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jnencapsulatedd Haemophilus influenzae frequently persists in the lungs of chronic obstructive 
ilmonaryy disease (COPD) and cystic fibrosis (CF) patients for prolonged periods of time. The 
.cteriaa are not eradicated by antibiotic treatment of the patients or by specific antibodies that 
33 found in the sputum and sera of these patients. We investigated whether H. influenzae, when 
:alizedd in lung epithelial cell layers, is shielded from antibiotics and from antibody-mediated 
ctericidall activity of specific antibodies. An in vitro model system consisting of lung epithelial 
DI-H2922 cells on permeable supports was developed to allow long term association of H. 
'luenzae'luenzae with the cells. Microscopic examination showed increasing numbers of H. influenzae 
cteriaa between the epithelial cells up to 24 h of incubation. Coinciding with the microscopic 

ss the maximum number of eel I-associated bacteria surviving gentamicin treatment of 
33 cell layers was obtained after 24 h of incubation. All H. influenzae strains, and one Haemophilus 
rainfluenzaerainfluenzae strain tested penetrated into the cell layer as determined by gentamicin killing. Cell-
sociatedd bacteria were shielded from the bactericidal activity of several antibiotics and from 
tibody-mediatedd bactericidal activity. After prolonged incubation in the cell system in the presence 
aa specific bactericidal antibody against major outer membrane protein (MOMP) P2, antigenic 
riationn occurred due to a point mutation in the MOMP P2 gene, similar to point mutations 

dd in vivo. We conclude that penetration of H. influenzae between lung epithelial cells results 
shieldingg the bacteria from killing by antibody dependent defense mechanisms and by antibiotics. 
erefore,, penetration of H. influenzae between epithelial cells may contribute to the persistence 
thiss microorganism in COPD and CF patients. e 1999 Academic Press 
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Introductio n n 

\onencapsulatedd Haemophilus influenzae, a 
pathogenicc bacterium frequently isolated from 
sputumm samples of chronic obstructive pul-
monaryy disease (COPD) and cystic fibrosis (CF) 
patientss [1-4], persists in the lower respiratory 
tractt of these patients for many months. Despite 
thee susceptibility of most H. influenzae isolates 
forr the majority of the antibiotics used to treat 
lowerr respiratory tract infections, H. influenzae 
cann be isolated after antimicrobial treatment of 
thesee infections [2, 5]. In addition, the con-
centrationn of specific antibodies against H. in-
fluenzaefluenzae exerting complement dependent 
bactericidall  activity in vitro is high as dem-
onstratedd in sputum sol phases and sera of 
COPDD patients [6, 7]. The mechanism by which 
H.H. influenzae withstands the bactericidal effect of 
eitherr antibiotic treatment or antibody-mediated 
bactericidall  activity is unclear. It may be hy-
pothesizedd that H. influenzae is protected against 
antimicrobiall  activity and antibody-mediated 
bactericidall  activity when localized in the lower 
respiratoryy tract of these patients. 

Adherencee of H. influenzae to the mucus or 
thee epithelial cells is generally considered to be 
ann important colonization mechanism and the 
firstt step in infection [8, 9]. Since H. influenzae is 
nott always detected in sputum samples despite 
itss persistence [2, 5, 9, 10], the mucus layer is 
mostt likely not the site where persisting bacteria 
reside.. Haemophilus influenzae may reside be-
tweenn the epithelial cells and in the subepithelial 
layerss of the lower respiratory tract, since in 
tissuee sections of patients with acute and chronic 
respiratoryy infections H. influenzae was detected 
inn both of these layers [11]. Also, H. influenzae 
wass shown to enter and passage epithelial cell 
layerss in vitro [12-14]. 

Wee investigated in vitro whether H. influenzae 
localizedd in epithelial cell layers showed reduced 
susceptibilityy against bactericidal antibiotics, 
andd against bactericidal activity mediated by 
specificc antibodies in the presence of com-
plement.. To obtain H. influenzae cultures per-
sistingg for prolonged periods of time in epithelial 
celll  layers, we modified the cell culture model 
describedd previously [14]. In this model H. in-
fluenzaefluenzae adhered to the apical site of the human 
bronchiall  mucoepidermoid cell line NCI-H292 
cellss grown on tissue culture inserts. In addition, 
H.H. influenzae formed clusters between the cells 
andd passed into the basolateral compartment 

[14].. With our current model we show that cell-
associatedd H. influenzae was not killed by either 
highh concentrations of a variety of antibiotics, 
orr by complement mediated bactericidal activity 
off  a monoclonal antibody (Mab) specific for 
MOMPP P2. In addition, after prolonged in-
cubationn of H. influenzae in the cell system with 
specificc antibodies and complement, a point 
mutationn in the MOMP P2 gene occurred similar 
too point mutations observed in vivo. 

Result s s 

Interactionn of H. influenzae with lung 
epitheliall cell layers as assessed by TEM 

Priorr to infection, the NCI-H292 human lung 
epitheliall  cell line was grown to confluence on 
permeablee tissue culture inserts with a pore size 
off  0.2 (im. In earlier experiments, tissue culture 
insertss with a pore size of 1 (im were used but 
thee 0.2 \m\ tissue culture inserts appeared more 
suitablee for long term infection experiments. 
Theyy were impermeable for bacteria, and thus 
thee basolateral medium remained sterile, pro-
vidingg better nutrient supply for the cells. Seven 
dayss after seeding, the confluent cell layers were 
usedd for infection experiments. The number of 
epitheliall  cells per filter as determined by tryp-
sinizationn just prior to infection (t = 0) was 
1.44 x 106 cells. The morphology of the cell layers 
att this time (t = 0) as observed by electron micro-
scopyy [Fig. 1(a)] was similar as described before 
[14]]  and was maintained for at least another 7 
dayss when the cell cultures were kept uninfected 
(resultss not shown). 

Afterr incubation of the cell layers with 10s 

CFU/mll  H. influenzae strain A960053 without 
mediumm refreshments, the medium became 
acidicc after 2 days, which is detrimental for the 
celll  layer. Daily refreshment of the medium at 
thee apical and the basolateral side of the cell 
layerss prevented acidification. Electron micro-
scopicc examination of thin sections of the cell 
layerss after incubation with bacteria for 2 h, 6 h 
andd 24 h is shown in Fig. 1 (b)-(d). After 2 h, few 
bacteriaa were found on the surface of the cells, 
andd not inside the cell layer [Fig. 1 (b)]. After 6 h 
[Fig.. 1(c)] and 24 h [Fig. 1(d)] bacteria were found 
onn the cell layer and between the cells. At these 
sites,, bacteria were seen in clusters whereas 
otherr parts of the cell layer contained no clusters 
att all. After 24 h, intracellular bacteria were ob-
servedd which seemed to be degraded. These 
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;uree 1. Electron micrographs of cross sections of NCI-H292 cell layers on tissue culture inserts, (a) 
mmfectedd control cell layer 7 days after seeding, (b-d) Cell layers post-inoculation with H. influenzae strain 
'60053.. (b) After 2h bacteria (arrows) were seen at the top of the cells, but not in the cell layer, (c) After 
.. occasionally clusters were seen between the cells, (d) After 24 h larger numbers of bacterial clusters and 
racellularr bacteria that seem to be degraded (*), were found. Bars, 1 |im. 



Figuree 2. Electron micrograph of a cross section of NC1-H292 cell layers on tissue culture inserts 2h post 
inoculationn with H. influenzae strain A960053. A cell is shown with pseudopodia that seem to take up bacteria 
actively.. Bar, 1 um. 

morphologicall  appearances resembled the mor-
phologyy of cell layers infected with non adhering 
H.H. influenzae described earlier [14]. Occasionally 
cellss showed pseudopodia, suggesting that 
endocytosiss occurred (Fig. 2). 

Throughoutt these experiments, the epithelial 
cellss in the infected cell layer showed an intact 
morphology,, similar to the non-infected control. 
Afterr 7 days though, the cell layer was partly 
disruptedd and sites were observed where cells 
weree more rounded and less intercellular con-
tactss were seen. Still, the cells seemed viable, 
withh intact cell membranes and nuclear mem-
braness and normal mitochondria (data not 
shown). . 

Bacteriall interaction with the confluent cell 
layerss as assessed by colony counting 

Thee numbers of bacteria of H. influenzae strain 
A9600533 in the different fractions of the infected 
celll  layers at various time points, as determined 
byy colony counting of appropriate dilution's are 
shownn in Fig. 3. Two hours after inoculation, 
thee numbers of bacteria in the apical fluid and 
inn the washed cell layer were about 108 CFU/ 
ml.. After 6 h, 24 h and 7 days incubation, the 

numberss of bacteria in both fractions were com-
parablee to those after 2 h of incubation. To deter-
minee the number of bacteria present inside the 
celll  layers the infected cell layer was treated with 
gentamicin.. After 2 h of infection gentamicin 
treatmentt killed all bacteria present in the apical 
mediumm and attached to the cell layer, indicating 
thatt strain A960053 was susceptible for gen-
tamicinn in the cell culture system. After 6h of 
infectionn 0.1% (105 CFL'/ml) of the cell-as-
sociatedd bacteria survived gentamicin treatment, 
despitee the fact that these bacteria were sus-
ceptiblee to gentamicin, since bacterial killin g by 
gentamicinn did occur after solubilization of the 
celll  layer with saponin. The saponin treatment 
itselff  had no effect on the viability of the bacteria 
(resultss not shown). After 24 h incubation of the 
celll  layer with bacteria, 2% (2 x 10" CFU/ml) of 
thee cell-associated bacteria survived gentamicin 
treatment.. Again, gentamicin treatment killed 
thesee bacteria after solubilization of the cell layer 
withh saponin. Addition of gentamicin to the 
apicall  medium at this time resulted in a 100,000-
foldd decrease in the number of CFL'/ml, in-
dicatingg efficient killin g of strain A960053 in 
suspensionn by gentamicin after prolonged in-
cubationn with the cells. Therefore, we concluded 
thatt the bacteria survived gentamicin treatment 



aa result of their localization inside the cell 
/er.. This indicates that the cell layer provided 
otectionn against gcntamicin killing. After in-
bationn of the cell layer with bacteria for 7 
ys,, somewhat fewer bacteria survived the gen-
nicinn treatment of the cell layer than after 24 h 
1%).. This suggests that the sites where bacteria 
ireire present were more exposed to gentamicin, 
obablyy caused by partial disruption of the cell 
/er/er as observed with electron microscopy. 

rainn dependence of gentamicin survival 

iee susceptibility of cell-associated bacteria for 
ntamicinn after 24 h incubation was determined 
-- 10 addition H. influenzae strains. The H. in-
enzaeenzae strains were isolated from COPD and CF 
tientss and included acute and persistent 
ains.. They also varied in adherence to the lung 
itheliall  cell line. Haemophilus parainfluenzae 
ainn A850181 from the throat of a healthy in-
^iduall  was included for comparison. Bacteria 
alll  strains were killed very efficiently by gen-
nicinn in the apical medium (Fig. 4). Of the bac-
aa associated with the cell layer 0.2-10% (105 to 

77 CFU/ml) survived the gentamicin treatment, 
iee number of bacteria surviving gentamicin ap-
aredd to be strain dependent, and not related to 
herencee to the NCI-H292 cells. Persistent and 
nn persistent strains showed no difference in 
2see tests. These results indicate that all strains 
netratedd into the cell layer and were then pro-
vedd against gentamicin. 

jsceptibilityy of bacteria in the cell layer 
rr other antibiotics 

22 wanted to assess evasion by H. influenzae of 
BB killin g efficacy of other antibiotics, including 
tibioticss clinically relevant for respiratory tract 
'ections.. Therefore, after 24 h incubation of H. 
luenzaeluenzae strain A960053 with the cell layers, the 
icall  medium and the cell layer were incubated 
thh various antibiotics for 4h. Killin g of the 
cteriaa released from the cell layer by saponin 
:atmentt was used as a control for the sus-
ptibilit yy of the bacteria in the cell layer. The 
ncentrationss of the antibiotics were at least 
xx MIC of the strain as determined by the 
test.. None of the P-lactam antibiotics am-
rillin ,, imipenem, cefuroxim, amoxycillin/cla-
lanicc acid, and cefalothin killed the bacteria 
thee apical medium, or in the cell layer (data 
tt shown). This lack of killin g may be due to 

thee finding that bacteria in the cell system were 
nott growing since the number of CFU over the 
incubationn period did not increase. Therefore, 
anyy possible protection of bacteria in the cell 
layerr against the action of the P-lactam anti-
bioticss could not be determined. 

Off  the non-P lactam antibiotics (Fig. 5), ery-
thromycin,, chloramphenicol, and trimetoprim/ 
sulfaa also did not kil l H. influenzae strain A960053 
inn the apical medium, or in the cellular fraction. 
Inn the presence of tetracycline, rifampicin, strep-
tomycin,, polymixin B, kanamycin, and cipro-
floxacinn the number of bacteria in the apical 
mediumm decreased at least 100-fold. Tetracycline 
andd rifampicin killed the bacteria in intact cell 
layerss to the same extent as in the apical medium. 
Streptomycinn and ciprofloxacin were 100 and 10 
foldd less effective against bacteria in the cell 
layerr than in the apical medium, respectively. 
Kanamycinn and polymixin B were 10 fold less 
effectivee against bacteria associated with the cell 
layerr than in the apical medium. After sol-
ubilizationn of the cell layer with saponin the 
bacteriaa were again susceptible to all antibiotics, 
indicatingg that the susceptibility of strain 
A9600533 for these antibiotics did not change 
duringg the incubation with the cells. Therefore 
wee concluded that the intact cell layer protects 
thee bacteria against bactericidal activity of the 
antibioticss streptomycin, ciprofloxacin, and 
polymixinn B. Sometimes the bacteria were more 
susceptiblee to antibiotics after solubilization of 
thee cells than when present in the apical 
medium.. This phenomenon was antibiotic de-
pendentt and may be due to the saponin treat-
mentt or the incubation in PBS instead of RPMI. 

Next,, the bactericidal effect of ciprofloxacin on 
bacteriaa incubated with the cell layer for 7 days 
wass analyzed. Ciprofloxacin was more effective 
onn the cell-associated bacteria after 7 days than 
afterr 1 day, similarly as found for gentamicin, 
indicatingg that bacteria were less concealed after 
incubationn with the cells for 7 days compared to 
incubationn for 24 h (data not shown). 

Susceptibilityy of bacteria in the cell layer 
forr complement dependent bactericidal 
activityy of antibodies 

Previously,, we have obtained Mabs causing 
complementt dependent killin g of non-
encapsulatedd H. influenzae. These Mabs were 
specificc for MOMP P2 of H. influenzae strain d3 
isolatedd from a COPD patient [15]. One of these 
Mabss (30DA10) was selected to determine the 
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Figuree 3. Numbers of bacteria cultured from the different fractions of the cell system at different time points 
postt inoculation with H. influenzae strain A960053. The numbers of bacteria were determined without or 
withh ( + g) gentamicin treatment of (A) the apical medium, (C) the intact cell layer, or (sC) the solubilized 
celll  layer. Bacteria from the cell layers were released by saponin treatment. Mean values  standard deviations 
off  at least three measurements are shown. 

sensitivityy of H. influenzae in the epithelial cell 
layerss for antibody-mediated bactericidal ac-
tivit yy of complement. Since strain A960053 used 
forr the experiments described above did not 
reactt with this Mab, the epitope on MOMP P2 
off  strain d3 was introduced in strain A960053. 
Thee Mab 30DA5 positive transformant SD3-1 
selectedd by colony blot was also positive in 
ELISAA for Mabs 28CF2, 27CC4, 25DE10, and 
30DA10,, like strain d3 and unlike strain A960053, 
indicatingg complete exchange of all epitopes 
recognizedd by the Mabs [15, 16]. In addition, 
strainn SD3-1 expressed MOMP P2 of the same 
sizee as MOMP P2 of strain d3 (Fig. 6) and was 
susceptiblee for Mab and complement dependent 
killin gg in broth (data not shown). Finally, DNA 
sequencee analysis showed that the MOMP P2 
geness of strains SD3-1 and d3 were identical 
(dataa not shown). 

Too test the susceptibility of H. influenzae for 
killin gg by complement and antibodies in the cell 

culturee system, cell layers incubated with the 
transformantt SD3-1 for 24 h were exposed to 
Mabb 30DA10 and human serum lacking bac-
tericidall  antibodies specific for H. influenzae 
strainn SD3-1 as complement source. In the apical 
medium,, a 3-log decrease in the number of CFU/ 
mll  was observed after 2 h, suggesting efficient 
killin gg of the bacteria in suspension (Table 1). 
Noo killin g was observed in the absence of com-
plementt or antibodies either in the apical fluid 
orr in the cell layer (data not shown). This shows 
thatt the killin g was dependent on both anti-
bodiess and complement and excluded that bac-
teriall  agglutination by the antibodies had 
occurred.. To assess whether localization of the 
bacteriaa in the cell layer reduced the sus-
ceptibilityy to the bactericidal activity of anti-
bodiess and complement, the bactericidal assay 
wass performed at various intervals after ad-
ditionn of the bacteria to the cell layer (Table 1). 
Afterr incubation of the bacteria with the cell 
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;uree 4. Effect of gentamicin treatment on the number of bacteria of ten H. influenzae strains and one H. 
 strain 24 h post-inoculation on the epithelial cell layers. The percentage of bacteria present in 

>> apical medium  or inside the cell layer ) that survived gentamicin treatment was calculated of at 
stt two measurements. 

l .E+09 9 

l .E+08 8 

^^ l .E+07 

OO l .E+06 

%% l .E+05 
CB B 

ZZ l .E+04 
o o 
E E 

|| l .E+03 

l .E+02 2 

r i i 

II I 
^ ^ 

XL XL 

I I 

x x 

X X 

X X 

;uree 5. Number of bacteria of H. influenzae strain A960053 24 h post inoculation on the epithelial cell layers, 
rvivingg treatment with various antibiotics as indicated. The number of bacteria was determined after 
:ubationn of the apical medium , the intact cell layer , or the solubilized cell layer ( ) with the 
tibiotics.. t = 0 indicates the number of bacteria before addition of the antibiotics. 
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Figuree 6. Protein patterns of H. influenzae strains obtained by SDS PAGE followed by blotting on nitrocellulose. 
Lanee 1: strain d3, lane 2: stram A960053, lane 3: transformant strain SD3-1, derived from stram A960053 
afterr transformation with chromosomal DNA of strain d3, lane 4-6: SD3-1 derivatives obtained from cell 
culturess after incubation with SD3-1 for 3 or 6 days in the presence of Mab 30DA10 and complement, (a) 
Controll  blot stained with amidoblack. (b) Western blot analysis with Mab 30DA10 specific for MOMP P2 of 
strainn d3. 

Tablee 1. Complement mediated bactericidal activity of Mab 30DA10 on bacteria of strain SD3-1 in the 
differentt fractions of the cell culture system. Bactericidal assays were performed after incubation of strain 
SD3-11 with epithelial cell layers for various incubation periods of time 

Hourss of 
incubation n 
inn the 
celll  system: 

2h h 
6h h 

244 h 
488 h 

Celll  layer 

10""  CFU/m 

tt = 0 

8.66 + 1.9 
511 + 17 

1700 + 74 
900 3 

tt = 2 

0.22 + 0.05 
244 + 8.2 

2100 + 49 
1200 + 17 

(%)" " 

2.3 3 
47.1 1 

123.5 5 
133.3 3 

10f f 

tt = 0 

ND D 
ND D 

322 + 30 
ND D 

\picall  medium 

CFU/m" " 

tt = 2 

ND D 
ND D 

0.0133 + 0.004 
ND D 

(%) ) 

0.04 4 

Solubilizedd cell layer 

10hh CFU/m" 

t =00 t =2 (%) 

NDD ND 
NDD ND 

21+6.55 0.81 + 0.3 3.9 
NDD ND 

"Thee number of bacteria cultured from the fraction before (t = 0) or after 2h incubation with Mab and complement (t = 
2).. The mcan + SD of at least three measurements is shown. 'The number of bacteria at t = 2 as the percentage of the 
numberr of bacteria at t = 0. ND, not determined. 

layerr for 2 h the bacteria were not protected 
againstt bactericidal activity as was shown by a 
2-logg decrease in the number of CFU der ived 
fromm the cell layer incubated wi th complement 
andd ant ibodies compared to the control in the 
absencee of complement and ant ibodies. After 
66 h, a twofold reduct ion in the number of bacteria 
w ass observed, and after 24 h and 48 h the cell-
associatedd bacteria were hard ly or not killed at 
all,, indicat ing that they were no longer sus-
ceptiblee to the bactericidal activity, due to the 
interact ionn with the cell layer. These bacteria 
weree themselves susceptible to the bactericidal 
activityy of the Mab and complement, since only 
3.9%% of the bacteria surv ived the t reatment when 
thee cell layer was first solubil ized with saponin. 

Occurrencee of mutations in MOMP P2 
duringg persistence of H. influenzae in 
epitheliall cell layers 

Inn COPD patients and in exper imental ly infected 
rabbits,, MOM P P2 mutants appear dur ing per-
sistentt infection [1, 17, 18]. We were interested 
inn whether MOM P P2 mutant wou ld appear 
dur ingg prolonged incubation of H. influenzae 
wit hh epithelial cells in the presence of ant ibodies 
inin vitro. Therefore, epithelial cell layers were 
infectedd with strain SD3-1 in combinat ion with 
Mabb 30DA10 and complement (n = 3) for 6 days. 
Onn days 1, 2, 3 and 6 the colonies g rown from 
thee apical fluid were analyzed wi th a colony 
blott to detect mutan ts not recognized by Mab 
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DA10.. On the day 6, also the colonies from 
33 saponin treated cellular fraction were ana-
ced.. On day 3, a few colonies from the apical 
iidd of one insert did not react with Mab 
DA10.. On day 6, bacteria isolated from the 
icall  and the cellular fractions of the same 
>ertt were not recognized by the monoclonal 
tibody,, whereas from none of the other inserts 
Jtantss were isolated. Three of the mutant col-
iess were selected for further analysis, one 
)mm the apical fraction of day 3, one from the 
icall  fraction of day 6 and one from the cellular 
ictionn of day 6. The P2 protein of these mutants 
gratedd at a slightly different position from the 
proteinn of strain SD3-1 in SDS-PAGE [Fig. 

i)].i)].  Unlike strain SD3-1, the 3 isolates did not 
actt with Mab 30DA10 in ELISA or Western 
itt [Fig. 6(b)]. However, they remained positive 
ELISAA with Mabs 28CF2, 27CC4, and 25DE10, 
dicatingg that only the epitope for Mab 30DA10 
iss mutated. Sequence analysis of the MOMP 

genee showed that in the mutants a single 
see change (from G to A) in the region encoding 
33 tip of loop 6 of the protein had occurred. 
liss loop is an immunodominant epitope on the 
oteinn [19], and contains the epitope for Mab 
DA100 [20]. This mutation resulted in a change 
aa glycine into a serine, introducing a change 
chargee of the loop region. As a negative 

ntroll  for selection, infected cell layers were 
rubatedd with Mab 30DA10 and inactivated 
mplementt (n = 3) for 6 days. From none of 
3see inserts mutants were obtained. 

iscussio n n 

iee conditions in COPD and CF patients favor 
33 survival of bacteria in the lower respiratory 
ict.. Penetration of H. influenzae between epi-
3liall  cells and the presence of the bacteria in 
33 epithelial cell layer have been demonstrated 
thh in vitro and in vivo. In organ culture models, 
33 bacteria have been shown to pass between 
33 cells [12, 13]. In patients with respiratory 
ictt infections the bacteria have been identified 
tweenandd below the epithelial cells [11]. These 
taa suggest that intraepithelial penetration of 
influenzaeinfluenzae may be characteristic for these per-

•tentlyy infected patients. 
Too understand the mechanisms of persistence 
nonencapsulatedd H. influenzae in epithelia of 

thee lower respiratory tract of CF and COPD 
patientss despite the presence of antibodies and 
antibiotics,, we developed an in vitro model for 
thee long-term interaction of these bacteria with 
thee human bronchial epithelial cell line XCI-
H292,, grown on tissue culture inserts with 
0.22 |im pores. We showed that in the absence 
off nutrient depletion and acidification of the 
medium,, H. influenzae was associated with these 
cellss for periods up to 1 week. The normal 
epitheliall cell morphology was maintained for 
att least 24 h. After 1 week, the cells were still 
attachedd to the filter inserts but intercellular 
contactss were partly disrupted, indicating that 
H.H. influenzae exerted some toxic effect on the 
humann lung epithelial cell line after prolonged 
incubationn periods. 

AA characteristic and reproducible feature was 
thatt the bacteria in the cell layer were seen 
betweenn the epithelial cells. This phenomenon 
occurredd already after 6h incubation. Similar 
resultss were obtained with a paracytosis assay 
forr H. influenzae using epithelial cell layers 
grownn on tissue culture inserts which allow 
bacteriaa to penetrate [14]. The fraction of bacteria 
insidee the cell layer was determined as the frac
tionn of bacteria associated with the cells sur
vivingg gentamicin treatment. Gentamicin 
belongss to a group of antibiotics that are unlikely 
too diffuse across plasma membranes, or per
meatee the paracellular pathway via tight junc
tionss because of its large structure and 
hydrophilicc nature [21]. It is often used to dis
criminatee between intracellular and extracellular 
bacteriaa in eukaryotic cells [22]. It has also been 
shownn that gentamicin does not pass confluent 
celll layers of different cell lines [21]. In our 
modell system using confluent cell layers, up to 
aa few per cent of the total number of cell-
associatee H. influenzae evaded the killing effect 
off this drug. A maximum number of protected 
bacteriaa was reached after 24 h of incubation for 
strainn A960053. 

Thee survival of H. influenzae in epithelial cell 
layerss was not unique for strain A960053, the 
CF-isolatee we used in most of the experiments. 
Tenn other strains either from CF or COPD 
patientss showed the same phenomenon. The 
numberr of cell-associated bacteria after 24 h in
cubationn with the cells varied up to 100-fold 
amongg strains. This seemed to be strain-de
pendentt and not related to adherence, sug
gestingg that adherence and entrance into the cell 
layerr are independent processes. In the para-



Tablee 2. St ra ins used in this s tudy 

Strain n 

H.H. influenzae 
A9600533 (69a) 
31 1 
62 2 
49a a 
3 3 
66 6 
21 1 
dl l 
d3 3 
1481 1 
A950006 6 
SD3-1 1 

H.H. parainfluenzae 
A850181' ' 

Patientt group" 

CF F 
CF F 
CF F 
CF F 
CF F 
CF F 
CF F 
COPD D 
COPD D 
COPD D 
COPD D 
Derivative e 
expressing g 
strainn d3 

off  strain A960053, 
MOMPP P2 of 

Carrierr (throat isolate) ) 

Acute/ / 
persistent'' ' 

persistent t 
acute e 
acute e 
persistent t 
persistent t 
persistent t 
acute e 
persistent t 
persistent t 
\ 'D D 
XD D 
XD D 

XD D 

Adherencee to 
XC1-H292' ' 

--
++ + + 
--
++ + + 
++ + 
--
— — 
--
--
++ + + 
++ + + 
XD D 

XD D 

Reference e 

15] ] 
15] ] 
[5] ] 
[51 1 
[51 1 
[5| | 
[5| | 
HI I 
[1] ] 
[23] ] 
thiss study 
thiss srudv 

thiss study 

°CF,, cystic fibrosis; COPD, chronic obstructive pulmonary disease. *Phenotypically and genotypically identical isolates 
fromm sputum samples collected from one patient with an intervening period of more than one month were considered 
isolatess of a persisting strain. 'Adherence as determined by light microscopy, as described previously D4|. Symbols: 
++ + 4 , 50 to 200 bacteria bound per epithelial cell, + +, 5 to 50 bacteria bound per cell, - , less than 5 bacteria bound 
perr epithelial cell. \ 'D, not determined. 

cytosiss model [14], the adhering strain 1481 
passedd more efficiently than the nonadhering 
strainn d l. Also more bacteria were cultured after 
gentamicinn treatment of cell layers incubated 
forr different periods of time with strain 1481 
comparedd with strains A960053 and dl (data 
nott shown). Apparently, strain 1481 combines 
highh levels of adherence with an efficient mech-
anismm of invasion. Together, these data show 
thatt H. influenzae survived and persisted in vitro 
inn the epithelial cell layer for periods up to a 
week,, localized between the epithelial cells, in 
compartmentss not reached by gentamicin. 

Inn COPD and CF patients H. influenzae persists 
inn the lower respiratory tract despite the pres-
encee of antibodies and treatment with a variety 
off  antibiotics. We found that the cell-associated 
bacteriaa were protected by the cell layer not only 
againstt high concentrations of gentamicin, but 
alsoo against other antibiotics (streptomycin, kan-
amycin,, polymixin B and ciprofloxacin), despite 
thee susceptibility of the bacterial strain used 
inn the experiments for the antibiotics tested. 
Antibioticss requiring bacterial growth to be 
effectivee (ampicillin, imipenem, cefuroxim, 

amoxycillin/clavulanicc acid, cefalothin) did not 
kil ll  the bacteria in the apical medium from the 
cells.. Therefore, with this system we could not 
obtainn data with respect to the effect of these 
antibioticss on the bacteria in the cell layer. Ri-
fampicinn and tetracycline killed the bacteria as-
sociatedd with the cell layer to the same extent 
ass in the apical medium. Polymixin B and ri-
fampicinn probably penetrated into the cell layer 
sincee the number of bacteria surviving was lower 
thann after gentamicin treatment. This is in ac-
cordancee with data obtained for rifampicin with 
celll  layers of two different cell lines showing 
rapidd efficient passage [21]. The hydrophobic 
naturee of rifampicin suggests that passive dif-
fusionn across the monolayer occurs. The data 
suggestt that antibiotics reaching the intercellular 
spacee in high concentrations may be the most 
effectivee against H. influenzae in these patients. 
Strongg antimicrobial effects in vitro were ob-
servedd with rifampicin and polymixin B. 

Too test the susceptibility of H, influenzae to 
antibody-mediatedd defense mechanisms, we 
neededd antibodies and the strain reacting with 
thee antibodies. Monoclonal antibodies pro-



Jtingg complement mediated bactericidal ac-
ityy specific for strain d3 from a persistently 
:ectedd COPD patient were obtained previously 
5].. The target for these bactericidal antibodies 
MOMPP P2 of strain d3. However, these Mabs 
>>  not rprogni7e thp MOMP P2 of strain 
>60053.. We therefore constructed a mutant 
ainn of strain A960053 expressing the MOMP 
off  H. influenzae strain d3. Bacteria associated 

thh the cell layer were protected against anti-
dy-mediatedd killin g in the presence of com-
3ment,, since their number did not decrease 
:err incubation of the infected cell layers with 
tibodiess and complement. Resistance to bac-
'icidall  activity could, however, not be ex-
ainedd by the appearance of mutants of the P2, 
houghh this protein is known to show antigenic 
iftt [1, 16]. The bacteria recovered from the 
III  layers were still killed by the monoclonal 
tibodiess in the presence of complement. The 
pearancee of MOMP P2 variants occurred only 
:err prolonged incubation of H. influenzae with 
tibodiess and complement. The variants did 
>tt react with the bactericidal monoclonal anti-
dyy as a result of one nonsynonymous point 
jtationn in the region of the MOMP P2 gene 
codingg for loop 6. Similar findings were ob-
nedd with variants of patient isolates [16, 20], 
whichh antigenic drift occurs as a result of an 
cumulationn of point mutations [16, 19, 20]. 
liss shows that it is possible to mimic immune-
essuree for mutation in vitro. Since the same 
jtationn was found in three variants tested we 
ggestt that one variant expressing a mutant 
OMPP P2 that results in insensitivity of anti-
dy-mediatedd complement killin g has grown 
t.. This process, however, does not occur at a 
*hh frequency in vitro, since it was only ob-
rvedd in one out of three inserts. 
Inn conclusion, we have demonstrated that 
^encapsulatedd H. influenzae from CF and 
3PDD patients persists in a cell culture model 
•gelyy between epithelial cells without darn
ingg the epithelial cells for up to a week. The 
cteriaa inside the cell layer were shielded from 
lingg by a variety of antibiotics, and antibody-
?diatedd bactericidal activity. The data suggest 
att penetration of H. influenzae between epi-
sliall cells in vivo may contribute to the per-
•tencee of this micro-organism in CF and COPD 
tientss in the presence of antibiotics and anti-
dies,, despite the fact that the isolated bacteria 
22 fully susceptible to these antibacterial ac-
itiess in vitro. 

Material ss  and method s 

Bacteriall strains and growth conditions 

Off the 11 nonencapsulated H. influenzae strains 
usedd (Table 2), 7 strains were isolated from 
sputumm samples of CF patients obtained during 
aa longitudinal study on the persistence of H. 
influenzaeinfluenzae in CF patients [5]. The remaining 4 
strainss were cultured from sputum specimens 
off COPD patients and have been described by 
Groeneveldd et al. [1, 2]. Haemophilus para-
influenzaeinfluenzae strain A850181, isolated from the 
throatt of a healthy individual was included for 
comparison.. The strains varied in adherence 
too the lung epithelial cell line. To distinguish 
betweenn acute (nonpersistent) and persistent 
strains,, clinical isolates have been characterized 
genotypicallyy by random amplified polymeric 
DNAA analysis and phenotypically by outer 
membranee protein analysis, as described else
wheree [5, 24]. Genotypically and phenotypically 
identicall isolates from sputum samples collected 
fromm one patient with an intervening period of 
moree than 1 month were considered as isolates 
off a persistent strain. Bacteria were stored at 
—— 70°C in peptone containing 15% glycerol, and 
culturedd on chocolate agar plates overnight at 
37°CC in humid air enriched with 5% C02 . 

Constructionn of mutant SD3-1 

Mutantt strain SD3-1 is a derivative of H. in-
fluenzaefluenzae strain A960053 expressing the MOMP 
P22 of strain d3, and was obtained by natural 
transformationn with chromosomal DNA of 
strainn d3. Chromosomal DNA of strain d3 was 
isolatedd by standard methods [1]. Competence 
developmentt and transformation of strain 
A9600533 was performed according to the 
methodd described by Herriott et al. [25]. Trans-
formantss were plated on chocolate agar plates 
andd approximately 40,000 colonies were trans
ferredd to nitrocellulose filters. Transformants ex
pressingg the MOMP P2 of strain d3 were 
detectedd using colony immunoblotting with 
Mabb 30DA5, specific for MOMP P2 of strain 
d33 [15]. The transformant SD3-1 was further 
characterizedd by ELISA using a variety of Mabs 
specificc for MOMP P2 as described before [15]. 
Too allow for the expected change in size of 
MOMPP P2, Strain SD3-1 was further analyzed 
byy SDS-polyacrylamide gelelectrophoresis [26] 
modifiedd as described by Van Alphen et al. [27], 



andd by Western blot. Sequence analysis of the 
MOMPP P2 gene was performed as described 
beforee [17]. 

Celll culture 

Thee epithelial cell line NCI-H292 (ATCC CRL 
1848)) [28] originating from a human lung muco-
epidermoidd carcinoma, was maintained in RPM1 
16400 medium buffered with 25 mM iV-2-hydn> 
xyethy]piperazine-N'-2-ethanesulfonicc acid 
(HEPES)) (Gibco), and supplemented with 10% 
fetall  calf serum (Boehringer, Mannheim, Ger-
many)) without antibiotics (RPMI) and passaged 
ass described previously [14]. After tryp-
sinization,, 3 x 10- cells were seeded onto a 10 mm 
tissuee culture insert (Nunc) with 0.2 um pores 
inn a total volume of the apical fluid of 400 ul. 
Thee tissue culture inserts were placed in a 24 
wellss plate (Falcon) containing 500 ul RPMI and 
incubatedd at 37°C in a C02-incubator for 1 week. 
Everyy third day the cells were washed with fresh 
prewarmedd RPMI. 

Infectionn experiments and treatment of the 
celll layers with gentamicin 

Forr infection experiments, the tissue culture in-
sertss were washed and transferred into a 6-
welll  plate (Falcon). Next, 360 ul fresh RPMI was 
addedd to the upper compartment and 3 ml to 
thee lower compartment. Bacteria grown over-
nightt on chocolate agar plates were suspended 
inn PBS to a final concentration of 2 x 10*  CFU/ 
ml,, and 40 ul of the bacterial suspension was 
addedd to the apical fluid. The infected cell layers 
weree incubated at 37°C in a CGyincubator for 
periodss up to 7 days. To avoid depletion of 
nutrientss and acidification of the medium the 
apicall  and basolateral medium was refreshed 
daily.. At indicated intervals, the apical medium 
wass collected and centrifuged at 270 g to remove 
cellularr debris. The number of bacteria not as-
sociatedd with the cell layer was determined in the 
supernatant.. In order to determine the number of 
bacteriaa associated with the cell layer, the cell 
layerr was washed three times with 200 ul RPMI 
andd solubilized by incubating with 400 ul 1% 
saponinn solution in PBS for 15 min at 37°C. To 
assesss the number of bacteria inside the cell 
layerr (intracellular and intercellular), cell layers 
weree incubated for 4h with RPMI containing 

1000 ug/ml gentamicin (Centrafarm), to kil l bac-
teriaa residing on top of the cell layer. Then, 
solubilizationn of the cells in 1% saponin was 
performed.. As a control for the efficacy of the 
bacteriall  killin g by gentamicin, bacteria in the 
apicall  medium were exposed to gentamicin. The 
susceptibilityy of the bacteria inside the cell layer 
forr gentamicin was determined after sol-
ubilizationn of the cell layer. The released bacteria 
weree washed three times with PBS and treated 
withh gentamicin in PBS. The numbers of bacteria 
inn all fractions were determined as the number of 
CFU/mll  on chocolate agar plates of appropriate 
dilution'ss of the samples. 

Treatmentt of cell layers with other 
antibiotics s 

Thee susceptibility of bacteria in the cell layer for 
thee bactericidal activity of other antibiotics was 
determinedd using cell layers incubated with 
strainn A960053 for 24 h. The cell layers were 
treatedd with the antibiotics as described for gen-
tamicinn using the following concentrations: am-
picilli nn (20 ug/ml, Smith Kline Beecham), 
imipenemm (400 ug/ml, Tiënam, I. V., MSD), ce-
furoximm (400 ug/ml, Zinacef, Glaxo), amoxy-
cillin/clavulanicc acid (400/200 ug/ml, 
Augmentin,, Smith Kline Beecham), cefalothin 
(4000 ug/ml, Keflin, Lilly) , kanamycin (50 ug/ml, 
Gibco),, tetracycline (200 ug/ml, OPG), ery-
thromycinn (200 ug/ml, Abbott), chlor-
amphenicoll  (200 ug/ml, OPG), trimetoprim/ 
sulfaa (50/1 ug/ml, Bactrimel, Roche), strep-
tomycinn (200 |ig/ml, Sigma), rifampicin (100 ug/ 
ml,, AMC), polymixin B (100 ug/ml, Bufa), and 
ciprofloxacinn (100 ug/ml, Bayer). The con-
centrationss used were at least 10 times the MIC 
off  strain A960053 as determined by E-test (AB 
Biodisk,, Sweden). 

Antibodyy dependent bactericidal assays 

Thee susceptibility of bacteria in the cell layer 
forr the bactericidal activity of antibodies and 
complementt was analyzed using cell layers in-
cubatedd with strain SD3-1 for the indicated 
periodss of time. The cells were washed with 
RPMI,, and 200 ul Mab 30DA10, 40 ul 10 mM 
sodiumm barbital buffer pH 7.8 containing 15 mM 
CaCl2,, 50 mM MgCl2 and 3% (wt/vol.) bovine 
serumm albumin, and 40 ul human serum lacking 
bactericidall  antibodies specific for H. influenzae 



ainn SD3-1 as complement source were added 
1200 ul apical medium on the cells. Mab 

DA100 was described before [15]. All com-
>undss were added to the basolateral com-
rtmentt in the same proportions. After 
:ubationn for 2 h the cell layers were washed 
dd the number of bacteria in the cell layer 
iss determined. To determine the complement 
sceptibilityy of the bacteria not associated with 
22 cells, 20 [il aliquots from the apical medium 
?ree collected to which complement, Mab, or 
thh was added in the proportions described 
ove.. The volumes were adjusted to 200 JJ.1 with 
diumm barbital buffer. To study the appearance 
MOMPP P2 mutants in the cell system, H. 

luenzaeluenzae strain SD3-1 was incubated with the 
itheliall  cells for a prolonged period of time 
thee presence of antibodies and complement. 
ierefore,, Mab 30DA10 and complement were 
dedd to the apical and basolateral fluid as 
scribedd above and this was refreshed daily. 

ansmissionn electron microscopy 

'111 layers on tissue culture filter supports were 
edd in PBS containing 4% paraformaldehyde 
dd 1% glutaraldehyde, postfixed with 1% os-
umm tetroxide in 0.1 M sodium cacodylate buf-
""  (pH 7.4), dehydrated via graded alcohol 
?ps,, treated with propylene oxide, and em-
ddedd in Epon LX 112 (Ladd). For transmission 
;ctronn microscopic examination of the cell lay-
i,i, ultra thin sections approximately 50 nm thick 
?ree mounted on grids, stained with aqueous 
anyll  acetate and lead citrate, followed by ana-
>iss with a Zeiss transmission electron micro-
b e. . 
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