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Tuberculosis remains the leading cause of death among infectious diseases, accounting for more than two
million deaths annually. The incidence of the disease is increasing globally, partially because of the resurgence
of drug-resistant strains of Mycobacterium tuberculosis. Calixarenes are macrocyclic oligomers, some of which
are able to modify the growth of M. tuberculosis in infected cells. Most experimental work has been carried out
with Macrocyclon, also known as HOC 12.5EOQ. In this study, we demonstrate that Macrocyclon is effective in
controlling M. tuberculosis infections, and we provide evidence that its effect is partially mediated by an
L-arginine-dependent mechanism of macrophage activation that involves the activity of the inducible nitric
oxide synthase. We also show that Macrocyclon is effective in athymic and major histocompatibility complex
class IT™'~ mice and synthesized a number of structurally related calixarenes expressing significant antimy-

cobacterial activity.

Mycobacterium tuberculosis infects one-third of the world’s
population, and it accounts for more deaths each year than any
other infectious bacterium (13). The problem, associated with
multiple-drug resistance (12), has prompted a great interest in
understanding new alternatives in host-mediated mechanisms
of disease intervention. A new therapeutic agent, with activity
mediated through a host-derived effector mechanism, would be
particularly attractive, since it could be less susceptible to se-
lection for drug resistance; if the balance between the patho-
genic mycobacteria and the macrophage can be manipulated in
favor of the host macrophage, it may be possible to develop
novel adjunctive therapies for tuberculosis control.

Calixarenes have been used as building blocks for host mol-
ecules with numerous applications in supramolecular chemis-
try (5); some were identified as having antimycobacterial ac-
tivity (3, 7). Most experimental work has been carried out with
the compound Macrocyclon, also known as HOC 12.5EO,
which was prepared by reacting the macrocycle HOC under
basic conditions with ethylene oxide to give a heterogeneous
compound with an average polyethylene glycol (PEG) chain of
12.5 U (3). The compound HOC was prepared from ¢-octyl-
phenol and formaldehyde by a modified Zinke-Ziegler proce-
dure; for many years, it was believed to be a cyclic tetrameric
compound (3). Although the antibacterial mechanism of action
of HOC compounds is not known, we have excluded extracel-
lular inhibition of mycobacterial growth by Macrocyclon treat-
ment (3, 7, 8). Therefore, it is believed that they work through
a host-mediated mechanism (7), a view supported by reports
showing activity in a wide range of in vivo models of infection
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in addition to tuberculosis (10). In this study, we have extended
observations on the parent preparation, Macrocyclon, to show
that it significantly affects mycobacterial growth in murine
macrophages by a mechanism requiring inducible nitric oxide
synthase (iNOS) activity. In addition, we show that Macrocy-
clon is effective in athymic and major histocompatibility com-
plex class 11"/~ (MHC-II /") mice, and we have synthesized
new structurally related calixarene compounds which show sig-
nificant antimycobacterial activity.

MATERIALS AND METHODS

Mice. MHC-II"/~ mice were obtained as a breeding nucleus (kindly provided
by D. Gray, Hammersmith Hospital, London, United Kingdom, with permission
from D. Mathis, Institut National de la Santé et de la Recherche Medicale) and
were bred at the National Institute for Medical Research (NIMR). Female
C57BL/6 or BALB/c mice, 6 to 8 weeks old, were obtained from the Specific
Pathogen Free Unit at NIMR. Athymic BALB/c¢"/" (nude) mice were obtained
from a breeding colony at NIMR. Experiments were carried out in the United
Kingdom according to the Home Office Animal Scientific Act of 1986.

Calixarene synthesis. Macrocyclon (compound 1) was obtained from original
stock produced in 1960 (synthesized by J. Cornforth); p-tert-butylcalix[8]arene
(compound 2) and p-tert-butylcalix[6]arene (compound 3) were synthesized as
described by Gutsche et al. (6) and Munch and Gutsche (11). Compounds 4, 5,
and 6 were prepared by the recently reported two-step procedure (9) to access
hydrophilically substituted calixarenes. Synthesis of compound 5 was as follows:
potassium carbonate was added to calixarene (compound 2) in dry acetonitrile at
40°C, and the reaction mixture was stirred for 1 h. 17-(2H-Tetrahydropyran-2-
yloxy)-3,6,9,12,15-pentaoxaheptadecyl bromide, dissolved in acetonitrile, was
then added dropwise, and the contents were heated at 80°C for 4 days. Purifi-
cation was carried out with a neutral alumina column. To this material, sodium
hydride (60% dispersion in mineral oil; 2 equivalents per OH) was added in dry
tetrahydrofuran. After 20 min, 17-(2H-tetrahydropyran-2-yloxy)-3,6,9,12,15-pen-
taoxaheptadecyl bromide was added in dry tetrahydrofuran. The reaction mix-
ture was heated at reflux for 4 days; water was added, and the solvent was
removed in vacuo, to give an oil which was purified by neutral alumina chroma-
tography (ethyl acetate/methanol). Deprotection was achieved by stirring in
dichloromethane/methanol (50:50) containing a 10% concentration of HCI to
give 5 m/z (matrix-assisted laser desorption ionization—-time of flight) 3432.6
[MNa-H]". All calixarenes used demonstrated less than 0.2 endotoxin unit/mg of
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FIG. 1. M. tuberculosis H37Rv growth in murine macrophages treated with Macrocyclon. (a) Bone marrow or (b) peritoneal macrophages were
treated with Macrocyclon (V) or saline (m) as described in Materials and Methods and were infected with M. tuberculosis H37Rv. (c) M. tuberculosis
H37Rv growth in Macrocyclon-treated bone marrow-derived macrophages in the presence of different levels of L-arginine. No L-arginine (&), 50%
L-arginine levels (w), and normal L-arginine levels (@) are shown. (d) M. tuberculosis H37Rv growth in Macrocyclon-treated bone marrow-derived
macrophages in the absence (m) or presence of inhibitor L-NAME (A) or D-NAME (@). Control cultures (X) received saline only. Error bars represent
the standard errors of the mean of three culture wells. Results shown are one representative experiment of three separate experiments. *, P < 0.001;
Student’s ¢ test for no L-arginine versus normal L-arginine. #*, P < 0.001; Student’s ¢ test for Macrocyclon versus Macrocyclon L-NAME.

endotoxin and did not induce detectable levels of cytotoxicity or affect apoptosis
in cultured macrophages, as detected by the lactate dehydrogenase assay and the
cell death detection (apoptosis) assay (Roche Diagnostics, East Sussex, United
Kingdom).

M. tuberculosis culture. A total of 250 ml of Dubos medium containing 10 ml
of Dubos albumin supplement (Difco Laboratories, Surrey, United Kingdom)
was inoculated with M. tuberculosis H37Rv and incubated in a 37°C rotating
incubator. The bacterial cells were resuspended in 20 ml of Dulbecco’s modified
Eagles medium (DMEM; Flow Laboratories, High Wycombe, United Kingdom)
supplemented with 50% fetal calf serum (FCS; Advanced Protein Products,
Brierly Hills, United Kingdom).

Isolation and culture of macrophages. Peritoneal cells were pelleted, washed,
and cultured in six-well plates (Nunc, Roskilde, Denmark) at 1 X 10* to 5 X 10*
cells/ml in DMEM containing 10% FCS. After 3 to 4 days, the nonadhering cells
were removed, and the medium was replaced with prewarmed DMEM medium
containing 10% FCS and Macrocyclon at a final concentration of 2.5 mg/ml. The
cells were infected 24 to 48 h later. Murine bone marrow-derived macrophages
were isolated from the hind legs. The cells were resuspended into Iscove’s
modified Dulbecco’s medium and cultured in six-well plates at 1 X 10* to 5 X 10*
cells/ml in Iscove’s modified Dulbecco’s medium (Flow Laboratories) comple-
mented with 5% FCS, 10 ng of either recombinant granulocyte-macrophage
colony-stimulating factor (Sigma, Dorset, United Kingdom) or macrophage col-
ony-stimulating factor (a kind gift of A. O’Garra, NIMR)/ml, 2 mM L-glutamine,
and 2-mercaptoethanol (1 X 10~> M) (Sigma); the adherent cells were used after
5 to 6 days of culture.

M. tuberculosis growth in murine macrophages. Peritoneum- or bone marrow-
derived macrophages were infected for 6 h with viable M. tuberculosis H37Rv at

a low dose (1 bacilli/2 cells). CFU bacterial counts were determined 6 h postin-
fection and then 4, 7, and 11 days postinfection by lysing the cells with 0.2%
saponin in phosphate-buffered saline (Sigma) for 1 h and then preparing 10-fold
dilutions in saline. Dilutions were plated onto 7H11 solid medium, and CFU
were counted 20 days after incubation at 37°C. All the calixarene compounds
were used in vitro at a final concentration of 2.5 mg/ml. Either inhibitor L-
NAME (L-N°-nitro-arginine-methyl-ester) or D-NAME (p-N°-nitro-arginine-
methyl ester) (Sigma) at a 2 mM concentration was added to the infected cells
immediately after infection. The RPMI 1640 select amine kit culture medium
(Invitrogen-Life Technologies, Paisley, United Kingdom) without L-arginine was
used in some of the experiments or was supplemented with 120.5 mg of L-
arginine/ml (50% L-arginine) or 241 mg of L-arginine/ml (normal L-arginine
levels).

M. tuberculosis infection of mice. Each mouse received 2 X 10° mycobacterial
cells intravenously. The infection was monitored by removal of the lungs and
spleens of infected mice at various intervals; the baseline level of infection of
each tissue was estimated by harvesting organs from the mice 18 h after infection
and determining viable counts. The tissues were weighed and homogenized by
shaking the tissues with 2-mm-diameter glass beads in chilled saline with a
Mini-Bead Beater (Biospec Products, Bartlesville, Okla.), and 10-fold dilutions
of the suspension were plated in duplicate onto Dubos 7H11 agar supplemented
with Dubos oleic albumin complex supplement (Difco Laboratories). Numbers
of CFU were determined after the plates had been incubated at 37°C for ap-
proximately 20 days. In the experiments testing the new calixarenes, CFU were
determined 24 to 35 days after the infection.

Administration of calixarenes. A total of 25 mg of Macrocyclon was diluted in
200 pl of endotoxin-free saline and was injected intraperitoneally into each



6320 COLSTON ET AL.

Spleen

1
[1]

CFU M. tuberculosis per tissue

1010 |

60

INFECT. IMMUN.

Lung

I T I
0 10 20 30 40 50 60 70

1010~

Days Post Infection

FIG. 2. M. tuberculosis H37Rv growth in spleens and lungs of mice treated with Macrocyclon or saline. (a and b) Groups of three to five BALB/c
mice were infected with M. tuberculosis H37Rv and treated with Macrocyclon as described in Materials and Methods. (¢ and d) Groups of three
to five MHC-II™/~ mice were infected and treated as described in Materials and Methods. (e and f) Groups of three to five BALB/c nu/nu mice
were infected and treated as described in Materials and Methods. Results for saline-treated mice (M) and Macrocyclon-treated mice (V) are shown.
Results shown are one representative experiment of two or three separate experiments. ##, experiments were terminated at day 35 due to the

severity of infection.

mouse 48 to 72 h before infection and 48 to 72 h after infection. The doses of the
new calixarenes used in the in vivo experiments were extrapolated from the
antimycobacterial activities first tested in cultured macrophages when compared
to Macrocyclon; mice were injected similarly as follows: compound 4, 25 mg;
compound 5, 10 mg; and compound 6, 15 mg.

RESULTS

L-Arginine metabolism and iNOS activity are required for
Macrocyclon-induced antimycobacterial activity in murine

macrophages. To test for Macrocyclon-induced antimycobac-
terial activity, we isolated murine bone marrow- or peritone-
um-derived macrophages and treated them with Macrocyclon;
the cells were infected for 6 to 8 h, and M. tuberculosis growth
was determined 6 h postinfection and then 4, 7, and 11 days
postinfection. Although we observed some variability in the
rate of mycobacterial growth in macrophages between exper-
iments, we consistently found that Macrocyclon treatment sig-
nificantly affected mycobacterial growth in murine macro-



VoL. 72, 2004

‘CaHir

Macrocyclon (HOC 12.5 EO) 1: 2
R = (CH2CHz O)p-H where n 4
is an average of 12.5; 5
HOC: R = H is major oligomer

CHECHgo)iE' -H
CH,CH,0)g -H

CALIXARENES CONTROL M. TUBERCULOSIS INFECTION IN MICE 6321

3:R=H
6:R= (CHECHEO)G -H

FIG. 3. Schematic structure of the new calixarene compounds used in this study.

phages (Fig. la and b); importantly, we confirmed that
Macrocyclon treatment did not induce apoptosis of murine
macrophages and did not protect M. tuberculosis-infected mac-
rophages from apoptosis (data not shown). A well-character-
ized cell-mediated antimycobacterial mechanism is effected in
macrophages via the iNOS production of toxic reactive nitro-
gen intermediates. This L-arginine-dependent antimicrobial
mechanism of murine macrophages has been established to be
effective against M. tuberculosis both in vitro (1, 14) and in vivo
(2). Because macrophages use L-arginine to synthesize nitric
oxide and polyamines, we determined if L-arginine was neces-
sary for the observed antimycobacterial effect. Macrocyclon-
induced antimycobacterial activity required the presence of
L-arginine; macrophages cultured in the absence of L-arginine
did not exhibit an enhanced ability to control mycobacterial
growth (Fig. 1c). We then tested if the antimycobacterial ac-
tivity observed after Macrocyclon treatment could be modified
by the use of pharmacological inhibitors of iNOS. Using L-
NAME, a specific inhibitor of iNOS, we showed that inhibition
of iNOS activity in treated, infected macrophages significantly
inhibited antimycobacterial activity induced by Macrocyclon,
while the inactive enantiomer (D-NAME), had no significant
effect on Macrocyclon activity (Fig. 1d), demonstrating that
iNOS activity is required for Macrocyclon-induced antimyco-
bacterial control in cultured macrophages.

Macrocyclon activity in vivo. We next sought to examine
Macrocyclon activity in vivo: groups of BALB/c mice were
infected with 5 X 10° to 7 X 10° viable M. tuberculosis H37Rv
cells and injected with Macrocyclon; control mice received
saline. Macrocyclon-treated mice had significantly lower num-
bers of viable M. tuberculosis cells in the spleens and lungs (Fig.
2a and b), demonstrating that this compound is active in vivo.
To test if the mechanism of action in vivo required conven-
tional CD4" and CD8" T-cell-mediated immunity, we carried
out experiments using MHC-II '~ mice (Fig. 2c and d), which
lack conventional CD4™ T cells, and athymic nu/nu mice (Fig.
2¢ and f), which lack both conventional CD4" and CD8" T
cells. In both cases, Macrocyclon was effective in reducing the
viable counts of M. tuberculosis in the spleens and lungs of the

infected mice, suggesting that Macrocyclon effect in vivo is
independent of the action of conventional CD4" and CD8" T
cells.

New calixarenes are effective against M. tuberculosis infec-
tion in mice. Macrocyclon was prepared to give a heteroge-
neous compound with an average polyethylene glycol chain of
12.5 U; for many years, it was believed to be a cyclic tetrameric
compound (3). More recent investigations revealed that HOC
was a mixture of oligomers in which the cyclic octamer was the
major compound (15); we therefore wished to determine if
homogeneous calixarenes (Fig. 3, compounds 2 to 6) were
effective against M. tuberculosis infection. Athymic mice were
given one dose of each calixarene 2 days before intravenous
infection, followed by a second identical dose given 2 to 3 days
after infection. Our results clearly demonstrated that the three
calixarenes—compound 4 (Fig. 4a and b), compound 5 (Fig. 4c
and d), and compound 6 (Fig. 4e and f)—induced significant
antimycobacterial activities in vivo, which were comparable to
those conferred by Macrocyclon.

DISCUSSION

In this work, we have shown that Macrocyclon significantly
affected mycobacterial growth in murine macrophages by a
mechanism involving L-arginine metabolism and iNOS activity.
The beneficial effect of Macrocyclon in vivo seems to be inde-
pendent of the action of conventional CD4" and CD8™ T cells,
as demonstrated by the clear antimycobacterial effect of Mac-
rocyclon in reducing the viable counts of M. tuberculosis in the
spleens and lungs of athymic and MHC-II knockout mice.
Importantly, however, the relevance of CD1-dependent T cells
in Macrocyclon function in vivo was not properly addressed in
our experiments; therefore, additional experiments using Rag
or T-cell receptor o/f and +y/d double-knockout mice are
needed to clarify this issue. Our data are in line with previous
reports on the action of Macrocyclon in murine macrophages
(7) and confirm the notion that calixarenes principally enhance
nonspecific innate immune defense mechanisms in murine
macrophages. Previous work demonstrated that lipid metabo-
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FIG. 4. M. tuberculosis H37Rv growth in spleens and lungs of BALB/c nu/nu mice treated with Macrocyclon or new calixarene compounds.
Results show one representative experiment. Groups of three to five mice were treated with Macrocyclon or the new calixarene compounds, as
described in Materials and Methods. Hatched bars represent data for saline-treated mice, white bars represent data for Macrocyclon-treated mice,
and black bars represent data for mice treated with the new calixarenes: compound 4 (a and b), compound 5 (¢ and d), or compound 6 (e and f).

#, P < 0.001; Student’s 7 test. #*, P < 0.01; Student’s ¢ test.

lism is affected in Macrocyclon-treated cells and suggested that
Macrocyclon antimycobacterial activity correlated with inhibi-
tion of triglyceride lipase and phospholipases (8); our results
provide evidence that L-arginine metabolism and iNOS activity
are required for Macrocyclon-induced antimycobacterial activ-
ity in murine macrophages. Importantly, however, because spe-
cific inhibition of iNOS affected the antimycobacterial activity
induced by Macrocyclon in infected macrophages by only 50 to
70%, it is likely that iNOS-independent mechanisms of action
also exist. Consistent with this hypothesis, macrophage lipase
activity is inhibited by Macrocyclon (8), and ex vivo-isolated
macrophages from Macrocyclon-treated mice demonstrated
significant up-regulation of arginase I (data not shown); fur-

ther studies with iNOS knockout mice and enzyme specific
inhibitors will help to clarify this issue.

Importantly, we describe in this work new calixarene com-
pounds with clear in vivo antimycobacterial activities. The
three compounds tested here (compounds 4, 5, and 6) possess
t-butyl groups at the upper rim, together with defined-length
PEG chains: PEG-12-OH, PEG-6-OH, and PEG-6-OH, re-
spectively. Compounds 4 and 5 are also octamers, while com-
pound 6 is the hexamer ring. Macrocyclon, by comparison, has
a t-octyl group at the upper rim with polymeric PEG chain
lengths at the lower rim of 12.5 repeat units (on average), and
the macrocycle is mainly the octamer. Our results demonstrate
that a PEG chain of six repeat units is sufficient to produce
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calixarenes with high antimycobacterial activities and that a
chain extension to PEG-12 offers no significant advantages.

Cornforth et al. (4) also carried out synthetic studies involv-
ing the preparation of HOC 6EO and HOC 10EQ, using HOC
and presynthesized PEG of 6 and 10 repeat units, respectively.
These compounds were reported to possess slightly lower che-
motherapeutic activities than Macrocyclon, suggesting that the
upper-rim moiety together with the PEG chain length may be
important. Since the synthesis and purification of long PEG
chains (more than six repeat units) is nontrivial and since
t-butyl calixarenes are accessible at higher yields than most
other calixarenes, our results are important for future structure
activity studies. Interestingly, both the hexamer and octamer
had similar activities, suggesting that ring size is not crucial.
However, when the unsubstituted rings of compounds 2 and 3
were tested in vivo, compound 2 had a slight antimycobacterial
effect, while compound 3 was inactive (data not shown). Thus,
we suggest that ring cavity size may be important when there is
no functionalization at the lower rim. However, this is less
critical, particularly for #-butylcalix[8]arenes and ¢-butylcalix[6]
arenes when PEG is substituted.

Understanding the final mechanisms involved in the control
of bacterial infections by activated macrophages is of para-
mount importance for the treatment and control of infectious
diseases. At present, it is not known whether Macrocyclon has
any effects on other bacterial species; similarly, a fundamental
priority will be to investigate whether Macrocyclon is also
effective in controlling mycobacterial infections by human mac-
rophages.
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