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ABSTRACT

Objectives Previous studies demonstrated associations
between reduced serum 25-hydroxyvitamin D (250HD),
inflammation and disease activity in paediatric systemic
lupus erythematosus (pSLE). The goal of this study was
to assess parathyroid hormone (PTH) in its relationship
to vitamin D and inflammation, as well as to better
understand the role of human cathelicidin (LL-37) in
pSLE.

Methods Frozen serum samples collected at baseline

of the Atherosclerosis Prevention in Paediatric Lupus
Erythematosus (APPLE) study were assayed to determine
250HD, PTH and LL-37 levels. Pearson’s correlations and
X tests were used to evaluate the relationships between
250HD, PTH, LL-37, inflammation, disease activity and
infection using baseline values collected as part of the
APPLE study.

Results 201/221 APPLE participants had serum
available for analysis. Serum 250HD was inversely
associated with serum PTH, but not LL-37. Serum

PTH was not associated with high sensitivity

C-reactive protein, carotid intima media thickness or
high-density lipoprotein (HDL) or low-density lipoprotein
(LDL) cholesterol, but was negatively associated with
lipoprotein(a) levels. Despite no association with serum
250HD, LL-37 was negatively associated with total
cholesterol, HDL and LDL cholesterol and positively
associated with age. There was no significant difference
in mean LL-37 levels in participants with reported
infection as an adverse event during the 3-year APPLE
study.

Conclusions Despite links to vitamin D levels in other
studies, LL-37 levels were not associated with baseline
serum 250HD concentrations in paediatric patients with
pSLE. Despite the lack of correlation with 250HD, LL-37
levels in this study were associated with cholesterol levels.
Some subjects with pSLE have significantly elevated levels

of LL-37 of unknown significance. These exploratory
results addressing the role of LL-37 levels in pSLE appear
worthy of future study.

INTRODUCTION
Several previous studies have demonstrated
a relationship between paediatric systemic
lupus erythematosus (pSLE) and severe
vitamin D deficiency."™ Specifically, these
studies showed that vitamin D deficiency,
especially severe deficiency (<10 ng/mL),
is more common in patients with pSLE
as compared with healthy controls.” In
addition, studies showed a tendency
towards greater SLE Disease Activity Index
(SLEDAI) scores in those with moderate
to severe vitamin D deficiency.! Studies by
Petri et al demonstrated that an increase
in serum vitamin D levels by 20 ng/mL
(up to 40 ng/mL) was associated with a
21% decrease in the odds of having a high
activity score.* Prior studies using data from
the Atherosclerosis Prevention in Paedi-
atric Lupus Erythematosus (APPLE) cohort
showed a statistically significant inverse
relationship between serum 25-hydrox-
yvitamin D (250HD) levels and high
sensitivity C-reactive protein (hsCRP),
suggesting that vitamin D deficiency is asso-
ciated with heightened inflammation seen
in patients with pSLE.”

Human cathelicidin (LL-37) is an antimi-
crobial peptide (AMP) that belongs to a class
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of proteins present in mammals, called cathelicidins,
which may confer an important role in innate immu-
nity.” LL-37 is a 37 amino acid protein, derived from a
precursor molecule called human cathelicidin antimi-
crobial protein (hCAP18) and is the only form of catheli-
cidin found in humans.’® Secreted L1-37 is found at many
barrier sites, typically epithelial surfaces throughout the
body, including the skin, gastrointestinal (GI) tract, testis
and respiratory tract.” LL-37 is mainly upregulated when
disease is present, especially bacterial, fungal and viral
infections. It has been hypothesised that LL-37 may func-
tion by interacting with the microbial membrane, thereby
disrupting the membrane’s normal activity and serving as
an antimicrobial.®

Vitamin D is a known regulator of LL-37 in humans.
Vitamin D administered in vitro in human monocytes
results in the increased expression of hCAP18 and produc-
tion of the protein LL-37 due to activation of a vitamin
D response element (VDRE).? ' Further, oral vitamin
D therapy has been shown to increase the expression of
hCAP18 in peripheral monocytes cultured ex vivo from
adults with HIV and osteoporosis.*'' Lowered expression
of vitamin D or low levels of serum vitamin D have been
linked to impaired immune response.'” This suggests a
relationship between lowered LL-37 levels and deficient
immune response.

The hypothesis of this study was that vitamin D status
was associated with circulating serum LL-37 and para-
thyroid hormone (PTH) concentrations in children
with pSLE in the Atherosclerosis Prevention in Paedi-
atric Lupus Erythematosus (APPLE) trial. Additionally,
we examined the relationship of LL-37, infection and
markers of inflammation in patients with pSLE. Cardio-
vascular markers which had previously been examined
demonstrated a correlation between 250HD deficiency
and CRP and low-density lipoprotein (LDL) cholesterol,”
so we hypothesise that PTH will also have a correlation
with these same factors due to the known relationship
between 250HD and PTH.

METHODS

The APPLE study

The design and methods of the APPLE trial have been
reported previously."” Briefly, APPLE was a prospective,
randomised, placebo-controlled trial, enrolling 221 partic-
ipants with paediatric-onset SLE (1997 American College
of Rheumatology criteria) from 21 North American
centers.'" ' Patients were excluded if they had nephrotic
syndrome, liver disease, renal insufficiency, hypercho-
lesterolaemia (total cholesterol >350 mg/dL), myositis
or were pregnant or lactating.”” Data were collected on
disease activity (SLEDAI), disease damage (Systemic
Lupus International Collaborating Clinics Damage Index
(SLICC)) and relevant laboratory data. Grade 3 and
above National Cancer Institute Common Terminology
Criteria for Adverse Events (CTCAE) Adverse Events,
including infection, were collected during the 3-year trial.

Reports of infection were separated into bacterial, viral
and fungal.

Serum analysis

Frozen serum samples collected at baseline of the
APPLE trial were available for analysis. 250HD, PTH
and LL-37 levels were measured. 250HD was meas-
ured using the automated chemiluminescent technique
(IDS-SYS automated machine, Immunodiagnostic
Systems, Fountain Hills, Arizona, USA) in a laboratory
that participates in the National Institute of Standards
and Technology (NIST)/National Institutes of Helath
(NIH) Vitamin D Quality Assurance Programme and
the Vitamin D External Quality Assessment Scheme
(Emory University, Atlanta, Georgia, USA). PTH was
measured by ELISA (Immutopics, San Clemente, Cali-
fornia, USA) as was LL-37 (Hycult Biotech, Uden, Neth-
erlands).

Statistical analysis
In general, continuous variables were summarised with
a median, and discrete variables were summarised with
percentages. To assess the relationship between baseline
levels of 250HD, PTH and LI-37 versus relevant demo-
graphic and disease activity markers such as age, body
mass index, SLEDAI and various cardiovascular athero-
sclerosis biomarkers, bivariate scatterplots were gener-
ated and Pearson correlation coefficients were calculated
with associated p values. Logistic models were constructed
to assess changes in observed infections (yes/no) with
natural log of LL-37. Transformations such as natural log
were performed for variables after visual assessment for
linearity. Association of observed infections with base-
line LL-37 levels was assessed with X tests in the logistic
model framework.

Statistical significance was defined as a two-tailed
p value <0.05. No adjustments were made for multiple
comparisons.

RESULTS

Baseline characteristics

Of 221 APPLE subjects, 201 had baseline samples avail-
able to be used in the analysis (there was no statistical
demographic difference seen between the 20 patients not
included in the study and the 201 who provided biosam-
ples). Participants’ median age at entry was 16 years and
median duration of SLE was 24 months. Mean SLEDAI
score at the time of entry was 4, representing mild activity.
Eighty-three per cent of participants were female, 51%
Caucasian, 27% African-American and 23% Hispanic.
Table 1 shows correlations between 250HD, PTH and
LL-37, as well as correlations with markers of cardiovas-
cular risk and inflammation. Immunosuppressive and
immunomodulatory medications were not found to have
any significant association with levels of either 250HD"
or LI1-37.

2 Gupta V, et al. Lupus Science & Medicine 2018;5:e000255. doi:10.1136/lupus-2017-000255



Childhood lupus

Table 1 Relationships between baseline levels of 250HD, PTH and LL-37 versus relevant demographic and disease activity
markers

Demographic or disease activity Pearson correlation
Lab marker marker coefficient P values
250HD (ng/mL) LL-37 (ng/mL) baseline 0.04 0.58
250HD (ng/mL) PTH (pg/mL) baseline -0.39 <0.01
LL-37 (ng/mL) Daily corticosteroid dose (mg) -0.06 0.44
LL-37 (ng/mL) PTH (pg/mL) baseline 0.07 0.30
PTH (pg/mL) Age at randomisation (Years) -0.10 0.14
PTH (pg/mL) Body mass index (kg/m*m) 0.04 0.60
PTH (pg/mL) SLEDAI total -0.01 0.93
PTH (pg/mL) Mean—mean IMT common (mm) 0.01 0.84
PTH (pg/mL) Total cholesterol (mg/dL) -0.13 0.06
PTH (pg/mL) Triglycerides (mg/dL) 0.01 0.99
PTH (pg/mL) HDL cholesterol (mg/dL) -0.11 0.11
PTH (pg/mL) LDL cholesterol (mg/dL) -0.11 0.13
PTH (pg/mL) Lp(a) (mg/dL) -0.12 0.03
PTH (pg/mL) Homocysteine level (mcmol/L) 0.01 0.90
PTH (pg/mL) High sensitivity CRP (mg/L) 0.08 0.65
PTH (pg/mL) WCC 0.00 0.96
Log of LL-37 (ng/mL) Age at randomisation (Years) 0.15 0.03
Log of LL-37 (ng/mL) Body mass index (kg/m*m) 0.10 0.16
Log of LL-37 (ng/mL) SLEDAI total -0.14 0.06
Log of LL-37 (ng/mL) Mean—mean IMT common (mm) 0.01 0.98
Log of LL-37 (ng/mL) Total cholesterol (mg/dL) -0.22 <0.01
Log of LL-37 (ng/mL) Triglycerides (mg/dL) -0.02 0.82
Log of LL-37 (ng/mL) HDL cholesterol (mg/dL) -0.19 <0.01
Log of LL-37 (ng/mL) LDL cholesterol (mg/dL) -0.19 <0.01
Log of LL-37 (ng/mL) Lp(a) (mg/dL) 0.02 0.83
Log of LL-37 (ng/mL) Homocysteine level (mcmol/L) -0.13 0.08
Log of LL-37 (ng/mL) High sensitivity CRP (mg/L) -0.02 0.76
Log of LL-37 (ng/mL) WCC 0.06 0.38

CRP, C-reactive protein; HDL, high-density lipoprotein; IMT, intima media thickness' LDL, low-density lipoprotein; LL-37, human cathelicidin;
250HD, serum 25-hydroxyvitamin D; PTH, parathyroid hormone; SLEDAI, Systemic Lupus Eryrthematosus Disease Activity Index; WCC,

white cell count.

250HD, PTH and LL-37

Overall, 61/201 (30%) of participants with available
samples had vitamin D deficiency (250OHD <20 ng/mL) at
baseline and 139/201 (69%) had vitamin D insufficiency
(250HD <30 ng/mL). Median serum 250HD levels
were 25.8 ng/mL (IQR 18.2-31.7). As expected, 250HD
was negatively correlated with PTH (r=-0.39; p<0.01)
(table 1). LL-37 was not associated with 250HD levels or
PTH (p=0.30) (figure 1 and table 1). The median level of
LL-37 was 51.2 ng/mL (IQR 45.5-60.5 ng/mL; absolute
range 18.3-289.2 ng/mL). One outlying data point was
excluded from the final analysis (LL-37 value >1000 ng/
mL) to avoid data skewing.

Associations between PTH, disease activity, and
cardiovascular risk

No significant relationship was found between PTH and
SLEDAI, hsCRP, HDL cholesterol or LDL cholesterol.
However, PTH was weakly associated with lipoprotein (a)
levels (r=-0.12, p=0.03).

Associations between LL-37, disease activity and
cardiovascular risk

LL-37 was negatively associated with HDL, LDL and total
cholesterol (r=-0.19, -0.19 and -0.22, respectively; p<0.01
for all three). LL-37 was also positively associated with age
(r=0.15; p=0.03). Data analysed categorically grouping
LIL-37 values as greater or less than the 75th percentile
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Figure 1  No relationship demonstrated between serum

25-hydroxyvitamin D (250HD) and human cathelicidin (LL-37)
in this study.

of 60 ng/mL showed similar results. The association
between SLEDAI and LI-37 trended towards significance
(r=—0.14; p=0.062) when comparing populations with
LL-37 above and below the cut values. Log transforma-
tion of LL-37 was used to improve model fit, but did not
change the overall results.

LL-37 and infection

LL-37 levels were not significantly different in participants
reporting CTCAE Grade 3 or higher infection during the
study. X* models were performed on bacterial, fungal and
viral infections individually as well as for any infection
overall (table 2). Baseline white cell counts also were not
associated with LL-37 levels (p value=0.38).

DISCUSSION

This is the first analysis of LL-37 levels in pSLE. No corre-
lation was found between vitamin D levels and LL-37
serum levels in the APPLE cohort despite postulated asso-
ciations between these two markers. LL-37 was also not
associated with disease activity, markers of inflammation
or infection rates in this study.

It has been demonstrated that vitamin D induces
LL-37 expression in non-inflammatory conditions but
causes downregulation in the presence of inflamma-
tion.'” This may be relevant in that although SLE is an

Table 2 Modelling results of infections versus the Log of
human cathelicidin (ng/mL)

Count 2 values P values
Overall (type is 109 1.36 0.243
bacterial, viral or
fungal)
Bacterial 73 1.54 0.215
Viral 5] 2.65 0.103
Fungal 14 <0.0 0.945

inflammatory condition, the subjects in our cohort did
not have high SLEDAI scores. Low SLEDAI scores may
indicate relatively low disease activity overall at the time
that the samples were drawn. Low disease activity there-
fore may have resulted in the absence of a relationship
between vitamin D and LL-37 levels. It is also possible
that the decreased levels of 250HD prevented subjects
from being able to synthesise adequate amounts of LL-37
mRNA."® Since 250HD and L1-37 were only measured
at a single timepoint, it is difficult to establish causation.
In interventional studies, vitamin D supplementation has
consistently led to an increase in hCAP18."

Another possible explanation for the observed discor-
dance is that systemic levels of LL-37 may not reflect local
tissue concentrations and LI-37 activity at local barrier
sites. One of the limitations of our study is that Hycult
Biotech who performed our LL-37 ELISA states that the
most reliable results are obtained with plasma samples,
which we did not have. It is possible that the LL-37
precursor molecule, hCAP18, may be a better serum
marker. While previous studies have shown that precursor
hCAP18 is found at low levels in blood and serum, L.1.-37
is found at much higher concentrations in the context of
infection.'” Since the current cohort did not report active
infection at the time of enrolmentinto APPLE when L1-37
levels were obtained, it is possible that hCAP18 would
have been a better indicator of disease activity. Unfor-
tunately, there were no prior studies linking hCAP18 to
lupus, which kept us from examining this marker in the
present study. Additionally, the promoter region of LL-37
contains VDREs, which have 1,25(OH)2D dependent
expression.18 Itis the 1,25(OH)2D form of vitamin D that
is linked to the increased expression of LL-37, possibly
explaining the disconnect between 250HD levels and
LL-37. Other studies have also been unable to show a rela-
tionship between 250HD and LL-37" although studies
have shown hCAP induction by 250HD."" Future studies
measuring serum hCAP18 would possibly need to measure
serum 1,25(OH)2D levels, as previous studies have shown
that even in the setting of infection and insufficient levels
of both 250HD and 1,25(OH)2D, there was only a statis-
tically significant relationship between 1,25(OH)2D and
hCAP18.*" Technically, testing of 1,25(OH)2D can vary
on a daily basis and can be a difficult variable to study.

LIL-37 is relevant to the discussion of SLE because of
its effect on type I IFNs, which are usually found to be
elevated in SLE and thought to contribute to disease
pathogenesis.”! LL-37 activity often perpetuates an inflam-
matory cycle by affecting various components of the
inflammatory process that take place in disease activity,
such as mast cells, neutrophils and dendritic cells. A study
by Kreuter and colleagues showed increased AMPs in
cutaneous lupus erythematosus, one of which was LL-37,
and a lower prevalence of skin infections.”” In our study
of paediatric patients, we were not able to distinguish
reported skin infections versus other types of infection,
but there was no association between baseline LL-37
levels and reported infections over the 3-year follow-up
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period. We were unable to determine LL-37 levels at the
times of reported infection, and this is a weakness of this
evaluation.

The relationship between LL-37 and SLE in adult
patients has been examined in only a handful of small
studies focusing on cutaneous disease? 23; however, this
is the first study examining paediatric-onset SLE and
LL-37. In the small study by Sun et @/, the adult patients
with SLE (n=9) were experiencing active disease at the
time of sampling, unlike the current study, and high
levels of LL-37 expression were found as compared with
the normal controls (n=6). Both this study and our results
indicate some subjects with SLE have elevated levels of
LL-37, which have not, however, been associated with
SLEDAL

A few subjects in the APPLE trial had unusually elevated
levels of LL-37 of unknown significance, ranging up to
1000 ng/mL. Fifty-two subjects (26%) had levels greater
than the 75th percentile of 60 ng/mL. In a study by Tang-
pricha et al in which measurements were performed in
the same laboratory as the current study, healthy controls
reported median LL-37 levels of 51.3 ng/mL with an
IQR of 41-98 ng/mL** (SE was unavailable, so popula-
tions could not be compared statistically). Similar to our
study, the Tangpricha study was examining relationships
between HIV, CD4 and inflammatory markers like LL-37.
CD4 count, which is a marker of HIV disease activity,
was not always correlated with LL-37 levels. The authors
found that LL-37 levels were generally not correlated
with inflammatory markers other than IL-6 and also were
unable to find a relationship between LI-37 and 250HD.
Unfortunately, in our population, IL-6 was not available to
study. These results from paediatric HIV patients mimic
those of this study in pSLE.

Finally, the data analysis revealed a negative correla-
tion between L1-837 and total, HDL and LDL cholesterol.
Previous analysis of the APPLE cohort actually demon-
strated a relationship in disease activity (represented by
SLEDAI score) with elevated LDL levels and higher hsCRP
with decreased overall HDL levels.”” This suggests that
since there is a relationship between LL-37 and choles-
terol, and cholesterol and disease activity, there may be an
indirect relationship between LL-37 and disease activity.
Additionally, in other studies, increased cholesterol levels
were found to be associated with increased resistance to
LL-37, and it is postulated that elevated cholesterol levels
may impair the antimicrobial effect of LL-37.%

Given that LL-837 was not associated with SLEDAI,
hsCRP or infection in the current cohort, it is hard to
know what the elevated levels represent in the study
group. Even though vitamin D and LL-37 have a known
relationship, our data did not demonstrate a statisti-
cally significant correlation between these two variables.
Previous studies support our results in that they have
also shown that serum levels did not correlate with circu-
lating LL-37 but rather with cultured ex vivo expression
of hCAP18. The demonstrated LI-37 association with
cholesterol in our study may be significant in its indirect

relationship to disease activity and requires further inves-
tigation. Further study is needed to evaluate the relation-
ship between LL-37, vitamin D and cells of the immune
system in SLE.
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