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Mycobacterium tuberculosis-induced granulomatous lesions, particularly those undergoing central caseation, are
known as hypoxic. To analyze the host genes associated with hypoxic conditions from cells infected with M. tuberculosis,
we performed GeneChip analyses on mRNA from M. tuberculosis H37Rv-treated human monocytic THP-1 cells cultured
in oxygen-depleted status for 18 h. The expression of 99 genes was altered, including those involved in intracellular
signaling, energy production, and protein metabolism, as revealed by stringent microarray data analysis. Most notably,
mRNA expression of chemokine macrophage inflammatory protein 3alpha/CC chemokine ligand 20 (CCL20) was
significantly up-regulated in M. tuberculosis-infected cells under hypoxic conditions. We further analyzed the CCL20
expression in peripheral blood mononuclear cells (PBMCs) and monocyte derived macrophages (MDMs) from healthy
controls and TB patients. A comparative analysis has revealed that the mRNA and protein expression of CCL20 were
prominently up-regulated in PBMCs, and MDMs from TB patients, compared with healthy controls. Collectively, these
data show that the gene expression of CCL20 was up-regulated in M. tuberculosis H37Rv-infected human monocytic
THP-1 cells cultured in hypoxic conditions. In addition, the production of CCL20 is substantially increased in cells from
TB patients than in healthy controls, suggesting an important role of CCL20 in the immunopathogenesis during TB
infection.
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AdS fasl= YAl Mycobacterium  tuberculosis™=
A o2 55715 T3 Ak dFe] 713 (organ)
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ligand 20 (CCL20; macrophage inflammatory protein-30, MIP-3a)/
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(PBMC; peripheral blood mononuclear cell) 3 &3+ -2
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7d Ao o] 8% EF #F M. tuberculosis H37Rv
(ATCC 27294)%= % 5 (27)2] "ol
3 wiRlol A 37T, 65 WAl 85 Bk W wiFate] e
A 5,000 pmO= 307 YA el & Zzte] dAE
R8sk =33 A= 10% Middlebrook oleic acid albumin
dextrose catalase (OADC; Becton Dickinson, Franklin Lakes, NJ,
USA)”7} %71l 7H9 (Difco Laboratories, Detroit, MI, USA) 4
A BRAZ BHAD F FHUAESES JF 30% () HEE
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At

4 12 ¥
do o T

2 ARt CYAMEZR THP—1 MES| ZH| Y Aol
o]
[y |

Atk thAl A 321 THP-1 (ATCC TIB-202) A2 Gx]g



Mycobacteria—Induced Gene Expression in Hypoxia

3k 10% $-Efo} E3 (fetal bovine serum; Hyclone, Logan, UT,
USA)¥ 1% A (100 U/ml penicillin G, 100 U/ml strepto-
mycin sulfate, 0.25 g/ml amphotericin B)7} &2 RPMI 1640
Hj Y-S o] g38te] 37CE A5 5% CO, HjY7]elA 7
o) wieFatoleh. ko] 27t FHlE & 5X107mlY 48-
well plate (Nunc Roskilde, Denmark)ll 0.5 ml #<=3}1L 4 nM
PMA (phorbol 12-myristate 13-acetate; Sigma, St. Louis, Mo,
USA)ZE 48417t 5t Aelste] Paks fiaigivy T2t
Axe 793, FEAAA g oz usketo] 24413 E1F
W3k & A3FE M. tuberculosis H37Rve}F M. tuberculosis
H37RaS MOI 1°] E == Z9A17]aL, 37CE FA5E 5%
CO, WiF71olA 2713 F3F HAAZT 9 25 vg
37ColA Haa<l RPMI HIA| 2 23] AlA & thE, 200 pg/
ml2] amikacin (Sigma)©] F7}& 21438 10%2] human AB*
serum (Sigma)®] RPMI B A& 2A17F 5¢t A 2]ste] A% <
o] AFES AFFslait) o] ¥ 20 pgmle] amikacino] &
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b AEE ZH7F A kA B (20% 07 Aaka &
(2% 0,) Z71el A wjeFaloith. Aaka 9 2308 COo, Hi
7] (water jacketed incubator; Forma Scientific, Marietta, OH,
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Adllgto] 7+9¥ THP-1 AES A2 2ba 2ok B At
2 S 3ol A Z7F 18417 Bt wiA 71 AL, ZF 7]
7] ¢DNA microarray 215 AAISIA T

1) THP—1 MZF0AM RNAS F&

Zy z7e] THP-1 AHl3E]4 RNAgent kit (Promega,
Madison, WI, USA)2- ©]-83}%] total RNAE FE3191 1L, 260
nm®} 280 nme| absorbanceo] Al RNAS] A 2 AS 2
s,

2) cDNA probe #H|2} microarray hybridization

DNA chip& A= E#] A} (GenomicTree, Inc., Daejeon,
Korea)2] Human cDNA 17kE AFE-3FITE A total RNA 10
pg< Cy3 X+ Cy5-dUTP (NEN Life Sciences, Inc., Boston,
MA, USAYE ©|-83}] 42°ColA] 2413 GAAAIZ L Aaka
Bob oA Hjekel THP-1 4|3 RNAC tiske] Cys-
dUTPE ©]8-3to] &4 labeling® cDNAZE A|Z3}3aL, A
2 AkA S oA vk E THP-1 Al229] RNAC] dis)
¢} Cy3-dUTPE labelingd}3ith. Z12te] ¢DNAT hybridiza-
tion solution®. 2 F-F-A171 & 17448719 FAAE0] Alojxl
microarray®l] 42CelA4 12 WA 16217} hybridization*] 3 T}
microarray®l] Z%8IA] %2 cDNAT AHHAHSZ A|A3}
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a1, A3t probeE wAIEte] FHAF W] HEE vl
SRtk

3) Array H|O|E{ &4

Hybridization image+= GenePix Pro 6.0 (Axon Instruments,
Union City, CA, USA)S ©]-§3}] #41313t}. 7} spote] &
T8 H7E (average fluorescence intensity)”} A2FE $1AL, local
background= A=A} BE GRo xFsle} A
o] H-49-8 GeneSpring 7.3 (Agilent Technology, Santa Clara,
CA, USA)Z 23S ALg3lo] =3 ¥ Q3L microarray 3}
Aol A 2] systematic variationS R G3}7] $18}] intensity-
dependent normalization (LOWESS; locally weighted scatterplot
smoothing)S A| &3} T} F-42}F] functional annotation-S
Gene Ontology™ Consortium  (http:/www.geneontology.org/
index.shtml)ell w2} A= AT}

Heparin (25,000 1U, <Ak, Korea) 2= 7 A2 $t FA}
712 AWdS Adste] 522 Ficoll-Paque Plus (Amersham
Biosciences, Uppsala, Sweden) 9]0l ZA~RHA $HI &
Aol A 2,000 pmeE 2087F YA Balste] wig s
(buffy coatyS 3Gt o] & PBSE A|Heta HEFHo
2 A ikl (complete RPMI) .2 1X10%mle] FLE= 2
frote] TP GlFE FHjEilch 9t {2
AE= 2x10%mle] FEF N delgtE 37T A A7 5
oF BAIAAM B2td A ERES Fol 02 ng/ml GM-CSF
(granulocyte/macrophage-colony stimulating factor; R&D Systems,
Minneapolis, MI, USA)Z 57} v A A ALESISITE A7)
el G gaarel Tl fraf A M| At
30-kDa LS A58 §F 6A17tel AIEE 331 total
RNAE Z2]F31aL, 1843t 5-ols 5] ake] -70TCell A

B3 F CCL20 APl E7RR] ZAel| ARgalgitt AE Ao
Y T OR LPS (Sigma) & AH8-HSITE

RT—PCR)Of| 2I§t cathe—
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Table 1. Down-regulated genes in THP-1 cells infected with M. tuberculosis H37Rv under hypoxic conditions
Genbank accessionno.  Symbol Name of gene Fold change®
1. Binding
R43015 SF3A3 Splicing factor 3a, subunit 3, 60kDa 2.14
AA047478 COROI1A Coronin, actin binding protein, 1A 2.57
AA281733 EIF1AX Eukaryotic translation initiation factor 1A, X-linked 2.30
AA460286 GNG10 Guanine nucleotide binding protein (G protein), gamma 10 2.10
AA133577 SNRPG Small nuclear ribonucleoprotein polypeptide G 2.57
W72693 HNRPAB Heterogeneous nuclear ribonucleoprotein A/B 292
AA454585 SFRS2 Splicing factor, arginine/serine-rich 2 231
AA453749 HDGF Hepatoma-derived growth factor 2.82
AA464731 S100A11 S100 calcium binding protein A11 (calgizzarin) 2.02
AAS598526 HIF1A Hypoxia-inducible factor 1, alpha subunit 3.41
AW075424 SFRS3 Splicing factor, arginine/serine-rich 3 2.60
AA086471 S100A8 S100 calcium binding protein A8 (calgranulin A) 5.78
AW087572 CALM2 Calmodulin 2 (phosphorylase kinase, delta) 2.65
2. Catalytic activity
T72398 TDO2 Tryptophan 2,3-dioxygenase 3.58
AW028938 PPMIB Protein phosphatase 1B (formerly 2C) 423
H65395 PSME2 Proteasome (prosome, macropain) activator subunit 2 (PA28 beta) 2.38
AA863149 PSMA7 Proteasome (prosome, macropain) subunit, alpha type, 7 2.01
T71606 HMOX1 Heme oxygenase (decycling) 1 2.17
AI375353 SGK Serum/glucocorticoid regulated kinase 221
N20475 CTSD Cathepsin D (lysosomal aspartyl protease) 7.23
AI361530 ACSLI Acyl-CoA synthetase long-chain family member 1 2.55
AAT708298 ATP5B ATP synthase, H+ transporting, mitochondrial F1 complex 2.54
AA160913 PDESA Phosphodiesterase 9A 2.39
Al828190 PLAUR Plasminogen activator, urokinase receptor 2.15
AWO087572 CALM2 Calmodulin 2 (phosphorylase kinase, delta) 2.65
AW078798 UBB Ubiquitin B 2.38
3. Chaperone activity
AA448396 HSPE1 Heat shock 10 kDa protein 1 (chaperonin 10) 2.40
AWO075457 CCT3 Chaperonin containing TCP1, subunit 3 (gamma) 2.70
AW004895 HSPD1 Heat shock 60 kDa protein 1 (chaperonin) 3.40
4. Defense immunity protein activity
AAB65464 LY6E Lymphocyte antigen 6 complex, locus E 2.35
H29485 SSB Sjogren syndrome antigen B (autoantigen La) 2.13
AI362062 NOVAI1 Neuro-oncological ventral antigen 1 2.06
AATT5355 XRCC5 X-ray repair complementing defective repair in CHO cells 5 2.26
AW075443 G22P1 Thyroid autoantigen 70 kDa (Ku antigen) 225

*The indicated values represent the ratio of normoxic/hypoxic signals. A mean ratio =2.0 refers to a decrease in hypoxic relative to
normoxic expression.
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Table 1. Down-regulated genes in THP-1 cells infected with M. tuberculosis H37Rv under hypoxic conditions
Genbank accession no. Symbol Name of gene Fold change®
5. Signal transducer activity
AW058480 LBR Lamin B receptor 2.47
AA133212 NCOA4 Nuclear receptor coactivator 4 221
AI828190 PLAUR Plasminogen activator, urokinase receptor 2.15
6. Transporter activity
H85355 ATP2A ATPase, Ca'" transporting, cardiac muscle, slow twitch 2 2.26
AI815076 2SLC7A7 Solute carrier family 7 (cationic amino acid transporter) 2.17
R52654 CYCS Cytochrome c, somatic 2.99
AAS598759 PGD Phosphogluconate dehydrogenase 227
ATI969670 LDHB Lactate dehydrogenase B 2.68
AA708298 ATP5B ATP synthase, H+ transporting, mitochondrial F1 complex 2.54
AAB65265 CYCS Cytochrome c, somatic 247
AA463492 CYBB Cytochrome b-245, beta polypeptide 2.07
7. Others
AA608568 CCNA2 Cyclin A2 2.65
H99170 CALR Calreticulin 2.70
AA699697 TNF Tumor necrosis factor (TNF superfamily, member 2) 2.02
AA644088 CTSC Cathepsin C 2.00
AA406020 G1P2 Interferon, alpha-inducible protein (clone IFI-15K) 2.13
AA600177 CALR Calreticulin 2.08
AA489087 KPNA2 Karyopherin alpha 2 (RAG cohort 1, importin alpha 1) 3.82
W73874 CTSL Cathepsin L 2.70
AWO087897 OK/SW-cl.56 Beta 5-tubulin 2.22
AWO071125 PRDX1 Peroxiredoxin 1 3.39
W73144 LCP1 Lymphocyte cytosolic protein 1 (L-plastin) 242
N90109 NCL Nucleolin 4.84

wjFEl THP-1 AlE (s 2 0w 28k A 34 30-
KDa WU G W BT (AR 2 Py s
H-E total RNAS FE319I 0k Total RNA2] 5> RNAgent
kit (Promega)E ©]-83t3om A7} HhE-oll &Jste] cDNA
E YHE31 PCRo] ©J5lo] DNAE SZ3}00th cDNAT

3l A total RNAS} oligo-dTE AccuPower RT Premix (Bioneer,
Daejeon, Korea)oll 7}gt ¥ & wkg-do] 50 w7} H=S
nuclease free waterE 7} & 42°CollA] 1A17F ¥HEA|A A3
o} o] A AojF cDNA F 2 W= F3ke] Z+2} cathepsin D,
CCL20 3 GAPDH cDNAe°l E©o]#<l oligonucleotide primer
S (cathepsin D, caa cag cga caa gtc cag c2} ctg aat cag cgg cac
gec; CCL20, atg tgc tgt acc aag agt ttgS} tta cat gtt ctt gac ttt ttt act
gag gag; GAPDH, cat ctt cca gga geg agaQ]— ctg ctt cac cac ctt ctt

ga)S ©]&3to] PCRE Al 8k3lth PCR 4HE-2 ethidium
bromideE- 718+ 1.2% agarose gelollA] 717|958 AA5l
DNA band®] #1215 <13} T}. Standard marker™= Invitrogen
(Carlsbad, CA, U.S.A)°lA #1223+ 100 bp DNA ladderS A&
a3t

7. ELISAZ 0|8¢t CCL20 AfO|EFIRl &5H
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Table 2. Up-regulated genes in THP-1 cells infected with M. tuberculosis H37Rv under hypoxic conditions
Genbank accessionno.  Symbol Name of gene Fold change®
1. Binding
AA936135 Gemin7 Gem (nuclear organelle) associated protein 7 2.40
AA278764 ZNF406 Zinc finger protein 406 324
AI800882 NRL Neural retina leucine zipper 241
AA457153 ZNF282 Zinc finger protein 282 2.09
2. Catalytic activity
AA644211 PTGS2 Prostaglandin-endoperoxide synthase 2 6.93
AA459292 CKS1B CDC28 protein kinase regulatory subunit 1B 2.74
AI961583 MAPK10 Mitogen-activated protein kinase 10 2.15
AA496013 NEK4 NIMA (never in mitosis gene a)-related kinase 4 2.05
R61229 GATM Glycine amidinotransferas 3.57
AA427725 CPZ Carboxypeptidase Z 2.10
AA481562 DARS Aspartyl-tRNA synthetase 2.07
AA457671 P4HA1 Procollagen-proline, 2-oxoglutarate 4-dioxygenase 4.35
AA630620 PIK3R4 Phosphoinositide-3-kinase, regulatory subunit 4, p150 2.59
AA457700 SCD Stearoyl-CoA desaturase (delta-9-desaturase) 334
AA279533 HMGCS1 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 3.61
AA461478 RNGTT RNA guanylyltransferase and 5'-phosphatase 2.04
AA866043 CBS Cystathionine-beta-synthase 2.01
N63567 PDK3 Pyruvate dehydrogenase kinase, isoenzyme 3 2.00
AlI335255 NEK6 NIMA (never in mitosis gene a)-related kinase 6 2.05
3. Cell adhesion molecule
AA922832 ICAM3 Intercellular adhesion molecule 3 2.13
4. Signal transducer activity
AA453774 RGS16 Regulator of G-protein signalling 16 4.95
T62636 CXCR4 Chemokine (C-X-C motif) receptor 4 3.06
AA017544 RGS1 Regulator of G-protein signalling 1 5.08
AI380755 PVR Poliovirus receptor 2.08
5. Transcription regulator activity
Al418194 SOX21; SOX25LD Homo sapiens cDNA clone IMAGE: 2105121 3', mRNA sequence 2.25
6. Transporter activity
AA453467 LDHC Lactate dehydrogenase C 222
AA157955 SC4MOL Sterol-C4-methyl oxidase-like 2.40
Al160757 KCNJ10C Potassium inwardly-rectifying channel, subfamily J, member 10 2.73

*The indicated values represent the ratio of hypoxic/normoxic signals. A mean ratio =>2.0 refers to an increase in hypoxic relative to
NOrmoxic expression.
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Table 2. Up-regulated genes in THP-1 cells infected with M. tuberculosis H37Rv under hypoxic conditions
Genbank accession no. Symbol Name of gene Fold change®
7. Others

AI285199 CL20 Chemokine (C-C motif) ligand 20 5.54
AA857944 CSPG2 Chondroitin sulfate proteoglycan 2 (versican) 7.76
AA450123 ENO2 Enolase 2 (gamma, neuronal) 4.90
AI951114 ALDOC Aldolase C, fructose-bisphosphate 443
AI656802 OLFMI Olfactomedin 1 2.12
AAg72001 ANXA6 Annexin A6 2.21
AA620859 SSPN Sarcospan (Kras oncogene-associated gene) 2.01
Al362949 SYN2 Synapsin 11 2.36
AlI056417 MSLN Mesothelin 2.12
Al015641 SDC1 Syndecan 1 227

F&shE F8AIRL CXCR42] A= 27} 55409} 3.06

= 2t v o] FrtsIgink o5 djd el A} v V)

1. Mita 00 Ao ZHe AN EFe 7H

A= ¢DNA microarray s &3Fo] £A33ith 1 A¥ A
b 7oA m sl Asat 7H THP-1 AlEellA 578
A2t qui_g A H AL, 38F] fralate] wHe 7t

o] kg wxw~ A 71582 23 (binding), =

24 (catalytic activity), chaperone 2+, o ool s
Tl A& (defense immunity protein activity), 21 ¥ 2]
(signal transducer activity), 2%/ (transporter activity) 2
ERE AT AR AE
Z~%] cathepsin D (lysosomal aspartyl protease)i=

=i

" &3 (unclassified) 5.2

W PeE

4% Ak 2700 i GEIE el s AARA x4
7.23v] Zrasste] 7P A Do) A frAbE vEks
t} (Table 1).

dtao] Z71e AR 715HEE A% (binding), 0
J (catalytic activity), M3EH-Z} (cell adhesion molecule), 21 %
W 2HEH] (signal transducer activity), A€ (transcrip-
tion regulator activity), ﬁ%xﬂ 2] (transporter activity) % T
 (unclassified) 5 FEQIt) o5 Fo A HGskH
o ofn = DPB“*‘E 24&1 CCL20 7R7}13} Z19]

]
53k oehe o}A7hA) Barg wp glok

Table 13} 20 YJEIS GAASL 1 7)50] 9213 4
AA FRAT, o5 FHAAke] dF= FA7] FEe] A3
Foll U 5] olule] Se Wyl de] 2e e
WA} 98 Ao Azkec

2. THP—1 M ZO|A &t ZAHOf| HE cathepsin D &
CCL202] mRNA s

DNA microarray 23} Table 13} 2014 Hi= nle} o]
Adlat 7] Al Aaka 230 vkl o g AlE fref
cathepsin D] W&l-2 7238 A= SlE=d vk, CCL202]
S 554 e vl A FTFE A o9k frAKe A
= 1 Al ZA o] D]—iiﬂ/{ﬂiioﬂkl 24/\1 Al ZAR q. CCL-
20 Hdo] 74 7k AEE AMA Firbs FHAt
(hypox1a—1nduc1ble gene)Z A &5-% = Bosco 52 H.ao}
AAeh= F-Eoltt (2). whEbA tiA Ao A 9] Ak Z3d el
w2 A3 FIE cathepsin D CCL209] mRNA & oj 5L
ZAYeIATE YA At (M. tuberculosis H37Rv)H} H]
HAA Al (M. tuberculosis H37Ra)= THP-1 A3l Z+z}
7‘04/\17h A Aba 23 Arta 2230004 18417 vl
sty 2ela WA Aslgal uEaa Aeld 7kl 94
3 cathepsin D2} CCL20 mRNAS] & A %= RTPCRS
sto] glatqict. oA Mol ojgk EAAH-g (phagocytOSIS)
o] YIZT O 2 beads AHE-SFSITE Fig 104 H& npef &
o] cathepsin D mRNAY A 74d3} FaaiA Be =
oA AL, AL oA ] B A Ak
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Figure 1. Comparative analysis of human cathepsin D and CCL20 mRNA expression in M. tuberculosis-infected THP-1 cells under
normoxic and hypoxic conditions. (A) RT-PCR analysis was used to determine the differential expression of cathepsin D and CCL20 genes
in THP-1 cells cultured under normoxic and hypoxic conditions. normoxic, acrobically incubated (20% O,); Hypoxic, incubated in hypoxic
conditions (2% O,); Un, unstimluated. Rv, M. tuberculosis H37Rv-infected; Ra, M. tuberculosis H37Ra-infected. (B) Values are ratios of
band density to band density of GAPDH mRNA at each condition and are mean = SEM. **, p<0.01; *** p<0.001
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Figure 2. Kinetics of CCL20 induction in response to 30-kDa Ag. PBMCs and MDMs were incubated with different doses of 30-kDa
Ag (A) and different time point (B). Supernatants were harvested after the times indicated and CCL20 levels were measured by ELISA.
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3. 7129l U A Bxjo| LEFY ChTL T
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Fig. 18] A2 5E Axtk 27604 AdT
& A AEZFZEE] CCL20 mRNAZ} 738HA] 2
AsksAch wEka] A atel 17l W gl s

2] ¥ gaﬂ o dlxA 1] FLU 30-kDa el o
CCL202] RT-PCR¥} ELISAE E3lo] vlwalgic).

vo_ o

= A
Wﬂ 30-kDa &< %EE‘J; 5o A7hd CcCL20 whiE whes
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Figure 3 . CCL20 expressions in PBMCs and MDMs from healthy controls (HC) and TB patients (E-TB and Cr-TB) in response to
30-kDa Ag. (A) The 30-kDa Ag was added to PBMCs at 1.0 ug/ml for 6 hr. RT-PCR analysis was done to determine the comparative
expression of CCL20 mRNA from PBMCs from HCs and TB patients. PBMCs (B) and MDMs (C) from HCs and TB patients were
stimulated by 30-kDa Ag. After 18-hr stimulation, the supernatants were harvested and CCL20 protein levels were measured by ELISA.
Closed circle, unstimulated; open circle, stimulated with the 30-kDa Ag. E-TB, early diagnosed pulmonary tuberculosis patients; Cr-TB,

chronic tuberculosis patients. *, p<0.05; **, p<0.01; ***, p<0.001
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