novel cyclic antimicrobial peptide CD4-PP presented promising results treating skin
bacterial infections, with optimal antimicrobial activity in MIC values and survival
assays. The expression of antimicrobial peptides and chemokine was upregulated when
keratinocytes were treated with this novel AMP as expected. Further studies regarding
the effect of skin application are required to assess the impact and safety of this novel
molecule.

In contrast, the collagen-derived REI-26 showed limited clinical potential. No
antimicrobial activity was described when REI-26 was applied as treatment to infected
keratinocytes or macrophages. Recovery of its antimicrobial activity should be further
analyzed.
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Supplementary

Figure S1. Cytotoxicity of cell line dTHP-1 for REI-26 and cell lines HaCaT and
RAW 264.7 macrophages for CD4-PP
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Figure Sla depicts the cytotoxicity of differentiated macrophages cells line THP-1 when treated with 2-
fold dilutions of REI-26. No cytotoxicity was observed. Figure S1b and ¢ show the cytotoxicity of HaCaT
cells and RAW 264.7 macrophages when treated with 2-fold dilutions of CD4-PP. Effect in cell viability
was observed at a concentration of 50 uM.
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Figure S2. Phagocytosis assay of infected RAW 264.7 macrophages treated with
CD4-PP
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Figure S2 depicts the phagocytosis assay performed in infected RAW 264.7 macrophages with L.
monocytogenes type strain. Figure 4a shows the effect of treatment for 1 hour and the effect of the different
concentrations. 2 uM treatment presented a p-value < 0.01 while 4 uM treatment presented a

p-value < 0.001. Figure 4b portrays the 4-hour CD4PP treatment effect in intracellular bacteria. A p-value
< 0.01 was observed in the case of 2 uM treatment and 4 uM treatment showed a p-value < 0.001.

32



