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Summary
Several chemokines have been shown to act as antimicrobial proteins, suggesting a direct
contribution to innate immune protection. Based on the study of defensins and other antimicrobial
peptides, it has been proposed that cationic amino acids in these proteins play a key role in their
antimicrobial activity. The primary structure requirements necessary for the antimicrobial activity
of chemokines however, has not yet been elucidated. Using mouse CCL28, we have identified a C
terminal region of highly charged amino acids (RKDRK) that is essential to the antimicrobial
activity of the murine chemokine. Additionally, other positively charged amino acids in the C-
terminus of the protein contribute to the observed antimicrobial effect. Charge reversal and
deletion mutations support our hypothesis that C-terminal positively charged amino acids are
essential for the antimicrobial activity of CCL28. Results also demonstrate that although the C-
terminal region of the chemokine is essential, it is not sufficient for full antimicrobial activity of
CCL28.
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Introduction
Chemokines are a group of small proteins (5-20 kDa) that play important roles in both innate
and adaptive immunity. These chemotactic proteins play a key role in recruiting leukocytes
to lymphoid tissues (constitutive homing) as well as to sites of inflammation (inducible
homing) [1-4]. In addition to their function in cell homing and migration, several
chemokines have been shown to exhibit direct antimicrobial activity in vitro [5-7].

The chemokine CCL28 has been shown to selectively attract lymphocyte subsets (IgA
plasma cells and skin homing T cells) through interactions with its cognate receptor, CCR10
[8,9]. This chemokine has also been shown to exhibit broad spectrum antimicrobial activity
against Gram-positive bacteria, Gram-negative bacteria, and fungi. The antimicrobial
activity of CCL28 was initially identified due to its homology with the antimicrobial peptide
histatin 5 [10]. Histatin 5, CCL28, and other antimicrobial peptides (AMP), such as
defensins, often require low salt (non physiologic) solutions for maximum antimicrobial
activity in vitro. Through the use of mouse models, in which defensins function has been
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inhibited, it has been shown that these AMP serve a vital immunological function in vivo
[11,12].

A mechanism for the antimicrobial activity of defensins and other AMP has been proposed
in which positively charged regions of these peptides attach or insert into the negatively
charged microbial cell membrane, ultimately resulting in microbial cell death. Segregation
of patched hydrophilic and hydrophobic residues and the formation of an amphipathic
structure may also be important for AMP activity [13-15].

Although the antimicrobial activity of several chemokines has been described, very little is
known about the structural requirements needed to facilitate the killing of bacteria by these
proteins. Previous studies have explored the relationship between amino acid sequence and
the antimicrobial function of defensins [16-24]. When compared with defensins and other
AMP, chemokines are much larger in size and have a more complex structure [1]. No
previously reported studies have explored the role of primary protein structure in chemokine
mediated antimicrobial activity.

CCL28 provides an excellent model to understand the structural requirements for chemokine
mediated killing. All CC chemokines are thought to have a similar structure [1,25]. The
chemokines CCL28 and CCL27 share 31% identity at the amino acid level and both mediate
the migration of lymphocytes via interactions with the chemokine receptor CCR10 [26]. In
contrast to CCL28, CCL27 exhibits no antimicrobial activity [7,10]. Interestingly, these two
proteins share high homology at the N-terminus of the protein and low homology at the C-
terminus. Correspondingly, the N-terminus of chemokines has been implicated in mediating
migration through chemokine receptor binding and the C-terminus has been hypothesized to
be important for antimicrobial activity [27-30].

To investigate the role of primary protein structure on the activity of the antimicrobial
chemokine CCL28 we used PCR based mutagenesis to generate truncation, deletion, site-
specific substitution, and chimeric mutants of the protein. These mutant proteins were then
assayed in vitro for antimicrobial activity. Results demonstrate that positively charged
amino acids at the C-terminus of CCL28 significantly contribute to the antimicrobial activity
of the protein. Through the generation of CCL27/CCL28 and CCL5/CCL28 chimeric
proteins we also demonstrate that interactions between the antimicrobial C-terminus of
CCL28 with an appropriate CC chemokine N-terminal domain is important for the full
antimicrobial activity of CCL28.

Results
Recombinant CCL28 exhibits antimicrobial activity

In establishing our model system we first sought to demonstrate that our in-house protein
production and purification procedures yielded CCL28 that effectively killed bacteria, as has
previously been demonstrated for commercially available CCL28 [10]. To determine the
antimicrobial activity of our recombinant proteins, in-house produced CCL28 and CCL5
proteins were used in antimicrobial assays, as described in Materials and Methods. The
CCL5 chemokine was used throughout this study as a negative control, CCL5 binds the
CCR1, CCR3 and CCR5 chemokine receptors and has not been shown to possess
antimicrobial properties. In preliminary experiments, we found that Staphylococcus aureus
and Pseudomonas aeruginosa displayed slightly different sensitivities to CCL28 mediated
killing (data not shown). In all subsequent experiments a final protein concentration of 1μM
for Staphylococcus aureus and 0.5μM for Pseudomonas aeruginosa was used. Antimicrobial
assays confirmed that recombinant CCL5 showed no antimicrobial activity, when compared
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to BSA or buffer only controls. In-house recombinant CCL28 demonstrated potent
antimicrobial activities, similar to commercially produced CCL28 (Fig. 1).

The C-terminal region of CCL28 is indispensable for optimal antimicrobial activity
It has previously been suggested that the 28 C-terminal amino acids of CCL28 play a key
role in the observed antimicrobial properties of the chemokine [10]. In an effort to more
precisely define regions of the protein that are essential for antimicrobial activity, we
produced several mutant versions of CCL28 through successive C-terminal truncations.
These truncated recombinant proteins were then assayed for antimicrobial activity (Fig. 2B
and 2C). The antimicrobial activity of CCL28 generally decreased as progressively larger
sections of the C-terminal region were deleted. Following truncation 5 (truncation of 24 C-
terminal amino acids) the antimicrobial activity of CCL28 was largely abrogated, with
bacterial survival increasing 10-fold in experiments using the C5 truncation compared to the
C4 truncation of the protein (p=0.007 and 0.039 for experiments using S. aureus and P.
aeruginosa respectively). These results confirm that the C-terminal region of CCL28 is
essential to the antimicrobial activity of CCL28. Furthermore, these results demonstrate that
amino acids 85-89 (contained in the C4 mutant protein) are key to the antimicrobial activity
of CCL28. Although differences in the antimicrobial activity of full length CCL28 and
truncations C1-C4 were not strongly significant (p values ranging from 0.1 to 0.04) a
consistent pattern was observed in experiments using both S. aureus and P. aeruginosa in
which the antimicrobial activity of mutations C1-C3 gradually decreases and the
antimicrobial activity of C4 was always increased when compared to C3.

To further determine if the C5 region (amino acids 85-89) was essential to the antimicrobial
activity of CCL28 we next constructed a mutation in which this region was deleted and
amino acid 84 was followed by the amino acids corresponding to amino acids 90-108 of the
wild type protein. In these experiments we observed a dramatic reduction in antimicrobial
activity when compared to the full length CCL28 protein. However, although the
antimicrobial activity of this mutant protein was greatly decreased following the specific
deletion of amino acids 85-89, antimicrobial activity was still detected in this mutant (Fig.
2D and 2E). These results suggest that although the antimicrobial activity of CCL28 is
highly dependent on amino acids 85-89 other regions of the C-terminus may make minor
contributions to the full antimicrobial effect.

The antimicrobial activity of CCL28 is dependent on charged amino acids at the protein’s
C-terminus

The C-terminus of CCL28 is rich in positively charged amino acids. It has been suggested
that the recognition/killing process used by some AMP is mediated through electrostatic
interactions between positively charged amino acids of the antimicrobial protein and
negatively charged bacterial cell components [14]. It is clear from our results in figure 2 that
a highly positively charged region of CCL28, RKDRK, which spans amino acids 85-89 is
vital to the antimicrobial activity of the protein. Additionally we hypothesized that other
positively charged amino acids in the C-terminal region may contribute to the antimicrobial
killing observed in the full length protein. To evaluate the effect of specific, positively
charged, amino acids we constructed mutant proteins which contained amino acid
substitutions. The antimicrobial activity of these mutant proteins was then determined in
standard antimicrobial assays. Based on our hypothesis, that positively charged amino acids
outside the 85-89 region were important for full antimicrobial activity, we constructed
amino acid replacement mutants in which R108 (the terminal amino acid) was changed to a
neutral alanine or negatively charged aspartate. In these experiments we observed that the
insertion of an alanine in place of an arginine resulted in a consistent decrease in the
antimicrobial activity observed (p=0.056 and 0.014 for experiments using S. aureus and P.

Liu and Wilson Page 3

Eur J Immunol. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



aeruginosa respectively). Furthermore, conversion of R108 to a negatively charged amino
acid (aspartate) resulted in a statistically significant loss of antimicrobial activity (p=0.038
and 0.027 for experiments using S. aureus and P. aeruginosa respectively). As an additional
control we also converted a negatively charged amino acid (E105) to a positively charged
amino acid. This experiment resulted in antimicrobial activity levels consistent with the full
length CCL28 protein (Fig. 3). These results suggest that although the highly charged region
of CCL28 included in the C4 truncation is essential to the antimicrobial activity of CCL28,
other positively charged amino acids may also contribute to the overall antimicrobial effect
of the protein. This is illustrated by the significant change in the antimicrobial activity of
CCL28 following charge reversal of the terminal amino acid of the CCL28 protein.

Highly charged amino acids in the C-terminal region of CCL28 are well conserved across
species

The C-terminal region of CCL28 is highly positively charged with cationic amino acids
constituting ~45% of the region. As shown in figure 2, truncation experiments demonstrated
that a single highly charged region (amino acids 85-89) was vital in mediating antimicrobial
activity. The first two amino acids in this region are well conserved with R or K being found
at this position in a wide variety of species. The amino acids in the next two positions
(87-88) are more variable and are generally followed by a positively charged amino acid in
position 89 (Fig. 4A). These results suggest that the first two positively charged amino acids
of this region are well conserved among diverse species.

Analysis of the CCL28 primary amino acid sequence of multiple species shows that the
overall consensus sequence for the 85-89 amino acid region is KRNSK with the human
sequence being RKNSN. It is clear that this region is essential to the activity of murine
CCL28. However, it is unclear if variations in this region between different species result in
differences in the antimicrobial activity of CCL28. It has previously been shown that murine
CCL28 is slightly less effective as an antimicrobial chemokine than is human CCL28 [10].
The divergence of murine CCL28 from the consensus and human sequences in this essential
region may contribute to the lower antimicrobial activity of mouse CCL28 compared to
human CCL28.

The chemokines CCL28 and CCL27 both bind the CCR10 chemokine receptor and mediate
migration of CCR10 expressing lymphocytes. As mentioned previously CCL27 has not been
shown to possess antimicrobial properties. We next compared the C-terminal region of these
two CCR10 ligands to assess if there were significant differences in the number of positively
charged amino acids. Amino acid sequence comparison demonstrated that whereas
positively charged amino acids were found to be highly enriched in the C-terminal region of
CCL28, positively charged amino acids comprised only ~12% of the C-terminal region of
the CCL27 (Fig. 4B). These results suggest that positively charged regions of CCL28 may
be essential to the antimicrobial function of the chemokine and also differentiate this
chemokine from the other CCR10 ligand, CCL27.

Both N- and C-regions are necessary for full antimicrobial activity of CCL28
Based on the above observation, we sought to determine if the C-terminal region of the
protein is an effective antimicrobial agent alone, or if optimal function requires the N-
terminal region of the chemokine. Additionally, we designed experiments to determine if
activity of the C-terminal region requires a specific CC chemokine backbone for optimal
function. To address these questions we first generated two truncated proteins, the first
consisting of the C-terminal 52 amino acids, and the second consisting of the 56 N-terminal
amino acids of CCL28 (Fig. 5A). These proteins were then used in microbial killing assays.
Results of antimicrobial assays using truncated proteins demonstrate that the C-terminal 52
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amino acid peptide of CCL28 consistently killed more bacteria than the N terminal 56 amino
acid peptide. Statistical analysis of the antimicrobial activity of the C-terminal peptide,
compared to CCL5 killing, resulted in p values of 0.063 and 0.031 for S. aureus and P.
aeruginosa respectively. Conversely, the p value for experiments in which the antimicrobial
activity of the N terminal peptide was compared to CCL5 resulted in p values which were
clearly not significant (p= 0.185 and 0.141). These results suggested that the C-terminus of
the protein alone did exhibit some antimicrobial activity as has been reported previously
[10]. However, the antimicrobial effect of the full length protein was clearly far superior to
the C-terminal 52 amino acids peptide (Fig 5B and 5C).

Based on results from figures 2 and 5 which showed that amino acids in the C-terminus
were essential but not sufficient for full antimicrobial activity, we hypothesized that full
antimicrobial activity of CCL28 is dependent on the C-terminal region, in conjunction with
an appropriate N-terminal region. We next sought to determine if the activity of CCL28 was
dependent on a specific N-terminal region or if the N-terminal region of another chemokine
could be substituted for the N-terminal region of CCL28 and still retain the antimicrobial
properties of the full length CCL28 protein. To perform these experiments we constructed
two chimeric proteins. The first consisted of the N-terminal region of CCL27 fused to the C-
terminal region of CCL28. The second chimeric protein constructed consisted of the N-
terminal region of CCL5 fused to the C-terminus of CCL28. In assays testing the killing
activity of these chimeric proteins on S. aureus, full antimicrobial activity was seen in the
CCL27/CCL28 chimera, when compared to full length CCL28. Additionally, full length
CCL28 protein was significantly more effective in killing S. aureus than the CCL5/CCL28
chimera (p=0.014), (Fig. 5B). This was not surprising due to the high homology of CCL28
and CCL27 and low homology of CCL28 and CCL5 at the N-terminal region. In assays
testing the killing activity of chimeric proteins on P. aeruginosa, full antimicrobial activity
was seen using both CCL27/CCL28 and CCL5/CCL28 chimeras (Fig. 5C).

The first two conserved cysteines of CCL28 are not required for antimicrobial activity
CC chemokines are so named due to the presence of a conserved CC sequence in the N-
terminal region of the chemokine. Chemokine mediated chemotaxis has been shown to be
dependent on these conserved cysteines and these cysteines are essential to appropriate
chemokine structure [31,32]. In an effort to determine if the first two conserved cysteines of
CCL28 are essential in the antimicrobial activity of CCL28, a mutant protein was
constructed in which an alanine was substituted for the two cysteines at position 8 and 9 of
the mature protein. In employing these mutant proteins in our antimicrobial assays, we
observed no decrease in the antimicrobial activity of the mutated CCL28 protein (Fig. 6).
These data suggest that these highly conserved cysteines are not required for the
antimicrobial activity of CCL28.

Discussion
Innate immunity is thought to be an ancient immune stratagem preceding the evolution of
adaptive immunity. Antimicrobial peptides function as a key component of the innate
immune system and have been identified in organisms as diverse as humans and plants [33].
A wide variety of antimicrobial proteins have been identified including histatins, defensins,
and more recently some chemokines. Expression of the antimicrobial chemokine CCL28 has
been shown to be upregulated following epithelial inflammation [34,35]. Additionally, this
chemokine has been shown to be constitutively expressed and highly concentrated in
mucosal secretions such as milk and saliva [10]. The localization of this antimicrobial
chemokine in mucosal secretions may provide constitutive innate immune defense against a
variety of bacterial pathogens.
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The function of chemokines as antimicrobial proteins represents an elegant aspect of
immuno-efficiency. Antimicrobial chemokines function both to recruit leukocytes to
specific tissues as well as protect these surfaces through direct antimicrobial activity. Dual
functionality of some defensins has also been demonstrated, in which these peptides have
been shown to be chemotactic, as well as antimicrobial, suggesting evolutionary pressures
have long linked these two seemingly distinct biological functions [36,37]. A potential
evolutionary advantage of the inclusion of antimicrobial properties with chemokines, as
opposed to histatins and defensins, is that chemokines efficiently bind heparin sulfate
moieties, commonly found on the surface of epithelial cells [38-40]. The binding of
chemokine to epithelial surfaces has been proposed to increase the effective concentration of
CCL28 at mucosal surfaces [10].

In this study we sought to determine which regions of the CCL28 protein are essential to
antimicrobial activity and if positively charged amino acids play a role in the microbicidal
properties of CCL28. Our findings strongly support a vital role for amino acids 85-89 of
CCL28, as deletion of this region resulted in a dramatic reduction in the antimicrobial
activity of CCL28. Positively charged amino acids in the first two positions of this sequence
(K or R) is a trait strongly conserved in species ranging from rodents to primates and
ruminants. In addition to this single indispensible region, charge neutralization and reversal
experiments on the C-terminal amino acid of murine CCL28 suggest that other positively
charged amino acids in the C-terminus contribute to the antimicrobial activity of the protein.
The hypothesis that positively charged amino acids contribute to the antimicrobial properties
of CCL28 is supported by sequence comparison of CCL27 and CCL28. Each of these
chemokines binds the CCR10 chemokine receptor and efficiently mediates the directed
migration of CCR10 expressing lymphocytes. However, the non antimicrobial CCL27
contains relatively few positively charged amino acids when compared to CCL28. The
characteristic of C-terminal positively charged amino acids in CCL28 is broadly conserved
across species; suggesting that evolutionary pressures have continued to select for a
positively charged antimicrobial C-terminal region since the divergence of human and
mouse, 65-85 million years ago.

In addition to the necessity of the highly positively charged C-terminal region of CCL28 we
investigated if disulphide bonding within CCL28 was important for the observed
antimicrobial function of the protein. Antimicrobial chemokines are generally larger and
more structurally complex than other antimicrobial peptides. CC chemokines have a
conserved structure throughout the N-terminus, with three anti-parallel β-sheets followed by
a C-terminal α-helix [1]. The α-helix of CC chemokines has been postulated to serve as a
structural scaffold, and this region has been switched between chemokines without loss of
chemotactic specificity [32]. The N-terminus of CC chemokines and the accompanying
structural complexity has been demonstrated to be important for chemokine receptor binding
and activation of leukocytes [30,31]. Previous reports have not investigated the role of
proper protein folding on the antimicrobial activity of CCL28. Replacement of the
canonical, consecutive, cysteines is predicted to destroy disulphide bonding within the
chemokine, which in turn should significantly alter the tertiary structure of the protein.
Mutating these cysteines in other chemokines has resulted in a loss of receptor binding and
cellular activation. In these experiments we observed no decrease in antimicrobial activity of
CCL28. These results suggest that if the tertiary structure of CCL28 is important in
mediating its antimicrobial activity, this structure is formed independently of the disulphide
bonding known to be vital for chemokine receptor binding. Disulphide bonding has also
been shown to be essential for the chemotactic activity of other AMP but not for the
antimicrobial activity of those AMP [41-44]. Although the disulphide bonding of CCL28
does not appear essential for efficient antimicrobial activity, it is likely that an ordered
tertiary structure of CCL28 is essential for antimicrobial function. In other AMP it has been
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demonstrated that essential three dimensional structures are formed following interaction
with a bacterial membrane [45-48].

Antimicrobial assays using chimeric chemokines demonstrated that the N-terminus of
CCL27 fused with the C-terminus of CCL28 resulted in full antimicrobial activity against P.
aeruginosa and S. aureus. However, the chimeric protein, composed of the N-terminus of
CCL5 fused with the C-terminal region of CCL28, resulted in full strength antimicrobial
activity against P. aeruginosa but only partial killing of S. aureus. These results suggest the
possibility that there are different structural requirements for the killing of Gram-positive
and Gram-negative bacteria, and these requirements may involve appropriate interactions
between the N-terminus with the C-terminus of the chemokine. It appears that efficient
killing of P. aeruginosa requires the interaction of the C-terminus of CCL28 with the N-
terminus of a CC chemokine (CCL5 or CCL27). Conversely, the killing of S. aureus is
dependent on the interaction of the C-terminus of CCL28 with the highly conserved N-
terminal region of CCL27. The observed results, in the ability of these chimeric chemokines
to kill Staphylococcus and Pseudomonas, are clearly not due to the N-terminal region alone,
as similar antimicrobial activities are seen (compared to BSA control) in both types of
bacteria when using the CCL28 N-terminal peptide in antimicrobial assays. Conversely, the
C-terminal peptide alone shows higher efficacy in killing Pseudomonas than Staphylococcus
bacteria. These results suggest C-terminal region interactions with the N-terminal region of
the protein are less important for efficient antimicrobial activity of CCL28 against
Pseudomonas than Staphylococcus bacteria. The specific requirements for efficient
interaction of the N-terminal region of the CCL27 and CCL28 proteins that contribute to the
killing of Staphylococcus remain enigmatic. However, in preliminary analyses, we have
found that the hydrophobicity plots of the N-region of CCL27 and CCL28 are highly
similar. Conversely, hydrophobicity analysis of the N-region of CCL5 shows that this region
is distinctly different from CCL27 and CCL28 (data not shown). The distinct hydrophobicity
profile seen in these proteins may contribute to an amphipathic structure necessary for
CCL28 lethality against Staphylococcus but not Pseudomonas bacteria.

The potential for antimicrobial proteins interacting with Gram-positive and Gram-negative
bacteria via slightly different mechanisms is also supported by experiments in which we
compared in-house prepared CCL28 to commercial CCL28. In these experiments the
antimicrobial activity of in-house prepared CCL28 was compared to commercially obtained
CCL28 on Staphylococcus and Pseudomonas bacteria. Results indicated that when using S.
aureus in these assays there was no difference between commercial and in-house
preparations of CCL28. However, in assays using P. aeruginosa, in-house CCL28
consistently resulted in greater levels of CCL28 antimicrobial activity. This may be due to
residual his-tag remaining on in-house prepared CCL28 interacting preferentially with the
Gram-negative cell wall and increasing the antimicrobial activity of this recombinant
protein.

In conclusion, data presented here demonstrate that positively charged amino acids in the C-
terminus of CCL28 play a key role in the antimicrobial activity of this dual-function
chemokine. This observed antimicrobial activity is not dependent on the presence of the
characteristic paired cysteines for which CC chemokines are named. Our data also
demonstrate that the C-terminal region of CCL28 is necessary but not sufficient for full
antimicrobial activity. Full antimicrobial activity is observed when the C-terminal region of
CCL28 is combined with an appropriate N-terminal region of a non antimicrobial
chemokine.
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Materials and Methods
Reagents and bacteria

Mouse CCL28 recombinant protein was purchased from R&D systems Inc. (Minneapolis,
MN). Two bacteria strains, Staphylococcus aureus (ATCC 29213) and Pseudomonas
aeruginosa (ATCC 10145), were purchased from ATCC (Manassas, VA). All the bacteria
were grown in tryptic soy broth at 37°C (BD Diagnostics, Sparks, MD).

Preparation of recombinant mouse CCL28
Recombinant mouse proteins were expressed in E. coli as N-terminal His-tagged fusion
proteins through cloning into the XhoI site of the pET19b expression vector (Novagen, Inc.,
Madison, WI). Briefly, total RNA was extracted from mouse large intestine using Trizol
(Invitrogen, Corp., San Francisco, CA). The mouse CCL28-coding cDNA sequence, without
its signal sequence, was amplified using a pair of primers (CCL28-F and CCL28-R), based
on the DNA sequence retrieved from NCBI (NM_020279) using GeneAmp PCR Core
Reagents (Applied Biosystems, Foster City, CA) (All the primer sequences are listed in
Table I). RT-PCR reaction conditions consisted of 42 °C incubation for 15 min for reverse
transcription using Oligo dT, followed by 95°C for 10 min and PCR cycles at 94 °C for 1
min, 60°C for 1 min, and 72 °C for 1 min for 30 cycles. Following PCR amplification,
samples (25 μl) were gel purified using 2% agarose gels, and purified using Qiagen gel
purification kit (Qiagen Inc., Valencia CA). The purified PCR products were then digested
by XhoI and gel purified. The digested PCR products were ligated into XhoI digested
plasmid, and transformed into DH5α E. coli. Transformants were selected through colony
PCR. Plasmids were extracted using a Qiagen miniprep kit, and the correct CCL28 sequence
was confirmed through cycle sequencing of all inserts.

Preparation of recombinant mouse CCL5 and CCL27
Total RNA extracted from mouse spleen and ear was used to amplify CCL5 and CCL27,
respectively. The primers CCL5-F and CCL5-R were used to amplify the CCL5 gene.
Primers CCL27-F and CCL27-R were used to amplify the CCL27 gene. The same procedure
as described above was used for the digestion, ligation, and transformation. Sequences were
confirmed through cycle sequencing of the inserts.

C-terminal and N-terminal truncation mutants
To generate successive C-terminus truncation mutants, the common forward primer,
CCL28-F, was paired with the following reverse primers: C-R1, C-R2, C-R3, C-R4, C-R5,
C-R6, C-R7, C-R8, and C-R9. The N-terminus mutant was generated using the common
reverse primer CCL28-R with primer NF5. The same procedure was used for digestion,
ligation, and transformation, as described above. All sequences were confirmed through
cycle sequencing of the inserts.

Sequence alignments
Protein sequences were retrieved from the NCBI data base for sheep, cow, pig, dog, human,
chimpanzee, monkey, and mouse. Amino acid sequence alignments were then performed
using the alignment program ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/index.html).

Site-specific mutagenesis for point and deletion mutants
To generate site-specific mutations, the circular PCR method was used [49]. In this method
the entire plasmid containing the mouse CCL28 gene was amplified by Platinum® Pfx DNA
Polymerase (Invitrogen, Corp., San Francisco, CA), and a pair of complementary primers
was used to generate site-specific mutations. The following primers were used (only forward
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primers are listed): R108/D-F, R108/A-F, E105/R-F, and CC/A-F. Using the above listed
primers, for each mutation, two PCR reactions (25μl) were set up separately using only one
of the complementary primers for each. After incubation at 95°C for 5 min, eight PCR
cycles were completed using the following conditions: 94 °C for 1 min, 60°C for 1 min, and
68 °C for 6 min. The two reactions were then combined, and an additional 16 cycles were
performed. DpnI was then added to the PCR reaction to digest the template plasmid. The
DpnI treated PCR reaction was purified using the Qiagen PCR cleanup kit. The resulting
PCR product was then transfected into DH5α E. coli, constructs were confirmed by cycle
sequencing.

Chimeric mutant preparation
To generate chimeric mutants, a two-step PCR-based method was used [49]. In this method
two PCR reactions were set up: in the first reaction, CCL5 template and CCL5-F and
CCL5-28-R primers were used, and in the second reaction, CCL28 template and CCL5-28-F
and CCL28-R primers were used. For generation of CCL27 N-terminus and CCL28 C-
terminus chimeric protein, CCL27 template and CCL27-F and CCL27-28-R primers were
used for the first reaction and CCL28 template and CCL27-28-F and CCL28-R primers were
used for the second reaction. After amplification, the two reactions were gel-purified and
combined as template for PCR of a third reaction using CCL5-F and CCL28-R or CCL27-F
and CCL28-R primers. After purification of the two chimeric PCR products, they were
digested and ligated to the pET19b plasmid, and then transformed into DH5α E. coli. All
constructs were confirmed through cycle sequencing.

Expression and purification of recombinant mouse CCL28 protein and its mutants
All engineered plasmids were transformed into BL21 (DE3) bacterial cells, and a single
colony was selected and inoculated into a test tube containing 2ml Luria broth. These cells
were then grown to an optical density (OD600) of 0.6 at 37°C and then transferred to 50 ml
of Luria broth. The cells were grown at 37°C until log phase (OD600≈0.8), at which time
recombinant protein production was induced by adding isopropyl-β-D-1-
thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM. The culture was then
incubated for 6 hours at 30°C. Cells were lysed and recombinant protein was purified by
nickel-nitrilotriacetic acid resin according to the manufactures protocol (His SpinTrap™,
GE Healthcare, Buckinghamshire, UK). The purified His-tag fusion protein solution was
then dialyzed against 1mM Tris-HCL buffer (pH 8.0) overnight in a 5L beaker with three
buffer changes. The dialyzed protein solution was then centrifuged to remove any
precipitated protein. The purity of the protein was confirmed by visualizing the protein
following electrophoresis on a 16% SDS-PAGE gel. The concentration of the protein was
determined by Bradford assay (Thermo, Sci., Rockford, IL).

Antimicrobial peptide assays
A slight modification of the standard colony forming assay was used to test the
antimicrobial activity of mutant peptides against Staphylococcus aureus and Pseudomonas
aeruginosa [10]. Briefly, bacteria were grown at 37°C in tryptic soy broth to mid log phase
OD600=0.5 and then diluted to 106 colony forming units/ml in sterile Tris-HCl buffer (1mM,
pH8.0) supplemented with 1% (v/v) of tryptic soy broth. Bacteria were incubated with
recombinant chemokines in 60 μl of buffer in a 96 well plate for 30 min at 37°C with
shaking. Chemokines were 2-fold serially diluted to concentrations ranging from 2 μM to
0.125 μM in 50 μl Tris-HCl. Bacteria, in a volume of 10μl were then added into each well.
Assays were preformed in triplicate and repeated three times using each protein. Following
the incubation of recombinant proteins with bacteria, the samples were spread on tryptic soy
agar plates. After incubation of the plates at 37°C for 12- 20 hr, surviving bacteria were
counted as colony forming units/ml.
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Statistical analysis
All statistical analyses were performed using a 1 tailed, paired, Students T test. A value of
p<0.05 was considered significant.

Acknowledgments
We wish to acknowledge the editorial assistance of Susanne Linderman in preparing this manuscript. This work
was supported by a National Institutes of Health Grant RAI072769A (to E.W.).

Abbreviations

(AMP) Antimicrobial peptides

Reference
1. Allen SJ, Crown SE, Handel TM. Chemokine: receptor structure, interactions, and antagonism.

Annu Rev Immunol. 2007; 25:787–820. [PubMed: 17291188]
2. Butcher EC, Picker LJ. Lymphocyte homing and homeostasis. Science. 1996; 272:60–66. [PubMed:

8600538]
3. Esche C, Stellato C, Beck LA. Chemokines: key players in innate and adaptive immunity. J Invest

Dermatol. 2005; 125:615–628. [PubMed: 16185259]
4. Lukacs NW. Role of chemokines in the pathogenesis of asthma. Nat Rev Immunol. 2001; 1:108–

116. [PubMed: 11905818]
5. Linge HM, Collin M, Nordenfelt P, Morgelin M, Malmsten M, Egesten A. The human CXC

chemokine granulocyte chemotactic protein 2 (GCP-2)/CXCL6 possesses membrane-disrupting
properties and is antibacterial. Antimicrob Agents Chemother. 2008; 52:2599–2607. [PubMed:
18443119]

6. Nakayama T, Shirane J, Hieshima K, Shibano M, Watanabe M, Jin Z, Nagakubo D, et al. Novel
antiviral activity of chemokines. Virology. 2006; 350:484–492. [PubMed: 16603217]

7. Yang D, Chen Q, Hoover DM, Staley P, Tucker KD, Lubkowski J, Oppenheim JJ. Many
chemokines including CCL20/MIP-3alpha display antimicrobial activity. J Leukoc Biol. 2003;
74:448–455. [PubMed: 12949249]

8. Lazarus NH, Kunkel EJ, Johnston B, Wilson E, Youngman KR, Butcher EC. A common mucosal
chemokine (mucosae-associated epithelial chemokine/CCL28) selectively attracts IgA plasmablasts.
J Immunol. 2003; 170:3799–3805. [PubMed: 12646646]

9. Wilson E, Butcher EC. CCL28 controls immunoglobulin (Ig)A plasma cell accumulation in the
lactating mammary gland and IgA antibody transfer to the neonate. J Exp Med. 2004; 200:805–809.
[PubMed: 15381732]

10. Hieshima K, Ohtani H, Shibano M, Izawa D, Nakayama T, Kawasaki Y, Shiba F, et al. CCL28 has
dual roles in mucosal immunity as a chemokine with broad-spectrum antimicrobial activity. J
Immunol. 2003; 170:1452–1461. [PubMed: 12538707]

11. Salzman NH, Ghosh D, Huttner KM, Paterson Y, Bevins CL. Protection against enteric
salmonellosis in transgenic mice expressing a human intestinal defensin. Nature. 2003; 422:522–
526. [PubMed: 12660734]

12. Wilson CL, Ouellette AJ, Satchell DP, Ayabe T, Lopez-Boado YS, Stratman JL, Hultgren, et al.
Regulation of intestinal alpha-defensin activation by the metalloproteinase matrilysin in innate
host defense. Science. 1999; 286:113–117. [PubMed: 10506557]

13. Giangaspero A, Sandri L, Tossi A. Amphipathic alpha helical antimicrobial peptides. Eur J
Biochem. 2001; 268:5589–5600. [PubMed: 11683882]

14. Huang HW. Action of antimicrobial peptides: two-state model. Biochemistry. 2000; 39:8347–
8352. [PubMed: 10913240]

15. Shai Y. Mode of action of membrane active antimicrobial peptides. Biopolymers. 2002; 66:236–
248. [PubMed: 12491537]

Liu and Wilson Page 10

Eur J Immunol. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



16. Hoover DM, Wu Z, Tucker K, Lu W, Lubkowski J. Antimicrobial characterization of human beta-
defensin 3 derivatives. Antimicrob Agents Chemother. 2003; 47:2804–2809. [PubMed: 12936977]

17. Pazgier M, Prahl A, Hoover DM, Lubkowski J. Studies of the biological properties of human beta-
defensin 1. J Biol Chem. 2007; 282:1819–1829. [PubMed: 17071614]

18. Powers JP, Hancock RE. The relationship between peptide structure and antibacterial activity.
Peptides. 2003; 24:1681–1691. [PubMed: 15019199]

19. Tanabe H, Qu X, Weeks CS, Cummings JE, Kolusheva S, Walsh KB, Jelinek R, et al. Structure-
activity determinants in paneth cell alpha-defensins: loss-of-function in mouse cryptdin-4 by
charge-reversal at arginine residue positions. J Biol Chem. 2004; 279:11976–11983. [PubMed:
14702345]

20. Taylor K, Barran PE, Dorin JR. Structure-activity relationships in beta-defensin peptides.
Biopolymers. 2008; 90:1–7. [PubMed: 18041067]

21. Taylor K, Clarke DJ, McCullough B, Chin W, Seo E, Yang D, Oppenheim J, et al. Analysis and
separation of residues important for the chemoattractant and antimicrobial activities of beta-
defensin 3. J Biol Chem. 2008; 283:6631–6639. [PubMed: 18180295]

22. Wu Z, Li X, de Leeuw E, Ericksen B, Lu W. Why is the Arg5-Glu13 salt bridge conserved in
mammalian alpha-defensins? J Biol Chem. 2005; 280:43039–43047. [PubMed: 16246847]

23. Xie C, Prahl A, Ericksen B, Wu Z, Zeng P, Li X, Lu WY, et al. Reconstruction of the conserved
beta-bulge in mammalian defensins using D-amino acids. J Biol Chem. 2005; 280:32921–32929.
[PubMed: 15894545]

24. Zou G, de Leeuw E, Li C, Pazgier M, Li C, Zeng P, Lu, et al. Toward understanding the cationicity
of defensins. Arg and Lys versus their noncoded analogs. J Biol Chem. 2007; 282:19653–19665.
[PubMed: 17452329]

25. Shaw JP, Johnson Z, Borlat F, Zwahlen C, Kungl A, Roulin K, Harrenga A, et al. The X-ray
structure of RANTES: heparin-derived disaccharides allows the rational design of chemokine
inhibitors. Structure. 2004; 12:2081–2093. [PubMed: 15530372]

26. Homey B, Wang W, Soto H, Buchanan ME, Wiesenborn A, Catron D, Muller A, et al. Cutting
edge: the orphan chemokine receptor G protein-coupled receptor-2 (GPR-2, CCR10) binds the
skin-associated chemokine CCL27 (CTACK/ALP/ILC). J Immunol. 2000; 164:3465–3470.
[PubMed: 10725697]

27. Chan DI, Hunter HN, Tack BF, Vogel HJ. Human macrophage inflammatory protein 3alpha:
protein and peptide nuclear magnetic resonance solution structures, dimerization, dynamics, and
anti-infective properties. Antimicrob Agents Chemother. 2008; 52:883–894. [PubMed: 18086840]

28. Hemmerich S, Paavola C, Bloom A, Bhakta S, Freedman R, Grunberger D, Krstenansky J, et al.
Identification of residues in the monocyte chemotactic protein-1 that contact the MCP-1 receptor,
CCR2. Biochemistry. 1999; 38:13013–13025. [PubMed: 10529171]

29. Hoover DM, Boulegue C, Yang D, Oppenheim JJ, Tucker K, Lu W, Lubkowski J. The structure of
human macrophage inflammatory protein-3alpha /CCL20. Linking antimicrobial and CC
chemokine receptor-6-binding activities with human beta-defensins. J Biol Chem. 2002;
277:37647–37654. [PubMed: 12149255]

30. Ott TR, Lio FM, Olshefski D, Liu XJ, Struthers RS, Ling N. Determinants of high-affinity binding
and receptor activation in the N-terminus of CCL-19 (MIP-3 beta). Biochemistry. 2004; 43:3670–
3678. [PubMed: 15035637]

31. Prado GN, Suetomi K, Shumate D, Maxwell C, Ravindran A, Rajarathnam K, Navarro J.
Chemokine signaling specificity: essential role for the N-terminal domain of chemokine receptors.
Biochemistry. 2007; 46:8961–8968. [PubMed: 17630697]

32. Rajagopalan L, Rajarathnam K. Structural basis of chemokine receptor function--a model for
binding affinity and ligand selectivity. Biosci Rep. 2006; 26:325–339. [PubMed: 17024562]

33. Zasloff M. Antimicrobial peptides of multicellular organisms. Nature. 2002; 415:389–395.
[PubMed: 11807545]

34. Eksteen B, Miles A, Curbishley SM, Tselepis C, Grant AJ, Walker LS, Adams DH. Epithelial
inflammation is associated with CCL28 production and the recruitment of regulatory T cells
expressing CCR10. J Immunol. 2006; 177:593–603. [PubMed: 16785557]

Liu and Wilson Page 11

Eur J Immunol. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



35. Hansson M, Hermansson M, Svensson H, Elfvin A, Hansson LE, Johnsson E, Sjoling A, Quiding-
Jarbrink M. CCL28 is increased in human Helicobacter pylori-induced gastritis and mediates
recruitment of gastric immunoglobulin A-secreting cells. Infect Immun. 2008; 76:3304–3311.
[PubMed: 18426876]

36. Chertov O, Michiel DF, Xu L, Wang JM, Tani K, Murphy WJ, Longo DL, et al. Identification of
defensin-1, defensin-2, and CAP37/azurocidin as T-cell chemoattractant proteins released from
interleukin-8-stimulated neutrophils. J Biol Chem. 1996; 271:2935–2940. [PubMed: 8621683]

37. Yang D, Chertov O, Bykovskaia SN, Chen Q, Buffo MJ, Shogan J, Anderson M, et al. Beta-
defensins: linking innate and adaptive immunity through dendritic and T cell CCR6. Science.
1999; 286:525–528. [PubMed: 10521347]

38. Handel TM, Johnson Z, Crown SE, Lau EK, Proudfoot AE. Regulation of protein function by
glycosaminoglycans--as exemplified by chemokines. Annu Rev Biochem. 2005; 74:385–410.
[PubMed: 15952892]

39. Lau EK, Paavola CD, Johnson Z, Gaudry JP, Geretti E, Borlat F, Kungl AJ, et al. Identification of
the glycosaminoglycan binding site of the CC chemokine, MCP-1: implications for structure and
function in vivo. J Biol Chem. 2004; 279:22294–22305. [PubMed: 15033992]

40. Lortat-Jacob H, Grosdidier A, Imberty A. Structural diversity of heparan sulfate binding domains
in chemokines. Proc Natl Acad Sci U S A. 2002; 99:1229–1234. [PubMed: 11830659]

41. Kluver E, Schulz-Maronde S, Scheid S, Meyer B, Forssmann WG, Adermann K. Structure-activity
relation of human beta-defensin 3: influence of disulfide bonds and cysteine substitution on
antimicrobial activity and cytotoxicity. Biochemistry. 2005; 44:9804–9816. [PubMed: 16008365]

42. Rajarathnam K, Sykes BD, Dewald B, Baggiolini M, Clark-Lewis I. Disulfide bridges in
interleukin-8 probed using non-natural disulfide analogues: dissociation of roles in structure from
function. Biochemistry. 1999; 38:7653–7658. [PubMed: 10387004]

43. Ramamoorthy A, Thennarasu S, Tan A, Gottipati K, Sreekumar S, Heyl DL, An FY, Shelburne
CE. Deletion of all cysteines in tachyplesin I abolishes hemolytic activity and retains antimicrobial
activity and lipopolysaccharide selective binding. Biochemistry. 2006; 45:6529–6540. [PubMed:
16700563]

44. Wu Z, Hoover DM, Yang D, Boulegue C, Santamaria F, Oppenheim JJ, Lubkowski J, Lu W.
Engineering disulfide bridges to dissect antimicrobial and chemotactic activities of human beta-
defensin 3. Proc Natl Acad Sci U S A. 2003; 100:8880–8885. [PubMed: 12840147]

45. Campagna S, Saint N, Molle G, Aumelas A. Structure and mechanism of action of the
antimicrobial peptide piscidin. Biochemistry. 2007; 46:1771–1778. [PubMed: 17253775]

46. Lourenzoni MR, Namba AM, Caseli L, Degreve L, Zaniquelli ME. Study of the interaction of
human defensins with cell membrane models: relationships between structure and biological
activity. J Phys Chem B. 2007; 111:11318–11329. [PubMed: 17784741]

47. Mani R, Cady SD, Tang M, Waring AJ, Lehrer RI, Hong M. Membrane-dependent oligomeric
structure and pore formation of a beta-hairpin antimicrobial peptide in lipid bilayers from solid-
state NMR. Proc Natl Acad Sci U S A. 2006; 103:16242–16247. [PubMed: 17060626]

48. Schibli DJ, Hunter HN, Aseyev V, Starner TD, Wiencek JM, McCray PB Jr. Tack BF, Vogel HJ.
The solution structures of the human beta-defensins lead to a better understanding of the potent
bactericidal activity of HBD3 against Staphylococcus aureus. J Biol Chem. 2002; 277:8279–8289.
[PubMed: 11741980]

49. Shen, B. Methods in Molecular Biology: PCR Cloning Protocols. 2nd Edn. Humana Press Inc;
Totowa, NJ: 2002.

Liu and Wilson Page 12

Eur J Immunol. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Recombinant CCL28 exhibits potent antimicrobial activity. The antimicrobial activity of
commercial CCL28 (CCL28) was compared to in-house produced recombinant CCL28 (R-
CCL28), R-CCL5, BSA and buffer controls. These results demonstrate that in-house
produced, full length CCL28 exhibits antimicrobial activity comparable to commercially
produced CCL28. (A) CCL28 and control protein mediated killing of S. aureus. (B) CCL28
and control protein mediated killing of P. aeruginosa. Bacteria were exposed to the proteins/
conditions listed in the X-axis. Bacterial survival, quantitated as CFU/ml, was determined
through colony counts of bacteria surviving following 30 minute incubation with the various
treatments as described. Data are shown as the mean ± SEM (n=3) and are representative of
three independent experiments.
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Figure 2.
The C-terminus of CCL28 is indispensible for efficient antimicrobial activity of the
chemokine. (A) Sequential truncations (C1-C9) made to the CCL28 protein. The locations
where the deletions were made are shown indicated by arrows below the protein sequence.
Names (C1-C9) and amino acid residue numbers included in each protein are listed under
each mutation. Antimicrobial activity of full length mCCL28, CCL5 and each CCL28
truncation mutant (C1-C9) were tested on S. aureus (B) or P. aeruginosa (C). Anti-
microbial activity of CCL28 following the deletion of amino acids 85-89 (RKDRK) on S.
aureus (D) and P. aeruginosa (E). Bacterial survival is displayed as CFU/ml. Data are
shown as the mean ± SEM (n=3) and are representative of four independent experiments.

Liu and Wilson Page 14

Eur J Immunol. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Antimicrobial activity of CCL28 is reduced by charge reversal of the terminal amino acid.
(A) Location of amino acid substitutions in the CCL28 protein; the amino acids manipulated
by substitution are in bold and underlined. The one letter amino acid abbreviation, following
the numerical location, indicates the amino acid present in the mutant protein. (B) Results of
antimicrobial assays using mutated proteins tested on S. aureus. (C) Antimicrobial assay
results using P. aeruginosa. Surviving bacterial cells were quantitated as CFU/ml.
Antimicrobial activity of full length mCCL28, CCL5 and each CCL28 mutant. Data are
shown as the mean ± SEM (n=3) and are representative of three independent experiments.
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Figure 4.
The highly charged nature of the C-terminus of CCL28 is well conserved across species.
The C-terminal region of CCL28 is highly positively charged with ~45% of all amino acids
in this region being arginine, histidine, or lysine. Sequence alignment was performed using
the alignment program ClustalW2. Charged amino acids are shaded and conserved cysteines
are underlined. The amino acids corresponding to the essential region RKDRK from each
species is boxed. (A) Sequence alignments of the C-terminus of CCL28 from sheep, cow,
pig, dog, human, chimpanzee, monkey, and mouse. (B) Sequence alignments of the C-
terminus of murine CCL28 and CCL27.
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Figure 5.
Optimal antimicrobial activity of CCL28 requires an appropriate N-terminal region. (A)
Alignment of CCL5, CCL27 and CCL28 following the signal peptide. Shaded areas indicate
the conserved cysteines. Chimeric proteins were constructed by fusing the N-terminal region
of selected chemokines (top panel) with the indicated C-terminal region (bottom panel). S.
aureus (B) and P. aeruginosa (C) were treated with the mutant and full length proteins as
indicated. Surviving bacterial cells were quantitated as CFU/ml. Data are shown as the mean
± SEM (n=3) and are representative of three independent experiments.
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Figure 6.
The first two conserved cysteines in the N-terminal region of CCL28 are not essential for
antimicrobial activity of the protein. (A) Amino acid sequence of CCL28, the boxed region
indicates the conserved cysteines that were mutated to alanine. Bacterial killing assays using
S. aureus (B) and P. aeruginosa (C). In all assays, bacteria surviving the indicated treatment
were quantitated as CFU/ml as. Full length CCL28, CCL5 or the mutant protein CC/A were
used. Data are shown as the mean ± SEM (n=3) and are representative of three independent
experiments.
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Table 1

Primer names and sequences

Primer Name Sequence (5′-3′)

CCL28-F GCCGCTCGAGATACTTCCCATGGCCTCCAGCTG

CCL28-R CCGAGCTCGAGCTAACGAGAGGCTTCGTGCCTGT

CCL5-F GCCGCTCGAGTCACCATATGGCTCGGACACCAC

CCL5-R CGAGCTCGAGCTAGCTCATCTCCAAATAGTTGATG

CCL27-F GTTACTCGAGTTGCCTCTGCCCTCCAGCACT

CCL27-R CGAGCTCGAGTTAGTTTTGCTGTTGGGGGTTTGAG

C-R1 CCGAGCTCGAGCTAGTGCCTGTGTGTTCCACGTG

C-R2 CCGAGCTCGAGCTAACGTGTTCTGTGCTTTCTCG

C-R3 CCGAGCTCGAGCTATCTCGTAGTGTGCCCTTTTCTG

C-R4 CCGAGCTCGAGCTATTTTCTGTCCTTCCTGCTGGG

C-R5 CCGAGCTCGAGCTAGCTGGGTTGTTTTTTCCCAG

C-R6 CCGAGCTCGAGCTACCCAGAACATACGTTTTCTCTGC

C-R7 CCGAGCTCGAGCTATTCTCTGCCATTCTTCTTTACC

C-R8 CCGAGCTCGAGCTACTTTACCTCTGAGGCTCTCATCC

C-R9 CCGAGCTCGAGCTATCTCATCCACTGCTTCAAAGTACG

Δ85-89-F TCTGGGAAAAAACAACCCAGCGGGCACACTACGAGAAAGCAC

N-F5 GCCGCTCGAGAAGAAGAATGGCAGAGAAAACG

R108/D-F ACACACAGGCACGAAGCCTCTGATTAGCTCGAGGATCCGGCTGCTAAC

R108/A-F ACACACAGGCACGAAGCCTCTGCTTAGCTCGAGGATCCGGCTGCTAAC

E105/R-F ACACGTGGAACACACAGGCACAGAGCCTCTCGTTAGCTCGAGGATCCG

CC/A-F GAGATACTTCCCATGGCCTCCAGCGCTACTGAGGTGTCTCATCATGTTTCC

CCL5-28-R TGAGGCTCTCATCCACTGCTTCAAAGTACGTGGGTTGGCACACACTTGGCGGTTCCTTCG

CCL5-28-F CGAAGGAACCGCCAAGTGTGTGCCAACCCACGTACTTTGAAGCAGTGGATGAGAGCCTCA

CCL27-28-R GCAGATTCTTCTACGTTTAACATGGACAAACACGACTGCAAGATTGGA

CCL27-28-F TCCAATCTTGCAGTCGTGTTTGTCCATGTTAAACGTAGAAGAATCTGC
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