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Background. Human cathelicidin antimicrobial protein (hCAP18) is an antimicrobial and immunomodulatory
peptide that has pleiotropic effects and is transcriptionally regulated by vitamin D. Because the administration of
vitamin D analogues has been linked to decreased mortality among patients with end-stage renal disease, we
hypothesized that low hCAP18 levels would identify those who are at increased risk of death attributable to
infection while undergoing hemodialysis.

Methods. We performed a case-control study nested in a prospective cohort of patients (n = 10,044) initiating
incident hemodialysis. Case patients (1 = 81) were those who died of an infectious disease within 1 year; control
patients (n = 198) were those who survived at least 1 year while undergoing dialysis.

Results. Mean (= SD) baseline levels of hCAP18 in case patients and control patients were 539 + 278 ng/mL
and 650 = 343 ng/mL, respectively (P = .006). hCAP18 levels had a modest correlation with 1,25-dihydroxyvitamin
D levels (r = 0.23; P = .053) but not with 25-hydroxyvitamin D levels (r = —0.06; P = 44). Patients with hCAP18
levels in the lowest tertile had a 2-fold increased risk (odds ratio, 2.1; 95% confidence interval, 1.2-3.5) of death
attributable to infection; after multivariable adjustment, this relationship remained statistically significant (odds
ratio, 3.7; 95% confidence interval, 1.2-11.2).

Conclusions. In individuals initiating chronic hemodialysis, low baseline levels of hCAP18, a vitamin D-
regulated antimicrobial protein, are independently associated with an increased risk of death attributable to

infection.

Traditional immunology research has focused on the
adaptive immune system and its ability to generate tar-
geted responses against invading microbes. Innate im-
munity, the wide-reaching antimicrobial defense that
complements more specific responses, has recently gar-
nered increased attention with the discovery of cationic
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antimicrobial peptides (AMPs). AMPs comprise a ma-
jor component of immunologic defense in most mul-
ticellular organisms and have activity against gram-pos-
itive and gram-negative bacteria, as well as some viruses
and fungi [1-7]. AMPs act by disrupting foreign-cell
membranes, binding lipopolysaccharide residues, and
recruiting leukocytes [1, 8, 9]. The development of re-
sistance is uncommon [10]. These properties have gen-
erated excitement about the possibility that AMPs could
be used in place of or as a complement to traditional
antibiotics, either through exogenous administration or
through manipulation of endogenous production
[9, 11].

Cathelicidins, one of the major families of AMPs, are
characterized by a proprotein with a cathelin-like
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N-terminal domain and a C-terminal AMP domain; the pro-
protein is cleaved by proteases during activation to release the
active peptide [12, 13]. The human cathelicidin antimicrobial
proprotein (hCAP18; also known by the name of its active
peptide, LL-37) is the only known cathelicidin in humans. It
is primarily found packaged in the secondary granules of neu-
trophils and expressed in other leukocyte populations and a
wide range of squamous epithelia, and it is secreted at high
levels from myeloid cells in the bone marrow into the systemic
circulation [14-17]. In vitro studies with synthetic LL-37 have
demonstrated its ability to rapidly kill a broad range of bacteria,
including Mycobacterium tuberculosis [8, 18]. hCAP18 is able
to trigger the release of defensins (the other major class of
inducible AMPs) and provide protection in animal models of
sepsis [19, 20].

The gene encoding hCAP18 is transcriptionally regulated by
the vitamin D receptor [21-23]. In vitro, administration of
1,25-dihydroxyvitamin D is able to boost hCAP18 levels in a
wide range of human tissues, including keratinocytes, mono-
cytes, neutrophils, and bronchial epithelial cells [21, 24, 25].
Topical vitamin D analogues have been shown to stimulate local
production of hCAP18 in the skin [26]. Toll-like receptor 2
stimulation of monocyte and macrophage cells leads to upreg-
ulation of both the vitamin D receptor and cytochrome P450
27B1, the enzyme that converts circulating 25-hydroxyvitamin
D to the active hormone 1,25-dihydroxyvitamin D [18]. This
results in the upregulation of hCAP18 and links vitamin D
metabolism to a broad-reaching arm of the innate immune
system.

Hemodialysis is the renal replacement modality for over
300,000 patients with end-stage renal disease (ESRD) in the
United States; this population is at high risk of both serious
infections and vitamin D deficiency. For individuals undergoing
hemodialysis, death attributable to infection occurs at a rate
100-300-fold higher than among the general population and
represents the second-leading cause of death in this group [27].
A high prevalence of intravenous catheter use likely contributes
to the increased risk of infection, but these patients are also at
increased risk of non—access-related infections, such as pneu-
monia [28]. Individuals with ESRD experience a decrease in
their ability to produce active 1,25-dihydroxyvitamin D and
often have deficient levels of its precursor, 25-hydroxyvitamin
D [29-31]. Therefore, we hypothesized that hCAP18 levels at
baseline would correlate with vitamin D levels at initiation of
hemodialysis and that hCAP18 levels would be strongly linked
with subsequent death attributable to infection.

MATERIALS AND METHODS

Accelerated Mortality on Renal Replacement (ArMORR) is a
nationally representative, prospective cohort study of patients
who initiated chronic hemodialysis from 1 July 2004 through

30 June 2005 at any of the 1056 dialysis centers in the United
States that are operated by Fresenius Medical Care. The
ArMORR study collected detailed demographic and clinical
data, including comorbidities, laboratory results, and serum
and plasma samples obtained from all participants at the ini-
tiation of dialysis. Clinical data were collected prospectively and
entered uniformly into a central database by practitioners at
the point of care. All clinical data that were submitted to Fre-
senius Medical Care underwent rigorous quality assurance—
quality control auditing [32, 33]. All blood samples obtained
for clinical care were uniformly shipped to and processed by
Spectra East (Rockland, NJ), a good clinical practice—accredited
central laboratory. After processing for routine clinical testing,
remnant samples were shipped on ice to ArMORR study in-
vestigators, who aliquotted and stored the samples in liquid
nitrogen tanks. This study was approved by the Institutional
Review Board of the Massachusetts General Hospital.

Study population. From 1 July 2004 through 30 June 2005,
a total of 10,044 patients undergoing incident hemodialysis
were prospectively enrolled in ArMORR. To study the associ-
ation of hCAP18 with death attributable to infection, we per-
formed a nested case-control study. We defined case patients
as individuals who died because of infection within 1 year after
initiating hemodialysis and control patients as individuals who
survived for =1 year after the initiation of hemodialysis.

Exposures, outcomes, and covariates.
sure variable was hCAP18 level at baseline, measured in samples

The primary expo-

collected within 14 days after initiation of hemodialysis, before
the initiation of intravenous active vitamin D treatment. After
collection, blood samples were frozen in liquid nitrogen and
underwent a single thaw for this study. Plasma hCAP18 level
was measured by ELISA, as described elsewhere [14]. The assay
has a detection limit of 0.084 ng/mL with an intra- and inter-
assay coefficient of variation of <6.3%. 25-hydroxyvitamin D
and 1,25-dihydroxyvitamin D levels were measured in samples
collected at baseline with use of commercially available radi-
oimmunoassay techniques (DiaSorin). The coefficients of var-
iation for 25-hydroxyvitamin D measurements were <3% at
levels <30 ng/mL. For 1,25-dihydroxyvitamin D, the coefficients
of variation were <6.5% at levels <32.5 pg/mL. 25-hydroxy-
vitamin D level was measured in 154 control patients and 59
case patients, and 1,25-dihydroxyvitamin D level was measured
in 70 control patients and 41 case patients, depending on the
quantity of sample available.

The primary outcome was mortality associated with infection
within 1 year after initiating hemodialysis. Cause of death was
determined from discharge diagnosis reports of the dialysis
center. Fighty-one case patients had an adequate residual
plasma sample available for hCAP18 analysis. The majority of
case patients (n = 67) were documented with International
Statistical Classification of Diseases and Related Health Prob-
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Table 1.

Baseline characteristics of case patients and control patients.

Case patients ~ Control patients

Characteristic (n = 81) (n = 198) P
Age, mean years 68.7 67.2

Male sex, % 55.6 53.0

BMI, mean value 26.6 26.2

Black race, % 30.9 29.8 .89
ESRD attributable to DM, % 56.8 42.9 .05
Systolic blood pressure, mean mmHg 142 146 .32
Diastolic blood pressure, mean mmHg 73 73 .96
Catheter as primary hemodialysis access, % 65.4 53.3 .08
Hemoglobin level, mean g/dL 10.3 10.3 12
Albumin level, mean g/dL 3.1 3.5 .02
Parathyroid hormone level, mean pg/mL 262.2 238.6 47
Phosphorus level, mean mg/dL 4.7 4.7 .84
Calcium level,” mean mg/dL 8.8 8.8 .90
Ferritin level, mean ng/mL 355 290 23
Bicarbonate level, mean mmol/L 23.1 22.7 A1
25-hydroxyvitamin D level, mean ng/mL 19.2 22.2 .10
1,25-dihydroxyvitamin D level, mean pg/mL 22.4 16.8 1

NOTE. Case patients and control patients were matched according to age and body mass index.
BMI, body mass index (calculated as weight in kilograms divided by the square of height in meters);
DM, diabetes mellitus; ESRD, end-stage renal disease.

@ Calcium levels were corrected for serum albumin level.

lems (ICD)-9 codes of 38 (septicemia), 785.52 (septic shock),
and 790.7 (bacteremia). Additional case patients were docu-
mented with the ICD-9 codes for HIV (42; n = 3), viral pneu-
monia (480.9; n = 3), and pneumonia (486; n = 3). The re-
mainder of cases patients were documented to be single cases
of echinococcosis, staphylococcal meningitis, acute endocar-
ditis, chronic hepatitis, and gangrene. An additional 198 pa-
tients who survived for at least 1 year while undergoing he-
modialysis served as control patients. Case and control patients
were matched by age and body mass index.

We analyzed several covariates, including age, sex, race, eti-
ology of renal failure, body mass index, use of a catheter for
access at initiation of hemodialysis, and systolic and diastolic
blood pressure. Race was treated as a dichotomous variable
(black vs. not black), as was etiology of renal failure (diabetes
vs. other cause). We also analyzed hemoglobin, albumin, par-
athyroid hormone, phosphorus, calcium, ferritin, and bicar-
bonate levels and WBC count, as measured at initiation of
dialysis. WBC count was analyzed both as a linear variable and
categorized into tertiles. When available, 25-hydroxyvitamin D
and 1,25-dihydroxyvitamin D levels were also analyzed.

Statistical analysis.
baseline differences in race, cause of ESRD, and catheter-based

We used Fisher’s exact test to compare

hemodialysis access. Two-sided t tests were used to compare
continuous variables.

To identify potential appropriate covariates for multivariate
analysis, we examined Spearman correlation coefficients for a

panel of laboratory variables and hCAP18 level. Two-sided ¢
tests were used to compare levels of hCAP18 by sex, race, cause
of ESRD, and hemodialysis access.

The primary analysis consisted of univariate and multivariate
conditional logistic regression to identify the association of
hCAP18 level with the primary outcome and to control for
potential confounding factors, with significant correlates of
hCAP18 levels or case/control status used to determine covar-
iates for inclusion. All regressions were conditioned using age
and body mass index (which were used to match case and
control patients). hCAP18 levels were examined as continuous
data, binary data, and as tertiles. After selection of our final
multivariate model, we formally tested for effect modification
of the hCAP18-mortality relationship by adding interaction
terms for access modality, cause of ESRD, sex, race, and WBC
count in separate models.

Data for covariates were missing in <5% of samples. Statis-
tical analyses were performed using SAS, version 9.1.3 (SAS
Institute).

RESULTS

Baseline characteristics. Baseline characteristics of the pa-
tients are presented in table 1. Case patient status was associated
with lower albumin levels and an increased frequency of dia-
betes mellitus. Serum calcium level, corrected for baseline al-

bumin level [34], did not differ between case patients and con-
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Percentage of individuals in each tertile of human cathelicidin antimicrobial protein (NCAP18) levels who survived for at least 1 year while

undergoing hemodialysis (control patients). The remaining subjects died because of infection within 1 year after initiation of hemodialysis (case
patients). Individuals within the lowest tertile of hCAP18 levels had a lower chance of survival than did subjects in tertiles 2 or 3 (P = .007). There
was no significant difference in mortality between tertiles 2 and 3 (P = .74). Tertiles are based on the distribution of hCAP18 levels among control
patients. Tertile 1 hCAP18 levels, 129-487 ng/mL (n = 110); tertile 2 hCAP18 levels, 488—729 ng/mL (n = 87); tertile 3 hCAP18 levels, 732—2856

ng/mL (n=282).

trol patients. There were no significant differences in race and
baseline levels of hemoglobin or parathyroid hormone between
case patients and control patients. Hemodialysis catheter use
was marginally, although not statistically significantly, more
common among case patients than among control patients
(66% vs. 53%, P = .08).

Association between vitamin D and hCAP18. 25-Hydro-
xyvitamin D levels were 2-86 ng/mL, with a median level of
18 ng/mL. No correlation was found between 25-hydroxyvi-
tamin D levels and hCAP18 levels (r = —0.06; P = 44). In
contrast, 1,25-dihydroxyvitamin D levels appeared to correlate
positively with hCAP18 levels, although this relationship was
of borderline statistical significance (r = 0.23; P = .053). Of
note, the majority of patients had insufficient levels of either
25-hydroxyvitamin D (80% of patients had levels <30 ng/mL)
or 1,25-dihydroxyvitamin D (66% of patients had levels <18
pg/mL).

hCAP18 levels and 1-year mortality. Sorensen et al. [14]
determined the mean (= SD) levels of plasma hCAP18 in nor-
mal healthy volunteers in Denmark (n = 58) to be 1180 =+
200 ng/mL, and individual hCAP18 levels ranged from 400—
3200 ng/mL. The mean level of hCAP18 for different popu-
lations or disease states has not been determined, thus, a true
“normal value” has not been established. In this study, mean
(£SD) baseline levels of hCAP18 were 619 + 329 ng/mL for
the entire population, which is ~50% lower than that reported

among healthy individuals. In this study, hCAP18 levels were
divided into tertiles on the basis of the distribution among
control patients. There was no significant difference between
hCAP18 tertiles 2 and 3 with respect to death attributable to
infection, therefore, hCAP18 was categorized as low (lowest
tertile) or elevated (upper 2 tertiles) for subsequent analysis.
The proportion of individuals who survived for 1 year after
initiating hemodialysis was significantly lower in the bottom
tertile versus the upper 2 tertiles (62% vs. 77%; P = .007)
(figure 1).

Several demographic and baseline laboratory factors were
examined to determine if they had any influence on hCAP18
levels among control patients. Older patients had slightly lower
hCAP18 levels (r = —0.16; P = .03). There was an inverse as-
sociation between hCAP18 and bicarbonate levels (r = —
0.22; P<.01). An increased hCAP18 level was positively asso-
ciated with higher body mass index (r = 0.17; P = .01) and
increased phosphorus levels (r = 0.34; P<.01). The strongest
association was between higher hCAP18 levels and higher WBC
counts (r = 0.51; P<.01). Levels of hCAP18 were higher in
individuals for whom diabetes was a cause of ESRD (mean
hCAP18 level [£SD], 709 *+ 380 vs. 607 = 308 ng/mL; P =
.05), but levels did not differ according to sex, race, or presence
of a catheter for dialysis access. There was no association be-
tween hCAP18 levels and diastolic or systolic blood pressures
or albumin, parathyroid hormone, or ferritin levels (data not
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shown). In multivariate analysis of all significant predictors of
hCAP18, the only independent predictors were bicarbonate
level (8 = —13; P = .03) and WBC count (8 = 43; P<.01).

In univariate analysis of the clinical outcome, lower baseline
hCAP18 levels were predictive of an increased risk of death
attributable to infection (OR, 2.1; 95% CI, 1.2-3.5). On mul-
tivariate analysis (adjusting for sex, race, cause of ESRD, base-
line albumin levels, and baseline laboratory factors shown to
correlate with hCAP18 level [WBC count and phosphorus and
bicarbonate levels]), low hCAP18 levels remained indepen-
dently predictive of 1-year mortality (OR, 2.6; 95% CI, 1.4—
5.0). Of the other covariates in the model, only albumin level
was independently predictive of mortality (OR, 0.28 per 1 g/
dL increase; 95% CI, 0.16—0.48). Catheter use did not meet the
criteria for inclusion in the multivariate model and, when
tested, did not act as a significant confounder of the hCAP18-
mortality relationship (change in OR, <10%). When the mul-
tivariate model was further adjusted for 1,25-dihydroxyvitamin
D level (which necessitated use of the smaller sample of patients
for whom these values were available), hCAP18 level remained
independently predictive of mortality (OR, 3.7; 95% CI, 1.2—-
11.2) (table 2).

As WBC count was the most closely linked of all covariates
with hCAP18 level, we screened demographic and laboratory
factors for their ability to predict WBC count in a multivariate
linear regression model with hCAP18 level. Catheter-based he-
modialysis access was the only additional predictor of WBC
count that was identified (with an effect independent of
hCAP18 level).

There was no evidence of effect modification for this rela-
tionship by access modality, race, sex, or cause of ESRD (di-
abetes vs. other causes). Despite the strong association between
WBC counts and hCAP18 levels, WBC counts themselves were
not predictive of mortality (P = .62) and there was no evidence
of effect modification on the relationship between hCAP18 level
and mortality (for interaction, P = .67).

DISCUSSION

We performed a nested case-control study of 279 individuals
initiating hemodialysis, to study the relationship between base-
line levels of the human cathelicidin hCAP18 and infection-
associated 1-year mortality. Prior to our prospective study, sev-
eral observations in human and animal studies had suggested
that higher hCAP18 levels might offer protection against in-
fection. A deficiency of salivary hCAP18 in patients with Kost-
mann syndrome has been associated with severe periodontal
disease, and transfected mice that are induced to systemically
overexpress hCAP18 are protected from septic death [35, 36].
We thus suspected that individuals with lower baseline hCAP18
levels would be at increased risk of death attributable to in-
fection, the second leading cause of death in this population.
Indeed, we found that, after adjusting for potential demo-
graphic and clinical confounding factors, individuals in the
lowest tertile of hCAP18 levels had an approximately 3-fold
increase in the odds of death attributable to an infectious cause.
To our knowledge, this is the first report of systemic plasma
levels of hCAP18 being associated with mortality in any human
population.

We recognize that our observational study cannot prove cau-
sation. It is possible that hCAP18 level is a marker for suscep-
tibility to infection or risk of death attributable to infection
but does not play a direct biological role in the outcome. It
may be that another factor related to hCAP18 level is more
central to determining survival. We cannot exclude the possi-
bility that unmeasured factors, such as residual renal function,
may be associated with 1,25-dihydroxyvitamin D or hCAP18
production. Nonetheless, the independent relationship between
hCAP18 levels and ultimate outcome, in combination with
biology that supports a causative mechanism, suggests that fur-
ther investigation is warranted to more directly study the po-
tential role of hCAP18 in reducing infectious complications in
patients undergoing dialysis and other high-risk populations.

The role of vitamin D in the biology of this antimicrobial

Table 2. Human cathelicidin antimicrobial protein (hCAP18) and 1-year mortality associated with infection.

Model

No. of patients  OR? (95% Cl)

hCAP18 level (univariate)
hCAP18 level, sex, race, and diabetes mellitus status

hCAP18 level, sex, race, diabetes mellitus status, albumin level, phosphorus level, bicarbonate level,

and WBC count

hCAP18 level, sex, race, diabetes mellitus status, albumin level, phosphorus level, bicarbonate level,

WBC count, and 1,25-dihydroxyvitamin D level

279 2.1 (1.2-3.5)
279 2.3 (1.3-4.1)
265 2.6 (1.4-5.0)
103 3.7 (1.2-11.2)

NOTE. In univariate and multivariate conditional regression models, hCAP18 levels in the lowest tertile were independently predictive of death attributable

to infection within 1 year after initiation of hemodialysis.

@ The OR represents the risk of death for patients in tertile 1 vs. patients in tertiles 2 and 3 of hCAP18 levels.
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protein is most intriguing. Several previous studies have dem-
onstrated the ability of 1,25-dihydroxyvitamin D to directly
regulate the expression of hCAP18 on a genetic level [21, 23,
26]. Stimulation of Toll-like receptor 2 causes upregulation of
both 1-a-hydroxylase and the vitamin D receptor, leading to
increased local production of 1,25-dihydroxyvitamin D and,
consequently, hCAP18 [18]. Thus, hCAP18 levels might be
linked to vitamin D stores, underlying infection, or some com-
bination of the 2. Our findings suggest that the effect of pre-
existing infection is unlikely in the study population, because
individuals with higher levels of hCAP18 had a reduced, rather
than elevated, risk of mortality attributable to infection. Some
individuals with elevated hCAP18 levels may have had an un-
derlying clinical or subclinical infection, which would have
tended to blunt the protective effect seen in this study. Indeed,
studies that manipulate hCAP18 levels directly might reveal a
more powerful effect on outcomes than that seen in this ob-
servational study.

The link between vitamin D and hCAP18 suggests that vi-
tamin D therapy might be one potential mechanism to boost
hCAP18 levels and potentially reduce the risk of infection. Al-
though we did not find an association with 25-hydroxyvitamin
D levels and hCAP18 in our study, there was a borderline
positive association with 1,25-dihydroxyvitamin and hCAP18,
which may be more relevant in the ESRD population (in which
1-a-hydroxylase activity is significantly reduced). Our ability
to detect these associations was limited by the high prevalence
of vitamin D deficiency, which was present in the majority of
our patients. Furthermore, in vitro studies have demonstrated
that the relationship between vitamin D levels and hCAP18 is
strongest during active inflammation [18]; in our study, only
baseline (preinfection) hCAP18 levels were measured. Despite
the limitations of observational studies, the regulation of
hCAP18 by vitamin D has been well established in controlled
experiments [18, 21, 23, 26].

In several well-conducted observational studies, the admin-
istration of active vitamin D analogues to patients undergoing
hemodialysis was associated with reduced mortality [33, 37—
39]. The results of this study raise the possibility that this effect
may be mediated in part through hCAP18. Importantly, the
association of hCAP18 with mortality in multivariate models
was not eliminated by adjustment for 1,25-dihydroxyvitamin
D, which suggests that hCAP18 is not merely a marker of
vitamin D status. Although it is possible that vitamin D may
also influence immunity through factors other than hCAP18,
hCAP18 appears to be more directly related to survival. The
monitoring of hCAP18 levels may be important in future ran-
domized trials of vitamin D analogues to elucidate underlying
mechanisms of disease prevention and to identify potential
differences in the properties of various vitamin D analogues.

In addition to its association with reduced all-cause mor-
tality, vitamin D therapy has also been linked to reduced car-
diovascular mortality among patients undergoing hemodialysis
[33, 38]. Interestingly, hCAP18 has been detected in athero-
sclerotic lesions and thus has the potential to affect cardiovas-
cular outcomes [40]. The link between cardiovascular disease
and hCAP18 remains a topic for future study.

Of all measured covariates, hCAP18 was most strongly and
independently associated with WBC count. The source of cir-
culating hCAP18 is still not definitively known. This relation-
ship may reflect myelopoietic activity because bone marrow is
the major source of hCAP18 in plasma [14]. Despite this as-
sociation, hCAP18 levels remained predictive of mortality in-
dependent of WBC counts, which suggests that hCAP18 levels
are not merely a marker of leukocyte production.

Despite the fact that hCAP18 levels were measured at the
initiation of dialysis, differences in survival according to
hCAP18 level were evident after 1 year of follow-up. Baseline
hCAP18 level, measured prior to the onset of known infection,
might represent a measure of immune system health that re-
flects future susceptibility to infection. If confirmed by future
studies, hCAP18 levels might serve to guide the treatment of
patients undergoing dialysis (e.g., minimizing catheter-based
access or lowering the threshold for antibiotic use).

Further assessment of hCAP18 will benefit from the iden-
tification of agents that can modulate systemic hCAP18 levels.
Identification of hCAP18 levels in other groups of patients who
are at high risk of infection is essential to gauge the scope of
hCAP18-related treatments. If hCAP18 is directly responsible
for increases in survival, therapy with hCAP18 or agents that
influence hCAP18 levels might be attractive adjuncts to tra-
ditional antibiotic therapy in an era where antibiotic resistance
is becoming increasingly prevalent.
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