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TABLE 1. Candidate HLA-A*0201-restricted T-cell epitopes in the
p51-70 peptide of the MPT51 molecule

Estimated scores for
restriction molecules

Pepride” Amino acid sequence”
BIMAS SYFPEITHI
p51-70 MNTLAGKGISVVAPA
GGAYS

Nonamers

p53-61 TLAGEGISV 69.552 7

pS4-62 LAGKGISVV 1.549 2
Decamers

p53-62 TLAGRKGISVV 65.588 28

p50-59 AMNTLAGKGI 7535 19

p52-61 NTLAGEGISV 3.574 18

“* Data for peptides ranked in the top 20 in the BIMAS or SYFPEITHI
ﬂl%milluus are shown,

Boldface type indicates peptide sequences that were synthesized and used for
experiments. Underlining indicates anchor residues. The G residues in p53-62
are residues that are associated with good binding to A*0201, as suggesied by
Ruppert et al. (28).

washed twice with RPMI 1640 medium, and resuspended in RPMUTOFCS. For
some experiments, peripheral blood mononuclear cells (PBMCs) from purified
protein derivative (PPD)-reactive HLA-A*0201° human healthy subjects were
prepared by LeucoSep (Greiner Bio-One, Frickenhausen, Germany) according
1o the manufacturer’s instructions. These cells (1 % 10° cells) were washed twice
with FACS buffer and stained with the PE-labeled HLA-A*0201/MPTS] p33.62
tetramer and FITC-labeled anti-mouse or -human CD8 MAb for 30 min at 4°C.
The cells were then washed with FACS buffer twice and analyzed with a digital
flow eytometer (EPICS XL: Beckman Coulter).

RESULTS

IFN-y production in response to overlapping synthetic pep-
tides from MPT51 in HHD mice. Splenocytes from HHD mice
immunized with a DNA vaccine encoding mature MPT5I (pCl-
MPT51) were stimulated with the overlapping MPTS1 pep-
tides for 24 h, and the 1FN-y concentrations in culture super-
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FIG. 2. Identification of a T-cell epitope in the MPT51 p53-62 peptide and the T-cell subset recognizing the epitope in HHID mice. (A) Levels
of IFN-y-producing T-cell subsets in spleens of HHD mice immunized with the pCI-MPT51 plasmid. Three-color flow cytometric analysis was
performed for detection of intracellular IFN-y and cell surface CD4 and CD8 molecules after immune splenocytes were cultured in the presence
of the MPT51-derived peptides p51-70 (20-mer peptide), p21-29 (FLAGGPHAY), p53-61 (TLAGKGISV), and p53-62 (TLAGKGISVV). The
data are the percentages of IFN-y-producing CD4* or CD8* cells in the total CD4" or CD8" cells after 4 h of stimulation with peptides. The
results of a representative experiment are shown. (B) Representative flow cytometry data for intracellular IFN-y and cell surface CD8 staining of
spleen cells of HHD mice immunized with the pCI-MPTS1 plasmid after 4 h of stimulation with the MPT51 p51-70 peptide. The percentages of

TFN-y-producing cells in the total CD8" cells are shown.
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natants were determined by ELISA. As shown in Fig. 1, robust
IFN-y production was observed in splenocytes from MPT51
DNA-vaccinated HHD mice after stimulation with peptide 51
(p51) (amino acid residues 51 to 70) and peptide 171 (p171)
(amino acid residues 171 to 190). In addition, weak IFN-y
production was observed in the splenocytes in the presence of
peptide 191 (p191) (amino acid residues 191 to 210). Since the
HHD mice that we used in this study had a C57BL/6 back-
ground (25) and we observed that only CD4* T cells produced
IFN-v in response to p171 and p191, we concluded that CD4"
T cells responded to these peptides presented on H2-A® mol-
ecules and produced IFN-y (34). As expected, spleen cells
from naive HHD mice showed no significant IFN-y production
in response to any MPT51 peptide.

Identification of a 10-mer CD8™ T-cell epitope in peptide
p51-70 of MPT51. Since CD8" T-cell epitopes presented by
MHC class [ molecules comprise 8 to 10 amino acids and are
generally 9 amino acids long, we pursued a line of inquiry to
identify the fine HLA-A*0201-restricted CD8™ T-cell epitope.
We predicted candidate peptides in the 20-mer peptide by
using the computer-based programs BIMAS HLA Peptide
Binding Predictions and SYFPEITHI Epitope Prediction. Us-
ing the BIMAS program, we found that a 9-mer peptide,
p53-61 (TLAGKGISV), and a 10-mer peptide, p53-62 (TLAG
KGISVV), showed high scores for binding to the HLA-A*0201
molecule in the region containing amino acid residues 51 to 70
(the binding scores were 69.552 for p53-61 and 65.588 for
p53-62) (Table 1). In addition, the SYFPEITHI program also
produced high scores for these peptides (27 for p53-61 and 28
for p53-62) (Table 1). Therefore, we synthesized p33-61 (TL
AGKGISV) and p53-62 (TLAGKGISVYV). In addition, we
synthesized the p21-29 peptide (FLAGGPHAV) since this
peptide had the highest HLA-A*0201 binding scores with the
BIMAS and SYFPEITHI programs (319.939 and 29, respec-
tively). Three-color flow cytometric analysis showed that the
number of IFN-y-producing CD8" T cells increased in the

MPT51 p51-70

cDs

— 135 -



1568 AOSHI ET AL,
M)
2 aox108 # l
Fr 1l
210t — l
[
£ 1t |
{
L i
g s |
8 seuue? !
o -
B rean’ I
8 {
@ prmmgd
a ——
asmnipt W TLAGGISYY
3 B TLAGKEISY
744210 D A ¥
tamgt
0 10 20 30 40 50 60
IFN-y amount ngimey

FIG. 3. MPTS1 p53-62 is a dominant T-cell epitope in HHD mice.
The IFN-y production by splenocytes from HHD mice immunized
with the pCI-MFPTS1 plasmid in response to twofold serially diluted
doses of candidate peptides MPT51 p53-62 (TLAGKGISVV), p53-61
(TLAGKGISV), and p21-29 (FLAGGPHAV ) was evaluated. The data
are representative of the results of three independent experiments,

presence of p53-62 (TLAGKGISVV) but not in the presence
of p53-61 (TLAGKGISV) or p21-29 (FLAGGPHAV) (Fig. 2).
The MPTS51 p53-62 peptide was confirmed to stimulate spleno-
cytes derived from MPT51 DNA-immune HHD mice in a
dose-dependent manner. The minimum concentration of this
peptide for inducing IFN-y production by the splenocytes was
approximately 5 X 10°% M (50 nM) (Fig. 3).

Binding affinity of the p53-62 peptide to the HLA-A*0201
molecule. We then examined the binding affinity of the MPT51
p53-62 peptide to the HLA-A*0201 molecule by measuring the
binding stability with T2 cells, and we compared this peptide
with several other M. ruberculosis-derived epitopes in terms of
binding stability. T2 cells are defective for endogenous class |
presentation due to the TAP deliciency, but peptide loading on
MHC molecules stabilizes the expression of MHC on the cell
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surface (33). The MHC molecules stabilized with the appro-
priate peptides could be detected by How cytometry with an
MADb to the HLA-A®0201 molecule. As shown in Fig. 4A,
MPTS51 p21-29 (FLAGGPHAV) and MPT51 p53-62 (TLAG
KGISVV) were strongly bound to the HLA-A*0201 molecule
on T2 cells, whereas MPTS1 p53-61 (TLAGKGISV), a known
M. tuberculosis Ag85A-derived HLA-A*0201-binding peptide
(KLIANNTRV) (30), and an M. wberculosis ESAT6-derived
HLA-A*0201-binding peptide (LLDEGKQSL) (19) were rel-
atively weakly bound to the HLA-A®0201 molecule.

To obiain insight into T-cell recognition of the MPTS1 p53-
62/HLA-A*0201 complex on T2 cells, we examined the cyto-
toxic T-cell response of immune mice to the peptide-MHC
complex. As shown in Fig, 4B, immune splenocytes of MPTS1
DNA-immune HHD mice after in vitro stimulation with
MPT51 p53-62 peptide-pulsed autologous splenocytes lysed
the peptide-pulsed T2 cells substantially. However, the im-
mune splenocytes did not lyse MPTS51 p21-29 peptide-pulsed
T2 cells after in vitro stimulation with the peptide-pulsed au-
tologous splenocytes (Fig. 4A), although the peptide bound
relatively strongly to HLA-A®0201 on T2 cells (data not
shown).

Detection of MPTS1 p53-62-specific CD8™ T cells in PBMCy
of HLA-A*0201" PPD-reactive healthy subjects. Finally, we
examined whether HLA-A®0201" PPD-reactive healthy sub-
jects do have MPTS1 p53-62-specific memory T cells,. We
screened PBMCs of HLA-A*0201" individuals for the pres-
ence of the memory T cells. HLA-A®0201" PPD-reactive
PBMCs were subjected to MPTS1 p53-62/HLA-A"0201 tet-
ramer staining after in vitro stimulation with mitomycin C-
treated, MPTS1 p53-62-pulsed autologous PBMCs for 10 days.
As shown in Fig. 5A, PBMCs from some HLA-A*0201-posi-
tive PPD-reactive individuals showed larger amounts of
MPT51 p53-62/HLA-A*0201 tetramer-positive CD8" T cells
by flow cytometric analysis than PBMCs from HLA-A*0201-
negative individuals. The PBMCs of two of five HLA-A*0201-
positive individuals were tetramer positive. In parallel, the
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FIG. 4, MPT5]1 p53-62 peptide binds to cell surface HLA-A*0201 molecules and can be recognized by immune T cells in the context of
HLA-A*0201. (A) HLA binding assay with T2 cells showing that MPT51 p21-29 (FLAGGPHAV) and MPT51 p53-62 (TLAGKGISVV) bound
to HLA-A*0201 strongly, whereas MPTS1 p33-61 (TLAGKGISV), the Ag85A-derived peptide KLIANNTRYV, and the ESAT6-derived peptide
LLDEGKOSL bound to HLA-A*0201 relatively weakly. The MFI ratios in the presence of the indicated peptides at a concentration of 100 pM
are shown. The listeriolysin O (LLO)-derived peptide GYKDGNEY1 was used as a negative control. The expression of HLA-A*0201 on T2 cells
cultured in the absence of any peptide at 37 or 26°C is also shown. Representative data from three independent experiments are shown. (B) Lysis
of MPT51 p53-62 peptide-pulsed T2 cells by splenocytes from MPT51 DNA-immune HHD mice. Immune splenocytes (effectors) were incubated
with target cells using the effector/targer cell ratios (E/T ratio) indicated on the x axis. Representative data from three independent experiments
are shown,
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FIG. 5. Detection of MPT51 p53-62-specific memory T cells in PBMCs of HLA-A®0201" PPD-reactive healthy subjects. (A) Flow cytometric
analyses to detect MPTS1 p53-62-specific memory T cells in PBMCs of HLA-A*0201* PPD-reactive healthy subjects using MPT51 p53-62/HLA-
A*0201 tetramer. PBMCs of the healthy subjects were prepared and cultured for 10 days together with mitomycin C-treated, MPTS1 p33-62-pulsed
autologous PBMCs and then subjected to flow cytometric analysis after treatment with PE-conjugated MPT51 p53-62HLA-A®0201 tetramer and
FITC-conjugated anti-human CD8 MADb staining (graphs A and B), HLA-unmatched PBMCs were used as a negative control (graph C).
Representative flow cytometry patterns are shown, The percentages of tetramer-positive cells in the total CD8™ cells are indicated. (B) IFN-y
production by PBMCs of HLA-A*0201* PPD-reactive healthy subjects stimulated with MPT51 p53-62 (TLAGKGISVV)- or p53-61 (TLAGKG
ISV)-pulsed autologous PBMCs for 10 days as evaluated by an IFN-y ELISA. Samples A and C correspond to graphs A and C in panel A

tetramer-positive PBMCs produced large amounts of [FN-y
after in vitro stimulation (Fig. 5B).

DISCUSSION

Here we identified induction of an MPTS1 pS3-62/HLA-
A*0201-specific T-cell population by using HLA-A*0201 trans-
genic mice (HHD mice) and the MPTS1 expression plasmid
pCI-MPT51. From the data described above, we were able to
draw the following conclusions about a T-cell epitope on the
mature MPT51 molecule of M. tuberculosis: (i) MPTS1 p53-62
peptide is a bona fide HLA-A*0201-restricted CD8" T-cell
epitope and (ii) epitope-specific memory T cells were detected
in PBMCs of HLA-A*0201-positive PPD-reactive healthy sub-
jects,

A greater understanding of the nature of protective immu-
nity to M. muberculosis would facilitate development of a vac-
cine. The cellular arm of the immune response mediated by
CD4" Thl and CD8" CTL has been determined 1o be a

pivotal component of protective immunity against M. tubercu-
losis (17). IFN-y secretion, cytotoxic ability, and direct killing
of M. tuberculosis by CD8 " T cells have been speculated to be
involved in protection (18). We report here that an MPT5I
p53-62 peptide/HLA-A*0201 complex can be recognized by
CD8" T cells producing IFN-y and exhibiting CTL activity.

Reports concerning the involvement of CD8" T cells in
containing M. muberculosis infection in human have been accu-
mulating, and intense efforts have been made to identify M.
tuberculosis-derived CD8” T-cell epitopes that can be pre-
sented by HLA class | molecules. M. tuberculosis-derived
HLA-A*0201-restricted T-cell epitopes have been identified,
including epitopes in Ag85A (30), ESAT-6 (19), Ag85B (14),
heat shock protein 65 (7), the 16-kDa protein (6), the 28-kDa
protein (8), the 38-kDa protein (8), superoxide dismutase (9),
alanine dehydrogenase (9), glutamine synthetase (9), the 19-
kDa protein (21), and Rv0341 (12).

MPTS51 is a dominant M. ruberculosis-derived secreted mol-
ecule which is related to the Ag85 family molecules Ag85A,

— 137 —
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Ag85B, and AgBSC. Such molecules have been found in a
variety of mycobacteria (22). Functionally, these molecules
have been implicated in fibronectin binding, like Ag85 family
molecules (1). However, MPT51 appears not to have mycolyl-
transferase activity, which Ag85 family molecules have, since
MPTS51 does not have the catalytic triad (Ser-His-Glu) in its
amino acid sequence (36). Therefore, MPTS51 seems to have a
function that remains to be clarified. Importantly, MPT5] has
been reported to be a potential marker for the diagnosis of TB,
especially in AIDS patients. Ramalingam and colleagues (26)
reported that early immune responses against 38- and 27-kDa
(MPT51) proteins were detected in pulmonary TB patients,
accompanied by human immunodeficiency virus coinfection. In
addition, we demonstrated that MPT51 DNA vaccination us-
ing an attenuated Listeria carnier vaccination system induced
protection against M. tuberculosis infection in mice (20).

HLA transgenic mice have been widely used for detection of
HLA-restricted T-cell epitopes. In this study we used HHD
mice. In HHD mice, the HLA-A*0201 monochain is the only
type of MHC class | molecule expressed (25). Firat and col-
leagues (11) reported that not only the size but also the diver-
sity of the CD8" T-cell receptor repertoire is substantially
larger in HHD mice than in A*0201/K" transgenic mice, which
still express mouse H2" class I molecules. In addition, we used
the computer algorithm programs BIMAS and SYFPEITHI
for epitope prediction. These programs were helpful for nar-
rowing down the amino acid region of the bona fide T-cell
epitope.

HLA-A*0201-restricted CD§" T-cell epitopes have been
identified in a variety of antigens, including antigens derived
from cancers, viruses, bacteria, and protozoans. The main an-
chor amino acid positions are position 2 (Leu) and position 9
(Val), which were conserved in MPT51 p33-62 (TLAGKGIS
VV). Most HLA-A*0201-restricted T-cell epitopes were
nonamer peptides (10, 24), but some epitopes were decamer
peptides, such as influenza virus matrix protein p59-68 (15). It
is shown here that the MPT51 p53-62 decamer peptide was
capable of binding to HLA-A*0201 and stimulating CD8" T
cells of immune HHD mice, but the MPT51 p53-61 nonamer
was not able to do these things. The conformational and elec-
trostatic differences between the nonamer and the decamer
should aftect their binding affinity to the HLA-A*0201 mole-
cule and subsequent T-cell responses. Ruppert and colleagues
(28) studied in detail the roles of different amino acid residues
at each position of nonamer or decamer peptides for binding
to the HLA-A*0201 molecule. They suggested that the
nonamer and decamer peptides have different preferences for
amino acid residues for binding to the HLA-A*0201 molecule.
For example, they showed that Tyr, Phe, and Trp residues at
positions 1, 3, and 5 in nonamer peptides and Gly residues at
positions 4 and 6 in decamer peptides are preferred for binding
to HLA-A*0201. According to the speculation of these work-
ers, the MPTS1 p53-62 peptide seems to have better A®0201
binding features than the MPTS1 p53-61 peptide (Gly residues
at positions 4 and 6 in the MPT51 p53-62 peptide are suggested
to be associated with good A*0201 binding) (Table 1). Inter-
estingly, the MPT51 p21-29 peptide (FLAGGPHAYV) was not
immunogenic in terms of IFN-y production and CTL ability,
although this peptide showed high affinity to HLA-A*0201
(Fig. 4A), as predicted by MHC binding algorithms. Previ-
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ous reports showed that there is a strong association be-
tween immunodominance and HLA binding affinity (13).
But the results described here suggest that binding of pep-
tides to the restricted MHC molecules is a prerequisite for
T-cell epitopes; however, not all the peptides which show
high-affinity binding for MHC molecules are necessarily im-
munodominant epitopes.

When we examined HLA-A*0201° PPD-reactive PBMCs
for the response against MPTS1 p53-62, we observed the spe-
cific CD8" T-cell response in some individuals. However, we
could not detect CD8™ T-cell responses in HLA-matched sub-
jects without in vitro stimulation with the peptide. Therefore,
we cannot rule out the possibility that these T cells were
primed in vitro during stimulation with the peptide. The fre-
quency of the memory T cells and the kinetics after M. ruber-
culosis infection are important issues to be clarified in the
future,

In conclusion, we identified one HLA-A*0201-restricted
CD8" CTL epitope on MPT51 in HHD mice, which may play
a pivotal role in protection against M. tuberculosis infection.
The identification of T-cell epitopes should be very useful for
further elucidating the role of MPT51-specific T cells in pro-
tective immunity using tetramer staining or intracellular cyto-
kine staining and also for future vaccine design.
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Abstract

We recently established a novel drug delivery system (DDS) using oligomannose-coated liposomes (OMLs) which are
probably taken up by macrophages (M¢) to carry anti-cancer drugs to milky spots known as preferential metastatic sites
of gastric cancers [Y. Ikehara, T. Niwa, L. Biao, S.K. lkehara, N. Ohashi, T. Kobayashi, Y. Shimizu, N. Kojima, H. Nak-
anishi, A carbohydrate recognition-based drug delivery and controlled release system using intraperitoneal macrophages
as a cellular vehicle, Cancer Res. 66 (2006) 8740-8748]. In the present study, we applied this intraperitoneal DDS for sys-
temic cancer immunotherapy employing ovalbumin (OVA) as a model antigen, The cells taking up the OMLs containing
FITC-OVA injected into the peritoneal cavity were predominantly M, as they showed adhesive characteristics and
expressed F4/80 and CD11b almost exclusively. The phagocytic cells also took up bare OVA directly to the same extent
as OML-enclosed OVA (OML-OVA), as it is a highly mannosilated protein. The phagocytic cells taking up OML-OVA,
however, could activate OVA-specific CD8" (from OT-I: H-2K"/OVAas7 264-specific) and CD4" (from OT-11: H-2A%
OV Aj23 339-specific) T cells much more effectively in vitro than those taking up bare OVA. Furthermore, only the mice
pre-immunized with OML-OVA rejected E.GT-OVA (OVA-transfected EL4) but not EL4. These results indicate that
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the OMLs can also be used as an effective antigen delivery system for cancer immunotherapy activating both CTL and Th

subsets,
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

While recent advances in tumor immunology
enable us to identify tumor antigens recognized by
T cells and understand the molecular and cellular
bases of T cell-mediated anti-tumor responses, the
clinical realization of effective immunotherapy for
solid tumors has not yet been convincingly achieved
(1,2} Many CD8" and CD4" T cells recognizing
tumor antigen in the context of MHC class I and
11, respectively, have been reported, and the former
are known to be a major effector of the adaptive
anti-tumor immune responses [3-5] CD4" T cells
play an important role for the expansion and persis-
tence of CD8" T cells, while some of them are
known to function as regulatory cells [5-7]. Optimal
anti-tumor immune responses are therefore consid-
ered to require the concomitant activation of both
CD8" and CD4" T cells and the selective activation
of CD4" T cells with helper but not regulatory func-
tions [8]. Endogenous and exogenous antigens are
presented as peptides preferentially by MHC class
I and 11, respectively, and most tumor antigen pep-
tides are derived from the proteins expressed endog-
enously. Novel methods to make tumor antigens
presented simultancously by both MHC class 1
and 1T molecules are therefore needed for the con-
comitant activation of antigen-specific CD8" and
CD4" T cells, and many attempts have been made
for this purpose [2,3.8].

We recently developed a novel drug delivery sys-
tem (DDS) using oligomannose-coated liposomes
(OMLs) [9,10] which are effectively taken up by
F4/80" intraperitoneal cells to carry anti-cancer
drugs to milky spots known as a preferential meta-
static site of gastric and ovarian cancers [9,11,12].
We demonstrated that this system could control
the formation of overt metastasis of seeded gastric
cancer cells at the extra-nodal lymphoid tissues such
as the omentum [10].

In the present study, we applied this OML-
based intraperitoneal DDS for cancer immuno-
therapy using ovalbumin (OVA) as a model anti-
gen, aiming at the concomitant activation of

antigen-specific CD8" and CD4" T cells. Perito-
neal phagocytic cells took up OML containing
OVA and then migrated into milky spots as previ-
ously reported. In addition, they activated both
OVA-specific CD8" [13,14] and CD4" [15] T cells
effectively in vitro. Spleen cells from OML-
enclosed OVA (OML-OVA)-injected mice showed
an effective killing activity against E.G7-OVA
(OVA-transfected EL4) [16] but not EL4 [17]
in vitro, and only the mice pre-immunized with
OML-OVA rejected E.G7-OVA but not ELA4
in vivo. In light of these results obtained in vitro
and in vivo, the potential of our novel OML-based
immunization method for the prevention of tumor
metastasis is discussed.

2. Materials and methods
2.1. Mice

Female C57BL/6 (B6) mice (H-2%) at 8-12 weeks
of age were obtained from Charles River Japan
Inc. (Yokohama, Japan) and kept under standard
housing conditions. T cell receptor transgenic mice
OT-1 (specific for H-2K®/OVAzsy 265) [13,14] and
OT-1l (H-2AY/OVA134 336) [I5] were obtained from
the Jackson Laboratory (Bar Harbor, ME) and main-
tained under specific pathogen-free conditions. All
animal experiments were performed under the experi-
mental protocol approved by the Ethics Review Com-
mittee for Animal Experimentation of Aichi Cancer
Center.

2.2. Cell lines

EL4 [17], a Bé-derived thymoma cell line, was main-
tained in RPMI1640 medium (Invitrogen, Carlsbad,
CA) supplemented with 8% fetal bovine serum, 0.2%
-glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin,
0.1% Hepes, 0.1 mM non-essential amino acids, 1 mM
sodium pyruvate, and 50 pM 2-ME (complete RPMI).
EG.7-OVA (EL4 transfected with OVA gene) [16] was
obtained from ATCC (Manassas, VA) and maintained
in complete RPMI supplemented with 400 pg/ml G418
(Wako, Osaka, Japan) in a humidified 5% CO; incubator
at 37°C,
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2.3. Man3-DPPE and liposome preparation

Dipalmitoylphosphatidylcholine (DPPC), cholesterol,
and dipalmitoylphosphatidylethanolamine (DPPE) were
purchased from Sigma-Aldrich (St. Louis, MO). Mannotri-
ose (Man3: Manal-6(Manaxl-3)Man) was purchased from
Funakoshi Co., Ltd. (Tokyo, Japan). Man3-DPPE was pre-
pared by conjugation of the mannotriose with DPPE by
reductive amination as described in previous papers
[10,18]. The purity of Man3-DPPE was confirmed by
high-performance thin-layer chromatography (Silica gel
60 HPTLC plate, MERCK, Darmstadt, Germany) and
time-of-flight mass spectrometry (Auto FLEX, Bruker Dal-
tonics, Bremen, Germany). The purified Man3-DPPE was
quantified by determination of the phosphate contained.

Liposomes were prepared as described previously [10].
Briefly, a chloroform-methanol (2:1, v/v) solution con-
taining 1.5 pmol of DPPC and 1.5 umol of cholesterol
was placed in a conical flask and dried by rotary evapora-
tion. Subsequently, 2 ml ethanol containing 0.15 pmol of
Man3-DPPE was added to the flask and evaporated to
prepare a lipid film containing neoglycolipids, Procedures
for protein-encasing of oligomannose-coated liposomes
(OMLs) were performed as described previously [10].
The multilamellar vesicles were generated with either
200 pl of FITC-labelled or non-labelled OVA (5.0 mg/
ml, Sigma-Aldrich), Alexa Fluor 680 (Molecular Probes,
Eugene, OR )-labelled bovine serum albumin (BSA, 5 mg/
ml, Sigma-Aldrich), or PBS in the dried lipid film by
intense vortex dispersion. The multilamellar vesicles were
extruded 10 times through polycarbonate membranes of
I pm pore (Nucleopore, Pleasanton, CA). Liposomes
entrapping proleins were separated from free untrapped
proteins by four successive rounds of washing in PBS with
centrifugation (20,000g, 30 min) at 4 °C. The amounts of
entrapped proteins were measured using a modified
Lowry protein assay reagent (Pierce, Rockford, IL) in
the presence of 0.3% (w/v) sodium dodecyl sulfate using
BSA as the standard.

2.4. Flow cytometry

One hour after intraperitoneal injection, peritoneal
exudate cells (PEC) were recovered from B6 mice with
Sml ice cold PBS. PEC were incubated on ice for
30 min with fluorescein-labelled antibodics against
mouse hematopoictic cell lincage markers after block-
ing with mouse Fc Blocker (BD Biosciences, San Jose,
CA) and then analysed on a FACS Calibur (BD Bio-
sciences). The following monoclonal antibodies used in
this study were purchased or kindly provided: anti-F4/
80 (A3-1, Serotec Ltd., Oxford, UK), anti-MHC class
Il (MS5/114.15.2, e-Bioscience, Boston, MA), anti-
CDl1lb (M1/70.15, Caltag Laboratories, Burlingame,
CA), anu-CD3e (145-2C11, BD Biosciences), anti-
CD19 (1D3, BD Biosciences), and anti-H-2K"D® (20-
84S, Dr. E. Nakayama, Okayama University).

2.5. Macrophage depletion by plastic adhesion

PEC suspension (2% 107 cells in 10 ml of complete
RPMI) was poured into a 75cm’ tissue culture flask
and incubated at 37 °C for 2h in a humidified 5% CO,
incubator. Non-adherent cells were collected with
serum-free DMEM and subjected to FACS analysis.

2.6. In vitro activation of OV A-specific T cells

One hour after injection of cither OML-encased OVA
or bare OVA into the peritoneal cavity of B6 mice, PEC
were recovered with Sml ice cold PBS. The PEC sus-
pended in complete RPMI were seeded into a 96-well cul-
ture plate (5 10° cells in each well) and incubated at
37°C for overnight in a humidified 5% CO; incubator.
On the next day, non-adherent cells were washed out with
complete RPMI, and co-cultured with 53X 10° cells of
cither CD8" or CD4" T cells from the spleen of OT-1
and OT-1I mice, respectively. CD8" and CD4" T cells
were prepared with the isolation kits for corresponding
subsets (Miltenyi Biotec Inc., Auburn, CA). The superna-
tants were collected at 24, 48, and 72 h and assayed for
IFN-y production with Mouse IFN-y ELISA kit (Pierce
Biotechnology, Inc., Rockford, IL).

2.7. CTLs assay

B6 mice were immunized biweekly three times by intra-
peritoneal injection of 1 pg OVA in liposome/mouse with
or without oligomannose coating. Spleen cells were iso-
lated from the mice | week after the last challenge, and
I x 10° spleen cells were stimulated with 10 pg OVA in
I ml for 72 h. The effector cells thus prepared were co-cul-
tured with target cells (E.G7-OVA or EL4) at various
cffector/target ratios for 8 h at 37 °C, and the cytotoxicity
was measured with CytoTox96 Non-Radioactive Cyto-
toxicity assay kit (Promega, Madison, WI).

2.8 Tumor assay

Tumor cells (in 0.2 ml) were injected intradermally into
the backs of mice with a 27 gauge needle. The diameter of
the tumors was measured with Vernier calipers twice at
right angles to calculate the mean diameter, and the sur-
vival time after tumor challenges was followed.

3. Results

3.1. OMLs are taken up preferentially by intraperitoneal
macrophages

We showed that neoglycolipid-coated liposomes are
ingested by intraperitoneal cells much more efiectively
than non-coated liposomes [10]. Of those, OMLs are
incorporated most effectively, and the cells ingesting
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OMLs are preferentially F4/80" and migrate into extra-
nodal lymphoid tissues in the omentum after the uptake.
We have also shown that the OML-ingesting cells are very
useful drug delivery vehicles for cancer chemotherapy in
the previous study [9,10] To verify whether the OMLs
are applicable also for cancer immunotherapy, we first
analyzed in detail the peritoneal cells incorporating
OMLs. Bovine serum albumin (BSA, Sigma-Aldrich)
was labelled with Alexa Fluor 680, encased in OML and
then injected into the peritoneal cavity of B6 mice. One
hour after the injection of OMLs containing Alexa Fluor
680-labelled BSA, PEC were collected and analyzed. As
shown in Fig. 1A, PEC were divided into three groups
based on the incorporation of OMLs. When adherent cells
were removed by plastic dish adherence, only the popula-
tion with higher OML uptake (R1) disappeared (Fig. 1 B).
In addition, most cells of R1 express F4/80 and CDI11b
but not CD3 and CD19 (Fig. 1C), suggesting that R1 pop-
ulation preferentially consists of macrophages (M). The
PEC with lower OML uptake (R2) did not express F4/80,
and nearly 2/3 of them were considered to be B cells
because of their CD19 expression. These results together
confirmed that OMLs injected into the peritoneal cavity

Y. lkehara et al | Cancer Letters 260 (2008) 137145

were ingested preferentially by M, and also indicate that
OML is a good vehicle for the phagocytosis of non-gly-
cosylated proteins.

3.2, Phagocytic cells ingesting OM Ls activate both CD8
and CD4 T cells in vitro in an antigen-specific manner

We next analyzed the antigen-presenting capacity of
the phagocytic cells ingesting OMLs containing ovalbu-
min (OVA) as an antigen. CD8" T cells from OT-I (a
transgenic strain of T cell receptor (TCR) recognizing
OVAzs7.26: peptide presented by H-2K®) and CD4* T
cells from OT-11 (a transgenic strain of TCR recognizing
OVAs; 339 peptide presented by H-2A") were used as
responder cells. When these T cells were co-cultured with
adherent cells enriched from PEC of the mouse intraperi-
toneally injected with OML-encased OVA (OML-OVA),
both CD8" and CD4" T cells produced large amounts
of 1IFN-y (Fig. 2). Though adherent cells from the mice
injected with soluble OVA also stimulated both CD8"
and CD4" T cells, much higher amounts of OVA were
needed compared to those from the mice injected with
OML-OVA. M¢ ingesting OML-OVA are supposed to
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Fig. I. OMLs injected into the peritoneal cavity were ingested preferentially by adhesive cells. One hour after injection of OMLs
containing Alexa Fluor 680-labelled BSA, PEC were collected and their fluorescence was analyzed by flow cytometry (A) Non-adherent
PEC were further isolated by plastic adherence for 2 h and analyzed (B). (C) Phenotypic analysts of PEC derived from OML-injected mice.
One hour after injection of OMLs containing Alexa Fluor 680-labelled OVA, PEC were collected and stained with mAbs indicated. As
shown in (A) and (B), PEC were divided into three groups based on their fluorescence mtensity of Alexa Fluor 680, and the surface

phenotypes of R1 and R2 were further analyzed.
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Fig. 2. M ingesting OVA encased in OML activate OVA-specific CD8™ and CD4™ T cells much more effectively than those ngesting
soluble OVA. One hour after intraperitoneal injection of antigens, PEC were prepared from mice, and adherent cells were enriched by
plastic adherence, CD8* and CD4™ T cells were purified from spleen of OT-1(A) and OT-11(B), respectively, co-cultured (closed bar) with
adherent PEC or cultured adherent PEC alone (open bar) for 24 h, and then production of IFN-y in supernatants was tested by ELISA
PEC recovered from mice without any treatment was used as control. OML-OVA, OVA encased in OML; OVA, OVA, control, OML
containing PBS. The graph shows the average and standard error from three independent experiments.

present antigen effectively also in vive, as they cffectively
induced proliferation responses of OVA-specific CD8™ T
cells in the spleens of OT-I mice (Supplement Figure 1),

We next analyzed the uptake efficiency of OML-
encased and soluble OVA and found that peritoneal phag-
ocytic cells effectively uptake OVA irrespective of supar
encapsulation (Fig. 3). The uptake of soluble OVA is
probably mediated by mannose receplors, as it is known
as a highly mannosylated protein [19] These results
together indicate that OML-mediated ingestion promotes
the presentation of OVA peptides by both MHC class |
and Il molecules by enhancing the antigen processing
but not the uptake efficiency.

3.3, Induction of antigen-specific cytotoxic T lymphocyies
{CTL) in vitro by OML-mediated immunization

We next performed CTL assay to detect OVA-specific
T cells in the spleen. Only the spleen cells from mice
immunized with OML-OVA but not bare liposome

(BL)-encased OVA showed cytotoxicity against E.GT7-
OVA. The spleen cells from neither group showed cyto-
toxicity against EL4, confirming that OVA-specific CTL
can be effectively induced in vive by OML-OVA immuni-
zation (Fig. 4).

3.4 OML-mediated immunization induces antigen-specific
anti-tumor immunity in vivo

We finally examined whether intraperitoneal immuni-
zation with OMLs also induces antigen-specific anti-
tumor immunity in vive. Mice were immunized intraperi-
toneally with OVA with or without OML encasing and
then challenged with E.G7-OVA or EL4. As shown in
Fig. 5, only the mice immunized with OML-OVA sur-
vived for more than 70 days when challenged with
E.G7-OVA, while naive and bare OVA-immunized mice
died within 55 days. All the mice including those
immunized with OML-OVA died within 30 days when
challenged with EL4, indicating that the rejection of
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Fig. 3. Peritoneal F4/80° cells uptake OVA effectively irrespective of carbohydrate encapsulation. One hour after injection of either
soluble FITC-OVA (20 pg) or OM L-encapsulated FITC-OVA (20 pg) into the peritoneal cavity of B6 mice, uptake efficiency of FITC-
OVA by peritoneal cells was analyzed by flow cytometry together with F4/80 expression.
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Fig. 4 OML-OVA-generated OVA-specific cytotoxicity. B6 mice were immunized biweekly three times by intraperitoneal injection of 1 pg
OVA encased in oligomannose-coated [OML-OVA, open symbols) or bare liposomes (bare liposome-OVA, closed symbols). Spleen cells
were isolated from mice one week after the last challenge, and | x 10° cells were stimulated with 10 pg OVA in | ml for 72 h. The graph
shows the average and standard error from three independent experiments.

E.G7-OVA is OVA-specific. These results together
showed that OML-mediated immumization can induce
systemic immune response robust enough to protect mice
from tumor challenge in an antigen-specific manner.

4. Discussion

In this study, we demonstrated that our novel
OML-based drug delivery system (DDS) targeted
to intraperitoneal phagocytic cells can also be used
for the induction of systemic immune responses.
After ingesting OML-encased OVA (OML-OVA),
intraperitoneal phagocytic cells to extra-nodal lym-
phoid tissues in abdominal cavity and presented

OVA-derived peptides in the context of both
MHC class I and Il molecules. Only the mice pre-
immunized with OML-OVA rejected E.G7-OVA
but not EL4 challenged subcutaneously. These
results together indicate that the OMLs can be used
as an effective antigen delivery system for immuno-
therapy activating both CTL and Th subsets. Fig. 6
shows the plausible induction process of anti-tumor
immunity starting from phagocytic cells triggered
by OML injection.

OMLs are very useful not only for the promotion
of non-glycosylated protein uptake by antigen-pre-
senting cells but also for the enhancement of anti-
gen-processing of encased antigens. Endogenous
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Fig. 6. Possible mechanism of OML-based vaccine delivery. Coating of hare liposomes with DPPE-conjugated mannotriose lacilitates
functions of intraperitoneal macrophages, resulting in antigen-specific activation of both CTL and Th populations

and exogenous antigens are presented preferentially
by MHC class | and II, respectively. OML-OVA,
however, were effectively directed to both pathways,

even when added exogenously. This advantage of

OML-mediated immunization will hopefully facili-
tate the simultaneous activation of tumor antigen-
specific CD4" and CD8" T cells as shown here with

OVA. It is also very interesting to study the mecha-
nism by which OML-mediated ingestion of antigens
enhances the antigen presentation by both MHC
molecules [20-22]. So far, we observed the up-regu-
lation of CD80 and CD86 on OML-ingesting cells
(in press on Cytokine, H. Takagi et al.), but it seems
very important to know the additional signals 1o
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make antigen presenting cells more immunogenic
[23]. Additional adjuvant effects of various cyto-
kines and/or toll-like receptor ligands on OML-
mediated immunization are now being investigated.

Another advantage of OML-mediated immuniza-
tion is Thl-skewing of the cytokine profiles. Indeed,
OT-1 and OT-I1 T cells stimulated with antigen-pre-
senting cells ingesting OML-OVA produced IFN-y
but not IL-4 or IL-10 (unpublished observation).
Moreover, our previous study demonstrated that
the OML-mediated immunization protects BALB/c
mice against Leishmania major infection, possibly
due to the Thl-skewing of immune responses [24].
We observed that phagocytic cells ingesting OML
preferentially produce 1L-12 {unpublished observa-
tion), suggesting this cytokine is a key of Th1-skewing
as reported previously [25]. Further investigation of
the mechanism of this Thl-skewing of immune
responses induced by OML-mediated immunization
1s currently underway.

Cells belonging to the monocyte-Md lineage have
been known to be heterogeneous, reflecting the plas-
ticity and versatility of these cells in response to var-
ious microenvironmental signals [26]. M are now
roughly categorized into M1 and M2 based on their
functional properties, and several studies revealed
that M1 and M2 promote type I and type II Th
responses, respectively [27-29]. It is also reported that
M1 and M2 are prone to induce inflammatory and
immunoregulatory responses, respectively [29]. A
possible concern of our DDS system is therefore the
protumoral effects by M2 with antigen-encased
OMLs, as they are supposed to express macrophage
mannose receptors induced by IL-4 [30]. Although
at least our in vitro study clearly showed OML-med-
iated skewing to type | immune responses, more pre-
cisc investigation including the conditions for M1
polarization should be done especially in tumor-bear-
ing mice. In addition, characteristics of the small pop-
ulation of non-M¢ cells ingesting OMLs should be
investigated as well,

In order to use our DDS in clinical study, the
best administration routes should be determined to
pursue repetitive vaccination while avoiding possi-
ble side effects. As generally acknowledged, intra-
peritoneal administration is accompanied with a
high risk of side effects such as catheter-related com-
plications, and abdominal pain [31]. In this connec-
tion, we have already obtained anti-tumor effects by
subcutaneous injection of OML-OVA similar to
those by intraperitoneal injection. However, side
effects induced by subcutaneous injection of OMLs

should be further investigated to assure their safe
clinical application.

In the previous study, we reported that the for-
mation of intraperitoneal metastasis of seeded gas-
tric cancer cells in milky spots can be controlled
with OMLs containing anti-cancer drugs [10]. In
the present study, we have further extended the pos-
sibility of OMLs for the immunotherapy of systemic
metastasis and existing tumor cells aside from milky
spots. Oligomannose coating of liposomes showed
the best uptake efficiency by intraperitoneal M
among the neoglycolipids so far tested, and the
encased antigen was effectively presented by both
MHC class I and II molecules. However, the addi-
tional effects for immune responses by other neogli-
colipids (shown here) have not been studied at all so
far. We have a great interest in their effects on
immune responses and are secking sugar materials
with immunoregulatory properties. If such materials
are found, we believe that further study of our
sugar-coated liposome technology will find it also
to be applicable for antigen-specific regulation of
autoimmune diseases and allergy.
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Mycobacterium avium complex (MAC) disease has been increasing worldwide not only in immuno-
compromised but also in immunocompetent humans. However, the relationship between mycobacterial
strain virulence and disease progression in immunocompetent humans is unclear. In this study, we
isolated 6 strains from patients with pulmonary MAC disease. To explore the virulence, we examined the
growth in human THP-1 macrophages and pathogenicity in C57BL{6 mice. We found that one strain,
designated 198, which was isolated from a patient showing the most progressive disease, persisted in
THP-1 cells. In addition, strain 198 grew to a high bacterial load with strong inflammation in mouse lungs
and spleens 16 weeks after infection. To our knowledge, strain 198 is the first isolated MAC strain that
exhibits hypervirulence consistently for the human patient, human macrophages in vitro, and even for
immunocompetent mice. Other strains showed limited survival and weak virulence both in macrophages
and in mice, uncorrelated to disease progression in human patients. We demonstrated that there is
a hypervirulent clinical MAC strain whose experimental virulence corresponds to the serious discase
progression in the patients. The existence of such strain suggests the involvement of bacterial virulence

in the pathogenesis of pulmonary MAC disease in immunocompetent status.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

than M. tuberculosis due to even fewer available anti-microbial
agents [3].

Mycobacterium avium complex (MAC) is the most common
cause of human infection due to nontuberculous mycobacteria.
Initially MAC was regarded as only an opportunistic pathogen,
primarily in acquired immunodeficiency syndrome (AIDS) patients
[1]; however, it has now been shown to cause progressive pulmo-
nary disease even in immunocompetent humans [2]. The American
Thoracic Society indicates a wide range of clinical manifestation in
patients with non-AlDS MAC disease; some patients keep a stable
condition for years, whereas others progress their illness rapidly
[3]). Furthermore, MAC infection can be more difficult to treat

0 di D of B logy, Osaka City University,
Graduate Schm!o(Mcdiche 1-4-3 Asahi-machi, Abeno-ku, Osaka 545-8585, Japan.
Tel.: +81 6 6645 3746, fi.t +81 6 6645 3747.

E-mail address: y | osaka-cuacjp (Y. Tateishi)

0882-4010/% - see front matter © 2008 Elsevier Lrd. All rights reserved.
doi: 10.1016/j. micpath.2008.10.007

The pathogenesis of MAC infection has been recently investi-
gated with respect to the host immune response. Interferon-
gamma (IFN-y) activates macrophages to produce proteolytic
enzymes and other metabolites, which exhibit mycobactericidal
effects. Tumor necrosis factor-alpha (TNF-a), of which production is
also stimulated by IFN-y, augments the bactericidal capacity of
macrophages and plays a key role in the induction of the acquired
immune response against mycobacteria [4). A defective IFN-y
response has been shown recently to cause disseminated MAC
disease in IFN-y knock out mice and in humans with' genetic
mutations of IFN-y receptor [5,6] or autoantibodies to IFN-y in
some young non-AlDS patients [7.8]. In addition to that, the activity
of interleukin-10 (IL-10), which is known to inhibit cytokine
synthesis by IFN-y-producing typel helper T cells (Th1 cells), has
been shown to increase susceptibility to MAC infection in immu-
nocompetent mice [9].
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Besides genetic factors of the host, bactenial virulence should
play an important role for the development of MAC disease. While
isolates of M. tuberculosis are genetically homogeneous at the
nucleotide level [10], MAC has high genetic diversity, including the
presence of multiple plasmids [11], and thus likely to have a large
corresponding diversity in virulence. In the most complete study
examining virulence, forty-one MAC isolates from the environment
as well as infected humans and animals were compared for viru-
lence in C57BLJ6 mice by intravenous injection [12]. Monitoring of
the virulence by CFU counts in lungs, livers, and spleens over 4
months revealed three virulence phenotypes; high (logarithmically
increasing load), intermediate (chronic infection at a constant
load), and low (initial load increase followed by a decrease until
clearance). In addition, clinical studies have suggested severe
disease outcome in patients infected with same specific strain type
of MAC. For example, MAC serovars 1, 4, and 8 Mycobacterium
avium are associated with disease severity in AIDS patients [13],
and a serovar 4 M. avium isolate from an AIDS patient was more
invasive and proliferative in blood mononuclear cell-derived
human macrophages than a serovar 2 strain from chickens [14]. In
non-AIDS MAC disease, Mycobacterium intracellulare is associated
with greater disease progression [15), and moreover, our previous
prospective study on 68 non-AIDS patients suggests that serovar 4
M. avium is linked to greater disease progression with a pulmonary
MAC infection [ 16]. Taking these previous data into consideration,
we hypothesize that relatively hypervirulent MAC strains exist and
may be associated with serious discase progression in immuno-
competent patients. In order to elucidate the involvement of
mycobacterial virulence in the pathogenesis of human pulmonary
MAC disease, in this study we examined the difference of myco-
bacterial virulence of clinical isolates from patients with different
disease types using human macrophages and immunocompetent
mice.

2. Results
2.1. Characteristics of mycobacterial strains

Six clinical isolates of MAC were isolated from sputum of non-
AIDS patients with pulmonary MAC disease, and designated 27, 33,
36,198, 288, and 347 (Table 1). Strains 33,198 and 288 were derived
from patients with progressive disease against combination
chemotherapy recommended by the American Thoracic Society
guideline (progressive type) [3]. The patients with progressive
disease exhibited higher levels of erythrocyte sedimentation rate
(ESR), diffuse and severe pulmonary lesions in chest X-ray findings,

and numerous bacteria in the sputum. The patient infected with
strain 198 exhibited the most serious disease outcome among
study patients in that a right pneumonectomy was needed to
prevent disease progression, Strains 27, 36, and 347 were derived
from patients with little progression of disease without chemo-
therapy (silent type). They exhibited lower levels of ESR. segmental
pulmonary lesions in chest X-ray findings, and fewer bacteria in the
sputum. The isolates belonging to the progressive type consisted of
M. intracellulare unclassified serovar similar to serovar 12 (strain
198) and M. avium apolar type (strains 33 and 288). The isolates
belanging to the silent type consisted of M. intracellulare serovar 1
{strain 27) and M. avium apolar type (strains 36 and 347). For
comparison, we employed 2 veterinary strains of M. avium ATCC
25291 (serovar 2) as a highly virulent strain in mice [12] and ATCC
35767 (serovar 4) as a low virulent strain. Four clinical isolates
other than strains 33 and 347, and ATCC 25291 formed the trans-
parent colony morphology. Strain 33 produced both transparent
and rough colony morphologies. Strain 347 and ATCC 35767 dis-
played smooth opaque colony morphology.

2.2. Growth of clinical isolates in 7H9 broth

All strains showed logarithmic growth from 3 days after culture
in 7H9 broth (Table 2). At day 5, two isolates from progressive type
(strains 198 and 288) and one isolate from silent type (strain 36)
grew significantly slower than ATCC 25291 (P<0.005), and all
clinical strains grew significantly slower than ATCC 35767
(P <0.0001), The growth of strain 198 at day 5 was significantly
slower than that of strain 27 (P = 0.001), and was not significantly
different from that of other clinical isolates.

2.3. Virulence of clinical isolates in THP-1 monocyte-derived
macrophages

We next studied intracellular survival of the isolates. THP-1
cells, a human monocytic cell line, were differentiated into
macrophages by treatment with phorbol 12-myristate 13-acetate
(PMA) and infected with MAC strains. Strain 198 grew in THP-1 cells
significantly higher than any other strains during 7 days of infection
(P < 0.0001) (Table 3). Strain 198 grew to approximately 20-fold
during 2 days of infection (P= 0.005), and even at day 7, it kept the
same level of bacterial load as day 0. Strain 36 also grew to
approximately 2-fold during 2 days of infection (P=0.008);
however, it was rapidly eliminated at day 7, similar to the other
strains except for strain 198. There was no significant difference in

Table 1
Charactenistics of isolated strains and clinical findings.
Isolates Species and serovar Age Sex Duration of Erythrocyte sedimentation Chest X-ray Sputum®
iliness (years) rate (mm/fh) findings e Chithiine

Progressive type
33 M. avium apolar type 58 M 17 62 Advanced 2+ 34
198 M. intracellulore unclassified serovar® 62 F 3 108 Advanced 2+ 24
288 M. avium apolar type 56 F 12 78 Advanced 2+ 24
Silent type
27 M. intracellulare serovar 1 67 F 17 50 Moderate - 1+
36 M. avium apolar type 54 F 9 29 Moderate - I+
347 M. avium apolar type 79 F 14 50 Moderate 1+ 1+
Data and sputum samples were collecred at the enroliment of the study in 2003,

* Advanced chest X-ray findings were defined as bil | cavities, giant cavities, or bilateral bronchiectasis, and moderate findings were defined as focal infl small

of fewer cavities, or mild bronchiectasis.
b smear findings of sp were defined as fol

in high performance fields of microscopy; -: no bacteria in all fields, 14 less than one bacteria in several fields, 24

appraximately 1-12 bacteria in one field. Culture findings were defined as follows using Ogawa egg agat: 1+4-: colonies less than 200, 2+: colonies more than 200 and less than

500, 3+: colonies more than 500 and less than 2000.

© The serovar of strain 198 was identified as a new type similar to serovar 12 determined by the liquid chrom phyf spectr ¥
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Talsie 2
Growth rate of MAC in 7HY broth.
Strain Ratio of CFUs at*

Day 1 Day 3 Day 5
33 051 +028 38 + 086 63410
198 093 £ 017 12+£19 18440
288 085+ 020 43+19 16+ 095
27 L1025 73422 12021
36 0.83 4+ 0.093 544021 N0+ 1.7
347 0.96 4 0.16 27+10 4419
2521 164025 484024 110 4 167
35757 0974012 11430 370 £ 43

* Sgnificantly different (P 0.005) from values for strain 198, 288, and 36 as
calculated by Scheflé's test.
** Sgruificantty different (P < 0.0001) from values for all clinical strains as calculated
by Scheflé's test.

* Means -+ standard deviations of the ratio of CFUs 1o those at day 0.

the growth rate among these strains except strain 198 during
infection.

On light microscopic observation, THP-1 cell morphologies were
not different between infected and uninfected cells (data not
shown). We then assessed cytotoxicity by the levels of lactate
dehydrogenase (LDH) released into the culture supernatants at day
7. The LDH release was detectable in strain 33 and the laboratory
strains (strain 33; 5.8 + 1.5%, ATCC 25291; 11 + 1.0%, ATCC 35767;
12 + 1.9%, without significant difference among these strains);
however, it was not detectable in other clinical isolates.

24. Pathogenesis of dlinical isolates in mice

Female C57BL/6 mice were infected by intratracheal instillation
with each strain. Bacterial load in lungs, livers, and spleens were
evaluated, and histological inflammation was visually analyzed in
5-mice per strain at defined time points during 16 weeks of
infection. There was no significant difference in lung CFUs among
strains tested 1 day after the inoculation,

Strain 198 showed high bacterial load, and tended to increase
gradually both in lungs and spleens during 16 weeks of infection
(P=0.08 between day 1 and 16 weeks) (Fig. 1). Strain 198 was
loaded in lungs significantly higher than strain 27 (P = 0.04) and 33
(P=0.0006) at 8 wecks of infection, and than strain 33
(P=0,0009), 288 (P=0.001), 36 (P=0.0003), and 347 (P=0.004)
at 16 weeks. Histologically, strain 198 induced strong inflammation
in lungs, which was paralleled with bacterial loads (Fig. 2). ATCC
25291, known as highly a virulent strain in mice [ 12], showed initial
reduction of bacterial load in lungs at 4 weeks of infection (P = 0.01
between day 1 and 4 weeks) and rapid increase in bacternial load in
lungs after 4 weeks of infection, ATCC 25291 was comparatively
virulent to strain 198 with respect to the high bacterial load in lungs

Table 3
Growth rate of MAC in THP-1 cells.
strain Ratio of CFUs at*

Day 2 Day 7
i3 0.29 +0.12 035 + 016
198 18412° 1.30 + 0,68"
288 047 +0.26 0.097 + 0.055
27 0.54 £0.37 028401
6 24412 031+0Mm
147 1.1 £049 036+ 023
2520 0.6 + 0.048 011 £ 0,038
35767 0.059 + 0.029 0.0070 ¢ 0.0048
* Significantly different (P < 0.0001) from values for any other strains studied as
calculated by Scheffé's test.

* Means + standard deviations of the ratio of CFUs to those at day 0.

and spleens, and severe pulmonary inflammation at 16 weeks of
infection. By contrast, other dinical isolates did not increase
profoundly in lung CFUs; however, these strains were never elim-
inated from lungs. ATCC 35767 was rapidly decreased and unde-
tectable in lungs, spleens and livers within 16 weeks of infection.
Overall, the clinical isolates other than strain 198 exhibited limited
histological lesions with transient inflammatory changes in lungs 4
weeks after the inoculation, and thereafter the inflammation
subsided at 16 weeks.

3. Discussion

Virulence is defined as the quantitative ability of an agent to
cause disease. The virulence of mycobacteria can be evaluated by
the infection to macrophages and animals [17]. This is the first
study that examined the virulence of MAC isolates from immuno-
competent patients with different types of disease outcome. We
found that strain 198, which derived from a patient with most
serious disease, revealed high bacterial load both in THP-1 cells and
in C57BL/6 mice among isolates studied. Strain-specific virulence of
MAC has been implicated by some previous studies of the serovar 4
M. ovium isolated from patients. In AIDS-related MAC disease,
a serovar 4 M. avium isolate has shown to be one of the frequently
isolated type [13], and a previous analysis of a serovar 4 isolate and
ATCC strain has shown the superior virulence of serovar 4 M. avium
in human macrophages [14]. In non-AIDS pulmonary MAC disease,
our recent prospective study indicates that patients infected with
serovar 4 M. avium has poorer prognosis than those infected with
MAC of other serovars [16]; however, to our best knowledge, no
study has shown the direct data of mycobacterial virulence of
clinical isolates and clinical disease outcome. Strain 198 is the first
MAC isolate whose experimental virulence corresponds to the
serious disease outcome in humans, Thus, strain 198 has strain-
specific strong virulence for immunocompetent humans and mice.
We consider that strain 198 is worth further genetic investigation
of virulence factors.

MAC strains hypervirulent for mice has been isolated previously
by Pedrosa et al. including ATCC 25291 and MAC 101, which
proliferate profoundly in mouse macrophages and in mice in vivo
[12]. In this study, strain 198 proliferated in human macrophages, in
correspondence with rapid clinical disease progression and addi-
tionally in mouse lungs, The consistency between experimental
virulence in human cells and clinical disease outcome suggests that
the capability of inducing such strong pathogenesis may be
attributed mostly to the characteristics of the pathogen, i.e. viru-
lence factor(s) for mammalian cells unique to strain 198, Previously
Birkness et al. has shown the strong cytotoxic effect and growth of
serovar 4 M. avium isolated from an AIDS patient in blood mono-
nuclear cell-derived human macrophages compared with a serovar
2 strain from chickens (ATCC 35713). Therefore, we evaluated
cytotoxicity of MAC strains by the microscopic morphology and by
the LDH release from infected THP-1 cells; however, contrary to the
expectation, strain 198 was not cytotoxic to THP-1. In addition, the
release of LDH was lower in strain 33, ATCC 25291, and ATCC 35767
than in the previous experiment of M. tuberculosis infection to THP-
1 cells (cytotoxicity in cases of M. tuberculosis H37Rv and H37Ra;
approximately 30%) [18]. We assume that cytotoxic effect may not
play a major role in displaying the virulence of MAC during infec-
tion, suggested by the similar result by Huttunen et al. showing the
lack of cytotoxic effect of MAC in human 285C macrophage and
A549 lung epithelial cell lines evaluated by 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H tetrazolium bromide (MTT) assay [19].
We speculate the virulence of strain 198 depends on the ability to
survive or proliferate in macrophages rather than cytotoxic effect,
which, may be causative for severe pulmonary MAC disease with
rapid disease progression within a few years.

- 151 —



Y. Tateishi et ol / Microbial Pathogenesis 46 (2009) 6-12 9

1 33 wer 198 10 r 288
100 1ot b
10 107 10 F
108 f 108 b 10t
E 104 F 10° 10t
g 100 F 104 1wt
100 F 10 1 r
¢ 107 10°f
10t 1wt 10k
Iday dwks Bwks |6whs Iday dwks Bwks |6wks lday dwis Swhs 16wk
10* 27 wer 36 1°r 347
10t w0t 10t
10 F 0t w0 f
10¢ 0% 10¢F
g 10°F 104 104
E 104 104 104
L g 0_\0/{, 10 1 F
10 [ 100 |
10 't 10t F
Iday 4wks Bwks 16wks Iday dwks Bwks |6wks iday dwks Bwks I6wks
e 2529] 1®r 35767
{1 d 1o*
1 1o z t“v‘:
1ot 100 b -&— Spleen
o
‘g 1 r 1 r
100 o
ey 1w}
100 1w}t >—-?

lday dwks Bwis lowhs

Iday dwks Bwks |owks

Fig. 1. Time course of mycobacterial growth in lungs, spleens and livers of CSTBL/G mice. Bacterial suspensions containing 1 x 10* CFUs were inoculated intratracheally to female
C57BL6 mice at the age of 7 weeks (1 = 20 per strain}. The lungs. livers and spleens of 5 mice per strain were sectioned at day 1 (only lungs), 4, 8, and 16 weeks later from challenge

Data were presented as means + standard deviations of CFUs/organ.

In this study, strain 198 showed strong virulence for mice at 16
weeks of infection similar to ATCC 25291; however, virulence for
THP-1 cells was quite different, and pathogenic effects for mice
within 4 weeks of infection was dissimilar between these two
strains. These differences can be explained by the difference of
immune response between host species and by the difference of
immune phase. First, strain 198 could proliferate, but ATCC 25291
was rapidly eliminated in THP-1 cells (Table 3). In mouse macro-
phages mycobactericidal activity is attributed to nitric oxide
produced by inducible nitric oxide synthase [20], whereas in
human macrophages, it is attributed to Toll-like receptor signaling-
dependent production of anti-microbial peptides [21,22]. Strain 198
is capable of proliferating under these two patterns of myco-
bactericidal activities, which suggests that strain 198 may have
some virulence factors advantageous to survive both in human and

mouse macrophages against mycobactericidal activity of the hosts,
in contrast to ATCC 25291 which may lack virulence factors to
survive in human macrophages. Second, strain 198 showed high
bacterial load in lungs continuingly during 16 weeks of infection in
mice, while ATCC 25291 proliferated after initial reduction in lungs
at 4 weeks of infection (Fig. 1). The in vitro infection model using
cell lines and the in vivo infection model using mice within 4 weeks
reflects early stages of infection; on the other hand, the in vive
model after 8 weeks reflects chronic phase of infection [17,23]. The
difference of pathogenic effects for mice within 4 weeks of infection
suggests that strain 198 may resist both innate and acquired
immunity, while ATCC 25291 may resist acquired immunity only.
We assume that strain 198 and ATCC 25291 may possess different
virulence mechanisms to persist in in vivo after development of
acquired immunity.
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Fig 2. Histological pictures of the lungs during 4 weeks or 16 weeks of infection in C57BL/6 mice by hematoxylin-eosin staining. Magnification, =40,

In this study, clinical strains except for strain 198 did not show
consistent virulence-associated phenotype among THP-1 cells,
C57BL/6 mice, and clinical disease outcome. Similarly, Pedrosa etal.
has also revealed that the growth of MAC in bone-marrow derived
macrophages does not necessarily predict the virulence in mice by
comparing the growth of 41 MAC isolates from various derives
including humans, animals, and environment [12]. Although some
clinical cases of pulmonary MAC disease may be caused by hyper-
virulent strains such as strain 198, these findings of clinical and

natural isolates suggest that virulence may not the only determi-
nant of the pathogenesis of pulmonary MAC disease in the majority
of clinical cases. The development of pulmonary MAC disease
depends on the balance between bacterial virulence and host
defense. It is widely accepted that patients with pulmonary MAC
disease have some characteristics of clinical background, such as
males in their 40s and early 50s who have a history of cigarette
smoking and excessive alcohol use, and such as postmenopausal,
nonsmoking females [3), and these patient characteristics might
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possibly indicate unknown predisposing conditions which enhance
susceptibility for pulmonary MAC infection. The diverse phenotype
of clinical MAC strains may be attributed to the disease suscepti-
bility of the hosts. We propose that pathogenic mechanism of
human pulmonary MAC disease include two patterns; one is that
the strong virulence of MAC strains such as strain 198 induces rapid
mycobacterial growth and serious disease outcome, and the other
is that relatively weak to moderate virulence interacts with pre-
disposing conditions of the host, leading the wide range of clinical
outcome.

This study was preliminary in that we did not identify the
mechanism of hypervirulence of strain 198. We observed the
consistency between hypervirulence in human macrophages
bedsides in immunocompetent mice and severe clinical outcome
only in strain 198, not in any other isolates studied. From this
finding, we speculate the existence of strain-specific virulence
factors of strain 198. Recent exponential advances have enabled
whole genome sequence of two M. avium strains, M. avium 104 and
M. avium subsp. paratuberculosis K-10. Based on these exhaustive
information, comparative genomics of MAC organisms has revealed
the different genomic components regarding virulence factors,
such as ser2 encoding glycosylation enzyme of the lipopeptide core
to generate the glycopeptidolipids, mammalian cell entry (mce)
gene homologs, and PE/PPE genes (i.e., with Pro Glu and Pro Pro Glu
motifs) [24]. In addition, there are large sequence polymorphisms
among MAC organisms, suggesting a large corresponding diversity
in virulence [11,24]. We speculate that the virulence of MAC strains
including strain 198 may be determined by insertion or deletion of
virulence genes encoding known [24] or unknown virulence
factors.

In summary, we demonstrated that certain clinical strain
derived from patients of the progressive pulmonary MAC disease
exhibits strong virulence in human macrophages and in immuno-
competent mice. Among clinical isolates, strain 198 is the first
isolate hypervirulent to both human macrophages and mice. Our
data suggest that strain-to-strain differences in virulence may play
a significant role in disease progression in humans. Although Sar-
mento et al. showed that capability of TNF-a production from
macrophages inversely correlates with the virulence of MAC strains
[25], we could not find such relationship among the isolates (data
not shown). In future studies, we will identify the virulence/path-
ogenicity-associated factor(s) of strain 198 and survey the
frequency of strain variation in immunocompetent patients with
pulmonary MAC disease.

4. Materials and methods
4.1, Bacterial strains

We used six clinical isolates from non-AIDS patients with
pulmonary MAC disease and two laboratory strains, M. avium
ATCC 25291 (serovar 2) and M. avium ATCC 35767 (serovar 4), in
this study. Clinical isolates were obtained between September
and November in 2003 at Toneyama National Hospital. Informed
consent was obtained from all patients according to the guideline
of Institutional Review Board of Toneyama National Hospital.
Diagnosis of pulmonary MAC disease was made according to the
American Thoracic Society guideline [3]. The samples were
derived from two groups of patients; one group exhibited
progressive disease in spite of the combination chemotherapy
including clarithromycin, ethambutol and rifampin recommended
by the American Thoracic Society guideline (progressive type) (3],
the other displayed no exacerbation withour anti-microbial
chemotherapy for approximately ten years or more (silent type).
These types were determined by the laboratory findings ar the
period of sputum sampling (including sputum smear and culture,

chest X-ray findings, and erythrocyte sedimentation rate) and the
rapidness of disease progression (Table 1). Sputum specimens
were mixed with 2% sodium hydroxide, and N-acetyl-i-cysteine
and then centrifuged for 15 min at 3000 g. The supematants were
discarded, and the sediment was mixed at 1:10 (vol/vol) with
sterile water. The bacteria were cultivated in Middlebrook 7H9
broth supplemented with albumin-dextrose—catalase, 0.02%
glycerin and 0.05% Tween 80, and then kept at —80°C until
following experiments. Identification of MAC was made by
polymerase chain reaction using a commercially available kit
(AMPLICOR Mycobacterium Tuberculosis Test. Roche, Basel,
Switzerland). The serovars of clinical isolates were identified by
the liquid chromatography/mass spectrometry as described
previously [26]. Strains not containing serovar-specific oligosac-
charides were defined as apolar type.

4.2. Growth in 7H9 broth

Bacterial suspension was adjusted to be 0.2 by optical density
(0D) at 630 nm. The samples were cultured in 5 ml of 7H9 media in
plastic tubes without agitation After vortexing to dissolve aggre-
gates, cultivated bacterial suspensions were inoculated at days 1, 3,
and 5 by serial 10-fold dilutions on Middlebrook 7H11 agar plates
supplemented with oleic acid-albumin-dextrose—catalase, and
0.05% glycerol (7H11-OADC) agar plates in triplicate, The number of
CFUs was counted after cultivating at 37 °C for 3 weeks.

4.3. Infection of THP-1 cells with MAC in vitro

THP-1 cells were purchased from Health Science Research
Resources Bank (Tokyo, Japan). The cells were cultured in
RPMI1640 containing 10% heat-inactivated fetal bovine serum (FBS;
Equitech-bio, TX), and subcultured every 3-4 days. THP-1 cells
were differentiated by 100 nM PMA (Sigma-Aldrich, 5t Louis, MO)
for 48 h before infection. Before 48 h of infection, 1 ml of 2 x 10%/m|
cells was cultured in RPMI1640 containing 5% human serum (AB-
blood group) in 24-well plates. Then, 1 ml of 2 x 10* CFUs/ml
bacteria was exposed to the cultured cells for 24 h without opso-
nization (multiplicity of infection; 0.1 bacteriajcell). After that, the
cells were treated with 20 pg/ml of gentamicin for 3 h to kill
extracellular bacteria, followed by washing 4 times by RPMI1640.
The infected cells were cultured in 2 ml of RPM11640 containing 5%
human serum. At days 0 and 7, uninfected bacteria were removed
by washing with RPMI1640 4 times, and 500 pl of filter-sterilized
phosphate buffered saline containing 0.5% Triton X-100 (Wako,
Osaka, Japan) was treated per well to lyse cell membrane. The
intracellular survival of bacteria was determined by counting CFUs
by inoculating the cell lysate on 7H11-0ADC agar plates. The
experiment was performed in triplicate.

4.4. Assays for cytotoxicity

Cytotoxic effects were evaluated by the release of LDH from the
cells. LDH activity of culture supernatants was determined by
a commercially available kit (Roche, Basel, Switzerland). Superna-
tants were diluted to be 10! by distilled water for optimal reaction.
The diluents were reacted with reaction mixture for 30 min, and
then the OD was measured at 492 nm. Supernatants of completely
lysed uninfected cells with filter-sterilized phosphate buffered
saline containing 20% Triton X-100 and those of uninfected cells
untreated with Triton X-100 were served as high and low controls,
respectively. Cytotoxicity (%) was calculated as follows;
(DD“"W — 0Dy control) * 100{(0Dmh control — ODjaw cuntret ) The
measurement was performed in triplicate.



