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a b s t r a c t
Current therapies for autoimmune chronic inﬂammatory diseases e.g. rheumatoid arthritis (RA) include
inhibitors of inﬂammatory cytokines. However, these therapies can result in increased risk of infections.
There is a need to explore alternate strategies that can control inﬂammation without compromising the
innate ability to resolve infections. In this study, we examined the effect of small peptides derived from
endogenous cathelicidin peptides in a murine model of collagen-induced arthritis (CIA). Cathelicidins are
immunomodulatory peptides known to control infections. We demonstrate that the administration of the
peptide IG-19, which represents an internal segment of the human cathelicidin LL-37, decreased disease
severity and signiﬁcantly reduced the serum levels of antibodies against collagen type II in the CIA model.
IG-19 peptide reduced cellular inﬁltration in joints, prevented cartilage degradation and suppressed proinﬂammatory cytokines in the CIA mice. We also showed that not all cathelicidin-derived peptides exhibit
similar functions. A bovine cathelicidin-derived peptide IDR-1018 did not exhibit the beneﬁcial effects
observed with the human cathelicidin LL-37-derived peptide IG-19, in the same murine model of CIA.
This is the ﬁrst study to provide evidence demonstrating the ability of a peptide derived from the human
cathelicidin LL-37 to alleviate the arthritic disease process in a murine model of RA. Our results has lead
us to propose a new approach for controlling autoimmune chronic inﬂammatory disorders such as RA, by
using speciﬁc synthetic derivatives of endogenous host defence peptides. Cathelicidin-derived peptides
are particularly attractive for their dual antimicrobial and anti-inﬂammatory actions.
© 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Rheumatoid arthritis (RA) is an autoimmune chronic inﬂammatory disease known to affect approximately 1% of the population
worldwide (Gabriel, 2001). Current treatments for RA include
inhibitors of inﬂammatory cytokines such as TNF-␣ (Asquith
and Mclnnes, 2007; Feldman and Maini, 2003; Gartlehner et al.,
2006). Although effective, a signiﬁcant drawback is a compromised immune system resulting in increased risks of infections and
tumor development, as inﬂammatory cytokines also play a critical
role in host defence mechanisms (Winthrop, 2006; Botsios, 2005).
This highlights the importance of exploring alternate therapeutic
approaches with the potential to control the disease process in
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inﬂammatory arthritis without compromising the innate ability to
resolve infections.
Endogenous host defence peptides (HDPs) are known to contribute to the resolution of both infections and inﬂammation
(Bowdish et al., 2005; Jo, 2010; Nizet et al., 2001; Kanda et al.,
2010; Dombrowski et al., 2011). Two best characterized families
of HDPs in mammals are cathelicidins and defensins. The sole
human cathelicidin is a 37-amino acid peptide known as LL-37
(Burton and Steel, 2009). The human cathelicidin LL-37 plays a
critical role in maintaining the balance between pro- and antiinﬂammatory responses in immune homeostasis (reviewed in
(Choi and Mookherjee, 2012; Vandamme et al., 2012)). We have
previously shown that LL-37 alters endotoxin-induced Toll-like
receptor-to-NFB signaling mechanisms and signiﬁcantly suppress
the production of inﬂammatory cytokines without altering certain chemokine responses required for immune cell recruitment to
the site of infection (Mookherjee et al., 2006a, 2006b). Consistent
with this, LL-37 was shown to confer protection in animal models
of pathogenic sepsis (Cirioni et al., 2006; Torossian et al., 2007).
Moreover, murine cathelicidin knockout models exhibit increased
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susceptibility to infections (Nizet et al., 2001; Chromek et al., 2006)
and have increased allergic inﬂammation (Morioka et al., 2008).
A recent study has shown that cathelicidin peptide in mice confer protection in inﬂammatory colitis (Tai et al., 2007). The role of
mammalian cathelicidin peptides in autoimmune chronic inﬂammatory diseases remains to be elucidated.
Previous studies have demonstrated that smaller peptides
derived from cathelicidins, known as innate defence regulator (IDR)
peptides, exhibit improved immune-modulatory properties and
reduced cytotoxicity compared to the parent HDPs (Scott et al.,
2007; Nijnik et al., 2010; Achtman et al., 2012; Molhoek et al.,
2009). Therefore, to delineate the effect of cathelicidin-derived
peptides in autoimmune chronic inﬂammatory diseases, we examined the effect of two synthetic immunomodulatory peptides in
the collagen-induced arthritis (CIA) murine model. The two peptides used in this study were; (i) a 19-amino acid peptide IG-19,
which represents an internal sequence of the human cathelicidin LL-37 (amino acid 13–31) and shown to be the minimal
region required for the immunomodulatory functions mediated
by LL-37 (Molhoek et al., 2009), and (ii) a bovine cathelicidinderived 12-amino acid peptide IDR-1018, which was previously
shown to be protective in murine models of infectious challenge
and exhibit immunomodulatory properties (Achtman et al., 2012;
Mayer et al., 2013; Wieczorek et al., 2010; Pena et al., 2013).
The CIA model is a pre-clinical model of human RA, eliciting
autoimmunity to collagen type II (CII) resulting in inﬂammation
of synovial joints, cartilage destruction and bone erosion (Cho
et al., 2007). In this study, we demonstrated that administration
of the peptide IG-19 decreased disease severity and signiﬁcantly
reduced circulating serum levels of antibodies against the immunizing heterologous chicken CII and autoantibodies to murine CII
in the CIA mice, whereas the peptide IDR-1018 did not. We also
showed that the peptide IG-19 reduced cellular inﬁltration and
prevented proteoglycan depletion or cartilage degradation in the
joints of the CIA mice. Administration of the peptide reduced
serum concentration of pro-inﬂammatory cytokines in the CIA
mice. This is the ﬁrst study to demonstrate the beneﬁcial effects
of a human cathelicidin LL-37-derived peptide in a murine model
of RA.
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2.2. ELISA and ﬂow cytometry
Blood was collected by cardiac puncture on the day of sacriﬁce,
serum obtained, aliquoted and stored in −20 ◦ C until use. Serum
levels of anti-chicken CII antibody and anti-mouse CII antibody
were monitored by ELISA (Chondrex Inc., Redmond, WA, USA) as
per the manufacturer’s recommendation. The production of murine
cytokines were analyzed in serum using the multiplex BDTM CBA
preconﬁgured Th1/Th2/Th17 cytokines kit (IL-2, IL-4, IL-6, IFN-␥,
TNF-␣, IL-17A, IL-10) employing the FACS CaliburTM ﬂow cytometer (BD Biosciences, Mississauga, ON, Canada) as per manufacturer’s
instructions and as previously described by us (Turner-Brannen
et al., 2011).
2.3. Histology
On the day of sacriﬁce, the ankle joints were collected and ﬁxed
in 10% buffered formalin, decalciﬁed using 10% EDTA for 14 days
followed by dehydration in increasing ethanol concentrations. The
tissues were embedded in parafﬁn and 5 m sagittal serial sections were obtained. The sections were analyzed using hematoxylin
and eosin (H & E) staining to evaluate cellular inﬁltration. Safranin
O stain was used to determine the loss of proteoglycans indicating cartilage degradation. The images were processed using a Zeiss
imager M2 using the Zen 2011 software. The stained sections were
scored quantitatively as previously described in a blinded manner (van Holten et al., 2004). The extent of inﬁltration and arthritis
was evaluated using a previously published scoring system, where
0 = normal synovium, 1 = synovial membrane hypertrophy and cell
inﬁltration, 2 = pannus formation and cartilage erosion, 3 = major
erosion of the cartilage, and 4 = loss of joint integrity (Sun et al.,
2011; Nishikawa et al., 2003).
2.4. Statistical analysis
Independent t-tests for unequal variance was used to determine
statistical signiﬁcance. The trend for the number of affected limbs
over time was analyzed using the Tukey HSD test. A p-value of <0.05
was considered to be statistically signiﬁcant.

3. Results
2. Material and methods
3.1. Peptide IG-19 reduces disease severity in the CIA mice
2.1. Collagen-induced arthritis (CIA) murine model
Highly susceptible male DBA/1J mice (∼6–7 weeks old) obtained
from Jackson laboratories were challenged with a subcutaneous
(s.c.) injection of 100 g of chicken CII obtained from Chondrex
Inc., emulsiﬁed in complete Freund’s adjuvant, 1–2 cm from the
base of the tail, followed by a boost on day 21 with chicken CII
emulsiﬁed in incomplete adjuvant (Brand et al., 2007; Bevaart et al.,
2010). The peptides IG-19 (IGKEFKRIVQRIKDFLRNL-NH2 ) and IDR1018 (VRLIVAVRIWRR-NH2 ) were obtained from CPC Scientiﬁc (CA,
USA), re-suspended in sterile saline before administration. The peptides were administered at 6 mg/kg per mouse by s.c. injections
from day 20 (one day before boost) onwards and subsequently
every 48 h. The mice were sacriﬁced 8 weeks after initial CII challenge. All murine experimental procedures were approved by the
University of Manitoba Animal Care Ethics Board. Disease progression was monitored by measuring joint thickness using digital
calipers (Tresna Corporation) every 48 h from day 22 onwards as
previously described (Hutamekalin et al., 2009; Nandakumar and
Holmdahl, 2005; Galligan et al., 2010) and the disease severity was
assessed using a standardized clinical score (Galligan et al., 2010)
in a blinded manner.

The CIA model exhibits pathological and immunological characteristics similar to human RA and is widely used as a pre-clinical
model for RA (Cho et al., 2007; Brand et al., 2007; Bevaart
et al., 2010; Hegen et al., 2008). In this study, we examined the
effect of the cathelicidin-derived peptides IG-19 and IDR-1018
in the collagen-induced arthritis (CIA) murine model. Previous
pre-clinical studies that employed cathelicidin-derived peptides
in murine models have used anywhere between 1 mg/kg and
24 mg/kg of the peptides per mouse (Scott et al., 2007; Nijnik et al.,
2010; Achtman et al., 2012). Keeping at the lower range, the peptides were administered at 6 mg/kg per mouse. The mice with
the peptide injections (for 5 weeks every 48 h) did not show any
signs of physical distress such as either rufﬂed fur, lack of active
movement in cage or obvious discomfort in gait. Administration
of both the peptides signiﬁcantly reduced the number of affected
limbs in the CIA mice, with peptide IG-19 having a more robust
impact compared to the peptide IDR-1018 (Fig. 1A). Moreover, peptide IG-19 markedly reduced the disease severity as assessed by
total clinical score (Galligan et al., 2010) on the day of sacriﬁce,
whereas the peptide IDR-1018 did not (Fig. 1B). Even though a
small number of CIA mice developed arthritic symptoms with IG-19
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Fig. 1. Peptide IG-19 reduces disease severity in the CIA mice. DBA/1 mice were
challenged with type II chicken collagen, and the peptides IG-19 or IDR-1018 were
administered by s.c. injections from day 20 onwards every 48 h. Mice were sacriﬁced
8 weeks after initial collagen challenge. (A) Joint thickness was measured by a digital caliper to assess progression of affected limbs from day 20 onwards. Statistical
signiﬁcance for the trend of the number of affected limbs over time was analyzed
using the Tukey HSD test (*p < 0.05). (B) Total clinical score was evaluated on the
day of the sacriﬁce.

administrations (2 out of 7 mice), the onset of disease was delayed
in these mice (Fig. 1A). The median clinical score of CIA mice administered with the peptide IG-19 was zero, similar to that seen with
naïve and peptide alone group (Fig. 1B). These results suggested
that the peptide IG-19 has the potential to control disease progression and reduce disease severity in inﬂammatory arthritis.
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Fig. 2. Peptide IG-19 signiﬁcantly reduces serum concentration of collagen type
II antibodies in the CIA mice. DBA/1 mice were challenged with type II chicken
collagen, and the peptides IG-19 or IDR-1018 were administered by s.c. injections
from day 20 onwards every 48 h. Mice were sacriﬁced 8 weeks after initial collagen
challenge. The concentrations of (A) anti-chicken collagen type II antibodies and (B)
anti-mouse collagen type II antibodies were monitored in the serum obtained on
the day of sacriﬁce by ELISA. Independent t-tests for unequal variance was used to
determine p-values.

autoantibodies by 70%, p = 0.006 (Fig. 2B), in the CIA mice on the
day of sacriﬁce.
3.3. Peptide IG-19 alters serum cytokines in the CIA mice

3.2. Peptide IG-19 signiﬁcantly reduces production of
anti-collagen type II (CII) antibodies in the CIA mice
CII is exclusively expressed in articular cartilage of the joints and
is considered an autoantigen in the CIA animal model (Cho et al.,
2007). In the CIA model, immunization of the susceptible DBA/1 J
mice with heterologous chicken CII results in the production of
antibodies to the immunizing heterologous CII antigen, as well as
the production of murine CII-speciﬁc autoantibodies. Therefore, in
this study we monitored the circulating serum concentrations of
antibodies to the chicken CII (immunizing antigen) and to murine
CII (autoantigen) by ELISA. We demonstrated that CIA mice had
signiﬁcantly elevated levels of both anti-chicken and anti-mouse
CII antibodies (Fig. 2). Concentrations of serum anti-CII antibodies were signiﬁcantly reduced by the administration of the peptide
IG-19, but not with peptide IDR-1018 (Fig. 2). Administration of
the peptide IG-19 reduced serum concentration of anti-chicken
CII antibodies by >35%, p = 0.013 (Fig. 2A) and anti-mouse CII

As the peptide IG-19 signiﬁcantly reduced diseases severity
(Fig. 1) and the levels of serum CII antibodies (Fig. 2), we further
monitored the effect of the peptide IG-19 on serum concentrations
of a panel of Th1/Th2/Th17 cytokines (IL-2, IL-4, IL-6, IFN-␥, TNF-␣,
IL-17A, IL-10) by multiplex ﬂow cytometry. Administration of the
peptide IG-19 alone did not signiﬁcantly increase the serum concentration of any of the cytokines monitored (IL-2, IL-4, IL-6, IFN-␥,
TNF-␣, IL-10 and IL-17). However, the serum concentration of the
cytokine IL-10 was increased by 1.7-fold in mice administered with
IG-19 alone compared to naïve, but this increase was not statistically signiﬁcant (Fig. 3). The CIA mice had signiﬁcantly increased
serum concentrations of TNF-␣, IFN-␥ and IL-6 between 2- and 3fold (p < 0.05) compared to the naïve mice on the day of sacriﬁce
(Fig. 3). Administration of the peptide IG-19 signiﬁcantly reduced
the serum concentrations of pro-inﬂammatory cytokine TNF-␣ by
more than 60% (p = 0.003) and that of the cytokine IL-10 by 50%
(p = 0.02), in the CIA mice (Fig. 3). Likewise, the CIA mice showed
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the outlier CIA mouse administered with the peptide IG-19. Despite
showing arthritic symptoms with a clinical score of 6 (Fig. 1B), this
CIA mouse with peptide IG-19 failed to display a complete loss of
joint integrity (Fig. 5F). To account for the variability in the different
groups, we further scored the stained sections by two independent
observers in a blinded manner. The histology score demonstrated
that administration of the peptide IG-19 signiﬁcantly reduced cellular inﬁltration and protected against cartilage degradation in the
CIA mice (Fig. 6).

0

IFN-γ
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IL-10

IL-6

IL-17A IL-2

IL-4

4. Discussion
Fig. 3. Peptide IG-19 alters serum concentrations of cytokines. DBA/1 mice were
challenged with type II chicken collagen, and the peptides IG-19 or IDR-1018 were
administered by s.c. injections from day 20 onwards every 48 h. Mice were sacriﬁced
8 weeks after initial collagen challenge. Circulating levels of a panel of Th1/Th2/Th17
cytokines (IL-2, IL-4, IL-6, IFN-␥, TNF-␣, IL-17A, IL-10) were monitored in the serum
collected on the day of sacriﬁce using multiplex BDTM CBA preconﬁgured kit employing the FACS CaliburTM ﬂow cytometer. Results shown represent average ± standard
error. Independent T-tests for unequal variance was used to determine the p-values.

Fig. 4. Peptide IG-19 reduces cellular inﬁltration in the joints of the CIA mice. The
parafﬁn embedded sagittal sections (5 m) of hind ankle joints obtained on the day
of sacriﬁce were stained with H & E. Images shown are representative of sections
from naïve (n = 7), CIA (n = 7), IG-19 (n = 4) and CIA + IG-19 (n = 7). The images were
processed using a Zeiss imager M2 using the Zen 2011 software.

a solid trend of suppression of serum concentration of IFN-␥ more
than 40% (p = 0.07) with administration of the peptide IG-19 (Fig. 3).
3.4. Peptide IG-19 prevents cellular inﬂux and cartilage
degradation in the joints of CIA mice
Histopathological assessment of parafﬁn embedded sagittal sections of ankle joints with H & E stain indicated that administration
of the peptide IG-19 reduced cellular inﬁltration in the CIA mice
(Fig. 4). Staining the sections for proteoglycans by Safranin O for
the detection of cartilage revealed that the CIA mice had signiﬁcant
proteoglycan depletion indicating cartilage degradation (Fig. 5). CIA
mice showed erosion of cartilage, pannus formation (Fig. 5C) to
a complete loss of joint integrity (Fig. 5D). In contrast, administration of the peptide IG-19 inhibited proteoglycan depletion and
maintained integrity of the joint in CIA mice (Fig. 5E). None of the
CIA mice treated with peptide IG-19 showed complete loss of joint
integrity. While the CIA mouse with a clinical score of 6 displayed
complete loss of joint integrity (Fig. 5D), this was not the case with

In this study, we demonstrated that a synthetic derivative of
the human cathelicidin LL-37, peptide IG-19, alleviates arthritic
symptoms in a murine model of CIA. The disease severity as indicated by a standardized clinical score (Galligan et al., 2010) and
the number of affected limbs were markedly reduced in the CIA
mice administered with the peptide IG-19 (Fig. 1). Histological
assessment demonstrated that administration of the peptide IG-19
signiﬁcantly reduced cellular inﬁltration and prevented cartilage
degradation in the joints of the CIA mice (Figs. 4–6). Moreover,
in this study we showed that the peptide IG-19 signiﬁcantly suppressed the serum levels of CII antibodies, both to the immunizing
chicken CII antigen and to the murine CII autoantigen, in the CIA
mice (Fig. 2). The incidence of CIA had been shown to correlate
with the serum levels of anti-collagen antibodies (Holmdahl et al.,
1986). Our results suggest that the peptide IG-19 when given one
day before the boost may alter immune regulation during progression of inﬂammatory arthritis and consequently suppresses the
production of autoantibodies to CII. Future work will determine if
the peptide IG19 can alleviate the disease once arthritic symptoms
have developed. This is the ﬁrst study to establish the proof-ofprinciple for the beneﬁcial effects of a LL-37-derivative peptide
IG-19 in immune-mediated chronic inﬂammatory disorders, such
as autoimmune chronic inﬂammatory RA.
The peptide IG-19 effectively suppressed pro-inﬂammatory
cytokine levels, in particular concentration of TNF-␣, in the serum
of the CIA mice (Fig. 3). The pro-inﬂammatory cytokine TNF-␣ is
known to intensify the disease severity in CIA (Brahn et al., 1992;
Cooper et al., 1992) and the level of TNF-␣ directly correlates with
disease severity in RA patients (Altomonte et al., 1992). TNF-␣ stimulates collagenase which disrupts the extracellular collagen matrix
in inﬂamed joints, and increases prostaglandin E2 which triggers
bone reabsorption by osteoclasts (Dayer et al., 1985; Saklatvala,
1986). The ability of IG-19 to signiﬁcantly reduce serum concentration of TNF-␣ suggests that the peptide can control the disease
progression in the CIA model. This is also supported by the observed
solid trend of suppression of serum levels of IFN-␥ by the peptide treatment in the CIA mice (Fig. 3). While the peptide IG-19
alone did not signiﬁcantly increase the circulating levels of any
of the cytokines monitored, a trend of up-regulation of IL-10 was
observed (Fig. 3). We have shown in a previous study that the parent
HDP LL-37 induces intracellular production of IL-10 (Mookherjee
et al., 2009). However, other studies have demonstrated an inverse
correlation of HDP LL-37 with IL-10 (Kanda et al., 2010; van der
Does et al., 2010). Interestingly, in this study the peptide IG-19 signiﬁcantly reduced serum IL-10 in the CIA mice (Fig. 3). It may be
possible that IL-10 is counter balanced by the pro-inﬂammatory
cytokines such as TNF-␣ and IFN-␥, which are known to exacerbate disease severity in the CIA model (Brahn et al., 1992; Cooper
et al., 1992, 1988). It is also possible that the anti-inﬂammatory
effects of the peptide IG-19 may be independent of IL-10 production. This is consistent with the fact that the therapeutic potential
of IL-10 for chronic inﬂammatory autoimmune diseases is yet to be
fully established (Iyer and Cheng, 2012).
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Fig. 5. Peptide IG-19 protects proteoglycan depletion in the joints of the CIA mice. The parafﬁn embedded sagittal sections (5 m) of hind ankle joints obtained on the day
of sacriﬁce were stained with Safranin O to detect proteoglycans indicative of cartilage. Images shown are representative of sections from (A) naïve, n = 7, (B) IG-19, n = 4, (C
and D) CIA, n = 7, and (E and F) CIA + IG-19, n = 7. Pannus formation is indicated by an arrow in (C). The sections shown in (D) and (F) are both from mouse with a clinical score
of 6. The images were processed using a Zeiss imager M2 using the Zen 2011 software.
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Fig. 6. Peptide IG-19 signiﬁcantly reduces cell inﬁltrates and tissue damage in
the CIA mice. The parafﬁn embedded sagittal sections (5 m) of hind ankle joints
obtained on the day of sacriﬁce were stained with H & E and Safrinin O. The stained
sections were scored using a standardized histology score as indicated in Section
2, to assess the extent of cell inﬁltrates and tissue damage. Independent t-tests for
unequal variance was used to determine the p-values.

Overall, this study provides novel evidence demonstrating the
ability of a human cathelicidin LL-37-derived peptide to alleviate the disease process in a murine model of RA. We also show
that not all cathelicidin-derived peptides exhibit similar functions.
The bovine cathelicidin-derived peptide IDR-1018 did not exhibit
the beneﬁcial effects seen with the human cathelicidin-derived
peptide IG-19 in the murine model of CIA (Figs. 1 and 2). The
structure-function relationship of cathelicidin-derived peptides in
the context of modulating immune-mediated inﬂammation is yet
to be determined. Nevertheless, this study suggests a new approach
for controlling autoimmune chronic inﬂammatory disorders such
as RA, using speciﬁc peptide derivatives of endogenous HDPs. The
safety of HDP-derived peptides for clinical use in humans has been
established, as some of these peptides are currently in phase II/III
clinical trials (Yeung et al., 2011). The manufacturing cost can be
reduced with shorter peptides (Scott et al., 2007; Nijnik et al., 2010;
Cherkasov et al., 2009) and new recombinant methods (Bommarius
et al., 2010). A major advantage of developing small synthetic
derivatives of HDPs as therapeutics for chronic inﬂammatory disorders is their unique dual potential to control inﬂammation and
resolve infections (Choi and Mookherjee, 2012; Scott et al., 2007;
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Turner-Brannen et al., 2011), which is distinct from the current biologics used for the treatment of RA and other chronic inﬂammatory
diseases.
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