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Abstract The in vitro interactions of Yersinia enteroco-
litica, Salmonella typhimurium and Escherichia coli with
polarized human colonic carcinoma (Caco-2) cells are de-
scribed. Invasion of a confluent Caco-2 cell monolayer by
Yersinia and Salmonella took place within 4 h after con-
tact, which was in marked contrast to E. coli which did not
invade Caco-2 cells. Cytoplasmic extrusions developed on
the apical membrane and indicated the site of entrance of
bacteria into the Caco-2 cells. Intracellular Yersinia and
Salmonella were surrounded by a vacuolar membrane. Sin-
gle as well as multiple bacteria were enclosed within a sin-
gle vacuole. At 6 h after contact some of the intracellular
yersiniae were found free in the cytoplasm. Furthermore,
morphological signs of degeneration of Caco-2 cells such
as vacuolization and autophagy were observed. Caco-2
cells infected with Salmonella also showed degenerative
changes but the salmonellae resided within membrane-
bound vacuoles in contrast to Yersinia. These observations
are 1n contrast to those described for the invasion of other
cell lines (not derived from intestinal epithelium) by Yer-
sinia and may reflect more closely the interactions between
Yersinia and the intestinal epithelium during gastrointesti-
nal infection.

Key words Yersinia - Salmonelia - Escherichia -
Caco-2 - Invasion, ultrastructural

Introduction

An important determinant of virulence of pathogenic bac-
teria is the invasion of normally nonphagocytic host cells.
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Binding to host cells can result in extracellular adhesion
followed by internalization of the pathogens. Many entero-
pathogenic organisms such as Salmonella, Shigella and
Yersinia species have the ability to adhere to and penetrate
epithelial cell barriers (Moulder 1985; Finlay and Falkow
1988, 1989; Falkow et al. 1992; Conconnier et al. 1994),
Oral infection with Y. enterocolitica 1s presumably fol-
lowed by penetration of the intestinal epithelium permit-
ting the bactéria access to the underlying lamina propria,
where they may be internalized by macrophages and/or leu-
kocytes. After invasion multiplication and translocation to
other tissues where they inflict inflammatory responses
may follow. Therefore, clinical symptoms may not be Iim-
ited to gastroenteritis or. terminal ileitis but may also in-
clude extraintestinal symptoms such as mesenteric lym-
phadenitis. Additionally, a variety of postinfectious seque-
lae such as arthritis and erythema nodosum may develop.

Initial interactions between host and pathogens have
been studied in animal models and in vitro. In the intestine
of orally infected mice invasion of Y. enterocolitica O:8
predominantly occurs in 1leal Peyer’s patches, although
some invasion into the remaining mucosa can be observed
(Hanski et al. 1989). Griitzkau et al. (1990) demonstrated
in mice that uptake of Y. enterocolirica takes piace by mi-
crofold (M) celis of the follicle-associated epithelium of
the Peyer’s patches. However, oral infection with Y. ente-
rocolitica O:8 1s usually lethal for mice and conclusions
made from observations made in mice may not apply to
human yersiniosis. In vitro studies with Yersinia and/or
Salmonella have used CHO, HEp-2, MDCK, Hel.a, A431
and Henle cells and human fibroblasts (Brunius 1980;
Schiemann and Crane 1987; Finlay and Falkow 1988,
1989: Rosenshine et al. 1994). These studies show similar
results for both organisms and, therefore, Yersinia 1s sup-
posed to enter its host by invading the epithelium of the
intestine through a mechanism simailar to that used by Sal-
monella. However, although some of the studied cell lines
are polarized, none of them develop a well-defined brush
border and, thus, may not resemble the intestinal epithelium.

Three human adenocarcinoma cell lines (Caco-2,
HT-29 and T84) have been shown to form polarized mono-



124

layers and well-defined brush borders mimicking human
intestinal epithelium (Pinto et al. 1983; Dharmsathaphorn
et al. 1984: Huet et al. 1987). Previous studies of Caco-2
cells with Salmonelia sp. (Finlay and Falkow 1990) and
Campvlobacter jejuni (Russel and Blake 1994) have shown
that bacteria interacted with apical microvilli and cause
disruptions in the brush border followed by internalization.
Recently Coconnier et al. (1994) have shown that Y. pseu-
dotuberculosis is able to enter Caco-2 cells by an o5[3; in-
tegrin-dependent mechanism. However, the behavior and
morphology of Yersinia inside Caco-2 cells remains un-
clear. Here we present a comparative study of the interac-
tions of Y. enterocolitica and S. typhimurium with Caco-2
cells.

Materials and methods
Caco-2 cells

Human colon carcinoma-derived Caco-2 cells (Pinto et al, 1983)
were grown to confluence on surfactant-free nitrocellulose mem-
brane filters (12-mm diameter, 0,4-pum pore size, Costar, Cambridge)
placed in 24-well tissue culture plates (Costar, Cambridge) in
Dulbecco’s modified Eagle’s medium (DMEM,; Sigma, 5t. Louis)
without antibiotics, supplemented with 20% heat-inactivated fetal
calf-serum, and 1% non-essential amino acids. Cells were incubat-
ed at 37 °C/90% relative humidity in air containing 5% CO,. The me-
dium was added to both the apical and basolateral sides of the cells
and was changed daily.

The cells were used only when they satisfied two conditions. (1)
They had to form a tight monolayer. The tightness ot the monolay-
er was tested by inducing a higher level of medium in the apical
chamber (Klumperman et al, 1991). The cells were only used when
this difference was maintained for at least 4 h. (2) Caco-2 celis had
to be fully differentiated which was assessed by positive immuno-
fluorescence labeling for sucrosc-isomaltase, a marker for the func-
{ional ditferentiation of Caco-2 cells (Semenza [986). Cells were
ready for experiments when they were in culture for 12 or more days.

Bacteria

Y. enterocolitica serotype O:8 strain WA (ATCC 9610), serotype O:3
(NCTC 11176) and serotype 0:9 (NCTC 11 174) all harboring the
virulence plasmid were grown overnight at 26 °C in brain heart in-
fusion (BHI) broth followed by 4 h growth at 37 °C. S. typhimurium
(ATCC 13 311) and Lscherichia coli (ATCC 25922) were grown at
37°C in BHI.

Monolayer penetration assay

After washing with PBS, bacterial suspensions of 2 x 10° CFU/ml in
DMEM without supplements were made and 0.5 ml of this suspen-
sion was added to the apical stde (brush border) of Caco-2 cells. Cells
with bacteria were incubated at 37 °C for 4 and 6 h and prepared for
clectron microscopy. Additionally, 6 h after incubation Giemsa-
stained preparations were examined by light microscopy for deter-
mination of the percentage of infected cells (100 cells/filter were
counted). All experiments for electron microscopy were performed
in triplicate.

Scanning electron microscopy

Filters containing bacteria and cells were washed thoroughly with
DMEM followed by overnight fixation in 2% glutaraldehyde in

().1 M phosphate buffer (PB) at 4 °C. Dehydration was performed in
an ascending series of alcohols followed by critical point drying with
CO, in a critical point drying apparatus. After mounting and coating
with gold, samples were examined in a JEOL 6310 scanning elcc-
trOn MICroscope.

Transmission electron microscopy

Monolayers were fixed as described above and after washing with
PB, cells were post-fixed in {% OsQO, in PB for 1 h and dehydrated
in an ascending series of alcohols and embedded in Epon 812. Ultra-
thin sections were cut with a Diatome diamond knife on a Reichert-
Jung microtome. Sections were stained with 3% uranyl acetate
(10 min) and lead citrate (10 min) at ambient tempcrature. Sections
were examined in a JEOL 1010 transmission electron microscope.,

Results

Determination of number of infected Caco-2 cells

Light microscopic examination of Caco-2 cells atter 6 h of
incubation revealed that more than 90% of the cells con-
tained one or more Yersinia bacteria. This was indepen-
dent on the serotype. In the experiments with Salmonella
87% of the Caco-2 cells were infected. No bacteria were
found in Caco-2 cells incubated with E, coli.

Scanning electron microscopy
Yersinia enterocolitica

After 4 h of incubation Y. enterocolitica O:83WA can be
seen in close contact with the brush border of the Caco-2
cells, and at the interaction site of some of the bacteria with
the brush border the formation of cytoplasmic extrusions
(blebs) can be observed (Fig. 1 A). The formation of blebs
may indicate entrance of bacteria into Caco-2 cells. Apart
from these extrusions the brush border remains largerly in-
tact without any indication of cell degeneration.

At 6 hatterincubation, extracellular bacteria are mainly
located at the region of contact between adjacent cells (Fig.
1 B). Protoplasmic extrusions are rarely observed. Further-
more, the surface of the Caco-2 cell monolayer (brush bor-
der) appears to be undamaged, similar to that seen at 4 h.

No difterence is observed between serotypes O:3, O:8
and O:9. All three strains show a comparable interaction
with the apical surface of the Caco-2 cells.

Salmonella typhimurium

At 4 and 6 h after incubation, numerous bacteria can be
seen interacting with the apical surface of the Caco-2 cells.
Degenerative changes of the brush border have become ap-
parent and comprise elongation, thinning and broadening

of the villi. Cytoplasmic blebs are a prominent feature (Fig.
2A).



i

i —”“-H.w--\ .n.
e

qmbk Mz_mw w‘w » %‘?rﬁ. | .ﬁ,ﬁf&x \?“

i

3

o
-
v

Aw..\_. AL

TR

3
r

Hrn =
G e IS
%&ﬁ%@@%\%ﬁﬁm -._ m..nm.w.r ,..w..m __...,.n. ”..m..._.‘ L A.n,w
@ﬁwwﬁ:v; q o
™~ rﬂ\.um.\._._nm“ ;. ; EER R ...u«%w ._m

I
; sl

T,

o
i
i

3
M
H -

G
e
f .L_..».....\..x”.“\ A

TPttt
ww..u._...._."u. \.n......w\..“.ﬁ.m_q

s

o]
l,.'f:x{ k

M

-
1

.ﬁ...xmw.,., .wmw._.\_..“___w__ i
e o i - AN n..?
.Amu.n._” ﬁm.mw.mm%m_?
P i

: 3

ey W

......,..x»..s.,ﬁ.u.\. Y

SilaTa LN
u»."»._,\_ Ry

AN
%«. .._.m,...._- =
i

(e

e

e
A
. ﬂ%m%ﬁ

i i

pefant
SR i
.. i S
o 0
i S

.—ww..wﬁ.:.m ._.
P
: .l.m.nx..\ \_..hz.uf

.
1
Yy

._u.
a

d.—Mw'l-” s
- T

W&

S
% ........../..!»..

~

e
Al

L

Pps L Fas \M A\

) S

S e At S Fesi e

SR m.%...v w\nm_._ﬁu__.._..vmz_.w_....uw, ...m.,_".‘.w_.\ .m. Mw..\“.\\ ..om“s\w»_r ~
e ﬂ&%ﬁ. \L._,WP iz
Ry o P
Ty e _

R
CXThe :':3/
2

L)

g

o
T,

..“...;..v .v_.a.
i

_;._.m.\..v.v
iy i

2

s

| ...w.\»..uu..\\ 4 _w\_“.
M. 7 ..}.m“.\v\m

RSy
Erefi
“.

'

X
N

2

“r
A —. .v._r..“.nw
\v\ p .M_.vv_.u s

il

A

iy
7

o
e
i
_....w.w IR
VARSI |

RNV
R
",v.u....."os.,.my.w._‘

AN
v

%

i
....w zl
Lt

roh %ﬁwﬁ
m.\m@»._ “ w\
SN “.\\mm

e
A

e

PN

RH/A)
s

o

o
-

oy

—

A
HEO L

f

f2

....v,.u N _\ .\IWV o
iy .
R

N
%
) __‘\ M\\&‘N N
B

/M..{}

-7

AR _w..w_w

e

N

AN K

A

..n%, x.. 72?&

’ Vv. . ' ﬂlﬁ;- ..

“aiih




-

3 o
TR U
" Fay

»

s ) e, PaJ SRE
P I

N

- < mg M'_ ;.hw«\.u..”h sm M\. T N,
4 qoq _
X _"_M. ..Mf“. : w_._,\.h » rx 5 A

2T g | B om0 rwry b ol A oy g

.. : i B ﬂ“\. _.w.,_.v.x _.._ Z
:.a A 0R Y
rus

b S BOYY B

W W S I _ % . 5,8 % R Tk e '

M;W w MWWMJM *

;

.:..««W e I T e B

A

e
Wy

RE

hY

e
1

I M - A - [T . 4 ;. = M H - N - 3 Ly - s iy . . H P e
vl TR ] ; ST S ey 1 L Ry S R 4B TP P ] : AN A A (1 i it ot R R R e A I D A s e 1 i e ) LT o iy [ s . . ; < i T
. Wl e e . g O R 07 R i s S s ol L
7, 2 ' O : : X ¥ 2 ;- 2 : : 04 : < > ’
< ..nv‘_.\ B - . ’ h o~ ’ /

o

’s

P .__s.aa h 7

ol i
~

1 SO 7, “ N.ﬂ 4
4 s Be 0 IR &
: D 7 Sl S
7 i / e
b ) . it mw%s %._.b. PG
H..\.‘ 7 /] uw.\m_w ....ﬁ._ & (7| A m.&.mw.w... Sy ‘..».. sl ‘_ww.«xuww-_:
= o . . - 1
S : % N.u.@ uv\. 2) 3 5 : w T o u. .._\.i. L ﬁ\fﬁ% \-n-o 5 '
l{\.&.v\ . ) IS e8] _f.r ) % \rlh FAeAY 1
\_\.ﬂ A) P 5 I .W/CH \\A.\.h\ JMMH‘W- u.fw‘\wm_.vm.”uv\uw ..Vaﬁ-h

V7

Pl

7 ’ ! (T
..\.w_w._..q.v..,a Wb

...w 14‘\ —u ', \ . | .\
ey ) 0 r bl el it A i
74 7 Wm : m.m (B L el
: o kil . O sy
2 J.‘WWN«._\.& e < * i .\W&.,..\.w o7 (et (rcfy S
: f wm.._u..-_...._mw_. . _.u...w{.. F OIS .\«.a.\.mmm..fm- .\_wv_. g
. | H Sy \A_m._ ) g 7y
: ; Al 2 i
i af h,mn D &q 3
R 7 4
w._~ ) B
i3t LT,
5 _w A0 \&Rw\u_ 4
; S 20 .\..@W:
r ! Z S : .“.“M\%m 7 .m_m,wmw AL

o o
NS
4,

v
Yol
Y
-L\'

n
s
&

JM o] b y . " -_Hd\ 7t
H 3 . eI 4 7 \\va ,W\uﬂvma\ z
r \W4 i ﬂ\.h.J\ Y \‘N .‘HM\ ...-W' MYANTS -
5 : % m > N S 43 m.w.wd,_,_,_&w.‘w v

2 2t T
il

2

.Pi
VIS
n\\#\h_f«\ 7
4 -

Wy

2 7 : SN L

= Neisoy
. -, » _ q.m."w_.c._w.%
: d AN w2
! £ SR

7 _ 7 il

J 1
; t >
2N 5-‘
R > \:
- »
K ; /) ;

T
- -\v s \V\
g
p -w 2 ".”Osﬂa
i ALy 4

7. ; ; if;
il \._...w‘n 3 s 4 oS
- o 7 et it pp
T iy i “mmwm.._\...m&m&\ 5 ﬁ% i
! G.Nsw w‘mm.-“rw".,\“sx.\ (At NSRSl
Nt 7 _u.&w mfuwm.wwﬁ\% 2y A5 TR

: I A i

. ) 4 L/ M‘ (o ,-A..m.

H .
Q\ 7 ;1- - : S : \. : ..

. e i R ! .
i 150 4 . g A A S .._.t
E (] ) 5 ”Q\w._wwmmwnv. \N...\ u@fw ( il
[ b ] {2 R bh Hc\\ . /“.W\”.NN/ M.WW.VM\N.-.H.\\\“. .\l..“‘\ ..M.0
1 Wu...k\uw.%\. M.u.a../«... t\\\w\
" _ s ]
,\ m.._iu_ i / S08I0 M\sﬂw I} 4 .ww.«...w:.w wx. -
: iy
! dr
i
.‘ 2
| : EW_.\._

St

| G
! _%-“\\\UW%L{‘-\
“ é./w%... b iano_. 7
_ . Pt
7
.-‘m?
.ﬂ.v
e : _. .
| 2 P o
1 .%n.\.". \-sn H .1.& H"fu. $ /J‘\ :
; _.c.‘\./NN—n.M”W w.n.-. ﬁ.\‘ BEATA %\.Q
f! -‘Q TW“.‘W.\ %vnxx? e v\.\ﬁ. hw.\...WM.., .. ” %‘w..
i :

i
s

i
i3

g PR S
w.w.w.,“/..k....x_. el v.n.w,w..‘.._
'

T, ./.u_..Uf

i S i
i hw._ﬂﬁﬂ%\«% /wm.ﬂ..w\\.\\ 7 .mqmﬁ g Hmm.hm__.wx_w__mﬂ._vxﬁ.u ...v..u”m.\, 7 ,«.\-x._.wﬂ_..um”.ﬂ&. ..\\._.\_\,,
sty S G IS (s Gt i
Fstl & ST e fatrl LS A m.._t... AP
. il B ; N e N TR YRR Gt A
¢ = “ e 4
R : e 5 e e, dircd
i s e 7%
’ ;—-\u

i e
et 7 TS
k o
vy ..(r@w 'ﬁu«.m.mc.” m‘.”-)vl\wﬂw .«....ﬂul. .«.,,_ N
R w“ nG
D M : lm ,_ 1) o
i

.W.,u,mw

o mwu..\\r AN .L;.... ‘_"._
AN
Ui ; __uﬂ.\“_

o

AN e
e

w”w. ;

A m.\...
.
.w\

e LA

|
7,

EI _.v

. ; J /«.u-

f v 2 0
I BRSO

|

i 25 A A

,N\W“v«_NW.‘W\.N iy ,w.
.
s
m.. f .,..vww\,w‘.w\\ %

f
a4 4
Az
...&. Heie)

H..\
o
7

S

ARR

A Syad,
ﬁ.mm.«%x_m; ;
£

.,..-A,.

ST

\
i RPN MK
L i

.\wﬂ\ 7

T

S
1&%@%

i L) ey

DTy N .,.__... £ i H

o s St iy
o o n

Wi

W

‘._.......m,....._ A ,.,v.
At ._

o %ﬁ&ﬂwwq
= J ._"

i
7

«

-

-

5
i

H (N
S
ERrAl

N

SrE e

N e )

o |
&wﬁ b S S H\mmw,,ﬁf_x%x
.\fm o Sl \m\m i mwv o %%m&%%ﬁ.&%

i e

s
LA Ry

i

v, u.%
V .u.%m__. m‘w...\..q.\\...m_.u.v !
7 u..u\...\“..m.a..._“.m......_ ;

’

£
.v.‘).___.._u‘_u

AT

i
wn..\. HkErr)

_‘_M.. Rl
o

e
PP

=4

iy

~

3

i il AR
()l o .\...x.w...._...%_ L o
fw%,,. s o { .,,mw ol
a1 i ..ﬁ..\ «w;.w.. e ) .w._ 2
i x.vm.\.ﬂ.h\ s e e
Y e = %..Q.Aaﬁvf &..M/,,.g_.._ ..,.u./...&..,..“.....m.‘.. L4 e R :
i “_....m,.._. .u.h,..u.u S LA v ....ms ﬁﬂm.v,-.__..: s....h.uu.,..v,.. .MW Rty i
o , Eiil S 4
o i e G 2
i e i q,m_% i iy
S : Hbss \
i

e
s
e

\_www

.-
*h

j AL _.n Hvﬁ _.v\u,w 5 ‘“... it B I s 3 SoTH : : t s o .l.w.”%u.:w..u\.u
. . . . .
R e e arlle . : 1 ,
Q-w it -—._.Ww.u\w “.T.Ww%ﬁ _m:\.‘wm%ximﬁ.. -.‘_,\..,\\_v\qw.w..,.”w. & v %ﬁ‘v..‘. %.nh_. S, i d ) d ..m._%wm.ww/.,c\ﬂ b
A e S A /M\L ; " ; : AR
: # ; i : ! : ; ) !
4 ol
; £

o
T i, qw :
! J7r el
T
il f

e
LB

P

e
_\.__ I
5
]

|
o

P
i
: 2 \wvw\_‘.“.iﬁ e
G i i
. .

i

e
S ﬁm» 2
M«.\wu_“.ﬂ.w.v\ m\ |\m..n_..
i

sl %v |

'l

-

NN
..s.,.._....w

144 REat SN
b4 X4 REAL
el o

L .\.,r.,.m.w. 4
S L
\“\_ AL, _.‘.w,k._\m _mmw...,m‘v,\.b...m__‘ __ﬁ,,m,w
{ el Z A
% St
'

e,
i1

2 i
7 i

g2t d&‘_A 4 ,_L -
vy n_-_.u...“.

; L.m.m“ﬂ..‘ .h“‘“-_. p ..__..
M.\V. _a\w\ww. ux_“_w.._mﬁ

QWW wﬁwwma%
AL

i
w‘. ) e et
o

)
’ .wm..;.www .a_unm._w

J
Y
bl

id s

Wm R
il

5
‘%m.ﬂ__ i

RS AT
e
u%wxmef
e =
B

i,

% ...u%. ; ; a _._%u 1
o

i

e,

}
£

e

Bt
1_.. Y

Gl
Sy
e
i Ll
i r
A i i
' Y

-
-
-

ey

R

.ww.w i
$u$ 2

)
e

A
: i

e
i

~

r.n_.ﬁ..... _\.....,.,m“.._._._vw“v. e
S .\w.x.\.&w
i
rrfath .\_n.. ._\"‘..M ..

i -ﬂ\._“. H
.ﬁ.\u.....m..”."...ts__..h.
o

0 V-.v . .
__wﬁ.”_..,\hx ?
i

gy,

s

0

_ g.\. o me Z Mw,__ﬂ_m.ﬂwmv
e it .\.,".n_ﬂ._ _u.qm_...".v(_m.”.f.m.._s
% :Rﬁm m‘“mwm.w

! A
P .m.ﬂ_.
A

o

i
e
)

oy
T

oy

;
L2

5
£
\“1.\
N.V-

..&w,

e

i [t
[rH _._Hsv H uﬂur.“ Ly

S5, m,.m. ¥
@w«_w

e

i R ern \ . 2
" f‘ =rl n% i oTi- ot ..u.\..._.a.m._u.w. ..,%._..._“ .m..".._.v fﬂ....“u..uwm.
wnm o mww\%& R uw 5 mwwx,ﬂwmmﬁ amw ; e
| o D

R e
. ey e

S

e o
o i “wﬁ%
S

AT,

R ]

2 Fa@m Hy

Fi=1perail

[$
i
s

BEHALd
ST

e
SN
._...w_v\.'&.,..

A
i

i
Ny
3 uu..u...
T

o

& ﬂ._..%
o

i

O IEIRY 1Y

R

SR S
S G 2!
: W&me_wh_w ..,“.,H.\.m__m.._,.n..m..m. Wmhuf?%ﬁm.ﬁm%@_ﬁ_ﬁm_ﬂ H.“_. A 7 RS
. Jm_@mww{&@w_«_\ i _ummf\w_.ﬁmﬁma_%{ﬁ i i
R et AL e T [ SHIE R
e Ry e f BT 7 A LR et
S L o 2 o Gl
Rt : NN Tt : 4 it ; .l.vmﬂ..."......v,w."_ D
R G D DR " il R .c..\,....vm T
A L o s i 5 RS AR 3 Mw,.\r S \ﬂm’_mvwx
_‘\WN\M“ .%w@.ﬂ%@%\@%ﬂ@&? & 7 .uw._vx ﬂ_ﬂw_ﬁ_ “...v__mw .ﬁ_ .._.\.._.q_ xwwth.vvo,n_.g.m:__\_a..w.‘h%
.| ‘w,\.. Qﬂ.nu_wu..xw.mw.\". .W\Vu A Qi ﬂm“. ..uh...m_.h.‘“.w._.... ...._.O..w.._....v.m\.._.. ,..‘WW S .‘_.w.\_.....__..u.w_q..._,-“w :
P ZailiEra b ] i
7

N GENEAN
i

e

S

g



i

Aaisiig

0
s

e T&
I LS

bbb S i
v-/‘;f (R 5 f ?fé’ 5\5%;%&1%‘%39 '}:l;g\"‘\é;l‘;j{b h‘-{:‘::: ‘;{;“;?‘2‘%;{};} ‘ K3 % ;
! & AN 1.t “ DR At s ey - :-
- S /@fg xg:;i,;%f@}“’*u G e il
Gl L i « : {4 dir S [Pr2s ".5}' ( Ao AR OAAPH IR BTN ',.«"4"'1/{" i .
N e e S Gl SR i A I e i el
N A f; e G e A At SRS A S SR
e L e S
ey g/ﬂw'\;, S . %@;3@}5%&;{% i A Ry .t“"‘“\‘g‘f'é(

i

¥ s
f{’j’g:;;{a:\ ‘5&"?'1/«):4‘ (G
OV A ¢

SR
N iAY e Wa
N :.j,_ig-";“{.:S.{f;k\‘f?ﬁéﬁf/%my Gefdl

S ¢
&'léﬁ?ff(: SAiae M’,{«;-q’.‘\

s R A el e
LT f/f?qi::fﬁ?f&f iI\J %};}f) Jg/ﬁ%{ﬁé" g ’.f%'f
<

S
il " GLOVKE SN u;l ey S
A R S L S T pa e g
A '.’~'; O S RIS o
G A R Q\.?;,,Exf:‘ﬁ.\/&p.ffa e e e i .
s f::«,gz?ﬁf:f@fgx{,“ﬁ;;;:;f?}%:;}%,@%}, ;gf-’f;;?fi‘-’%/m?”:"’{I’Ikﬁ'"‘f"f‘f"*i’;’«‘{f e
N S R e T el O LD Ty
[ AL \{s“‘fﬁv"r‘;; f//\//\//?f’m <{| ey 4 IRV e
RN Y RV R) EIARS R T3] PRSI YA
o s
e S L S IZEAL
R RN AR YR IR DA D) Al o
c.‘ y ")" s ‘\':,1"\ By 7:e:}' \"’::_f?lkl)“ : <1",5§_a}§ £ ‘I‘U{"'
S LIS 4c : -[.’<:'F:-;_,-’ 3 ‘J:.p-\ ;
AR RIS : ;jc‘r;\‘-
A S ok s
Ay («/Mf S i
[ R 0 R PR : g
("i::’}“"{’i éreliieh ':‘:‘\:'J J ‘ '1 e i e ot 3 F
sadig il :l‘r""‘ : HOHN i h DI -f’~':]:'?<5‘ : LA q f"s. h z o
”r{:{? otk s 7 RS PGt 2% S RN
5 < “ Ll AN e L S, i DNE T
: :,37“,.';,“- *‘\4 T4 it T IANS '4“("."‘--13?-1:;42_:)5:‘{]‘ AN 4 His P 2 felelal s
AR A S : el P o8 Sl
i AR ARG e
St e s S SRR Er gl iR
R ﬁ&fg. AR g { T (PR
- RS e ALY

;oav

l' “
A
R

Hey
=
gy

T

it
i
SRl

DY T
-

L

S

(o )
i T G
]

.~
R
:

S

e

i
AR,

|'\-.,.-:'-'|{,x l.l',ﬁ'f -

Ll

—

R

: “3:- i
e

o

i

P

o

ﬂ'h

.-)-\

2R

N
Neare

RS

N
[N
',

e

o
=

. : ::\_ai'“
'
s

(e
TN

=

L3

e

£ AR
a-}"'}j};c

i

S G
’ ARSI
e

e

X

£)

o)
-

-'<

1.
T
o~

o o o 8t

-

Lty

et NN

ey
o

SRS

"

&

&

Sk
)

e
x>
s
N

e
oo

*

e

2

i

ity
=
=

2,

T AT
T

fmmmtatie bacadty
AR LAY

"

e 1 IR
L

sl

o
S

Logbadd

L%

-

SN

HEE

A%

",

\\

-

R

f
P LI AR {J =
! <

r

G s

S
0

.-"‘C!‘.{)f;_:"‘,‘

H '(:.I.‘. ‘e
B H
x;llfz {iet

ez

]

/
“-’4%“:-.’3

i ¢,
(BCH «“‘
o

.-
SR

ST
»L i
& el BRI D ¥
Gt ARV ek
L s o
2 f‘fii’cf‘gﬁf s o
N iy 4‘1‘1_:‘:' AN ODIRCARPDN ..,[_E:
Sl e e o
e e ) i
\Jr-;\f _‘ff ‘lﬂ( iy “‘? é??éh}fﬁb%};;\ﬁ?//ff )
}3 : -5{} /f-ff\:f;.vf%f%rhrfﬁ-:e.\' )
‘ 3 NG NN
:

s
f-f'.:;"s‘fls f{

0
< ;J|>
B

i
p
ie

i

;
IS

e
:ip(‘:{fj‘g.

GRS \

S s

{o

A
G

At

Ll

N, S

y ('xé:j:‘ dii,
PRSYEPS e
i 3N

441 '

@, 7N

&
gl
&,

o
7

R
R
5
/-

.'-\:"'

el
ISt
o

Pl
-,

e

i
e
Y Mg
p‘éégfier; S % : i
o

g ’/4‘?

o

Tl

el
o /-i- AL
','/c\;/ PR
e
A A
GRS

B

:«‘.j‘,};
.‘if,;;}{;;:‘:'ﬂ

LTS

G
<
H

:."'}')] 'c\(‘/‘)‘a{\}'}:;:‘.“:"}
e R TAaReE A3 it (LY LA
; N R e
: "1:;‘;{!*‘7" AR ,-‘%_«,1%;:46: SRy
,::, csdle .-JA‘;“ fas .:-(!\._P:,i:-ij'- Fjl},1/<::‘4‘[4-:

PR
-,

AT

J i‘/ /--.f"{‘ ’}): 4: )

YR ;‘:‘;[.; "}‘4?-':'\}’.":.“-"'.'}‘/&!‘.42(‘?
NN P /~‘ )
i

TS,
?'4)_,15.‘.;.,.../ >
o
Gamiteld

’--:/t\'

Ly - H f
T e e /h;::;g‘,:.

A

“.
feididsd

.
’

LA

RS 2

ot
(L N
i My i/‘:’?f.-1":‘\:"«")(“':"’1'\@"5‘\'/»’ V
G| A e S A <‘/\<-*‘/
P AP e tq}/_/‘n-
SRS e

(et

e

[y
‘

L
e
PRI
o
N22amY
LAl i
PR NS
St
ARy
CRENSS
RN
T

.-'r) ( s
. , PAR RPN YT
YRR .‘;\'J"/;'w.’ﬁ’f’é' AT fiads
i (AL A A S
G i i i i
P i 1 ("".z’-."“,"‘)t‘?“:\"/‘.i\;‘. ! ‘{: R
l‘?:/;z.’u:u «;ﬁé:31:"'3{,;&!’;{{;:.:;11%&«%%3;;{:{5.
e SO A S Y
LR R
G T AT A
RSTYY: ) }-:'Q\,‘gr‘:/:.ﬂ/h\'{}'f‘ﬁ{f( / ¢ I\:l;gr’,f. 2
el RO A A O VA A R P R0
i f{@;:ffei?:’f?’f;‘f'?i*(ﬁb??}f«ff}’z}ff}”ﬁ‘??é&‘f«?* '
& il v/,f‘f;?:;?(?é;:f’:’&fﬁ’:ﬂ;;;:_"(:“}\.ff-"; {.l‘n‘d):)-“
{f,g.' 0 (-"/a!%(/'r"‘ i \j f{'; i

i
¢ ‘ . Wivsid,
RN, "ﬁ-‘""’f A“ﬁ%ﬁffa‘:‘.‘%}}ﬁ)

S

S
G
)

A
I

AN

LS

Bt i

A g? r,))( S q

Gt (;;ﬂ«f/\zgﬁf;ﬁ‘\«/ &'
‘ .'I,‘\.‘t/ ; "

P
2y
Chnd A
Tan

:'Q?T
S

i
i

o

o . 1
Sl i SRR 4
%’ﬂg Sl "f'l “li‘f’;}fm
e e e 4
e S S T Bl 4
: i ) «4;5
G
DRl % S
A r?*d«’?’fﬁ*'é‘i:?‘.w‘::‘c;/ i .-.=>r«f'§2

S N AN A )x MYSrth
Sasindasy l:%.‘f?l 2l ":\-15\4 (? f; Il ’ ;«(.(,-’(4;. |l
S AR il
Rt ﬁ%?&‘-’lu (it

S Gn i

1 4 (

«“,: :"‘.:“1‘4{:":3 ‘:‘;I ¥
é‘;g{é ('r‘ ﬁf{fgaé“%?};%

A T

; %’e}{f}“’% S
i' < 2 RN SIANLALT ) ) SRl A

i GRS fg‘:fi):ifﬁ?) X }‘3!3;*}?-?:’;;-«*‘,55’&& 'f-'?{:'?.léfr?fffé{f‘

] - H

v

e

o WA g R e K e

& ¢
AL, Earanlan ; ? ;
ni ff?ijr;’fz:'f"?’?’-\??u e e S G
AP HEN IR oY T S e fazie VLAt SN S Ay s ey L
n‘{ﬁ/f(‘};f;;«/ﬁ;g?::;‘;?'{ff%{i;:f? !%«5}5{)" 7354 4" ) e S e £ éf}}%i@éﬁ//’?‘é&‘: };\iff’;{;{;‘.\};}‘fff% :-'\ .}"‘ft‘::’;(’?:\«‘,;\
R nsRErl GG j'/ “11‘}"{3:’5’;2@:\??;-};’(' ) 'f«‘*'i}'u R ;,/,.f{"iﬁ:??‘f;:'/(:
L ST e e R S SN bR
S Sy el 5 'ffﬁ?fééff,z«ﬁﬁaia:fgfif’ "%{4«’39 I
/4‘;:-5\/:;}?:]4 j}w‘:-"_;-it‘j‘rl/ i 4 :;x,,v,\x,@«;,:,/;; 7t (&/ :./:A;A_q‘;é:.g ”'A’J,'r‘i' J,\{f@;;
AT kH A P OS] . La A ¢ PRSI B TH
LG e e GGl
S e f';'ﬁ”/%’rl?@;?’fzf-iféz‘«ifffcﬂ e @ 7 T A
e /:/ S S S A e s A i e S S
e Cro i e S e e e
A e A ey e fa S Y L e S e e F S e ARG
(,,;f?%jff;"g%f%%/gf% .';‘.f?.f'f i ﬁ’»f{j’«//:ﬁ{g{gxﬂ/ ;f})arg,aidf%f i %ﬁkﬁmféifr;;fﬁﬁ%f "é;r.ré;';fgz{.{!,{g,::;
R e e D, A e i SO A B o
A e P e Lt e f‘E!‘-:{ Gl e L U N
T e AR et e el £ '«f-(f;.f///? e L A S (G
i ARSI A R f S R DU ey e e st s A
{ Velireer) ek ("<{'/ Coequeaiiiontt /|':.}J!‘," L) ﬁ. i A ehadd / e .
“ d b 575 (b dA PRI (P20 Y13 (a0 MAN s [}-/‘f‘ '146 A Ehy \\s!‘-ﬁ“i:;/‘/":, e
: i S L ﬁh;-’iié*aff’.f'f’-z%f"éésﬁ% @f‘.fi’?}ﬁ,, o g
[ml}f'i,»":;’.}"?jgy i '13;&56?2‘}.1‘.'}?‘4.2;/;’ r:",ﬁ}?/af')‘)‘,}’&/;’;;;‘,,%a;;ﬁr?;;}ﬁ;‘i’ff(zéfz)gl.ﬁﬁg‘:féﬁ‘/é%< l}@%’%ﬁi;,gfg%}f‘ﬂ J Lt */ffﬁfﬁﬁ}f
Bt ,/ e 7 R S s R R B e e (A AN
e et g it s e ittt (i S (R i (i i
T g\_,l:,:;{, |l S L S A e T R R il AT,
: g L e A e o /’~k’<-"<i>f'(/r’.-(_c}:né}:< shaifs _;f,*izhﬁﬁ‘f‘ Yt lige o
; H T O S I S N e i :}’?j:" WM AR AR e fﬁl}v, 33-2%‘ il ik
7 ; ;rq;é,fagfﬁ:g;:;%,«,f;h/(,&4-";!.;:i}:c;;;r%irzi"\’\r:.s?;?éf;f;;{@rﬁ e A (it

MG B
TR e dée e, ‘!l
Q.,\g@,-lﬁ?h{é’qﬂ;};pﬂ‘ Metdaia i
‘5«:“;«3"f::;gfi!::l;,'-'-';:sEf‘gﬁ'\(‘:’:\’j{‘f{ '(,lc':‘ 5 (/( % \\:-‘; ¢
B SN e [
S f”/%%":@fff sl oy )
N i o 4«
7

e ‘l‘f N
{,'(';':f’z.’/;/

RIS

U
! ‘(" H 57 f':

. .J“(l/’u( ST ,-;b‘- X 'J
P ! riatTaan '~ ~4 p"‘-““"f'f“&"} L ,{" !
A e e e B I, f«m&f Ay o
. "%i,a:\.,‘j.,;f;iggﬁf:%‘r’&gﬁ;?{: Lo 11 o e
By

7 £4 uﬂ‘g‘\u‘: ;‘-1\ "\«r; &
A il A e
il Sl
!/'."1'1“4.1“‘/'!:-' W, S '1 }""“’“ 4 -fﬁ“-f .A‘{ ‘-{ < ',.-"‘ 27 "'“{2"( (3447
' < 5'; { ‘i {f{r‘jé:? .of"/é}.. tg},r/“:i' 7 ;{:2/' /I(.I".c;.{/ .!’(
W]

A R :
A A T [ 5 Al
f; l{. it ;«.‘}{ "(“ ‘{ J( it i!q.‘;_ - /;}{ F)
7 i

H

h
‘

SIS RHEN
";-;../J

! Y

‘ e

4 e G

g {ﬂ-;« 14 ¢ 4!, i
i
A

AR

o
TR,

N
ANAANATAATY
A

2
£y

o
' e g R )
ﬁ; }‘j‘\-f‘.'f' Tdasg LAamu s - 4 Al .‘\\_“//.l".!'.(g- ,&:“ PAEstpit
<A ,7*-.- y | '\-..!‘:;;'_/-:/ VI -\-/‘ ,(.If,‘..' ST A Iy BN
S & S b

LrAGs
fi s

MGG LA A

RN

R

)

“ PN

5 S G %’i“ G
Bt ¢ 4 N 3 . -‘A' 1
i
P ‘V\réjé’,f"}f f".f(.‘}‘:} AR
"?,")f:,.\. .’-'",‘:;“.i. _‘{'t(‘f{:} RYhis
’(’,’{E

imllad i

A ey
((q?ég%sgf.fg-m; i
s G

i //’?)

X‘;q’} -

"t':J.n.- s St [ R L el
DDy RSP {’}&(f" SR e i B
S h { S fING ; f‘ AL SN A LINT
:{.ﬁg;‘;,{.;_(ﬂw of RO N \.;fég_", ’/‘ﬁ’/I‘{"\Z’/',’Tf}?{};vf’r:'b‘://“f)/‘{?izl1"LA“’(,‘:':‘/}' &1__}‘:‘{3‘1.’1{@(‘."’6};3\(1;{)({ "-:’{Girﬂf S
R R e R N I O U R G T N S, RS r YRRy '.4;:{2}::;‘4{_( R 1:7.(‘?‘!..’:-.&:-..&?;{-#,

FARAT) c--l";-.'/'..‘ '
PROALYS iy
2 Mo
S

ad
TR

i J/Jﬁ;-"-‘!
(s

Ly Iy (4
Aotk
b B L1/

(FERe0

ARSI

P05
{[gffff-“f*, A At
AV ., TR GG /'\\1
fasiaads ',c’, ;,,\5“:_@(.‘//! %fr
[ S A
- AL G
k3

sl 0y
Fhi 5;;?(?"’
PRk 1y e
FeSR
by

\

O
ety
ARSHA)

o0 Y .
b (‘;/:i-'\"./ 7
':.\/ <“ f, .

s

4
b
ha v

!

)

L.

Y]
"P\

o

AN L
P NeY
AN

e

AN

2005

o

oy e

s

N

i
At

it i
J‘l\r.‘( / .,I‘S"; f-ilﬁ)ffé‘

TN
ety
SEEED

GRS aR ) P ——

i
~
[
0

.
o

[N

,‘
2 IRy
Ne
A
ey
= A
SR

(2R

280

AT

MR

A

ey

e

S
ool
s A-‘Rgf}“;xg

RIRD

7

f _.'.Jf{ N Ry .{, rf‘,(:‘-' )) 5
N :f’:’)" S A A

-~ }I_[ - -4

L
1 ‘/( =
%@%

ZI' P R
Hriad, II'QZ-"%;{“' e
“ 7 f'\..b‘\“. :Xl'!'}'f." 7
Vil ARy el
Y ..,5;) E.‘!

Rt :
S

st
) HAA "\>

O
LY

‘1'./
"-:!{A‘Q:f'

g

AT [
e H If 5 KRR
Lo : ﬁ%f L
K q @""f){ ﬁ%ﬁf}%#}_ﬁ%ﬁ .f"l'.
s te {’-’frw{-';'-.'&/
o :
: {'} . %’“Ef‘ A2 ;m,w{ SR

\;_
Sk

o

£ g of - e j“ 1 e Z_.::“:Q’" K 1 (7

: ! ;,_'?3‘2,;{453‘_;‘,"/ A Gl S

il “iitda 3

S %

"."/:.'/“:;"l‘ Y. = ‘; h : ':‘_:

r 1 4 :\'

o s

: g -f-" éum-' ; it ! : 5%

£ A oA

;ff;‘ﬁ?“§‘;_ 1h { ! I'}:;

IR i 2

I {5?& r"*.ff-’};\,‘:f:« {“\:4( /fﬂ : 2, ) "'.‘(.

i SARTRRY ‘{ &g f

' P Lt

SR

H :
PR S R ey I il 4
g i s My A S
¥ ;{G}zfﬁf'gi?\§‘;ﬂ({igl .f“}i‘:ff W.E\,.}:-'Iﬂr
B
G

s
: A e e 1)
PN gy d}' T )
{{-‘I@&K"Lﬁ‘clf?‘gﬁé“ "'f‘/'"’;j":’f"iﬁ.x sl

‘
TR

el s \f E by
o 0
R I A sty - d
Lols s i .f[\<.;"\\‘,"aa)r’.-'- eis: T
G N i3
U i
i Al sUff)see
s : 7 S? ;".5’\"
e
: 4G
";bf\’
7 s Fi
H (R4} B 1 /(2;..
). ' %’ .:] .}’;

SEEA

e




single as well as multiple bacteria inside one vacuole sug-
gests coalescence of vacuoles or inclusion of several bac-
teria by a single vacuole during uptake, which is contra-
dictory to what has been described tor Yersinia in non-in-
testinal cell lines (Brunius 1980; Finlay and Falkow 1988).
The differences in the way the vacuolar membrane sur-
rounds Yersinia compared to Salmonella may arise from
different internalization strategies as hypothesized by Is-
berg and Tran Van Nhieu (1994). They suggest that Yersi-
nia uptake occurs through an “exclusive” or “zippering”
mechanism, whereas uptake of Salmonella is “inclusive”
or “triggering”’.

Our observation that after 6 h of incubation yersiniae
are found intra- and extracellularly without indications of
invasion or blebs suggests that at this timepoint further in-
vaston or endocytosis of bacteria has stopped. The major-
ity of the Caco-2 cells already harbor several bacteria per
cell and one can imagine that if invasion indeed depends
on the microfilament rearrangement of the Caco-2 cells, as
described by Buckholm (1984) for Yersinia invasion in
HEp-2 cells, internalization of additional bacteria may be
limited.

No indications have been found that Yersinia might be
able to disrupt the tight junctions between adjacent Caco-2
cells within 6 h of contact, suggesting that in vivo bacte-
ria may be able to transmigrate through the cells of the epi-
thelial layer of the intestine rather than between the cells.
However, no evidence for transcytosis was found within
6 h after incubation of Yersinia with Caco-2 cells. It re-
mains to be established with the help of non-lethal 1n vivo
models if, 1n addition to uptake by and passage through M
cells, Yersinia can indeed transmigrate through absorptive
cells of the epithelium as described for Salmonella (Koh-
bata et al. 1986) or that bacterial dispersion may also oc-
cur through lysis of epithelial cells as described for Shi-
gella (Sansonett1 et al. 1986, Sansonetti and Mounier
1987). Supportive for the latter mechanism is the demon-
stration of membrane whorls (autophagy) and increased
vacuolization in Yersinia-infected cells indicating the de-
generation of Caco-2 cells that may ultimately lead to cell
lysis. Lysis of epithelial cells of the intestine in vivo will
atlow access to the underlying lamina propria and could
result in bacterial translocation to other tissues.
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