to be a
For example, paclitaxel enhances secretion of interleukin
I (IL-18) and tumor necrosis factor-x (TNF-2) in

“murine macrophages by stimulating signal pathways,
such as toll-like receptor 4 (TLR4)/NF-xB, and gene .
expression indistinguishable’ from .that of .LPS [11]:

Paclitaxel also increases the secretion of both JL-1f and

TNF-2 by human monocytes in vitro at drug concen-

trations  achievable with clinical ‘use "of - pdchtaxel

" however, the precise molecular mechanism rcmdms-
unclear [, 2]

The effect of paclitaxel on nature klllu,r (NK) cell:
function appears to be quite differcnt -than thai on."
macrophage and monocyle function. Taxanes including

pachtaxel suppress NK cells in vitro [8. 9, 25]. For
example, Chuang et al. [9] showed that paclitaxel

_inhibited the cytotoxicity of human NX cells against cell -
‘lines K562 {NK cell-sensitive erythroleukemia cell line):

and OV-2774 (relatively NK cell-resistant ovarian cell
line). Paclitaxel also increases cytotoxicity of NK -cells

{24, 41). Tsavaris et al. [41] suggested that penphoml‘

blood tymphocyte-derived NK cell activity increases in
patients with advanced breast cancer un_dcrgomg che-
molhcrapy with laxancs imluding pdclu;ucl In addl-

paltem‘; with advamed cancer did not differ before or

-after paclitaxel treatment. Thus, the effect of pachtaxel -
on NK cell activity is still controversial, :
The main objective of the present study is to evaluate
the effect of paclitaxel at: chmcally relevant concentra---
tions (nanomole Jevel) on cytotoxicity of purified NK
..cells. . Here, we show for the first time that- paclitaxel

" increases cytotosucuy ‘of NK cells against & breast car-

cinoma cell line in vitro'and that paclitaxel both induces .
NF-xB activation and increases production of perforin, o

. which is_one of the-effector molecules. that medlate

‘cytotomcny in NK cells

Materials and methods

- {Princeton, NJ, USA) and solubilized :in RPMI 1640.’
Pyrrolidine dithiocarbamate (PDTC), an inhibitor of -

- Chemical: (St Louis,”

' "Cellq

Reageﬁis

Paclitaxel was purchased from the Bmtol -Myers Squ:bb

NF-xB ﬁanslocatlon, ‘was . purchased . from Sigma
‘MO, USA). Petforin- inhibiior
concanamycin A (CMA) was purchased from deo

" Pure Chemlcals (Osaka, Japan)..

Lell-sensmve erythroleukcmm cell  line K562 were
~ maintained. in ‘complete .medium composed of RPMI

1640 and 10% fetal bovine serum (F BS) {Sigma).

lipopolysaccharide (LPS) mimetic {18]).

- described previously [19)..Briefl
‘were incubated with 100 xCi °

by & gamma counter.
5cytotox:mty was calculated with the followmg'formula
7% specific lysis = i
;:cpm) [ (mammum cpm - spontancous cpm) x 100. In _

- labeled cells were washed twice and then analyzed with

: C‘ELLQucqt software (Bccton chkmson)
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Preparalion of human CD16™ NK cells

Peripheral blood mononuclear cells (PBMCs) of healthy

volunteers were isolated from heparinized peripheral - .

blood by Histopaque-1077 (Sigma) density gradient cen-

. trifugation. NK cells were' further purified by negatnef'.

“selection with magnetic beads coated with mouse mono- : -

clonal anti:CD3; anti-CD4, anti-CD14, and anti-CD19

antibodies (Dyndbe.zds Dynal, Oslo; Norway), resulting

- in CD167 NK cells with greater than 95% purity. Purity.

was confirmed by flow cytometric analysis with anti- .
CD16 monoclonal antibody (mAb) (Becton Dickinson).".. -

Cytotoxicity assay

Cytotoxicity was determined by *'Cr-release assay as™ "~

l),r target cefls (1x10%/ml}
C

r for 60 min and then - o

washed twice mth complete medium to eliminate resid-: -

ual *!Cr. The °

'Cr-Jabeled target cells (1x10%/well) and s
“effector cells (various' cell density) were suspended. in':

/200 pi of complete medium and incubated in a 96-well U-. -
‘bottomed plate’ in triplicate at 37 °C. After 4 b the

radioactivity of the supernatant (100 ul) was. measured -

The percentage

{experimental cpm .= spontancous

some experiments, the effector cells were preireated with

20 nM CMA for 2 hto in'ai,me perforin {15, l6]

_Flnoxesceme-dctwated cell sortmg (FACS) analysis

*}“Cell surface expression of Fas hgand was eﬂmmed bya-
o single-color immunofluorescence procedure with biotin- L
.+ conjugated . mouse -antihuman ~Fas ligand antibody. SR
" {Becton’ Dickinson) ‘and:’goat.” antimouse IgG!FITC___
mAbs (Becton Dmkmson) Intracellular expression of
perforin was also determined by flow cytometry. Cells

- ~were examined with antihuman perforin/FITC mAbs. -
" (Ancell, Bayport, MN,: "USA) alter fixation with 2%

- paraformaldehyde for 30 min and then permeabilization

fcellular

with 03% sapenin - for *10 min. In control” samples,
staining * was -performed with  antihuman 1gG/FITC ..
mAbs (Becton Dickmson) as a ‘negative. control. The ..

FACSCalibur flow cytometer. (Becton Dackmson) andig Sl

Reverse tmnscnptdsc polymerase chain

: Idetl()n (RT-PCR)

centrations of. pachtaxe] (0-1,000 nM) at 37°C for 24 h

' Natural lnllcr cclls were” mcubatecl w:th various con-

and then washed with PBS (Wiko) 1o eliminate pachit--
axel. Total RNA was extraclcd f'rom NK cells by the -
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guanidinium thiocyanate—phenol-chloroform extraction
method [7]. RNA (3 ug) was reverse-transcribed to
¢DNA with the Superscript TM 1I RNaseH-reverse
transcriptase system (Gibco BRL, Grand Island, NY,
- USA). The first strand ¢DNAs of perforin and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) were
then amplified by 35 cycles of PCR (denaturation at
94°C for 1 min, annealing at 60°C for | min, and
extension at 72°C for 1 min) with the following specific

primer sets: 5-CGGCTCACACTCACAGG-3 (perfo- - -«

rin sense). 5-CTGCCGTGGATGCCTATG-3 (perfo-

rin antisense) [38], 5-CCACCCATGGCAAATTCCAT-.

GGCA-3 (GAPDH sense). and - TCTAGACGG-

CAGGTCAGGTCCACC-3" (GAPDH antisense). PCR
products were separated on ethidium bromide—contain..

-ing 1.5% agarose gels. Expected RT-PCR product sizes

were 369 bp for perforin and 593 bp for GAPDH. The

intensity of the perforin and GAPDH 'bands was esti-

- mated with NIH image version 1.62 software ‘(NIH‘ :
. Division of Computer Research and Technology, Beth-
--esda, MD. USA).. S IR R R

Electrophoretic mobility shift aséay (EMSA) ,

Preparation of nuclear extracts of NK . cells: was L
performed as described previously {32). Briefly, NK cells”
(5x10% were cocultured with various concentrations of"
paclitaxe]l for 24 h, washed - once with PBS, and then -
collected. by centrifugation. Collected  NK. cells were -

homogenized in hypotonic buffer and then incubated for

10 min on ice. Nuclei were collected by centrifugation at 3
800 g for 5 min, washed once with hypotonic buffer, and -
- -resuspended in Jow-salt buffer,’An equal volume of high-*
- salt buffer 'was added ‘with vortex mixing. Nuclei'were

.+ incubated for 30 min on ice-and centrifuged at 1,800 g
-~ for 30 min, and the supernatants were collected. Nuclear -

- ‘protein extricts of NK cells were analyzed by EMSA for® A
NF-xB nuclear translocation as ‘described previously.. - ———
s Results

[32). “Bricfiy, nuclear - protein-extracts of: 5-8x10% cells
were incubated for 30 min at’37°C with binding buffer,

 poly (d1-dC) (Amersham Pharmacia Biotech;” Uppsala, - Pa
‘Sweden), and *’P-labeled doublé-stranded oligonucled- . :

- tide containing the ‘binding motif of NF-xB (5-AG-
TTGAGGGGACTTTCCCAGGC-3; - ‘
- -Madison, WI. USA)."The sequence of Oct-1 prabe was
- 5-CTAGATATGCAAATCATTG-3.~ These - mixtures

were loaded onto & 4% polyacrylamide gel and separated ™

by electrophoresis ‘in' 0.25xTBE running buffer. The

‘autoradiography, -

Promega,”

‘complexes ~ were  visualized by

X%

 %Cymtasicity
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Fig. 1 Eﬂ'écié-pf;pacliléiiéi on cytotoxicity of NK cells against BT-:

‘concentrations of paclitaxel (0-1.000 nM).a1-37°C for 24 h and -

. by *!Crorelease assay at eflector to target cell ratios of 10:] and'5:1- =
© (aand b.respectively). Paclitaxel etihanced cytotoxicity of NK cells

“against BT-474"cells ‘and ‘K562 cells (2 'and b, respectively) at
“relatively . low - coriceritrations. “Bars  SD.

.- difference:from control);: **P <01 .

-Natural killer. cells ‘were cocultured: with various con-

‘centrations of paclitaxel (11,000 nM) at 37°C for 24 h.
hen NK célls were washed twice with completé medium
::to'elim_ina'tk::i'csidu'ali'paclita?;c_:]_:_and resuspended in fresh

- complete medium. Treatment 6E NK cells with paclitaxel

‘at less than 1,000 nMdid not affect celiular viability and

. total living cell numbers (data ot shown). K562 cells are

. highly. sénsitive to NK cells; and BT-474 cclls are rela-

tively resistant to'NK cells. To reveal the effect of pac-

Statistical analysis

.Student’s ¢ test was used for statistical analyses. All;
‘than '0.05 were considered:

L oresults with a” P ovalue: less

. Statistically significant..

litaxel on cytotoxicity of NK ¢ells, . we used effector to

- target ratios of 5:1 and 10:1 for K562 cells and BT-474

ccells, respectively, throughout: this ‘stiidy. Paclitaxel in- .
“creased cytotoxicity of NK cells against BT-474 cells and
K562 'c:ll_s'_(fig;_la.andfb, respectively) at 1-100 nM, in

474 cells and K562 cells. NK ‘eells, 'which were purified by negative - R
selection -~ with magnetic “heads, were cocultured with varicus -

. then washed to eliminale pachitaxel. Cytotoxicity was determined - . -
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pauhtaxel an Fas hgand explesﬁlon wof cells.

After NK: eells were cultured with puclitixel at viriou§ concentra- -
tions (0100 M) for 24 h, Fas ligand expression oh NK éells was S
“.determiinéd by FACS analysis. Flow cytometry was performed as ™
described in’ “Matcnals and methods.” Mean fluorescence intensity - j
- (MFI) wis analyzed by CELLQuest:software. a Represematwe'
-+ eylogram obtained {rom NK cells puritied: by negative selection”

with magpetic beads und treated with 10'nM ‘pachitaxel for 24:h i

histograms (open):of NK eells- treated with: (d) and_withiout: (¢}
10 1M -paclitaxel are shown. Filled histograms mdlcatc.the Staining

With isotype conirol. Puclitaxel did not affect expression of Fag

ligand.” Similar resulis were “obtained with NK:
dlﬂ't.rent hLallhy volunteers

'Ils from five

1d dose—dcpendt,nl manncr Slmlldl‘ ru.ults were obtamed
_in712 independent experiments with NK. cells from fiv
_ ‘different healthy vo]unteexs chresentatlve data ar
",'shown in f-lg L . -

ian 3 Eﬂ'ects'_
.cell - perform
< déseribed in Fu,., :
fillod ki,

) (su_zmﬁganl duﬂ”erence from conlml)

ligand, A reprcqentatwu histo

‘ hea]thy volunteers' '

"Pachtaxd mduc&

47

Pm*form'expressmn —3

f1 -was . detenmined- by FACS
*Materials and: methods open .md‘ S
stogram of perfonn protein expression are’ indicated. for -
nonitéated NK cells dnd ‘paclitaxel (10 nM) prétieated NK cells, :
respecu\rcly ‘Dotted histogram indicates: the staining with isotype
control. b ‘Resalts - from five. -healthy tindividuals showed peak:.
petforin’ expréssion “at 110:100 nM pdol:taxe‘l ‘Bars SO *P<0 0‘3 :

P;icljtaxel.:docq not
of NK cells -

ligand expression

Bccauso two main:
_the Fas/Fas ligand ‘pathway.

-gmnzymf. pathway-—have generally. beer’ abc:.pte.d we

first- examlncd the effect of paclitaxel on Fas ligand

- expression on NK cells. NK cells’ tnatcd with paclitaxel © .

(1~100 nM) for 24 h did not. -affect’ expression of Fag
1 of NK cells treated”
with ‘10 nM: paclitaxel is: “shown:in Fig. 2¢,d.: Similar
results were ob ned. ‘with NK ce]ls irom five different

crfonn produchon in NK cdls

We. 'next exammud wht,ther pdcht‘txel-mduccd NK cell
_cytotoxwlty is rclaled 10 pcrform production. Plrsl_
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NK cells, a NK eells (2107 were cultured with 10 nM paclitax

concentrations (01,000 nM).at 37°C for 4 t and then washéd with

PBS (o eliminale pach!.ax:,] ‘Transeription of. perforin mRNA IR

NK cells* was_ examined .by RT-PCR. The level of “perforin
expression: wis quantified by densitometric scanning using NIH

1 vdeterimined by FACS anaiym As descnbcd n “Matena]e, .

and Methods.” A reprcscntatwe hlstogmm of NK cells
treated. with 10 nM paclitaxel is shown in Fig. 3a (filled

histogram). NK. cells treated with paclitaxel (12100 nM) -
"+ for 24 h showed up-regulated intracellilar expression of -
:perforin 1n a dose-dependent manner (Fig. 3b). Similar

-results weére obtained with ‘NK cells from five. different
healthy volunteers.

Next, we examined the cITect of pachtaxd on:tran-"

, :scnpuon of perforin mRNA jn'NK cells by. RT-PC R.

obtamed in five mdependent e!cpenmems wnh NK cellsz :

" cells were pretreated with 10 1M PDTC for 1 h, and

dent cxpén1nent< With " NK: ccl]s from'i
;jhed!lhy volumeers

Paclitaxel increased transcription of perforin mRNA
within 30 min alter initial treatment and that increase
continued for at least 4 h (Fig. 4a). When NK cells were
treated with indicated  concentrations of paclitaxel for
4 h, paclitaxel increased transcription of NK cell per-
forin mRNA in a dosc-dependent manner (Fig. 4b).

Similar’ results were obtained - in " five independent .
.- experiments with. NK cells from 1hrec different healthy .. .

vo}un teers.

' Paclitaxel induces NF-&B activation in NK cells

" "To examine why pachtaxel increases pcrfonn cxprc%swn -
of NK:cells, we speculateéd ‘that perforin expression is
" ““related to- the NF-xB pathway. When NK célls were
“itreated with 10 nM’ paclitaxel; increéased nuclear trans-
~Jocation of NF-xB p65 was induced within 30 min after
- the initial culture (Fig. 5), indicating activation of NF-
- xB. Specificity of DNA binding was confirmed by a
- competition study with a 100-fold excess of unldbclcd
'NF hB ohgonuclcondc :

o PDTC suppreqscs perform productlon
‘ of NK cells mduncd by padnaxcl o

- ;l~1rst the mh]b]tory cITect of pvrrohdme dithiocarba-
" mate (PDTC) on’ paclitaxel-induced NF-kB activation -
was confirmed. PDTC (10 pM) was added to NK cell

cultures 1 h-before ‘freatment with 10 oM paclitaxel.

' B ,Wuhm 4 h, PDTC suppressed lhe nuc]cax translocat:on

from three different:

“then 10 oM pachtatel for:4'h to measure perforin
= mRNA - expression, ot for24 h to measure perforin .
‘protem expression. PDTC suippressed perforin produc- - .
.tion atboth mRNA and protein levels (Fig. 6b, c). S
in'* Treatment of NK cells with 10 pM PDTC did not affect ..
X cellular:viz

ability and total living cell numbers (data-not
imilar results were obtained. in thret. indepen-
lﬂcrcnt

e PDTC ﬂuppresqes cytotoxmtv of NK cc]lq

Thc NK'cell‘. wcr cultured WIth 10 nM paclitaxel with

or ‘without 10 pMPDTC at=37°C for:24 h. PDTC
completely inhibited cytotoxf ‘of not-only paclitaxcl- -
s ted NK cells against

BT-474 cells and K562 cells (Fig. 74, b, respectively).
Treatment of NK cells with 10.uM PDTC did not affect.
cellular viability and total living cell numbers (data not

- shown). Similar results. were. obtained.in five indepen-
LC]]\ from 1hru, drffcrcnt .

dent experiments. with ‘N
hedlth} volunteers, -




a3

mnhil’adnaxehreatmm (hours} _ o
NE-xB ODN (x100)

“Fig. 5 Acl:vmon of NE-kB in NK cells treated with puchtaxe].
_ Nuclear translocation of NF-xB was examined by EMSA. When '
.. NK cells were treated with 10 nM paclilaxel. NF-xB DNA bmdmg g
- increased within 30 min aflter the initial cultire. Ina competition” SR
. -.study. nuclear exiracts were preincubated with a 100-01d excess of - vt

--unlabeled NF-£B coligonucleotide for 1 h abd then with rztdmla—--i"l ¢
- beled double-stranded  oligonucleatide ‘probe, Oct-1 protein-was
. “'blotted as a comml P.icln.nel mduCLd NF-xB acuwuon m NK -f‘r:
" cells . . . o i

| .iCMA suppreqses cylolommty of NK cclls

e “The NK cells were incubated wnh of without 10 M
-paclitaxel for:24 h. These 'NK: cells were washed to -
eliminate - paclxtaxcl and - then pretreated” with 20 nM:
. CMA for-2'h before incubation with the' target cells in -
. “the presence of CMA. CMA suppressed ‘cytotoxicity of :
" both nontreated NK cells and: paclitaxcl-tréated NK
~cells against BT-474 cells and K562 cells (Fig. 8a, b
. respectively). Treatment of NK cells with 20 nM CMA o
oo did not -affect cellular viability -and ‘total living cell
0 numbers (data not shown). Similar results were obtained -

.- dn-three independent experiments with NK ceils from

. three dlﬂercm hcalthy Voluntccrs ' ‘

{_Discussion
. .'5,:We prov:dc ev1dence that pacl:ma] at drug concentras
- tions achievable in clinical settings can increase in vitro
. perforin produchon of NK cells’and caunse increased <
- cytotoxicity. against nol ‘only NK cell-sensitive K562 o
cells " but -also relatively NK  cell-resistant - breast
carcinoma BT-474 cells. We also indicate that paclitaxel-
- mediated perforin production may be related to paclit-
. axel-induced NF-xB activation,
Paclitaxel increased pertorm producho11 at “both -
. mRNA and protein levels in NK cells, mcreaqmg their
cytotoxicity . (Fig. 1). Results from previous studies':
suggest there are two major mechanisms of NK-medi- -
. ated cytotoxicity: the perforin/granzymes pathway (34,
- “40] and the Fas/Fas ligand pathway [26}. Since, paclit-. Fig- 6 Ffiects of‘ NI--nB mh:b:tor PDTC onperforin expression in .
- axel did not indace a significant change in Fas ligand " NK “¢ells “teated with paclitaxel.-NK: cefls- were pretreated with
o exprcssxon of NK cells ( Fig. 2). we fouused on the effect... 10 MM PDTC fo_r__l h and _then with pachiiaxel for 4 h 1o analyze
T of paclitaxel. on perforin-m ediated cytotoxicity of NK NFJ:I:KB activation b -E_MSA or-for 24 h 1o analyze mtmcellular
. cells. CMA “is known to be a specific inhibitor of D el EXPTFWO" '
.vacuolar type H" -ATPasc [46] CMA inhibits thc




o NK-eell cytotox:c;ty (]-1g 2}, we can not-rule out th
“existence of other cytotoxic pathwa
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Fig. 7 Effecis of PDTC oh cywtomuly o NK,cells truntd with'- ]
: CMA (20 ||.M)

pactitaxel. NK. cells were pretreated with 10 iM PDTC for i 4 and

thcn 16100 nM paclitaxel for 24 h. valouuty was determined”
7 bw M Crorelease assay at effector to target cell rarios of 10:1(ayand
R {b). Cytotoxicity of NK ¢ells treated with or without paclitaxe] -

against BT-474 cells (a}-and K562 cells (b} - was completely

suppressed by PDTC. Bars SD **.P<001 (*ugmﬁcdnt dlﬂcrence-:'-
" from control); ""P-fOOOI o R

- dependent. cytotoxwlly of perfonn. CMA. treatment, g
suppressed cytotoxicity of both nonireated NK celis‘and ‘3‘3j
paclitaxel-treated NK cells (F1g 7). However, CMA
“could not:completely inhibit’ paclitaxel-dependent cyto- -
. toxicity of NK. cells.. Although our present data indicat

no- significant role . of: Fas ligand in paclitaxel-induced

/S mcludmg the Fas/

g Y :
.~Fas ligand pathway. The perforin/granzymes pdthway 'fi

- likely involves the formation of pores between NX cells
‘and.: target: cells by extracellular calcium-dependent:

'polymcmatlon of ‘perforin. Consequently, granzymes,

~“activation, and DNA fragmentat n are releaséd into the -
apoptosis [34, 40]. In i :
~toxicity. {t was shown recently that NF-xB playsa critical

target cell, resulting in target cell

the present study, we have data mdmdtms.{ that paclitaxel :
“also”induces granzyme expression of NK. cells at both™.

mRNA ind protein-levels {data’ not shown)i ‘However,
protea_s

Teleased with perforin- from the" cytotozuc

'--;cytotomc:ty medlated by the perfonn pathway,.[‘W]

CCMAQOWM) o o4
~ Paclitixel (M) . 0

iiNOnetheIch our study_;shom lhdt perform plays an :

serin - proteases responsible for - downstream - caspasc'?"NF-hB can be induced.

granules: of I
NK ceI]s is. st111 controveruai Thus ll 18 not clear whe— ‘33
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“Fig. 8 -Effects of pcrfonn inhibitor CMA on cyloloxluty ol' NK
icells treated with puclitaxel. Cytotoucny wiis determined by ¥ Cr-:

elease assay at'efector-to farget cell ratios of H:1-(a) and 51 ().
NK cells were culturcd w:t! i wﬂ}xout {3 nM-:pddltaxel al 37°C:

mportam role’ i pacl'

uestmn Others o
showed $i gnalmg that indicated that the levéls of perforin”.

n mterestmg '

-expression. of NK cells are essentially controlled by IL-"7* .-

Rp (28, 31,:48). ]nlcrestmgly, DNA-bmdmg aclmty of RS
” ali

P L
Cell-mediated “cyto-.

role in perforin exprcssmn‘ in NK cells [49). In the present -
tudy, we_used PDTC 10. EdelﬂB the conmbuuon of the
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results strongly suggest that NF-«B plays a key role in " tumor necrosis factor-alpha and mlerlr.ukm—l in nmcrophdgm
" paclitaxel-induced perforin production. . 3 Leukoe Biol 52:119-121
. : does b 1.‘ ’7| nd .NF B VIO 3 Bacus 55, Gudkov AV, Lowe M; Lyass L, YunsY Komaroy
_So, h‘f’“ oes paclitaxel induce N¥-xB activation in - =" Keyomarsi K, Yarden Y, Seger R (2001) Taxol-induced
- NK cells? In a murine system, paclitaxel induces NF-«B .. = apoptosis depends on MAP kinase pathways (ERK and p3g)
- activation through TLR 4 [17].. We examined the ‘:ii’and is independent of pS3. Oncogene 20:147- 155 .. e
" expression of TLR 4 on NK-ceils by FACS analysis; z‘;:cucélc I’g.m Henkel T 1(1994);““(11{“1\ ‘;nd actpia:{;o:lu?t o
--Because we could not detect expression of TLR 4 on the? 7 [Lo8 7 Immune system.” Annu Rey Immuno
cellular surface of either nontreated or paclitaxel-{reated 8. Brach MA. Gruss HJ, Rmdel D Mertelsmian "H_errmann F
- NK cells (data not shown), it is unclear whether auuy SO 1992) Activation of: NF- -kappa B-by'interlenkin 2 in human’
vation of paclitaxel-dependent 'NF-xB s related to. . ' blood 1;1071005“&5 Ct;!l Gro“?(l 3 ' :
interaction bietween paclitaxel and TLR 4'in the human Chevallier B, Fumoleau P, Rerb
gystem as WL“

(1'995) Docetaxel is a major cytotoxl(, drug for the tredimen
of advinced - breast cancér:-a . phase I Stdal | of the
only paclitaxcl- deendcm NK cell—mcdlated cytotoxic-. Clinical Screening Cooperaiive - Group of - ther, European -

ity but also nontreated NK cell-mediated ¢cytotoXicity ™ - 8;3“?‘?;“3‘;{; gl‘ R‘?sea“’h and Treatment .of (““‘Ce" J Clin:,
“(Fig. 7). Although PDTC completely inhibited “paclit- il

7. Chomezynski P. Sacchi N (1987) Single-step method of RNA
- axel- dependent pesi forin e}.prebmpn PDTC did not affect - jsolation by ‘acid ghanidinium thiocyanate-phenol- c.hlorot’orm

extraction, Anal Biochem 1162:156=159:
. Chuang LT, Lotzova E, Cook K
- Wharton, J"I' {1993) Effect of new
-Onculyuc acvity and stimu
“Gyrieco] Oncol 49:291-298 -~
<:‘Chuang LT, Lotzova E, Hedth J.. Caok KR; Munkdrdh A
“Mortis M, Wharton JT ' (}994) ‘Alieration ' of - lymphocyte"

istaforoni P, MormM
] gutinml“drug taxol on
28 human: ‘lymphor:yt,es

 (Fig. 6¢). As described ‘above, the pcrfon granzymes
“pathway is one of scveral c.ytotomc pdthwayv. of NK
cells. Bmdmg of NK cells with target cells initiates a.
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Abstract

Dendritic cell-like cells (Mo-DCs) generated from peripheral blood monocytes with interleukin4 (IL-4) and granulocyte-
macrophage colony-stimulating factor (GM-CSF) have been used as tools to treat cancer patients (DC-vaccines). Because Mo-
DCs have multiple antigen presentation-related functions, including phagocytosis, migration, cytokine production, and T cell
stimulation, establishment of 2 method for simultaneously evaluating the various functions of Mo-DCs is important. We
developed a new in vitro three-dimensional two-layer collagen matrix culture model that consists of a collagen gel containing
Mo-DC:s as the lower layer and a collagen gel containing necrotic GCTM-1 tumor cells and/or T cells as the upper layer. We
used this system to observe simultaneously multiple functions of Mo-DCs by phase-contrast or fluorescence microscopy and to
assess IL-12 secretion during more than 2 weeks of culture. We also observed interactions between Mo-DCs and necrotic
GCTM-1 or T cells on an individual cell basis by time-lapse videomicroscopy. In ‘addition, we collected Mo-DCs from the
collagen gels by collagenase treatment and anatyzed the expression of antigen presentation-related molecules such as HLA-DR,
CD80, CD83, and CD86 on Mo-DCs. This model may be a useful tool for evalnation of the various functions of Mo-DCs used
as DC wvaccines and for studies of the complex behaviors of Mo-DCs in vivo,
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Dendritic cells (DCs) are found in most tissues,
and they capture and process antigens and display
large amounts of MHC-peptide complexes on their
surfaces (Banchereau and Steinman, 1998; Bancher-
cau et al,, 2000). Because DCs display both MHC-
class II molecules and co-stimulatory molecules such
as CD80 and CD86, only DCs can induce primary
sensitization against specific antigens in naive T
cells (Lanzavecchia and Sallusto, 2001). It is gener-
ally accepted that dendritic cell-like cells (monocyte-
derived dendritic cells, Mo-DCs) are induced from
peripheral blood mononuclear cells (PBMCs) by
granulocyte-macrophage colony-stimulating factor
(GM-CSF) and interleukin-4 (IL-4) in vitro (Sallusto
and Lanzavecchia, 1994). Mo-DCs have many fea-
tures similar to those of primary DCs, including
antigen capture, co-expression of co-stimulatory
molecules with MHC molecules, and secretion of
IL-12 (Cella et al., 1997). It has been suggested that
Mo-DCs, injected intradermally or subcutaneously,
capture and process antigens, move to the T cell-
dependent arcas of secondary lymphoid organs, and
stimulate naive T cells (Thomas et al., 1999; Thurner
et al,, 1999). In this capacity, Mo-DCs have been
utilized as vectors for vaccine therapies against
various cancers (Dallal and Lotze, 2000; Fong and
Engleman, 2000; Banchereau et al., 2001; Reinhard
et al., 2002; Schuler et al., 2003).

Severa] problems must be addressed to evaluate
DC function for vaccine therapy. First, most data
concerning the antigen-presenting ability of Mo-DCs
have been obtained with PBMCs from healthy donors,
not cancer patients. Recent studies have indicated that
Mo-DCs from advanced cancer patients are impaired
at several stages of the antigen-presenting process
{Onishi et al.,, 2002), suggesting that the antigen-
presentation-related functions of individual Mo-DCs
used for vaccine therapies must be evaluated closely.
A second problem is that very little is known about
the biological behaviors of Mo-DCs administered to
cancer patients.

Three-dimensional (3-D) hydrated collagen lattices
have been widely used for in vivo-like culture of
various types of cells including tumor cells, lymphoid
cells, and DCs (Friedl et al., 1993, 1995; Gunzer et al.,
1997; Nakamura et al., 2002} because many studies

have shown that the fiber distribution and biophysical
architecture of collagen lattices closely resemble in-
terstitial soft tissues, dermis, and network-like stroma
of the lymph node (Friedl et al., 1998; Friedl and
Brocker, 2000; Gunzer et al.,, 2000b). For example,
Gunzer et al. (1997) developed a unique method to
analyze individual DC migration within a 3-D collagen
lattice. However, these complicated methods are diffi-
cult for evaluating the antigen-presenting ability of
Mo-DCs used in DC-vaccine therapies.

Mo-DCs are characterized by a high rate of antigen
uptake in the immature state and high antigen-present-
ing function (surface marker and cytokine production)
in the mature state. To capture antigens, Mo-DCs have
to migrate toward antigens. In addition, antigen-cap-
turing Mo-DCs mature, then move to the T-dependent
areas of secondary lymphoid organs, and stimulate
naive T-cells. In conventional monolayer culture sys-
tem, we must evaluate various kinds of Mo-DC’s
functions by an individual method. We describe here
a novel method to evaluate the quality of Mo-DCs
used for cancer therapy. Our 3-D model consists of two
collagen gel layers: a lower layer containing Mo-DCs
and an upper layer containing necrotic tumor cells or
necrotic tumor cells and T cells. In our model, GCTM-
1-capturing Mo-DCs mean that Mo-DCs moved to-
ward necrotic GCTM-1 and captured them. And in-
crease of surface marker such as HLA-DR and CD30
indicates maturation of Mo-DCs. Increase of IL-12
production by Mo-DCs indicates activation of Mo-
DCs. In addition, IFN-y production by CD4+ T cells
indicates ability of CD4+ T cell activation by Mo-DCs.
By our two-layer culture system, we can estimate
various kinds of Mo-DC’s functions at a time. Inter-
estingly, phase-contrast microscopy allowed us to
analyze several Mo-DCs functions, including migra-
tion, antigen capture, phagocytosis, and cytokine se-
cretion, in this system in real time. In the future, video
microscopy may allow us to analyze in vivo-like
behaviors of Mo-DCs.

2. Materials and methods
2.1. Generation of Mo-DCs

Mo-DCs were generated from the adherent fraction
of PBMCs of healthy volunteers as previously de-
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scribed but with minor modifications (Kuppner et al.,
2001). In brief, PBMCs were isolated from heparin-
ized peripheral blood by Histopaque-1077 (Sigma, St.
Louis, MO) density gradient centrifugation. PBMCs
were resuspended in RPMI 1640 basal medium
(Sanko Pure Chemicals, Tokyo, Japan) supplemented
with 10% fetal bovine serum (FBS; Filtron, Aus-
tralia), 100 pg/ml penicillin (Meyjiseika, Tokyo, Ja-
pan), and 100 pg/ml streptomycin (Meijiseika), plated
at a density of 2 X 10¢ cells/ml, and allowed to adhere
in 24-well culture plates (Nalge Nunc International,
Chiba, Japan) overnight at 37 °C. The nonadherent
cells were then removed, and the adherent cells were
harvested and cultured in 10% FBS-containing RPMI.
GM-CSF (500 ng/ml) (Novartis Pharma Basel, Swit-
zerland) and IL-4 (500 U/ml) (Ono, Tokyo, Japan)
were added on day 0. On day 7, cultured cells were
collected as immature Mo-DCs. Immature Mo-DCs
were further purified by negative selection with mag-
netic beads coated with mouse monocional anti-CD?2,
anti-CD3, and anti-CD19 antibodies (Dynabeads,
Dynal, Oslo, Norway) as previously described but
with minor modifications (Vartdal et al,, 1987). This
depletion procedure yielded greater than 90% CD14 — ,
CD&0+, HLA-DR+ immature Mo-DCs.

2.2. CD4+ Tcells

CD4+ T cells were purified from fresh human
PBMCs with a CD4+isolation kit {Dynabeads,
Dynal) according to the manufacturer’s instructions.
The purity of CD4+ T cells was greater than 98% as
analyzed with a FACS Calibur flow cytometer and
CELLQuest software (Becton Dickinson, San Jose,
CA).

2.3. Tumor cells and induction of necrosis

Human gastric carcinoma cell line GCTM-1 was
maintained in 10% FBS-containing RPMI at 37 °C.
Necrotic GCTM-1 cells were induced as previously
described but with minor modifications {(Nestle et
al., 1998). In brief, tumor cells were washed with
phosphate-buffered-saline (PBS) (Wako, Osaka, Ja-
pan) and then resuspended in RPMI. Cells were
lysed by five cycles of freezing in liquid nitrogen
and thawing at 37 °C. Lysis was monitored by light
microscopy. Larger particles were removed by cen-

trifugation. Whole cell lysates were mixed with
collagen gel as tumor-associated antigens.

2.4. 3-D two-layer collagen gel culture model

Mo-DCs were used at 4 x 10° cells per assay and
suspended in 20-ul RPMI containing with 1% hu-
man serum albumin (HSA). Mo-DCs were mixed
with an equal volume of chilled type I collagen
(Kokencellgen I-AC: 0.3%) (Funakoshi, Tokyo, Ja-
pan). The final collagen concentration was 0.15%.
The mixture was transferred to 96-well plates (Nalge
Nunc International) at 40 pl/well. Before the mixture
was allowed to polymerize, a mixture of 20-ul RPMI
with 1% HSA containing 4 X 10° necrotic GCTM-1
cells mixed with an-equal volume of chilled type I
collagen was layered onto the Mo-DC mixture. The
two layers of mixture were then allowed to poly-
merize for approximately 1 h at 37 °C. After
polymerization, 200-ul RPMI with 1% HSA was
added to each well. A schematic of our culture
model is shown in Fig. 1. These 3-D two-layer
cultures were then incubated at 37 °C in a humid-
ified atmosphere of 5% CO,. Liquid culture medium
was changed everyday and stored at —80 °C for
later analyses. Mo-DCs suspended in the collagen
matrix were observed by phase-contrast microscopy.
Microscope was connected with digital camera,
COOLPIX 950 (Nikon, Tokyo, Japan) and images
were recorded in XGA-size (1024 x 768 pixeis).

2.5. Time-lapse videomicroscopy

Dynamic cell motility was recorded as follows.
Cells embedded within the collagen gel matrix were
visualized on a phase-contrast microscope. The im-
age was monitored on a screen of 15 inches monitor,
15ZR7 (Toshiba, Tokyo, Japan) and recorded with a
digital video recorder, DCR-PC9 (Sony, Tokyo,
Japan). We could focus on individual cells consec-
utively and also record time-lapse movements of
individual cells. Furthermore, we could select certain
images at will for further examination.

2.6. Cell viability

To evaluate cell viability, Mo-DCs existing in gel
were stained with DNA-binding fluorochrome bis-
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(A) Mo-DCs suspension (B) Tumor cells suspension  (C) Addition of culture medinm

in lower layer in upper layer
denddig cells GCTM-1 (necrotic)
- G)G) [
)
type I collagen type I collagen
SR
Mo-DCs suspended GCTM-1 suspended
in collagen gel in collagen gel

culture medium

Jayered on top of| collagen matrix

Fig. 1. Schematic of 3-D two-layer collagen matrix culture model. (A) Mo-DCs were suspended in 20-ul RPMI 1640 with 1% HSA. and mixed
with an equal volume of chilled type 1 collagen. The mixture was transferred to 96-well plates at 40 plwell. (B) Before the mixture containing
Mo-DCs was allowed to polymerize, collagen gel containing tumor cells (made in the same way as the Mo-DCs mixture) was layered onto the
DC mixture. (C) Two-layer collagen matrix was allowed to polymerize for approximately 1 h at 37 °C. After polymerization, 200-p! culture
medium was added. This 3-D two-layer culture model was incubated at 37 °C in a humidified atmosphere of 5% CO, and observed with time-

lapse microscopy.

benzimide stain (Hoechst 33342; Molecular Probes,
Eugene, OR) and propidium iodide (PI; Molecular
Probes). Briefly, 4 X 10° Mo-DCs were cultured in
the mixture of RPMI with 1% HSA and type I
collagen using 96-well plastic plate. Twenty micro-
liters of Hoechst 33342 was added to culture medi-
um at first and then incubated for 1 h at 37 °C.
Next, 20 pl of PI was added to culture medium and
incubated for 10 min at 37 °C. After these incuba-
tion times, fluorescence-positive cells were counted
with a fluorescence microscope. Hoechst-positive
and PI-negative cells were considered viable and
Pl-positive cells were considered nonviable. We
calculated the ratio of a fluorescence-dyeing cell
for 100 cells. Data were expressed as the
mean + S.D. of percent fluorescence-positive cells
of eight independent wells.

2.7. Capture of necrotic GCTM-1 cells by Mo-DCs

Mo-DCs and necrotic GCTM-1 were labeled with
PKH67 (green) and PKH26 (red) fluors (Sigma),

respectively. Fluorescently-labeled Mo-DCs and ne-
crotic GCTM-1 cells were embedded separately into
collagen matrix and then observed by fluorescence
microscopy. When jmages of Mo-DCs were supet-
imposed with those of GCTM-1 cells, areas of co-
localization appeared yellow or orange. Such cells
were considered necrotic tumor-capturing Mo-DCs.
Mo-DCs in the upper layer (migrating Mo-DCs) were
counted in five upper fields (x200) at random. Percent
phagocytosis represents the ratio of a tumor-capturing
Mo-DC for total migrating Mo-DCs. Data were
expressed as the mean + S.D. of percent phagocytotic
Mo-DC.

2.8. Collection of cells from 3-D two-layer collagen
gel culture model

Mo-DCs were harvested from the collagen matrix
by digestion with collagenase (Wako) as previously
described but with minor modifications (Fried! et al.,
1995). In brief, collagen matrix containing Mo-DCs
was incubated with highly purified collagenase (final
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concentration, 7500 U/m!) for 5 min. Cells were
washed two times with PBS (Wako) and resuspended
in RPMI for further study.

2.9. Expression of antigen-presentation-related mol-
ecules on Mo-DCs

To analyze the expression of antigen-presentation-
related molecules on Mo-DCs, cells collected from
collagen matrix were incubated for 1 h with one of the
following monoclonal antibodies (BD Pharmingen,
San Diego, CA) conjugated to FITC for direct staining:
anti-CD83, anti-HLA-DR, or PE-anti-CD8&0, PE-anti-
CDS86. The isotype controls, IgG1 and IgG2, were also
obtained from BD Pharmingen. For staining, cells
were washed two times with PBS (Wako) and incu-
bated in PBS containing 3% bovine serum albumin
(BSA) (Sigma) and 0.1% NaNj; (Sigma) (referred to as
FACS buffer) and the appropriate concentration of
labeled mAb for 1 h at 4 °C. After cells were washed
with FACS buffer, the fluorescence intensities of gated
Mo-DCs populations were measured with a FACS

Calibur flow cytometer and analyzed with CELLQuest
software (Becton Dickinson).

2.10. IL-12 and interferon-y (IFN-y) secretion

Culture supernatants were collected every 24 h and
the concentrations of IL-12 p40 and interferon-y
(IFN-vy) were determined by enzyme-linked immuno-
sorbent assay (ELISA) kits specific for IL-12 p40 and
IFN-y (Biosource, Camarillo, CA). ELISA protocols
were described previously (Wilkinson et al., 1996).
The detection limit of these ELISAs for IL-12 p40 is
2 pg/ml and for IFN-y is 4 pg/ml,

3. Results
3.1. Morphology of Mo-DCs
Mo-DCs embedded in collagen gels (lower layer)

were observed by phase-contrast microscopy. In colla-
gen lattices, Mo-DCs extended processes from the cell

Fig. 2. Appearance of Mo-DCs in 3-D collagen matrix. Mo-DCs were cultured in collagen matrix. for 7 days and were observed under phase-
contrast microscopy. (A) Some Mo-DCs had a round shape right after cultivation in collagen matrix. (B} Most Mo-DCs extended processes in
many directions on day 4. (C) Time-lapse analysis of dendrite formation by Mo-DC in collagen matrix. The formation of dendrites on day 4 was
observed using time-lapse videomicroscopy. Dendrite (black arrow) showed continuous movement during observation. Images are shown at 1-
min intervals. The time of the first image is arbitrarily set to 0 min. Magnification, x400. Scale bars, 10 pm.
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membrane that were characteristic within 24 h after
initial culture. As shown in Fig. 2A, some Mo-DCs
retained a round shape with many short processes.
Some Mo-DCs changed to a spherical shape and
extended several long “dendritic” processes that were
20- to 50-um long (Fig. 2B).

Videomicroscopy revealed that Mo-DCs embedded
in collagen gels developed considerable flexibility in
cell shape. Dendrites on cell bodies repeatedly ex-
tended and retracted the processes/dendrites over the
course of several minutes (Fig. 2C).

3.2, Survival of Mo-DCs

Immature Mo-DCs were generated from PBMCs
by culture in medium containing GM-CSF and IL-4
for 7 days as described in Materials and methods.
These immature Mo-DCs were embedded within
collagen gel and cultured in RPMI containing 1%
HSA for several weeks. Culture medium was
changed every 24 h. Cells were observed by
phase-contrast microscopy. On day 7, many Mo-
DCs maintained multiple short processes or several
long processes (Fig. 3A) and these cells seemed to
be viable. As culture periods were extended, how-
ever, the number of Mo-DCs showing cellular
fragmentation increased gradually (Fig. 3B). These
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Mo-DCs were considered as dead cells, probably
apoptotic cells. To evaluate cell viability, Mo-DCs
were stained with Hoechst 33342 and PI and
evaluated with a fluorescent microscope as de-
scribed in Materials and methods. Cells were alive
until 7 days after the initial culture (day 7) and
viable cells decreased gradually after day 9 (Fig.
3C, Ieft panel). The percentage of viable cells on
day 15 was 40.2+6.91%. On the other hand,
nonviable cells increased gradually after day 9 and
reached 59.6 £6.12% on day 15 (Fig. 3C, right
panel}. Most Mo-DCs appeared to be dead by day
21, The data are representative of five independent
experiments using Mo-DCs generated from three
different donors,

3.3. Migration and phagocytosis of Mo-DCs

When Mo-DCs and necrotic GCTM-1 were em-
bedded in collagen gel (single-layer collagen gel
culture), approximately 10% of Mo-DCs were active
and migrated over a distance of 10 pm. Time-lapse
videomicroscopy showed a Mo-DC migrating toward
a necrotic GCTM-1 fragment that was about 30 pm
away (Fig. 4). The Mo-DC then migrated to the
GCTM-1 fragment, made contact with it, and
engulfed it (phagocytosis) within 10 min.

B & 2

(=]

1 3 5 7 9 13}
culture periods (days)

13 15

Fig. 3. Survival of Mo-DCs. Mo-DCs were cultured in collagen matrix and were observed under phase-contrast microscopy and fluorescence
microscopy. (A) On day 7, most Mo-DCs had some processes and seemed to be sti!l alive, Magnification, x400. Scale bars, 10 pm. (B) On day
14, many Ma-DCs suddenly appeared fragment. These cells seemed to be dead. Magnification, X400. Scale bars, 10 um. (C) Cell viability was
determined with Hoechst 33342 and P staining as described in Materials and methods. Hoechst-positive and PI-negative cells were considered
viable and Pl-positive cells were considered nonviable. The data are representative of five independent experiments using Mo-DCs generating
from three different donors. Data were expressed as the mean £ S.D. of percent flucrescence-positive cells of eight independent wells.
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Fig. 4. Migration of and phagocytosis by Mo-DC in 3-D collagen gel culture. The Mo-DC migrated toward a necrotic tumeor cell and phagocyted
it over a time course of 10 min. (A) A cluster of Mo-DCs is visible in collagen matrix. (B, C) One (black arrows) moved spontaneously toward a
fragment of necrotic GCTM-1 cell (black circle). (D) Ten minutes afier initial observation, the Mo-DC reached the fragment and intemnalized it.

Magnification, *%400. Scale bars, 10 pm.

With our two-layer collagen gel model, we were
able to evaluate simultaneously both migratory and
phagocytic abilities of Mo-DCs. For this purpose,
Mo-DCs were labeled with the green fluorescent
marker PKH67 and necrotic GCTM-1 were labeled
with the red fluorescent marker PKH26. Fluores-
cently labeled cells were embedded separately in
collagen gels. The lower collagen gel layer contained
Mo-DCs (green), and the upper layer contained
necrotic GCTM-1 (red). We then imaged this 3-D
two-layer model by fluorescence microscopy (Fig. 5).
On day 1 of culture, many Mo-DCs migrated from
the lower layer to the upper layer, and some had
engulfed necrotic GCTM-1 (yellow). In the first 24
h of incubation, 10% to 20% of Mo-DCs migrated
into the upper layer. Percent phagocytosis was
13.2 + 3.03% (Fig. 5E). Then the number of migrat-
ing Mo-DCs decreased after 24 h. In contrast, percent
phagocytosis increased to 19.4+4.72% at day 2
(Fig. 5E). The data are representative of three inde-
pendent experiments using Mo-DCs generated from
three different donors.

3.4. Expression of antigen-presentation-related mol-
ecules on Mo-DCs

Mo-DCs were embedded in collagen gel with or
without necrotic GCTM-1. Seven days after initiation
of culture, Mo-DCs were collected from collagen gels
with collagenase, and the expression of antigen-pre-
sentation-related molecules such as HLA-DR, CD80,
and CD86 was examined with FACS analysis. Mo-
DCs cultured with necrotic GCTM-1 showed in-
creased expression of HLA-DR, CD80, and CD86
in comparison with Mo-DCs cultured in the absence
of necrotic GCTM-1 (Fig. 6). The data are represen-
tative of three independent experiments using Mo-
DCs generated from three different donors.

3.5, IL-12 secretion by Mo-DCs

Using our 3-D two-layer collagen gel model, we
investigated secretion of IL-12 and IFN-y by Mo-
DCs. Culture medium was changed every day and
stored at — 80 °C until assay. The concentration of
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Fig. 5. Migration and phagocytosis of Mo-DCs in 3-D two-layer collagen matrix. This model consisted of two different layers of collagen gels.
{A) The lower layer contained Mo-DCs labeled with PKH67 (green). (B) The upper layer contained necrotic GCTM-1 cells labeled with PKH26
{red). (C, E) Twenty-four hours afier the initial cultivation (day 1), Mo-DCs migrated to the upper layer and were seen at the same field with
tumor cells. Some of them appeared to be yellow cells (white arrow), implying phagocytosis of tumor cells by Mo-DCs. The percentage of
phagoeytosis on day | was 13.2 + 3.03%. (D, E) Forty-¢ight hours after the initial cultivation (day 2), the number of Mo-DCs that had engulfed
necrotic GCTM-1 had increased. The percentage of phagocytosis on day 2 was 19.4 + 4.72%,. Data represent the mean £ S.D. of five
experiments. A representative experiment of three is shown. Magnification, x200. Scale bars, 10 pm.

each cytokine represents roughly the daily secretion of culture condition. When the upper layer did not
each cytokine. When the upper layer contained ne- contain necrotic GCTM-1, IL-12 secretion was not
crotic GCTM-1, Mo-DCs secreted large amounts of detected during the 7 days of culture. IFN-y was not
IL-12 between days 3 and 5. Secretion of IL-]12 detected regardless of the presence of necrotic GCTM-
decreased gradually from days 6 (Fig. 7A). To exclude I in the upper layer (data not shown).

a possibility that GCTM-1 themselves release IL-12, When the upper layer contained both necrotic
necrotic GCTM-1 alone were cultured in collagen GCTM-1 and CD4+ T cells, the pattern of IL-12
matrix for 7 days. No IL-12 was detected in this secretion was very similar to that when the upper
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Fig. 6. Expression of antigen-presentation-related molecules on Mo-DCs in 3-D collagen gel. Cells were collected and analyzed on day 7. Mo-
DCs cultured with necrotic GCTM-1 (shaded curves) showed increased expression of HLA-DR, CD86, and CD80 compared with Mo-DCs
cultured without necrotic GCTM-1 (solid curves). The data are representative of three independent experiments using Mo-DCs generated fiom
three different donors.
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Fig. 7. Cytokine secretion by Me-DCs in 3-D two-layer culture model. The supernatants were collected daily from 3-D two-layer collagen gel
culture that contained Mo-DCs in the lower layer. (A) When the upper layer contained necrotic GCTM-1 [GCTM(+)/Mo-DCs], IL-12 p40
secretion was detected from days 1 to 7. In contrast, IL-12 p40 secretion was barely detected when the upper layer lacked necrotic GCTM-1
[GCTM( — ¥Mo-DCs]. When the lower layer did not contain Mo-DCs [GCTM alone], IL-12 p40 secretion was not detected, (B) [T cell{ — )}
represents that the upper layer contains necrotic GCTM-1 alone. [T cell(+)] represents that the upper layer contains both necrotic GCTM-1 and
CD4+ T cells. Cytokine concentration represents mean + 5.D. of three wells. The data are representative of three independent experiments using
Mo-DCs generated from three different donors. This figure was obtained from a simultanecus experiment using Mo-DCs generated from the

same donor.

layer contained only necrotic GCTM-1 (data not
shown). Under this culture condition, IFN-y secretion
was detected and continued until at least day 7 (Fig.
7B). The data are representative of three independent
experiments using Mo-DCs generated from three
different donors. Fig. 7 was obtained from a simulta-
neous experiment using Mo-DCs generated from the
same donor.

3.6. Dynamics of the interaction between Mo-DCs
and T cells

As described above (Fig. 2), Mo-DCs embedded
within collagen gels showed considerable flexibility
in cell shape. Using time-lapse videomicroscopy, we
observed individual interactions between Mo-DCs
and T cells.

4. Discussion

We describe here results from our experiments
with a novel 3-D two-layer collagen gel culture
system that can be used to evaluate and monitor
Mo-DCs used as vectors for DC-vaccine therapies.
With this model system, we were able to evaluate
simultaneously muitiple functions of Mo-DCs, in-
cluding migration, phagocytosis of necrotic tumor
cells, and interactions with T cells, in real time with
phase-contrast or fluorescence microscopy. In addi-
tion, we could also observe dynamic cell-cell
interactions on a single-cell basis with time-lapse
videomicroscopy.

Recent advances in medical technology have
made it possible to develop 3-D DC culture systems
that are similar to in vivo environments. Hydrated
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collagen gel has been used in 3-D cell culture
systems, because the structure of collagen lattices
resembles that of several tissues, including dermis
and the network-like stroma of lymph node (Friedl
and Brocker, 2000). Gunzer et al. (1997, 2000a,b)
have reported data that support the usefulness of 3-D
collagen matrix systems in the study of in vivo-like
DC behaviors, especially migration and DC-T cell
interactions. Murine epidermal Langerhans cells and
bone mamrow DCs were used as target cells and
embedded in collagen lattices for analysis on an
inverted confocal scanning microscope. Gunzer et
al. (1997, 2000a,b) showed that DCs formed extend-
ed membrane processes, which are characteristic of
these cells. They recently described a modified
method by which migration of murine DCs within
3-D collagen lattices can be analyzed by time-lapse
videomicroscopy and computer-assisted single-cell
tracking. These in vitro models certainly inform us
of missing in vivo behavior of DCs. In the present
study, we focused on the development of a method
that allows easy and simultaneous evaluation of
multiple functions of Mo-DCs. It is generally ac-
cepted that DCs play many roles in induction of
specific T cell immunity in vivo. It is thought that
DCs migrate to, capture, and then process antigens,
move to T cell-dependent areas of secondary Iym-
phoid organs, and stimulate naive T cells (Bancher-
eau and Stemnman, 1998; Banchereau et al., 2000).
On the basis of these functions, we developed a new
3-D two-layer collagen gel culture system. Each
layer is almost 1.2-mm thick. In our system, Mo-
DCs and necrotic tumor cells exist separately in
different collagen gel layers. To capture necrotic
GCTM-1, Mo-DCs must migrate to the upper layer.
If the upper layer contains T cells, migrating Mo-
DCs can make contact with T cells in the upper
layer. In our system, 10% to 20% of Mo-DCs
migrated from the lower layer to the upper layer
within 24 h of incubation, and more than half of the
migrating Mo-DCs engulfed necrotic GCTM-1 by
day 2 (Fig. 5). Consistent with data from experi-
ments with 2-D culture systems (Labeur et al., 1999,
Hochrein et al, 2000; Liu, 2001; Schourr et al.,
2001), we observed in our 3-D culture system that
Mo-DCs that capture GCTM-1 secrete high level of
IL-12 (Fig. 7A). When the upper layer did not
contain necrotic GCTM-1, IL-12 was not detected

in culture media. In addition, IL.-12 sectetion was
detected after but not before Mo-DCs appeared in
the upper layer (data not shown). Because IFN-y
production was detected only when the upper layer
contained CD4+ T cells, [FN-y may be secreted
primarily by CD4+ T cells (Fig. 7). Since it has
been shown that IL-12 can induce IFN-y production
in CD4+ T cells {(Gerosa et al., 1996, Kuroki et al,,
2003), we examined if IL-12 secreted from GCTM-
1-capturing Mo-DCs induces IFN-y in CD4+ T cells
existing in the upper layer of our model. As shown
in Fig. 7B, IFN-y secretion occurred only when
CD4+ T cells coexisted with necrotic GCTM-1 in
the upper layer. In addition, IFN-y secretion was
always followed by IL-12 secretion (Fig. 7A), CD4+
T cells alone in the upper layer or Mo-DCs alone in
the lower layer did not produce detectable IFN-y
(data not shown). These resuits suggest that Mo-DCs
migrate toward necrotic GCTM-1, captured them,
and secreted IL-12 and that Mo-DC-secreting IL-12
induced [FN-y in CD4+ T cells.

In 3-D one-layer cuiture systems, investigators
observed that Mo-DCs survive at least 2 weeks within
collagen lattices and that Mo-DCs that captured ne-
crotic GCTM-1 showed increased the expression of
HLA-DR, CD80, and CD86, which are important for
antigen presentation and stimulation of naive T cells
(Liu, 2001; Mellman and Steinman, 2001; Thery and
Amigorena, 2001). Expression of these molecules was
clevated even on day 7 of incubation (Fig. 6).

In conclusion, using this 3-D two-layer collagen
matrix model, we could easily evaluate a series of in
vivo-like Mo-DC functions in the antigen presentation
process in real time. In addition, we could observe cell
interactions on an individual basis by time-lapse
videomicroscopy. We are now beginning to use this
two-layer collagen gel system for evaluation of the
quality of and monitoring of Mo-DCs.
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