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HaemophilusHaemophilus influenzae penetrates the respiratory epithelium durin g carriage and invasive disease, including 
respiratoryy tract infections. We developed an in vitr o model system consisting of lung epithelial NCI-H292 cells 
onn permeable supports to study the passage of H. influenzae through lung epithelial cell layers. The NCI-H292 
cellss formed tight layers with a Ca2+-dependent transepithelial resistance of around 40 Ci  cm2. H. influenzae 
passedd through the cell layers without affecting the viabilit y of the cells and [3H]inuli n penetration. The 
passagee time was independent of the inoculum of H. influenzae in the apical compartment and was not 
influencedd by the presence of capsule or  fimbria e on H. influenzae or  by the abilit y of the bacteria to adhere to 
thee epithelial cells. However, highly adherent strains showed greater  paracytosis. Different strains passed 
throughh the cell layer  independently. The passage time was shorter  for  rapidl y growing strains than for  slowly 
growingg strains (10 to 18 h and 30 h, respectively). Microscopic examination revealed the presence of clusters 
of//,, influenzae bacteria between the epithelial cells, indicating that bacterial passage was due to paracytosis. 
Afterr  the addition of chloramphenicol, no bacteria were cultured from the basolateral side, and no bacterial 
clusterss between the epithelial cells were seen, suggesting that de novo bacterial protein synthesis was needed 
forr  the bacteria to reach the intercellular  space. We conclude that ƒƒ. influenzae passes through viable cell layers 
off  the human lung epithelial cell line NCI-H292 by paracytosis, requirin g bacterial protein synthesis. 

Thee gram-negative bacterium Haemophilus influenzae is a 
nmensa]]  of the human upper respiratory tract and an im-
rtantt pathogen causing respiratory tract infections as well as 
temicc disease. Encapsulated strains with a serotype b poly-
xharidcc are able to pass through the respiratory epithelium 
dd cause meningitis, epiglottitis, cellulitis, arthritis, sepsis, 
dd pneumonia. Nonencapsulated (nontypeable) II. influenzae 
ii  major cause of upper and lower respiratory tract infections 
dd persists in the lower respiratory tracts of patients with 
ronicc obstructive pulmonary disease and cystic fibrosis (13, 
.22). .22). 
Colonizationn of the human upper respiratory tract is gener-
yy considered the first step in infections by both type b and 
ntypcablcc II. influenzae. Capsule expression is an important 
ulencee determinant in invasive disease as it allows intravas-
larr survival (12). Systemic infection is generally assumed to 
:urr after invasion of ƒƒ. influenzae type b through the naso-
aryngeall  epithelium following colonization (11, 15). Al -
)ughh nontypeable H. influenzae is not generally considered 
invasivee organism, penetration of the respiratory tract may 

:urr after colonization, as shown by in situ hybridization and 
^teriall  viability assays of adenoid tissue from young children 
oo were clinically infection free (5). Bacteria were detected in 
:: subepithelial layers which probably serve as the reservoir 
bacteriall  colonizations. Subepithelial localization of//, in-

enzaeenzae was also observed during respiratory tract infections 
i.. The latter researchers showed that nontypeable //. influ-
:ae:ae resides between epithelial cells and in the subepithelial 
urixx of the respiratory tract in patients with acute and 
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chronicc respiratory tract infections. The epithelium from the 
tracheaa to the terminal bronchioles was found to be intact in all 
cases.. These results suggest that //. influenzae passes through 
thee respiratory epithelium during carriage and disease by para-
cytosis. . 

Inn organ culture studies, paracytosis of//, influenzae was also 
observedd (3, 17). Unlike the results of studies of infected tissue 
inn vivo, studies with nasopharyngeal organ cultures invariably 
showw that the respiratory tissue is functionally and structurally 
damagedd during incubation with //. influenzae (3, 9, 14). To 
furtherr study the interaction of //. influenzae with respiratory 
epithelium,, we sought a model in which //. influenzae does not 
disruptt the epithelial cell layer integrity. In the model system 
describedd in this paper, //. influenzae passed through confluent 
layerss of human lung epithelial N OT 1292 cells on permeable 
supportss without affecting the permeability or viability of the 
celll  layer. We show that in this model, passage of //. influenzae 
followss the paracytosis route. Adhering strains pass through 
thee cell layers more efficiently than nonadhering strains do. In 
addition,, we show that the time required for passage is inde-
pendentt of bacterial adherence properties and capsule and 
fimbriafimbria production but is influenced by bacterial protein syn-
thesis. . 

MATERIAL SS AND METHOD S 

Bacteriall  strains and growth conditions. Nontypeable H influenzae dl (6) and 
14811 (23) were isolated from sputum samples nf patients with chronic bronchitis. 
AA spontaneous streptomycin-rcsistam mutant of// influenzae dl, strain dlstrK . 
wass isolated as a survivor of a culture of strain dl in brain heart infusion broth 
(BHI;; Difeo) supplemented with 1(1 (j.gof NAD andhcmin (Sigma) ml ' and 10(1 
M-gg of streptomvem ml '. The nontypeable II influenzae strains CF23()la 
(320190B-10).. CF3001f(902550Z-24), CF2701b(3(M274Y-l), and CF47A(320671 
P-2)) were isolated from sputum samples of patients with cystic fibrosis. // 
influenzaeinfluenzae type b stram 770235b F was isolated from cerebrospinal fluid. The 
isolationn of a heavily fimbriated variant of this strain (7711235b f ) and the 
aeapsularr derivatives II influenzae 770235h"f and 770235b"r' has been de 
scribedd before (24, 25). II influenzae reference stram 2174 (nontypeable) was 



suppliedd by the Quality Assurance Laboratory. Centra! Pubiie Health I,abora-
tory,, London. L'nitcd Kingdom, and is resistant to K jig of chioramphenieol 
(CAM)) ml :. All II  influenzae strains were cultured tin chocolate agar plates at 
37°CC in a humidified atmosphere containing 5% CO,, Neisseria gonorrhoeae 
831)563,, isolated from a patient with a disseminated gonococcal infection (29), 
wass cultured on GC medium base (Difco) containing 1% Vitox (Oxoid) at 37°C 
inn a humidified atmosphere containing 5% C02. 

Celll  culture. Epithelial cell line NCI-H292 (1) (ATCC CRL 1848), originating 
fromm a human lung mucocpidcrmoid carcinoma, was maintained in 25-cm2 tissue 
culturee flasks (Nunc) in RPMI 1640 medium (Gibco) supplemented with 10% 
fetall  calf serum (Bochnngcr) without antibiotics. This medium is hereafter 
referredd to as maintenance medium. Cells were passaged twice weekly with a 
splitt ratio of 1:6. Permeability studies and passage assays with the epithelial cell 
linee were performed after cullunng the cells on transparent tissue culture inserts 
withh 1 -(jjn pores. Originally, the tissue culture inserts contained a 0.6-crrr surface 
areaa membrane; later on, tissue culture inserts containing a 0.31 -cm3 surface area 
membranee were used (model no. 3104; Falcon). In order to obtain confluent cell 
layerss on the (0.31 -cm7) filter membranes, confluent flask cultures were 
trypsimzedd with 0.05% trypsin plus 0,02% FDTA in Dulbecco's phosphate-
bufferedd saline (PBS) (137 mM NaCl, 8mM Na2PO„ 1.5 mM KH?P04, 2.6 mM 
KC1),, diluted in 10 ml of maintenance medium, and spun down at 1,000 rpm in 
aa Hcrcaus minifugc RF" centrifuge. The cells were resuspended in maintenance 
medium,, and 200 ji.3 of the cell suspension containing 3 x HP cells was added to 
eachh tissue culture insert. Tissue culture inserts were placed m 24-well plates 
(Falcon)) containing 700 p.] of maintenance medium. All cell cultures were incu-
batedd at 37°C in a humidified atmosphere containing 5% CO?. The viability of 
thee epithelial cells was determined by trypan blue exclusion as follows. The cell 
layerr was trypsimzed for 10 mm at 37°C in 30 u.1 of trypsin solution. One hundred 
fiftyy microliters of trypan blue dye (0.2% in Dulbecco's PBS containing 1 ^g of 
bovinee serum albumin ml  ]) was added to each well, and viable and nonviable 
cellss were counted by light microscopy. Over 500 cells were examined for each 
determination. . 

Electricall  resistance measurement. The transcpithclial resistance (TFK) of 
NCI-H2922 layers was measured with the Milliccll-ERS Resistance system (Mil -
lipore,, Bedford. Mass.). Before use. the electrodes were sterilized in a solution 
off  70% (vol/vol) ethanol in H,0. After the instrument was calibrated against 
maintenancee medium, one electrode was placed inside the tissue culture insert 
andd the other was placed on the outside. Tissue culture inserts without cell layers 
servedd as blanks. The reading was recorded, and the TER was calculated from 
thee equation TER (ffsamPic ^wank)(surface area), where H is resistance; the 
unitss of TER are ohms  centimeter2. 

I'Hlinuli nn permeability measurement. For pHjinulm permeability measure-
mentss of the cell layers, tissue culture inserts containing a 0.6-cm2 membrane 
weree used. At time zero, 100 u.1 of maintenance medium containing 1 (JLCI (0.2 to 
11 nmol) of pH)inulin (molecular weight, 5,200; Amcrsham) was added to 400 pj 
off  maintenance medium at the apical side of the cells. The basolatcral volume 
wass 600 u.1. A sample of 20 .̂1 of the apical medium and a sample of 50 (J of the 
basolatcrall  medium were taken and placed in 10 ml of scintillation fluid (Beck-
man)) to determine the amount of radioactivity'with a scintillation counter at time 
zero.. After 2, 4, and 6 h of incubation at 37°C m a CO, incubator. 50-(J aliqunts 
off  the basolatcral medium were counted- The permeability of the cell layer was 
definedd as the percentage of disintegrations per mmutc in the basolatcral me-
diumm relative to the disintegrations per minutes added at time zero at the apical 
side.. The permeation rate of pHjmulin was calculated as the permeability per 
hour.. As a control, the cell layers were made permeable by the addition of EDTA 
att the apical side in a final concentration of 10 m.M prior to the addition of 
[3H|inulin. . 

Passagee assay. Bacteria of a culture grown overnight on chocolate agar plates 
weree suspended in RPMI 1640 medium with 25 mM HEPES (<V-2-hydmxyeth-
ylpipcrazine-A""  2-cihancsulfonic acid) buffer (Gibco) supplemented with 1(1% 
fetall  calf scrum (assav medium) to the appropriate concentration (10' CFTJ 
mll  '. unless stated otherwise). At time zero, the apical medium of the tissue 
culturee inserts was replaced by 200 1̂ of bacterial suspension in assay medium. 
Thee cell culture inserts were transferred to a 24-weli plate containing 200 fJ of 
assayy medium per well and incubated at 37°C in a COj incubator unless stated 
otherwise.. The apical medium was replaced with fresh 37°C medium after 8 h 
andd then every subsequent 4 h to avoid acidification. After H h of incubation, the 
basolatcrall  medium was replaced with fresh 37°C medium every 30 or 60 min and 
culturedd on chocolate agar plates to determine the numbers of bacteria in each 
samplee by colony counting. The passage time was determined as the time point 
thatt a positive sample was taken for the first time. Alternatively, the tissue 
culturee inserts were placed in 700 u.1 nT assay medium, and the bacterial number 
wass determined from aiiquots of 50 in 100 j j that were taken at regular lime 
intervals.. Since the bacteria that passed through Ihc cell layer started to grow in 
thee basolatcral compartment with the rate of the exponential phase of the growth 
canee (data not shown), the passage lime of the bacteria was determined by 
extrapolationn of the growth curve from the number nf bacteria in the basolatcral 
compartmentt to the time point that two bacteria were in the basolatcral com-
partment.. The passage times calculated m this manner correlated with the 
passagee times of the experiments m which the basolatcral medium was cultured 
everyy 30 or 60 min. Inhibition of bacterial protein synthesis in the passage assays 
wass obtained by the addition of the same concentrations of CAM to the apical 

andd basolatcral medium to a final concentration as indicated. The back 
numberr in the apical medium was determined by colony counting at various t 
pouitss to assure growth inhibition. 

Adherencee uf H. influenzae lo NCI-11292 cells. Cells were grown to i 
confluencee on round glass coverslips (Mcnzelglascr, Germany) with a diam 
off  12 mm in 24-wcll plates with 1 ml of maintenance medium. The medium 
replacedreplaced by 1 ml of maintenance medium containing bacteria in a concentra 
off  1()? CFU ml '. After 6 h of incubation at 37°C in a humidified atmospl 
containingg 5% CO,, the glass coverslips were transferred to new 24-wcll pi 
andd washed three times with PBS (10 mM sodium phosphate. 140 mM NaCl; 
7.4).. The cells were fixed with 0.5 ml of 4% paraformaldehyde (PFA; Merck) 
1%% glutaraldehyde (GA; Merck) in Dulbecco's PBS for 20 min at room tern 
aluree and stained overnight with 0.007% crystal violet solution. To dctcrn 
adherence,, the number of adherent bacteria per cell were counted on appr 
matclyy 50 cells by light microscopy. Alternatively, cell layers were treated
1%% saponin in Dulbecco's PBS for 15 min to release them from the g 
coverslipss and dilutions were plated on chocolate agar plates to yield the nun 
off  adherent bacteria per monolayer. The number of adherent bacteria per 
wass calculated by dividing the number of CF'L' per cell layer by the numhc 
epitheliall  cells, as determined by counting the number of cells of a trypsin 
controll  cell layer. 

Lighll  microscopy and TEM. Cell layers on tissue culture inserts were fixe 
PBSS containing 4%. PFA and 1% GA, postlixcd with 1% osmium tetroxid 
sodiumm cacodylate buffer (0,1 M, pll 7.4), dehydrated via graded alcohol st 
treatedd with propylene oxide, and embedded in Epon LX 112 (Ladd). For 1 
microscopy,, sections 1 and 2 >i.m thick were stained for 1 min with methyl 
bluee (0.5%. methylene blue, 0.5%. Azure 11, 0.5% borax in distilled water). 
transmissionn electron microscopy (TEM), ultrathin sections approximate!; 
nmm thick were mounted tin grids, stained with aqueous uranyl acetate and 1 
citrate,, and analyzed with a Zeiss transmission electron microscope. In si 
eases,, gold probes were added to the cell layers during fixation in the PFA-
solution.. Gold particles with a diameter of 2 nm were prepared as describei 
Slott and Geuze (16). Because of the dense staining of the luminal site of the 
layer,, this technique made it possible to distinguish between bacterial preser 
invaginationss of the plasmalemma and those located in compartments betw 
cells. . 

RESULTS S 

Characteristicss of NCI-H292 lung epithelial cell layers 
tissuee cultur e inserts. One day after seeding, the NCI-IL 
epitheliall  cells formed confluent cell layers on permeable si 
portss as observed by inverse light microscopy. Examination 
crosss sections of the cell layers on permeable supports by li 
microscopyy (Fig. la) and TEM showed that the cell lay 
consistedd of one to three layers of cells. Earge intercellu 
spacess were observed between the lower layers of the cells, 1 
desmosomess were abundantly present. The cells of the up] 
layerr were tightly connected via desmosomes and tight ju 
tions. . 

TER,, a properly of tight epithclia, reached its maximum 
38.66 = 4.0 Q  cm2 within 4 days of seeding and remained sta 
untill  at least 7 days after seeding (Fig. 2). When EDTA \ 
usedd to chelate the free calcium, TER decreased to 17.9 r 
flfl  cm2. Tightness of the cell layer was further demonstrates 
aa pHjinulin permeation assay. Four days after seeding, 
permeationn rate was 1 to 3% h ' (Fig. 3). After the additior 
EDTA,, the permeation rate increased to 4 to 9% h \ The 
fore,, the NCI-II292 lung epithelial cells formed sealed, cl 
tricallyy tight layers on permeable supports. 

Passagee of H. influenzae through cell layers. The NCITF 
cellss were grown for 4 days on filters with 1-u.m pores. 
influenzaeinfluenzae dl, which caused a persistent infection in a pati 
withh chronic obstructive pulmonary disease, was used to del 
minee bacterial passage through this barrier. Figure 4 shows 
numberss of bacteria per hour in the basolateral compartm 
afterr passage through the NCI-H292 cell layer. Occasional!; 
feww bacteria passed through the cell layers during the first 
postinfection,, as in one of the experiments with / / . influen 
dll  shown in Fig. 4. In all experiments, the number of bactc 
culturedd from the basolateral compartment was very sir 
untill  16 to 18 h postinfection. Then, the number of bactc 
culturedd from the basolateral medium started to increase u 
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FIG.. 2. TER across uninfected NCI-H292 cell layers in ihc first 7 days after 
seedingg the cells on cell culture inserts. Symbols: , untreated cell layer; O, same 
ceill  layers after 30 mm of incubation in 1(1 mM EDTA in maintenance medium. 
Measurementss arc mean values of 10 tissue culture inserts ! standard devia-
tions. . 

'IG.. 1. Light micrographs of cross sections of NCI-H292 cell layers on filter 
:rts.. (A) Control cell layer 4 days after seeding. (B) Cell layer 24 h postin-
lationn with the nonadherent // influenzae dl. Occasionally clusters were 
ndd between the cells. (C) Cell layer 24 h postinoculation with the adherent H. 
uenzaeuenzae 1481. Bacteria were present (and abundant) between the epithelial 
ss and on the surface of the cells. Bars, 2(1 tun. 

quiredd before an inoculum of 103 CFU of bacteria ml ' 
increasedd to 10*  CFU ml - 1 , it is not likely that a high concen-
trationn of bacteria is required at the first onset of passage. This 
indicatess that only a small number of bacteria was required to 
startt passage of the cell layer and that passage started shortly 
afterr inoculation of the bacteria. 

proximatelyy 1,000 bacteria had passed through the cell layers 
rr hour at 24 h. 
Too examine the effect of II. influenzae infection on the in-
prityy of the cell layers, trypan blue exclusion and [3H]inuli n 
rmcabilityy assays were performed. Trypan blue exclusion 
Dwedd that 85 to 95% of the epithelial cells remained viable 
hh postinfection with //. influenzae dl compared with 92% 
blee cells in an untreated cell layer. The [3H]inuli n perme-
onn rate from 14 to 20 h postinoculation of the cells with II 
luenzaeluenzae d l, resulting in passage, was essentially the same as 
II  permeation rate of untreated cell layers, namely, 1 to 3% 
11 (Fig. 3). These results indicated that II. influenzae passed 
oughh cell layers of NCI-H292 cells without loss of cell layer 
bilit yy and integrity. 
Effectt  of the bacterial inoculum on the passage time of H. 
luenzae.luenzae. The passage times of //. influenzae dl after inocu-
ionn with various numbers of bacteria at the apical side of the 
11 layers (103 to 1010 CFU ml ') are shown in Fig. 5. The 
ssagee time varied in individual experiments. For II. influen-

 d l, the shortest observed passage time was 4.5 h and the 
tgestt was 19 h. but this variation in passage time was inde-
ndentt of the inoculum. Since the growth curve of //. influ-
:ae:ae dl in the apical compartment showed that 9 h was rc-

500 r 

tt 20

00 -

timee [hours) 

FIG.. 3, [3H]inulin permeability of NCI-H292 cell layers. The ratio of counts 
att the basolateral side to the counts at Lhc apical side at time zero was calculated. 
Meann values l standard deviations of five tissue culture inserts arc shown. 
Symbols:: , untreated cell layer; A, cell layer 14 h postinoculation with H. 
influenzaeinfluenzae dl at the apical side; O, cell layer after the addition of maintenance 
mediumm with 10 mM EDTA. dpm, disintegrations per minute. 
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FIG.. 4. The number of bacteria cultured from the basolateral compartment 
perr hour after passage of//, influenzae strains through NCI-11292 cell layers. The 
resultss of a representative experiment performed in duplicate are shown. Bac-
teriaa of the adherent strain 1481 were not cultured from the basolatcral com-
partmentt in a shorter time period than bacteria from the nonadherent strain dl 
butbut passed through the cell layers m larger numbers. Strain CF30Ü1 (O, ) which 
growss slower than strains dl and 1481, passed through the cell layers more than 
155 h iatcr than these strains. 

Effectt  of passage of H. influenzae on subsequent passage of 
otherr  strains. Dual infections with II. influenzae dl and a 
streptomycin-resistantt mutant of this strain (dlstrK ) were per-
formedd to study whether individual bacteria invaded indepen-
dentlyy of each other. The passage times of the two variants 
weree compared after inoculation of the two variants in one 
tissuee culture insert either at the same time (controls; n = 2) or 
44 h after each other (n = 2). In the controls, the mean passage 
limee of strain dl was 9 h and the mean passage time of strain 
dlstrRR was 10 h. When the two variants were inoculated 4 h 
afterr each other, the mean passage time of strain dl was 12 h 
andd the mean passage time of strain dlstrR was 10.5, which was 
11 and 4 h after passage of strain dl. These results showed that 
preincubationn with strain dl for 4 h did not alter the passage 
timee of strain dlstrR. Because the passage time of one strain 
mayy vary up to 4 h in one experiment, other experiments were 
donee in which dlstrR was inoculated 6 h after strain dl. At lime 
zero,, 103 CFU of II. influenzae dl ml ' was inoculated at the 
apicall  side of NCI-1I292 cell layers, and after 6 h of incubation 
att 37°C. 107 dlstrR was added so that both bacterial variants 
weree present in the same numbers. The passage time of H. 
influenzaeinfluenzae dl was 6.5 to 7 h compared with 7 h when no dlstrR 

wass added. The passage time of the streptomycin-resistant 
bacteriaa was 9.5 to 13 h after inoculation of dl compared with 

55 h without preincubation with strain dl. These results showed 
thatt incubation of the cell layer with II influenzae dl for 6 h did 
nott induce accelerated passage of strain dlstrR. Moreover, a 
longg preincubation with strain dl may even prolong the pas-

3 4 5 6 7 8 99 1C 

logg inoculum [CFU/ml] 

FIG.. 5. Passage times of// Influenzae dl after inoculation of different n 
herss of bacteria at the apical side. Mean values : standard deviations of scv 
independentt experiments (n) arc shown. 

sagee time of strain dlstrR. indicating that the different bade 
passedd through the cell layers independently. 

Effectt  of adherence on passage. The passage times of 
influenzaeinfluenzae strains differing in adherence characteristics w 
determined.. II. influenzae dl did not adhere to the NCI-Hi 
cellss after 6 h in contrast to H. influenzae 1481, which adhci 
stronglyy (>100 bacteria per cell), as determined by light i 
croscopy.. The number of adherent bacteria per cell as det 
minedd by colony counting (31  15 bacteria per cell for str 
1481)) was lower than determined by light microscopy (Ta 
1).. This difference in counting methods was a general phene 
enonn (Table 1) which may be caused by incomplete solubili 

TABL EE 1. Effects of adherence of different //. influenzae strains 
passagee through NCI-H292 cell layers on filter supports 

/ // influenzae 
strain n 

dl l 
14X1 1 
770235h°r r 
770235hh - f" 
77()235h°r r 
770235bb T 

Light t 
microscop p 

-- -

Adherence e 

Colonyy counting 
 (mean'.- SD [n]) 

(1.44 (1.4 (4) 
311 - 15(4) 

6 - 6 ( 4) ) 
0.0Ü22 (2) 

Ni y y 
ND D 

Mean n 
generation n 

time" " 
(min) ) 

28 8 
29 9 
32 2 
28 8 
28 8 
28 8 

Passagee tim 
(h)) (mean -

l " l ) ) 

10.44  2.7 ( 
1233  1.2 ( 
8.11 2.7 ( 

10.11  3.4 ( 
9.66 - 3.3 ( 

11.44  5.4 ( 

""  Mean generation time in the exponential growth phase in the apical c 
partmentt of the cell culture. 

''''  Passage time was determined after inoculation of 10 CFU/ml in the ar. 
compartmentt at time zero. 

'' Adherence as determined by light microscopy, as described previously ( 
Symbols:: - - , 50 to 200 bacteria bound per epithelial cell; - , 5 to 50 bact 
boundd per epithelial cell; , less than 5 bacteria bound per epithelial cell. 

dd ND, not determined. 



TABLEE 2. Effects of the mean generation times of different //. 
influenzaeinfluenzae strains on passage through NCI-H^s1? cell layers on 

filterr supports 

influenzae influenzae 
sirain n 

2301a a 
3000 If 

2701b b 
47A A 

Inoculum" " 

104 4 

104 4 

107 7 

104 4 

104 4 

Mean n 
generation n 

time e 
(min)'J J 

30 0 
114 4 

105 5 
130 0 

Passagee time (h) 
(meann - SD [n\) 

15.66 - 2.7 (3) 
222 (1), >22 (3) 

29.55 (2) 
>300 (3) 
>300 (3) 

Numberr of CFU inoculated per milliliter at time zero. 
Ass in Tabic 1, footnote a. 

nn of the cell membrane by saponin treatment before count-
;,;, The number of bacteria of strain 1481 that passed through 
:: cell layers per hour was similar to the number of bacteria 
strainn dl passing through the cell layers per hour until 15 to 
hh after inoculation (Fig. 4). Then, the number of bacteria of 
ainn 1481 passing through the cell layers per hour started to 
;reasee much faster than the number of bacteria of strain dl 
ssingg through per hour. The passage times of these strains 
11 not differ significantly though, as shown in Table 1 and Fig. 
indicatingg that the ability to pass was independent of adher-
cee to the epithelial cells. Next, four different variants of 
ainn 770235 were compared. The encapsulated II. influenzae 
D235b~rr (fimbriated) and 770235bT (nonfimbriated) did 
tt adhere after 6 h. The nonencapsulated variants H. influ-
:ae:ae 770235b°f° and 770235blT adhered in an overall pat-
nn of more than 50 bacteria per cell and 5 to 10 bacteria per 
1,, respectively, as determined by light microscopy after 6 h of 
:ubationn on ihc cells (Table 1). The passage times of the 
iantss of strain 770235 were similar for each variant and were 

Ttparablee to the passage times of the nonencapsulated //. 
luenzaeluenzae dl and 1481, as summarized in Table 1. These re-
tss indicate that the passage time of//, influenzae is unrelated 
thee presence of capsule, fimbriae, or other adhesins promot-
;; adherence of //. influenzae to NCI-H292 cells, although the 
mberr of bacteria passing through the cell layer is higher for 
herentt strains. 

Thee influence of bacterial metabolism on the passage time 
H.H. influenzae. As shown in Fig. 4 and Table 2, the mean 
ssagee time of strain CF3001 after inoculation of 107 CFU 

11 was 29.5 h. To determine if this long passage time was 
aracteristicc for cystic fibrosis isolates, the passage times of 
'erall  II. influenzae strains isolated from sputa of cystic fibro-
patientss were determined. Table 2 shows the growth rates 

dd the passage times of these strains after inoculation of 104 

UU ml ' in the apical compartment at time zero. The slowly 
>wingg strains (generation times of 100 min or more) needed 
;rr 22 h to pass through the cell layers, while strain CF2301a 
hh a generation time of 30 min passed through the cell layers 
hinn 12 to 18 h (Table 2). To analyze whether a long passage 
iee of slowly growing II. influenzae strains was characteristic 

slowlyy growing strains or due to slow growth rates, the 
)wthh rate of//, influenzae dl was influenced by lowering the 
:ubationn temperature or by adding CAM to the bacteria 
ringg passage assays at 37QC. The growth curves of //. influ-
:ae:ae dl in the apical compartment showed that the mean 
icrationn time increased from 28 to 67 min by incubation at 
C.. Concomitantly, the passage time increased from 10.4 -
hh to 26.3 * 4.0 h (/! = 4). Because incubation at 28°C affects 

:: metabolism and the motility of both the bacteria and epi-

theliall  cells, passage experiments at 37°C were performed in 
whichh either the cell metabolism or bacterial growth was de-
layedd at 37°C to study the role of protein synthesis during 
passage.. Addition of 5.6 u.g of cycloheximide ml ' during the 
passagee assay, a concentration sufficient to block the protein 
synthesiss of mouse fibroblast 3T3-C2 cells by at least 97% (8), 
didd not affect the passage time. Also, higher concentrations of 
cycloheximidee (10 u.g ml  s) did not significantly alter the pas-
sagee time of//, influenzae. The same results were obtained by 
usingg anisomycin as inhibitor of the protein synthesis of the 
epitheliall  cells at the concentrations of 0.5 and 10 u.M. When 
1.55 u.g of CAM ml" 1 was added to the medium during the 
passagee experiments with //. influenzae d l, it was bacteriostatic 
forr the first 6 h. The bacterial number in the apical compart-
mentt decreased approximately 50% after 15 h. No bacteria 
weree cultured from the basolateral compartment after 24 h (n 
—— 2) or 27 h (n = 2). If CAM was added in lower concentra-
tionss causing slow growth (mean generation time, 4 h), bacteria 
passedd through the cell layers after 16 to 24 h of incubation (n 
==  4), Addition of CAM to the medium did not affect the 
passagee time of //. influenzae 2174, a CAM-rcsistant strain, 
therebyy excluding an effect of CAM on the epithelial cells. 
Thesee results showed that bacterial protein synthesis, and not 
epitheliall  cell protein synthesis, was important during the pas-
sagee of //. influenzae. 

Featuress of bacterium-cell interactions. Sections of cell lay-
erss incubated with bacteria were screened by light microscopy 
forr the presence of bacteria. H. influenzae dl was not found 
adherentt to the surface of NCI-H292 cells. The absence of 
adherentt bacteria to the epithelial cells in sections of cells 
grownn on filters is in agreement with the data obtained from 
incubationss of cells on glass slides. After 17 or 26 h of incuba-
tionn but not after 6 h, clusters of bacteria were occasionally 
seenn between the cells of the cell layer (Fig. lb). These clusters 
hadd the appearance of microcolonies. After incubation of the 
celll  layers with the adherent ƒ/. influenzae 1481 or 770235bT' 
att 37°C for 24 to 26 h, a much higher number of bacterial 
clusterss at these conditions than that after incubation with the 
nonadherentt //. influenzae dl was seen as shown in Fig. lc and 
Tablee 3. 

TEMM analysis of ultrathin sections of filters incubated with 
II.II.  influenzae strains (Fig. 6) showed that adherent bacteria 
seemedd to be attached to microvilli on the surface of the 
epitheliall  cells (Fig. 6a). Clusters of bacteria were localized in 
thee large intercellular spaces of the cell layer (Fig. 6). These 
intercellularr spaces were separated from the external surface, 
sincee the dense staining on the surface of the cell layer of gold 
particless added to the apical medium of the cell layers before 
slicingg the filters, was not seen in the intercellular spaces (Fig. 
6bb and c). Tight intercellular junctions were apparent above 
thee bacterial clusters (Fig. 6b), indicating that the cells were 
nott damaged by the bacterial passage. Sometimes intracellular 
bacteriaa were seen, but these seemed to be partially degraded 
(Fig-- 6c). 

Too analyze whether intercellular localization was specific for 
II.II.  influenzae or a common phenomenon for bacteria passing 
throughh NCI-H292 cell layers, passage of N. gonorrhoeae 
8305633 was studied. This strain was shown to invade Chang 
epitheliall  cells (28, 29). The passage time of N. gonorrhoeae 
8305633 at 37°C was more than 22 h (n = 4). After incubation 
off  the cell layer at 37CC for 6 or 26 h with N. gonorrhoeae 
830563,, diplococci were found adherent on the surface of the 
cellss (Fig. 7a) or intracellular̂  in the upper cells of the cell 
layerr (Fig. 7b). Intercellular diplococci were never found. 
Thesee results indicate that passage of JV. gonorrhoeae occurred 
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-ÏG.. 6. Electron micrographs of NCI-H292 cell layers after infection with // influenzae strains. Clusters of // influenzae bacteria in the intercellular space are 
icatedd with an aslcnsk. (A) //. influenzae 2174 20 h postinfection. Adherent bacteria (Hi) seem to be attached to microvilli on the surface of the cells. (B and C) 
11 layers 8 h postinfection with II influenzae 77Ü235 b°f°. Arrowheads indicate gold labeling on the apical surface of the cells. (B) Bacterial cluster between the cells. 
:: surrounding epithelial cells are scaled with desmosomes (De) and other junctional complexes (JC). (C) Beside a cluster of bacteria between the cells arc 
accllularr bacteria (arrows) that seem to be degraded. Bars, 0.3 u.m. 

oughh invasion into the epithelial cells, whereas paracytosis 
pearedd to be the major route employed by //. influenzae. 
Withh light microscopy and TEM analysis of slices of the cell 
erss after incubation with //. influenzae dl at 28°C, clusters in 
:: intercellular spaces were stilÏ found. In contrast, no clusters 
ree found after incubation of the cell layers with cither II. 
luenzaeluenzae dl or 770235b'T' at 37°C in the presence of CAM 
ablee 3). which did not inhibit cluster formation by the CAM-
.istantt strain 2174. 

DISCUSSION N 

Wee have developed an in vitro model to studv the passage of 
influenzaeinfluenzae through lung epithelial cell layers. In this model. 

thee human epidermal lung epithelial cells formed layers with a 
thicknesss of one to three cells on filter supports. Although 
largee intercellular spaces gave the cell layer an appearance of 
looselyy connected cells, the cells were joined by many cell-to-
cclll  contacts, such as tight junctions and desmosomes. This 
morphologyy is similar to that described previously for bron-
chiall  epithelial cells in primary culture (20). The ['Hjinuli n 
permeabilityy and TER measurements showed that the cell 
layerss were tight barriers, with a low Tli R compared with that 
off  polarized monolayers of MDCK or Caco-2 epithelial cells 
thatt have been used in transcytosis studies of Salmonella chol-
eraesuiseraesuis and Escherichia coli (2. 4). The decreased TER and 
increasedd paraccllular flux of ['Hjinuli n after the addition of 
EDTAA is indicative of the function of tight junctions in inter-
cellularr contacts. 

TEMM examination of thin sections of infected-cell layers 
revealedd that //. influenzae bacteria passed predominantly be-
tweenn the lung epithelial cells. Occasionally, intracellular bac-
teriaa were seen, but these seemed to disintegrate. Since N. 
gonorrhoeaegonorrhoeae entered the epithelial cells and was not found 
betweenn the epithelial cells, these data indicate that the pas-
sagee route of If. influenzae through the cell layers of respira-
toryy epithelial cells was specific for this bacterium. Our data 
arcc in line with those described previously in organ model 
studiess of//, influenzae infection (3, 17). The passage route of 
//.. influenzae seems to depend on the cell type used, since in 
humann umbilical cord endothelial cells, //. influenzae was 
mainlyy taken up by the cells and translocated within vacuoles in 
thee cells (27). Taken together, these results indicate that the 
routee followed by the bacteria is influenced by the bacterial 
speciess and cell type. 

Passagee of //. influenzae from the apical to the basolateral 
sidee did not result in cell death, as determined by the trypan 
bluee exclusion lest, and also did not lead to increased [3H]inu-
linn permeability. The permeability of the cell layer for [3H]inu-
linn (an inert compound with a molecular weight of 5.200) 
generallyy provides a definition of the magnitude of the para-
cellularr permeability. Since it has been shown that energy de-
pletionn of MDCK cells abolishes the gate function of their tight 

-~IG.. 7. Electron micrographs of NCI-11292 cell layers fi h postinfection with 
gonorrhoeaegonorrhoeae 830563. (A) Adherent and (B) intracellular bacteria (arrows) 
ee found. In contrast to what was seen after // influenzae infection, no bacteria 
ee found between the cells. Bars, 0.3 pjn. 

TABLEE 3. Effects of temperature and inhibition of bacterial 
proteinn synthesis nn bacterial clustering in NCI-H292 cell layers 

/// influenzae 

dl l 

770235b°f° ° 

2174 4 

Incubationn condition" 

377 c: 
2XCC C 
37°C,, CAM (1 (ig/ml) 

37°C C 
37"C.. • CAM (1.5 p-g/ml) 

37°C C 
37'C.. CAM (4 LLg/ml) 

Incubation n 
timee (h) 

26 6 
23 3 
26 6 

26 6 
26 6 

2(1 1 
20 0 

Clusters'' ' 

4 4 
4 4 
0 0 

>10 0 
0 0 

>10 0 
>10 0 

"" CAM was bacteriostatic at the concentrations used, except for // influenzae 
2174,, which is resistant to concentrations up to 8 p-g/'ml. 

''''  Mean number of bacteria] clusters per slice, as observed by light microscopic 
analysiss of four slices. The absence of clusters after incubation with CAM was 
confirmedd h\ THM analysis. 



junctions,, thereby leading to an inulin flux (10), the lack of an 
inulinn flux would also suggest that the cells are alive and en-
ergeticallyy active (2, 10). Therefore, it was considered a sensi-
tivee assay for the integrity of the cell layer. The maintenance of 
thee integrity of the epithelial cell layer during passage of //. 
influenzaeinfluenzae is in contrast with the extensive damage observed in 
organn culture models after infection (14, 30). Such a damage, 
however,, does not seem to reflect the in vivo situation, since 
Herss and Mulder (7) described subepithelial localization of//. 
influenzaeinfluenzae while the epithelium was uninjured. In addition, the 
epitheliall  cell layer is not damaged during carriage with //. 
influenzae,influenzae, although bacteria were observed in the subepithe-
liall  layers (5). Therefore, we are of the opinion that the para-
cylosiss model described in this paper is more representative for 
inn vivo penetration of //. influenzae than the organ culture 
models. . 

Thee results of the permeability measurements and THM 
analysiss suggest that the bacteria penetrated the cell layers by 
aa selective disclosure of the intercellular junctions. This con-
ceptt is supported by the results of mixed-infection experi-
ments.. Inoculation of//, influenzae dl 4 to 6 h prior to inoc-
ulationn of a streptomycin-resistant mutant did not result in 
acceleratedd passage of the streptomycin-resistant bacteria, in-
dicatingg that during the first 6 h of incubation with //. influen-
zae,zae, the epithelium was not activated such that the permeability 
forr the //. influenzae strain added second increased. In addi-
tion,, both cycloheximidc and anisomycin had no effect on the 
passagee when added in different concentrations. Sometimes, 
higherr concentrations led to accelerated passage of//, influen 
zaezae through the cell layers, probably because of loss of cell 
layerr integrity (data not shown). Since active translocation of 
II.II.  influenzae bacteria through the cells would require cellular 
proteinn synthesis, it is unlikely that transcytosis was the main 
routee for passage. 

Thee time //. influenzae required to pass the epithelial cell 
layerss appeared to be independent of the number of bacteria in 
thee starting inoculum. Since it took 9 h before an inoculum of 
1011 CPU of//, influenzae bacteria ml ' increased to 10*  CFU 
mll  \ the absence of an inoculum effect indicates that passage 
requiredd only a relatively small number of bacteria and started 
shortlyy after inoculation of the bacteria on the cell layers. 
Indeed,, a very small number of bacteria was found to pass the 
epitheliall  cell layer during the first 16 to 18 h of incubation. By 
comparingg the passage times of the nontypeable //. influenzae 
dll  and 1481 that differed in adherence characteristics, we 
showedd that the passage time was independent of adherence to 
thee cell layer. However, a comparison of the number of bac-
teriaa that passed through the cell layers per hour showed that 
moree bacteria per hour passed the cell layers after inoculation 
withh the adherent strain 1481 than after inoculation with the 
nonadherentt strain dl. Since microscopic analysis of the cell 
layerss after incubation also showed that many more bacteria 
weree located in the paracellular spaces of the cell layer after 
inoculationn with strain 1481 than after inoculation with strain 
dl ,, we suggest that adherence contributes to the degree of 
passage.. This is probably important when the number of bac-
teriaa infecting the host is small. Furthermore, these data indi-
catee that passage of //. influenzae bacteria is a result of para-
cytosis. . 

Thee passage time appeared to be independent of the pres-
encee of a capsule and/or fimbriae on the surface of the bacteria 
ass obtained after comparison of the passage times of four 
variantss of one strain that differed in expression of capsule and 
fimbriae.fimbriae. This may be the result of an altered expression of 
capsulee and/or fimbriae, as described by St. Gcme II I and 
I-'alkoww (19). who observed that the expression of the capsule 

wass switched off during //. influenzae adherence and invas 
off  Chang epithelial cells, van Ham et ai. (26) showed that 
synthesiss of//, influenzae fimbriae is subject to phase variat 
att the transcriptional level. It is unlikely though that the 
pressionn of the capsule and/or fimbriae was switched off dur 
thee passage experiments, since the bacteria recovered from 
basolaterall  compartment had the same pbenotype as that 
thee bacteria inoculated on the apical side of the filter. 

Thee passage time of //. influenzae appeared to be related 
thee growth rate of the bacteria, since slowly growing stra 
neededd more time to pass through the cell layers than norm; 
growingg bacterial strains. The slower passage is likely due t 
lowerr protein synthesis rate of these bacteria, since both 
incubationn temperature of 28°C and inhibition of bacte 
proteinn synthesis at 37°C by the addition of CAM resulted 
ann increase in the passage time. We suggest that de nt 
bacteriall  protein synthesis is needed for passage through 
celll  layers. This dc novo synthesis is probably required 
penetrationn of //. influenzae between the cells and sub 
quentlyy multiplication and passage, since CAM inhibited 
thesee processes. Earlier studies have shown that the prot 
expressionn of //. influenzae bacteria varied when the bactc 
weree grown under different conditions and that the express 
off  several proteins may be induced (18, 23). Identification 
thee proteins that arc involved in the interaction between 
influenzaeinfluenzae bacteria and NCI-H292 cells will be the focus 
furtherr investigations. 

ACKNOWLEDGMENTS S 

Wee thank Rene Lutter for sharing the NCI-H292 cell line, help v 
celll  culture, and stimulating discussions; Anneke Niehof for cxper 
withh preparation of the slides for light microscopy and THM anal) 
Wimm van list and Cars Gravcmeycr for photographic assistance; : 
Ari cc van de Endc for critically reading the manuscript. 

REFERENCES S 

1.. Banks-Schlegel, S. P., A. F. Gaidar, and C. C. Harris. 1985. lntcrmcd 
filamentt and cross-linked envelope expression in human lung tumor 
lines.. Cancer Res. 45:1187-1197. 

2.. (anil, C, I. Rosenshinc, S. Ruschknwski, M. S. Dnnnenberg, J. B. Ka 
andd B. B. Finlay. 1993. Hntcropathogcnic Escherichia coli decreases 
transcpithcliall  electrical resistance nf polarized epithelial monolayers, 
feet.. Immun. 61:2755-2762. 

3.. Farley, M. M„ D. S. Stephens, S. L. Kaplan, and E. O. Mason, Jr. 1990.f 
andd non-pilus-mcdiatcd interactions of Haemophilus influenzae type b > 
humann erythrocytes and human nasopharyngeal mucosa. J. Infect. Dis. 
274-280.' ' 

4.. Finlay, B. B., B. Gumbiner, and S. Falkuw. 1988. Penetration of Salmor 
throughh a polarized Madin-Darby canine kidney epithelial cell monolaye 
Celll  Biol. 107:221-230. 

5.. Fnrsgren, J., A. Samuelson, A. Ahlin, J. Jonasson, B. Rynnel-üagóö, an 
Lindherg.. 1994. Haemophilus influenzae resides and multiplies mtraccllul 
inn human adenoid tissue as demonstrated by in situ hybridization and 1 
tcnall  viability assay. Infect. Immun. 62:673-679. 

6.. Groeneveld, K., L. van Alpben, C. Voorter, P. P. Eijk, H. M. Jansen, 
H.. C. Zanen. 1989. Antigenic drift of Haemophilus influenzae in patients' 
chronicc obstructive pulmonary disease. Infect. Immun, 57:3(138-3044. 

7.. Hers, J. F. P., and J. Mulder. 1953. The mucosal epithelium oi the rcsr 
torvv tract in mucopurulent bronchitis caused by Haemophilus influenza 
Pathol.. Bactennl. 66:103-1(18. 

8.. Knutson, V. P., G. V. Ronnel, and M. D. Lane. 1985. The effects of c\ 
heximidcc and chloroquine on insulin receptor metabolism. J. Biol. Ch 
260:14180-14188. . 

9.. Loth, M. R., E. Connor, and I), l'enney. 1988 A comparison of the ad 
enccc of fimbriated and nunfimbnatcd Haemophilus influenzae type t 
humann adenoids in organ culture. Infect. Immun. 56:484-^189. 

10.. Mandel. L. J.. R. Bacallao, and G. Zampighi. iy93. Uncoupling of 
molecularr 'fence' and the paracellular 'gate' functions m epithelial I 
junctions.junctions. Nature (London) 361:552-555. 

11.. Moxon, E. R„  A. L. Smith, I). R. Averill, and I). H. Smith. 1974 Haemopl 
influenzaeinfluenzae meningitis in infant rats alter intranasal inoculation J. Inlect. 
129:154-162. . 

12.. Moxnn, E. R„  and K. A. Vaughn. 1981. The type h capsular polysaecha 



ass a virulente determinant of Haemophilus influenzae, studies using clinical 
isolatess and laboratory transformants. J. infect. Dis. 14:517-524. 
Muxon,, E. R., and R. Wilson. 1991. The role of Haemophilus influenzae in the 
pathogenesispathogenesis of pneumonia. Rev. Infect. Dis. 13:S518-S527. 
Read,, R. C„  R. Wilson, A. Rutman, V. Lund, II . C. Todd, A. P. R. Brain, P. K. 
Jeflery,, and P. J. Colt. 1991. Interaction of nontypahlc Haemophilus influ 
enzaeenzae with human respiratory mucosa in vitro. J. Infect. Dis. 163:549-558. 
Robbins,, J. B., R. Schneerson, M. Argaman, and Z. Handzel. 1973. H. 
influenzaeinfluenzae type br disease and immunity in humans. Ann. Intern. Med 
78:259-269. . 
Slot,, J. W., and H. J. Geuze. 1985. A new method of preparing gold probes 
forr multiple-labeling cytochemistry. Bur. J. Cell Biol. 38:87-93. 
Stephens,, I). S., and M. Farley. 1991. Pathogenic events during infection of 
thee human nasopharynx with Neisseria mentn^iiidis and Haemophilus influ 
enzae.enzae. Rev. Infect. Dis. 13:22-33. 
St.. (Jeme, J. W„  III , and S. Falko». 19911. Haemophilus influenzae adheres in 
andd enters cultured human epithelial cells. Infect, lmmun. 58:4036^1044. 
St.. Gerne, J. W„  III . and S. Fallow. 1991 Loss of capsule expression by 
HaemophilusHaemophilus influenzae type b results in enhanced adherence to and invasion 
off  human cells. Infect. Immun. 59:1325-1333. 
Stoner,, <;. Ü., Y. Kaloh, J.-M. Foidart, G. A. Myers, and C. L'. Harris . 1980. 
Identificationn and culture of human bronchia] epithelial cells. Methods Cell 
Biol.. 21A:15-35. 
Turk ,, I). C. 1984. The pathogenicity of Haemophilus influenzae. J. Med. 
Microbiol.. IK: 1-16. 
vann Alphen, L. 1992. Epidemiology and prevention of respiratory tract in-
fectionss due to nonencapsulatcd Haemophilus influenzae. J. Infect. Dis 165: 
S177-S1K0. . 

23.. van Alphen. L„  L. Geelen-van den Broek, and M. van Ham. 1990. In vivo and 
inin vitro expression of outer membrane components of Haemophilus influen-
zae.zae. Microb. Pathog. 8:279-288. 

24.. van Alphen, 1_, J. Poole, and M. Overbeeke. 1986. The Anton blood group 
antigenn is the erythrocyte receiptor for Haemophilus influenzae. FEMS Mi-
crobiol.. Lett. 37:69-71. 

25.. van Alphen, L., N. van den Berghc, and L. Geelen-van den Broek. 1988. 
Interactionn of Haemophilus influenzae with human erythrocytes and oropha-
ryngeall  epithelial cells is mediated bv a common fimbrial epitope. Infect. 
Immun.. 56:180(1-1806. 

26.. van Ham, S. M., L. van Alphen, F. R. Mooi, and J. P. M. van Puiten. 1993. 
Phasee variation of // influenzae fimbriae: transcriptional control of two 
divergentt genes through a variable combined promoter region. Cell 73:1187-
1196. . 

27.. Virji , M., H. Kayhtj , D. J. P. Ferguson, C. Alexandres™, and E. R. Moxon. 
1991.. Interactions of Haemophilus influenzae with cultured human endothe-
liall  cells. Microh. Pathog. 10:231-245. 

288 Weel, J. F. L., C. T. I' . Hopman, and J. P. M. van Putten. 1991 In situ 
expressionn and localization of Neisseria gonorrhoeae opacity proteins in in-
fectedd epithelial cells: apparent role of Opa proteins in cellular invasion. J. 
Exp.. Med. 173:1395-1405. 

29.. Weel, J. F. L,, and J. P. M. van Putten. 1988. Ultrastructural localization of 
gonococcall  antigens in infected epithelial cells as visualized by post-cmbed-
dmgg immunoelcctron microscopy. Microh. Pathog. 4:213-222. 

3(1.. Wilson, R., R. Read, and P. Cole. 1992. Interaction ot Haemophilus mfiuen 
zaezae with mucus, cilia, and respiratory epithelium. J. Infect. Dis. 165:S1(I0-
S102. . 

Hor:Hor:  R. E. McCallum 




