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Vitamin D Rescues Impaired Mycobacterium tuberculosis-Mediated
Tumor Necrosis Factor Release in Macrophages of HIV-Seropositive
Individuals through an Enhanced Toll-Like Receptor Signaling

Pathway In Vitro
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Mpycobacterium tuberculosis disease represents an enormous global health problem, with exceptionally high morbidity and mor-
tality in HIV-seropositive (HIV™") persons. Alveolar macrophages from HIV* persons demonstrate specific and targeted impair-
ment of critical host cell responses, including impaired M. tuberculosis-mediated tumor necrosis factor (TNF) release and mac-
rophage apoptosis. Vitamin D may promote anti-M. tuberculosis responses through upregulation of macrophage NO, NADPH
oxidase, cathelicidin, and autophagy mechanisms, but whether vitamin D promotes anti-M. tuberculosis mechanisms in HIV*
macrophages is not known. In the current study, human macrophages exposed to M. tuberculosis demonstrated robust release of
TNF, IkB degradation, and NF-kB nuclear translocation, and these responses were independent of vitamin D pretreatment. In
marked contrast, HIV* Ul human macrophages exposed to M. tuberculosis demonstrated very low TNF release and no signifi-
cant IkB degradation or NF-kB nuclear translocation, whereas vitamin D pretreatment restored these critical responses. The
vitamin D-mediated restored responses were dependent in part on macrophage CD14 expression. Importantly, similar response
patterns were observed with clinically relevant human alveolar macrophages from healthy individuals and asymptomatic HIV™*
persons at high clinical risk of M. tuberculosis infection. Taken together with the observation that local bronchoalveolar lavage
fluid (BALF) levels of vitamin D are severely deficient in HIV" persons, the data from this study demonstrate that exogenous
vitamin D can selectively rescue impaired critical innate immune responses in vitro in alveolar macrophages from HIV™" persons
at risk for M. tuberculosis disease, supporting a potential role for exogenous vitamin D as a therapeutic adjuvant in M. tubercu-

losis infection in HIV* persons.

ycobacterium tuberculosis infection in HIV-seropositive
(HIV™) persons represents an enormous global health prob-
lem, frequently occurs in persons in early stages of HIV disease,
and is associated with exceptional morbidity and mortality, espe-
cially with multidrug-resistant (MDR) or extensively drug-resis-
tant (XDR) tuberculosis (1, 2). However, the underlying predis-
posing mechanisms, particularly in HIV* persons with relatively
preserved CD4™" T-lymphocyte counts, remain incompletely un-
derstood (3-5). Alveolar macrophages (AMs) represent a critical
cell type in the host defense response to M. tuberculosis (6), and
alveolar macrophages from HIV™ persons demonstrate specific
and targeted impairment of critical host cell responses, including
impaired M. tuberculosis-mediated tumor necrosis factor (TNF)
release and macrophage apoptosis (7), which may be related in
part to interleukin-10 (IL-10)-mediated upregulation of BCL3
(8). Preliminary data suggest that M. tuberculosis-mediated mac-
rophage apoptosis may be restored by exogenous TNF, suggesting
that alveolar macrophages from HIV™" persons are not irreversibly
impaired and may be responsive to immunomodulation (7).
Vitamin D deficiency is associated with susceptibility to M.
tuberculosis disease (9-12), although the basic underlying mecha-
nisms remain poorly understood. Early in vitro observations dem-
onstrated that exogenous vitamin D suppressed M. tuberculosis
growth in macrophages (13, 14). Vitamin D may promote anti-M.
tuberculosis responses through upregulation of NO (15), NADPH
oxidase (16, 17), cathelicidin (18-20), and autophagy (20) mech-
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anisms in murine models and human macrophages. However, the
effect of vitamin D on critical human alveolar macrophage host
defense responses has not been investigated fully, and the influ-
ence of vitamin D on HIV" macrophages is not known.

The purpose of this study was to examine the influence of vi-
tamin D on human macrophage host defense responses in vitro,
focusing on Toll-like receptor (TLR) signaling pathways, as TLRs
represent critical innate immune host defense molecules in the
recognition of pathogens, including M. tuberculosis (21-23). Fur-
thermore, recognizing the frequent finding of vitamin D defi-
ciency among HIV ™ persons (24-26), this study also focused on
HIV" macrophages to determine whether exogenous vitamin D
can rescue impaired host defense responses to M. tuberculosis,
using human macrophage cell lines and clinically relevant alveolar
macrophages. This study demonstrates that exogenous vitamin D
can rescue impaired M. tuberculosis-mediated TNF release in
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HIV™ macrophages through enhanced TLR and restored IkB/
NE-«B signaling; the mechanism of vitamin D-mediated rescue of
restored responses was in part dependent on macrophage CD14.

MATERIALS AND METHODS

Human macrophages. (i) Human macrophage cell lines. As a model for
study of the influence of HIV infection on human macrophage function,
experiments used the human monocyte U937 (American Type Culture
Collection [ATCC]) and HIV-infected human monocyte U1 (subclone of
U937; AIDS Research and Reference Reagent Program, Bethesda, MD)
cell lines, as previously published (7, 27, 28). U1 cells contain two inte-
grated copies of HIV-1 proviral DNA and are characterized by low levels
of constitutive viral expression (29) that can be modulated with specific
cytokines and phorbol myristate acetate (PMA) (30). Human U937 and
U1 cells were cultured in complete RPMI 1640 medium (10% heat-inac-
tivated fetal calf serum [FCS], 2 mM glutamine, 100 U/ml penicillin, 100
pg/ml streptomycin), except for experiments using live mycobacteria,
where ceftriaxone (1 pg/ml) was substituted for streptomycin. Cells were
harvested during exponential growth phase, washed, differentiated into
macrophages by use of PMA (100 nM) at 37°C in 5% CO, for 24 h, washed
three times with phosphate-buffered saline (PBS), and incubated an ad-
ditional 24 h before use.

(ii) Human alveolar macrophages. For select experiments, human
alveolar macrophages were used to confirm critical results observed in cell
lines. Prospectively recruited healthy and asymptomatic HIV ™" volunteers
had no evidence of active pulmonary disease and had normal spirometry
results. Healthy individuals had no known risk factors for HIV infection
and were confirmed to be HIV seronegative by enzyme-linked immu-
nosorbent assay (ELISA), which was performed according to the instruc-
tions of the manufacturer (Abbott Diagnostics). Asymptomatic HIV™"
subjects had a CD4 T cell count of >200 cells/mm?* and an undetectable
serum viral load (<50 HIV-1 RNA copies/ml), were on highly active
antiretroviral therapy (HAART) or no therapy, and had no history of
opportunistic pneumonia. Lung immune cells were obtained by bron-
choalveolar lavage (BAL), using a standard technique (31). All procedures
were performed on adult volunteers after informed consent, following
protocols approved by the Beth Israel Deaconess Medical Center Institu-
tional Review Board. The cells were separated from the pooled BAL fluid
(BALF), and AMs were isolated by adherence for =72 h to plastic-bottom
tissue culture plates as previously described (31). Isolation of AMs from all
healthy and HIV™ persons yielded cells which were =98% viable, as de-
termined by trypan blue dye exclusion, and demonstrated >95% positive
nonspecific esterase staining (31).

Microbial organisms and reagents. Virulent (H37Rv) M. tuberculosis
which had been irradiated was a generous gift from J. Belisle (Colorado
State University, Fort Collins, CO) and the National Institute of Allergy
and Infectious Diseases (tuberculosis research materials contract NO1-Al-
75320). M. bovis (BCG Pasteur) was obtained from the ATCC. Stocks were
thawed, vortexed, sonicated using a bath sonicator for 15 s at 500 W, and
allowed to stand for 10 min, and the upper 200 .l of solution was used for
experiments (32). Lipid A (TLR4 ligand) from the Escherichia coli F583 Rd
mutant and PMA were purchased from Sigma Chemical Company (St.
Louis, MO). Pam;Cys-Ser-(Lys) , hydrochloride (PamCys) (TLR3 ligand)
was purchased from Calbiochem (San Diego, CA), and the 19-kDa lipo-
protein from M. tuberculosis (TLR2/1 ligand) was purchased from EMC
Microcollections (Tuebingen, Germany). 1-Pyrrolidinecarbodithioic
acid (PDTC), an inhibitor of NF-kB activation, was purchased from Cal-
biochem (San Diego, CA). 1,25(OH),Vitamin D5 (1,25D5) was purchased
from Calbiochem (San Diego, CA) and used at a concentration of 100 nM
unless otherwise specified.

RNA isolation and RT-PCR. Total RNA was isolated from macro-
phages by use of an RNeasy kit (Qiagen, Valencia, CA), and reverse tran-
scription-PCR (RT-PCR) was performed according to the manufacturer’s
protocol for the Thermoscript PCR system (Invitrogen Life Technolo-
gies). The following primers were used for amplification of the vitamin D
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receptor (VDR): 5'-GCC CAC CAT AAG ACC TAC GA-3' and 5'-AGA
TTG GAG AAG CTG GAC GA-3'.

Real-time PCR was performed using the following primers and
probes: for TLR2, 5'-TCT GGC ATG TGC TGT GCT CT-3’ and 5'-GGA
AAC GGT GGC ACA GGA C-3', with the TagMan probe 5'-TTC CTG
CTG ATC CTG CTC ACG GG-3'; for TLR4, 5'-TGT TGT GGT GTC
CCA GCA CT-3' and 5'-CTG CCA GGT CTG AGC AAT CTC-3', with
the TagMan probe 5’ -CAT CCA GAG CCG CTG GTG TAT CTT TGA
A-3’; for TNF-a, 5'-GGT GCT TGT TCC TCA GCC TC-3" and 5'-CAG
GCA GAA GAG CGT GGT G-3', with the TagMan probe 5'-CTC CTT
CCT GAT CGT GGC AGG CG-3';and for VDR, 5'-AAG GAC AAC CGA
CGC CAC T-3" and 5'-ATC ATG CCG ATG TCC ACA CA-3', with the
TagMan probe 5'-CAG GCC TGC CGG CTC AAA CG-3'.

Cytokine detection in cultured supernatants by ELISA. Isolated ad-
herent macrophages (24-well plate; 5 X 10° cells/well) were incubated
with M. tuberculosis or M. bovis BCG (multiplicity of infection [MOI] of
10:1) for 24 h in the presence or absence of 1,25D, (1077 M, added 24 h
prior to M. tuberculosis or BCG) at 37°C in humidified 5% CO,. For select
experiments, neutralizing anti-CD14 antibody or an IgG1 isotype control
(R&D Systems) was added 30 min prior to M. tuberculosis. Culture super-
natants were harvested and centrifuged to remove cellular debris, and
aliquots were assayed immediately or stored at —80°C until assay. Specific
immunoreactivity to TNF-a (R&D Systems) was measured by ELISA as
described previously (28).

Flow cytometry surface receptor analysis. TLR2, TLR4, and CD14
expression was measured via surface antibody labeling (TLR2-phyco-
erythrin [PE], TLR4-PE [Invivogen], and CD14-PE [MACS]) in macro-
phage cell suspensions with a Cytomics FC500 flow cytometer (Beckman
Coulter) as previously published (28). Results were recorded as the mean
relative fluorescence units (RFU) and the percentage of the population
staining positive.

Western blotting. Cell cytoplasmic protein extracts were prepared
using standard ice-cold RIPA buffer with protease and phosphatase in-
hibitors. Western blotting was performed by utilizing a standard protocol
(33) and antibodies specific to IkBa and B-actin (Cell Signaling Technol-
ogy). Resolved bands were quantified by densitometry (Amersham Bio-
sciences), and results are expressed in relative units (RU).

NF-kB ELISA. Adherent isolated macrophages (6-well plates; 3 X 10°
cells/well) were incubated with M. tuberculosis for 0 to 120 min, macro-
phage nuclear extracts were prepared by using an NE-PER kit (Pierce)
according to the manufacturer’s protocol, and an ELISA specific for p65
was performed using a Transfactor NF-kB p65 colorimetric kit according
to the manufacturer’s protocol (Clontech). Protein loading was standard-
ized using the Bradford assay (Bio-Rad).

Serum and BALF vitamin D measurements. Archived frozen clinical
samples of paired BALF and serum (stored at —80°C) were available for
four groups of patients who underwent bronchoscopy at the All India
Institute of Medical Sciences (New Delhi, India): (i) HIV-seronegative
individuals without M. tuberculosis, (ii) HIV-seronegative individuals
with microbiologically confirmed active M. tuberculosis disease, (iii)
HIV" individuals without M. tuberculosis, and (iv) HIV " individuals with
microbiologically confirmed M. tuberculosis disease. Patients provided
informed consent, and the study protocol was approved by the AIIMS
Ethics Committee. 25(OH)Vitamin D; and 1,25(OH),Vitamin D; levels
were measured in paired serum and BALF samples by ELISA according to
the manufacturer’s protocol (IDS Ltd., Fountain Hills, AZ). Vitamin D
levels were normalized with a BALF-associated dilution factor, using urea
nitrogen measurements, as previously described (34, 35).

Statistical methods. All data were analyzed using nonparametric
methodology (Mann-Whitney U test), and a P value of <0.05 was con-
sidered significant. Experiments were repeated a minimum of three times.

RESULTS

Exogenous vitamin D rescues M. tuberculosis-mediated TNF
release from HIV" human macrophages. TNF release represents
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FIG 1 1,25D; rescues M. tuberculosis-mediated TNF release in HIV* human
macrophages. Differentiated U937 (A) and HIV ™" U1 (B and C) macrophages
were incubated with irradiated virulent M. tuberculosis (MTb) (MOI of 10:1
for 24 h) in the presence or absence of 1,25D; (VD) pretreatment (24 h). TNF
in cell culture supernatants was measured by ELISA (R&D). Figures are rep-
resentative of individual experiments with similar results (n = 6). Quantitative
data represent means = standard errors of the means (SEM). US, unstimu-
lated. *, P < 0.05.

a critical macrophage response to M. tuberculosis challenge (36).
In the current study, unstimulated human U937 macrophages
demonstrated low constitutive TNF release and a robust increase
in TNF release in response to M. tuberculosis (Fig. 1A), and 1,25D;
pretreatment did not influence macrophage TNF release consti-
tutively or in response to M. tuberculosis challenge (Fig. 1A). In
HIV™ Ul macrophages, constitutive TNF release was also low, but
TNF release in response to M. tuberculosis was significantly im-
paired compared to that for U937 cells (Fig. 1B), consistent with
prior publications (7). However, in marked contrast to U937 cells,
pretreatment of HIV " U1 macrophages with 1,25D; dramatically
increased macrophage TNF release in response to M. tuberculosis,
in a concentration-dependent manner, to levels comparable to
those for U937 macrophages (Fig. 1B and C), whereas 1,25D,
pretreatment did not influence constitutive TNF release in HIV™"
U1 macrophages. Thus, exogenous 1,25Dj selectively restored im-
paired M. tuberculosis-mediated TNF release in HIV" human
macrophages.

Vitamin D promotes TNF mRNA transcripts in HIV" hu-
man macrophages. The main biological actions of vitamin D oc-
cur following conversion of the principle circulating 25(OH)D;
(25D;) form to 1,25D; by the cellular enzyme 1-alpha hydroxylase
(CYP27B1), with subsequent binding to intracellular VDR (37).
Although the main site of CYP27B1 hydroxylase expression is the
kidney, immune cells, including macrophages, express CYP27B1
hydroxylase and thus are able to independently convert 25D, to
biologically active 1,25D; (38). In the current study, both human
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FIG 2 1,25D; enhances TNF transcription in HIV " human macrophages. (A)
RT-PCR and real-time PCR for VDR were performed on total RNAs from
differentiated U937 and HIV* U1 macrophages (n = 4). (B) Differentiated
U937 and HIV™' U1 cells were incubated with M. tuberculosis or BCG (M.
bovis) (MOI, 10:1) for 3 h in the presence or absence of 1,25D; pretreatment
(24 h). TNF mRNA was measured by real-time PCR (n = 4). Quantitative data
represent means = SEM. *, P < 0.05; **, P < 0.01.

U937 and HIV™® Ul macrophages expressed mRNAs for VDR at
comparable levels (Fig. 2A), suggesting that the observed differ-
ences in 1,25D;-mediated macrophage responses were not attrib-
utable to significant differences in levels of VDR. To determine the
mechanism for 1,25D; rescue of TNF release in HIV" macro-
phages, we next examined TNF mRNA levels. Exogenous 1,25D;
pretreatment did not influence TNF mRNA levels in human U937
macrophages (Fig. 2B), whereas TNF mRNA levels were signifi-
cantly increased by 1,25D; in human HIV™ Ul macrophages in
response to mycobacteria (Fig. 2B). These results suggest that in-
creased M. tuberculosis-mediated TNF release in HIV" U1 mac-
rophages is associated with increased TNF mRNA.

Vitamin D enhancement of TNF release in HIV* human
macrophages is dependent on recognition of known TLR li-
gands. TLR2 and TLR4 are critical host defense signaling mole-
cules that mediate TNF release by macrophages in response to M.
tuberculosis infection (39). In the current study, human U937
macrophages released TNF in response to TLR2 and TLR4 ago-
nists, with a significant change following 1,25D; pretreatment for
lipid A only (Fig. 3A), consistent with prior observations (40). In
contrast, 1,25D; pretreatment of human HIV* Ul macrophages
significantly increased TNF release in response to multiple TLR2
and TLR4 ligands (Fig. 3B), including the M. tuberculosis 19-kDa
lipopeptide (recognized by TLR2/1). Both TLR2 and TLR4 mRNA
and surface expression levels were comparable in human U937
and HIV* U1 macrophages, and TLR2 and TLR4 levels were not
significantly altered by 1,25D; pretreatment (Fig. 3C and D).
Thus, the observed rescue of M. tuberculosis-mediated TNF re-
lease following 1,25D; pretreatment was not associated with a
significant alteration in mRNA or surface expression of macro-
phage TLR2 or TLR4 molecules.

Upregulation of NF-kB signaling by vitamin D in HIV* hu-
man macrophages. The observation that exogenous 1,25D; res-
cue of M. tuberculosis-mediated TNF release in HIV" human
macrophages was associated with increased TNF mRNA levels but
not with alteration of surface expression of TLRs (major M. tuber-
culosis recognition signaling receptors) suggested that signaling
pathways downstream of TLR may be modulated by 1,25D;. TLR
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FIG 3 1,25D; increases TLR signaling but not TLR expression in HIV" U1 macrophages. (A and B) Differentiated human U937 and HIV" U1 macrophages were
incubated with the TLR ligands lipid A (LA) (for TLR4), PamCys (for TLR2/1), and 19-kDa lipoprotein from M. tuberculosis (19 kDa MTb; 1 wg/ml) (for TLR2/1) for
24 h in the presence or absence of 1,25D; pretreatment. Cell-free culture supernatants were assayed for TNF by ELISA (1 = 3). (C) Differentiated U937 and HIV" U1l
macrophages were incubated for 24 h in the presence or absence of 1,25D; pretreatment and then stained with PE-labeled anti-TLR antibodies or isotype control
antibody. Surface expression was measured by flow cytometry. Left panels show isotype control (gray lines)- and TLR (black lines)-labeled cells; right panels show
TLR-labeled cells (gray lines) and 1,25D;-treated TLR-labeled cells (black lines). Representative histograms for independent experiments with similar results (n = 3) are
shown. (D) Specific TLR2 and TLR4 mRNAs were detected by real-time PCR (1 = 3). Quantitative data represent means * SEM. *, P < 0.05.

signaling promotes IkB degradation and allows NF-«kB nuclear
translocation and subsequent host defense gene activation, in-
cluding that of TNF (41, 42). In the current study, human U937
macrophages demonstrated rapid M. tuberculosis-mediated IkB
degradation, with no significant change with 1,25D; pretreatment
but with expected inhibition by PDTC (an inhibitor of IkB deg-
radation) (Fig. 4A). In marked contrast, human HIV* U1 macro-
phages failed to demonstrate significant IkB degradation in re-
sponse to M. tuberculosis over time (Fig. 4A), but exogenous
1,25D; pretreatment promoted M. tuberculosis-mediated IkB
degradation, although less robustly and with delayed kinetics
compared to U937 cells (Fig. 4A). Consistent with these findings,
human U937 macrophages in an independent assay demonstrated
NF-kB nuclear translocation in response to M. tuberculosis but
showed no further increase in NF-kB nuclear translocation with
1,25D, pretreatment (Fig. 4B). In marked contrast, human HIV*
U1 macrophages demonstrated limited NF-«kB nuclear transloca-
tion in response to M. tuberculosis but showed a dramatic increase
in M. tuberculosis-mediated NF-kB nuclear translocation upon
pretreatment with 1,25D; (Fig. 4B). Thus, 1,25Dj selectively pro-
moted M. tuberculosis-mediated IkB degradation and NF-kB nu-
clear translocation in human HIV" U1 macrophages.

Vitamin D upregulates macrophage CD14 expression. CD14
is a 55-kDa glycoprotein receptor, expressed mainly in myelo-
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FIG 4 1,25D; upregulates NF-kB signaling in HIV* human macrophages.
(A) Differentiated U937 and HIV™ U1l macrophages were incubated with M.
tuberculosis (MOI, 10:1) for 0 to 120 min in the presence or absence of 1,25D;
and PDTC. Cell lysates were resolved by Western blotting using a specific
antibody to IkBa. Representative blots for three independent experiments
with similar results are shown. Quantitative densitometric analyses of IkBa
bands are displayed directly beneath the blots. (B) NF-«kB nuclear transloca-
tion in nuclear extracts was measured by ELISA (n = 3). Quantitative data
represent means = SEM. *, P < 0.05.
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FIG 5 1,25D; induces CD14 expression in human macrophages. (A) Differentiated U937 and HIV" Ul macrophages were incubated for 24 h in the presence
or absence of 1,25D; pretreatment and then stained with PE-labeled anti-CD14 antibody or isotype control antibody. Surface expression was measured by flow
cytometry. Left panels show isotype control (gray lines)- and CD14 (black lines)-labeled cells; right panels show CD14-labeled cells (gray lines) and 1,25D5-
treated CD14-labeled cells (black lines). Representative histograms from individual experiments with similar results (n = 3) are shown. (B and C) Differentiated
U937 (B) and HIV™" Ul (C) macrophages were treated with M. tuberculosis (MOI, 10:1) or LPS (1 pg/ml) in the presence or absence of vitamin D pretreatment
(24 h) and the indicated antibodies. TNF in cell culture supernatants was measured by ELISA (R&D). The data are representative of three individual experiments

with similar results. Quantitative data represent means = SEM. *, P < 0.05.

monocytic cells (including macrophages), that facilitates TLR li-
gand binding (43). 1,25D; upregulates CD14 expression in hu-
man monocytes (44), and it could enhance TLR signaling. In the
current study, constitutive CD14 surface expression was relatively
low for both human U937 and HIV® Ul macrophages, and
1,25D; pretreatment significantly increased CD14 surface expres-
sion in both populations of macrophages (Fig. 5A). In human
U937 macrophages pretreated with 1,25D5, M. tuberculosis-medi-
ated TNF release was not significantly altered in the presence of
anti-CD14 neutralizing antibody (Fig. 5B), whereas lipopolysac-
charide (LPS)-mediated TNF release was markedly reduced by
anti-CD14 antibody, as expected. However, in marked contrast, in
HIV" Ul macrophages pretreated with 1,25D5, M. tuberculosis-
mediated TNF release was significantly reduced in the presence of
anti-CD14 neutralizing antibody (Fig. 5C). Thus, although
1,25D; upregulated macrophage CD14 surface expression in both
U937 and HIV™ Ul cells, CD14 upregulation contributed to
1,25D;-mediated rescue of M. tuberculosis-mediated TLR signal-
ing in HIV" U1 macrophages, whereas TNF release was CD14
independent in U937 macrophages.

Vitamin D rescues M. tuberculosis-mediated TNF release in
human alveolar macrophages. To validate the above findings,
select experiments were next performed using clinically relevant
human alveolar macrophages. Consistent with the results ob-
tained using human macrophage cell lines, human alveolar mac-
rophages from healthy individuals demonstrated significant re-
lease of TNF in response to M. tuberculosis or BCG, but without a
significant influence following 1,25D; pretreatment (Fig. 6A),
whereas 1,25D; pretreatment significantly increased M. tubercu-
losis-mediated TNF release in alveolar macrophages from asymp-
tomatic HIV™" persons (Fig. 6A), even in immune-reconstituted
subjects on HAART with preserved baseline TNF responses. Sim-
ilar to the case with the human macrophage cell lines, TLR2 and
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TLR4 mRNA (Fig. 6B) and surface (Fig. 6C) expression levels were
comparable in human alveolar macrophages from healthy indi-
viduals and asymptomatic HIV* persons, and TLR expression
was not influenced by 1,25D; (Fig. 6B and C). Although 1,25D,
upregulated CD14 expression in alveolar macrophages from both
healthy and HIV* persons (Fig. 7A), in alveolar macrophages
from asymptomatic HIV" persons pretreated with 1,25D5, neu-
tralizing anti-CD14 antibody significantly reduced M. tuberculo-
sis-mediated TNF release (Fig. 7B), whereas neutralizing anti-
CD14 antibody had no effect on alveolar macrophages from
healthy persons (data not shown). Collectively, these experiments
validate the results observed with human U937 and HIV* U1l
macrophages, and they suggest that 1,25D; may selectively rescue
M. tuberculosis-mediated TNF release in alveolar macrophages
from HIV™ persons, in part through a CD14-dependent mecha-
nism.

Reduced BALF vitamin D levels in HIV* patients with active
tuberculosis. Serum levels of 25D; are reduced in persons with
active tuberculosis (10, 12), and HIV infection is associated with
reduced serum levels of 25D; (24-26). However, vitamin D levels
in the lungs of persons with HIV or HIV-M. tuberculosis coinfec-
tion have not been reported. In the current study, biologically
active 1,25D; was not detected in any cell-free BALF specimen
(data not shown). In contrast, 25D levels were readily detected in
the BALF of all persons but were lowest in persons with HIV
infection, especially in HIV-infected persons with active M. tuber-
culosis disease (Fig. 7C). These data suggest that HIV infection is
associated with a local vitamin D deficiency in the alveolar air-
space, especially in HIV" persons coinfected with M. tuberculosis.

DISCUSSION

This study shows that exogenous 1,25D; rescues M. tuberculosis-
mediated TNF release in HIV™ human macrophages. In the ab-
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FIG 6 1,25D; rescues M. tuberculosis-mediated TNF release in human alveolar macrophages from HIV™ persons. (A) AMs from healthy (n = 6) and HIV" (n =

2) persons were incubated with M. tuberculosis or BCG (MOI of 10:1 for 24 h) in the presence or absence of 1 25D pretreatment (24 h). TNF in cell culture
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sence of HIV infection, human macrophages exposed to M. tuber-  very little TNF release and no significant IkB degradation or
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portantly, similar response patterns were observed with clinically
relevant human alveolar macrophages from healthy individuals
and asymptomatic HIV™ persons at high clinical risk of M. tuber-
culosis infection. Taken together, these data support the concept
that 1,25D; pretreatment rescues impaired M. tuberculosis-medi-
ated TNF release in HIV" macrophages through restored IxB/
NEF-kB signaling that is in part CD14 dependent.

This is the first study, to our knowledge, to examine the immu-
nomodulatory effects of exogenous vitamin D on the response of
HIV™ macrophages to M. tuberculosis. The clinical implications of
the current investigation are of particular importance given that
the global M. tuberculosis epidemic disproportionately affects
HIV™ persons. Epidemiologic data show that unlike the case for
other opportunistic infections, the risk of M. tuberculosis disease
rises soon after HIV seroconversion, despite relatively preserved
CD4 counts, and is not completely reversed by HAART (4, 45).
Previous studies from our laboratory and other investigators have
demonstrated that HIV is associated with specific and targeted
defects in alveolar macrophage innate host defense responses to
M. tuberculosis, including intracellular signaling, chemokine pro-
duction, TNF-a and other proinflammatory cytokine release, and
macrophage apoptosis (7, 32), which may in part contribute to the
elevated risk of M. tuberculosis disease in the absence of signifi-
cantly reduced circulating CD4 T-lymphocyte counts. In the cur-
rent study, macrophage innate immune function was restored by
exogenous 1,25D;. Specifically, in HIV" macrophages, exogenous
1,25D; restored TNF release, upregulated TNF mRNA, enhanced
TLR2 and TLR4 responses, and rescued IkB degradation and
NF-kB nuclear translocation. Furthermore, these 1,25D;-restored
host defense responses were dependent on CD14 expression in
HIV™ macrophages. Taken together, these findings support the
concept that vitamin D may selectively restore TLR signaling, a
critical recognition signaling pathway in the host cell response to
M. tuberculosis challenge.

The mechanism for vitamin D rescue of macrophage innate
function in HIV" macrophages is through TLR signaling. The
differences in influence of 1,25D; on U937 and HIV™" U1 macro-
phages were not explained by obvious differences in the levels of
the principal receptor for vitamin D, VDR, which were similar in
the U937 and HIV" U1 macrophages and in human alveolar mac-
rophages. Furthermore, the findings that TLR2 and TLR4 ligand-
mediated TNF release was enhanced by vitamin D (including the
TLR2 ligand 19-kDa M. tuberculosis lipoprotein-mediated TNF
release) and that the IkB/NF-kB pathway was restored in HIV*
U1 macrophages, while constitutive surface expression levels of
TLR2 and TLR4 were similar and without significant alterations in
response to 1,25D;, suggest that 1,25D; stimulates other compo-
nents of the TLR signaling pathway in HIV" macrophages. Fi-
nally, the findings that 1,25D; upregulated the TLR coreceptor
CD14 and that neutralizing CD14 in HIV* macrophages pre-
treated with 1,25D; reduced M. tuberculosis-mediated TNF release
suggest that TLR signaling may be enhanced through modulation
of the TLR coreceptor CD14, whereas in the absence of HIV
infection, M. tuberculosis-mediated TNF release is mediated
through IkB/NF-kB signaling but is CD14 independent. The
CD14 independence of M. tuberculosis-mediated TNF release in
healthy cells may be due to activation of alternate pathways or to
expression of alternate costimulatory molecules that may be sup-
pressed in HIV-infected cells, or perhaps to other mechanisms.
Determining the specific pathways involved in the macrophage
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response to M. tuberculosis represents an area of active investiga-
tion.

In the current study, the mechanism of rescued M. tuberculo-
sis-mediated TNF release in HIV* macrophages was attributed in
part to CD14 expression or signaling. However, other host defense
receptors and signaling pathways may also contribute but were
not specifically investigated. Although 1,25D; rescued M. tubercu-
losis-mediated human HIV* macrophage TNF release, its influ-
ences on other cytokines and other macrophage host defense
functions were not investigated. Other limitations of the current
study include the experimental design, which examined 1,25D;
pretreatment but did not examine the influence of 1,25D; on mac-
rophages previously (or simultaneously) infected with M. tuber-
culosis. Although 25Dj levels were very low in BALF from HIV*
persons, especially from persons coinfected with M. tuberculosis,
detailed clinical characteristics, a specific correlation with serum
1,25D; levels, and a correlation with macrophage function for
individuals were not available. The use of human macrophage cell
lines may not reflect the behavior of primary human macro-
phages, although the consistent finding of similar response pat-
terns in human alveolar macrophages in both the current study
(although the number of subjects was limited) and previous stud-
ies (7,27, 46) validates these observations and supports the use of
these human macrophage cell lines as an experimental model.
Differences in the magnitude of observed biological responses in
comparing HIV* U1 macrophage cell lines and alveolar macro-
phages from HIV™" persons may in part reflect differences in the
level of HIV infection (as 100% of Ul macrophages contain the
HIV genome, whereas <10% of human alveolar macrophages
contain the HIV genome) (7, 28, 33, 34). The use of irradiated
virulent M. tuberculosis may not accurately predict the influence of
live M. tuberculosis on human macrophage function, although we
previously observed similar human macrophage TNF responses
in comparing irradiated to live M. tuberculosis H37Rv (7, 8). The
use of irradiated M. tuberculosis did not allow determination of the
influence of 1,25D; on M. tuberculosis growth. Finally, in vitro
experiments may not accurately reflect in vivo behavior, although
the inclusion of clinically relevant primary human alveolar mac-
rophages may allow for more direct translation of these findings to
human disease. Our data provide the rationale for further study,
including further validation using alveolar macrophages from a
larger number of HIV™ persons.

Our results are consistent with several earlier studies that
showed a stimulatory effect of 1,25D; on monocyte-macrophage
responses to M. tuberculosis, including respiratory burst, au-
tophagy, and antimicrobial protein production (17, 19, 20). Our
finding of a select benefit of exogenous 1,25D; on HIV" human
macrophages (but not healthy macrophages) is consistent with
one previous study which showed that 1,25D; suppressed replica-
tion of Mycobacterium avium in macrophages from HIV* subjects
but had no effect on macrophages from healthy individuals (47).
These observations suggest that the innate immune modulatory
effects of exogenous 1,25D; are further modulated in the setting of
HIV infection. HIV does not appear to grossly alter macrophage
VDR expression. Other possible explanations for differences in
measured responses of human HIV™ macrophages to exogenous
1,25D; include differences in host defense gene expression in-
duced by HIV infection, the requirement of TLR or other receptor
expression to critical or threshold levels to activate signaling path-
ways, or differences in activation states of HIV* macrophages
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compared to macrophages from healthy persons (48), although
these were not specifically investigated in the current study.

The potential benefit of vitamin D supplementation in the
treatment of M. tuberculosis disease in HIV ™ persons has not yet
been established. To date, two clinical trials have investigated the
effect of vitamin D supplementation on M. tuberculosis disease,
and neither demonstrated a significant benefit. However, neither
trial included significant numbers of HIV™ patients. Further-
more, both trials investigated vitamin D as an adjunctive therapy
to antimicrobials in the treatment of established active M. tuber-
culosis disease (49, 50). Our central observation is that vitamin D
pretreatment can rescue defective M. tuberculosis-mediated TNF
release in HIV* human macrophages. Clinically, TNF is crucial to
maintaining latency in M. tuberculosis-infected individuals, as ev-
idenced by the high incidence of reactivation of M. tuberculosis in
patients treated with anti-TNF strategies (51). Our observation
that vitamin D augments the M. tuberculosis-mediated TNF re-
sponse suggests that vitamin D supplementation may be more
effective in preventing M. tuberculosis disease in HIV" individuals
than as a primary treatment for active M. tuberculosis infection,
although this hypothesis has yet to be investigated clinically.

In conclusion, exogenous vitamin D rescues M. tuberculosis-
mediated TNF release in HIV" macrophages by restoring TLR-
mediated NF-kB signaling, in part through a CD14-dependent
mechanism, whereas vitamin D does not influence M. tuberculo-
sis-mediated TNF release in healthy macrophages. These data fur-
ther support the important concept that alveolar macrophages
from HIV* persons prescribed HAART and with clinically con-
trolled HIV infection (as determined by CD4 T-lymphocyte
counts of >200 and an undetectable viral load) continue to ex-
hibit evidence of intrinsic macrophage dysfunction, suggesting
that HAART is not sufficient to restore macrophage innate func-
tion. Furthermore, this study supports the concept that macro-
phages from HIV™ persons that demonstrate impaired innate im-
mune function can be immunomodulated to rescue or restore
function in vitro. Taken together with the observation that local
BALF levels of vitamin D are severely deficient in HIV™ persons,
the current finding that exogenous 1,25D; partially rescues the
impaired innate macrophage host defense response in vitro sug-
gests a potential therapeutic role for 1,25D; supplementation for
HIV™" persons at risk for M. tuberculosis disease. This study pro-
vides the rationale to pursue additional in vitro investigations to
allow the design of appropriate clinical trials to define the role of
exogenous vitamin D as a preventive or therapeutic adjuvant for
M. tuberculosis infection, particularly in highly susceptible HIV™"
persons.
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