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Abstract

The  Gram-negative  bacterium  Haemophilus  influenzae (H.  influenzae)  can  commensally 

colonize  the  upper  respiratory  tract,  but  also  cause  life  threatening  disease  including 

epiglottitis, sepsis and meningitis. The  H. influenzae capsule protects the bacteria against 

both phagocytosis and opsonization. Encapsulated  H. influenzae strains are classified into 

serotypes ranging from a to f dependent on their distinct polysaccharide capsule. Due to the 

implementation of vaccination the incidence of invasive H. influenzae type b (Hib) infections 

has strongly decreased and infections with other capsulated types, including  H. influenzae 

type f (Hif), are emerging. The pathogenesis of  H. influenzae meningitis is not clarified. To 

enter the central nervous system (CNS) the bacteria generally have to cross either the blood-

brain  barrier  (BBB)  or  the  blood-cerebrospinal  fluid  barrier  (BSCFB).  Using  a  cell  culture 

model of the BCSFB based on human choroid plexus papilloma (HIBCPP) cells and different 

H. influenzae strains we investigated whether  Hib and Hif invade the cells, and if invasion 

differs  between  encapsulated  vs.  capsular-deficient  and  fimbriated  vs.  non-fimbriated 

variants. We find that Hib can adhere to and invade into HIBCPP cells. Invasion occurs in a 

strongly polar fashion, since the bacteria enter the cells preferentially from the basolateral  

“blood“ side.  Fimbriae and capsule attenuate invasion into choroid plexus (CP) epithelial 

cells,  and capsulation can influence the bacterial  distribution pattern.  Finally,  analysis  of 

clinical  Hib and  Hif isolates confirms the detected invasive properties of  H. influenzae. Our 

data point to roles of capsule and fimbriae during invasion of CP epithelial cells.

Keywords:  blood-cerebrospinal fluid barrier; choroid plexus;  Haemophilus influenzae; host 

pathogen interaction; meningitis
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1. Introduction

Capsulated types of the Gram-negative bacterium  Haemophilus influenzae (H. influenzae) 

are  classified  into  serotypes  a  to  f  dependent  on  their  distinct  polysaccharide  capsule.  

Protecting the encapsulated bacteria against  both phagocytosis and opsonization  (Moxon 

and Vaughn, 1981), especially H. influenzae type b (Hib) is responsible for severe infections 

such  as  epiglottitis,  septicemia  and  meningitis  with  possible  subsequent  neurological 

damages especially in young children below the age of five years (Watt et al., 2009).

Whereas  in  high-income  countries  the  incidence  of  invasive  Hib infections  has  strongly 

decreased after implementation of vaccination programs in the early nineties, it still remains 

an important pathogen especially  in countries with low vaccination rates  (Peltola,  2000). 

Even though immunization rates in low-income countries have improved over the last years  

(Davis et al., 2013), Hib infections are still relevant in many parts of the world (Gentile et al., 

2017). Averaged global immunization coverage was estimated at 64% in 2016 (WHO Fact 

sheet  “Immunization  coverage”;  http://www.who.int/mediacentre/factsheets/fs378/en/). 

Hib especially poses a threat to specific groups of patients, for example refugee children 

(Paul and Lamont, 2012), immunodeficient or splenectomized patients  (Lopez et al., 2017; 

Martino  et  al.,  2016).  In  addition,  antibiotic  resistance  of  Hib is  increasing,  leaving  this 

pathogen  far  from  being  neglectable  (Ginsburg  et  al.,  2013;  Mohd-Zain  et  al.,  2012). 

Furthermore,  recent  research  has  directed  attention  towards  infection  with  other  H. 

influenzae types, e.g.  H. influenzae type f (Hif)  (Desai et al., 2015; Wan Sai Cheong et al., 

2015),  which  is  the  most  common  capsulated  invasive  strain  found  in  liquor  or  blood 

samples  in  Germany  in  2016  (NRZMHi  Würzburg; 

http://www.meningococcus.uniwuerzburg.de/startseite/berichte 

/berichte_h_influenzae/daten_2016/).  Hif is  also  the  most  common  capsulated  disease-
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causing Haemophilus strain in other countries with a vaccination program against Hib (Puig 

et al., 2014).

To cause meningitis Hib first has to cross the epithelial barrier of the upper respiratory tract  

and  subsequently,  after  successful  bloodstream  survival,  breach  one  of  the  barriers 

separating the blood from the CNS (Doran et al., 2013). To adhere to and invade into host 

cells  bacterial  capsule  and  fimbriae  are  a  relevant  pathogenic  factor.  The  expression  of 

fimbriae, as well  as the capsule, is  subject to reversible phase variation  (van Ham et al., 

1993). St. Geme and Falkow have previously demonstrated that acapsular variants of  Hib 

show higher invasion in epithelial  cells than their  capsulated counterparts  (St  Geme and 

Falkow, 1991).  Also, fimbriated strains adhere better to cells of the respiratory tract like  

oropharyngeal  epithelial  cells  (van  Alphen  et  al.,  1988),  human  buccal  cells  and 

nasopharyngeal cells of monkeys (Weber et al., 1991). The adherence to lung epithelial cells 

seems to be independent of fimbriae, since capsulated variants with and without fimbriae 

show no adherence. In contrast,  the capsular deficient strains with and without fimbriae 

adhered superior to the lung epithelial cells and these variants passed the cell  layer in a  

greater number (van Schilfgaarde et al., 1995). Van Schilfgaarde and colleagues also showed 

that  Hib passes NCI-H292 lung epithelial cells paracellularly  (van Schilfgaarde et al., 1995). 

Nevertheless,  assuming that  mainly encapsulated bacteria cause meningitis  (Kalies et al., 

2009), the mechanisms of CNS invasion by Hib deserve particular attention. 

To enter the CNS Hib can principally either cross the blood-brain barrier (BBB), comprised by 

the microvascular  endothelial  lining  in  conjunction with astrocytes  and pericytes,  or  the 

blood-cerebrospinal fluid (CSF) barrier (BCSFB), which is constituted by the choroid plexus 

(CP)  epithelial  cells.  Experimental  Hib-meningitis  in  infant  rhesus  monkeys  or  rats 

demonstrated  early  histopathological  changes  in  the  CP  suggesting  the  BCSFB  to  be  a 

4



primary site of invasion  (Daum et al., 1978; Smith, 1987). Since no subsequent study was 

able to further elucidate the aspect of entry localization, the exact mechanisms of how the 

bacteria enter the CNS prior to meningeal inflammation are still to be clarified.

The morphological correlate of the BCSFB is represented by the epithelial lining of the CP,  

which shows polarity,  little permeability  for  macromolecules and a strong transepithelial 

electrical resistance (TEER) due to its tight junction sealing (Engelhardt et al., 2001). In vitro 

studies have shown that, once infected, this barrier can be severely altered with breakdown 

of barrier functions, subsequent loss of TEER, and influx of inflammatory cells and mediators  

(Schwerk et al., 2015).

We previously developed an  in vitro model of the BCSFB based on a human CP papilloma 

(HIBCPP) cell line (Ishiwata et al., 2005; Schwerk et al., 2012). Using this model we are able 

to address the question, whether Hib can infect the CP epithelium in vitro. We demonstrate 

that Hib is able to adhere to and invade into HIBCPP cells with invasion being a highly polar 

process as the bacteria enter the cells from the basolateral “blood“ side resembling the in  

vivo situation.  Analyses  of  non-fimbriated  and  acapsular  variants  indicate  that  these 

bacterial  structures seem to attenuate invasion into the CP epithelium. Interestingly,  the 

pattern of intracellular and intercellular bacteria can differ dependent on the presence of the 

capsule. Finally, the invasive properties of H. influenzae are confirmed for Hib and extended 

to Hif by analysis of clinical isolates.
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2. Material and Methods

2.1. Bacterial strains and growth conditions

The four  Hib strains 770235 F+b+, F+b-, F-b+ and F-b- are stable variants and were kindly  

provided by Loek van Alphen. The strain 770235 is originally a cerebrospinal fluid isolate and  

is fimbriated (F+) and capsulated (b+). The three additional variants F+b-, F-b+ and F-b- were 

previously  selected  by  erythrocyte  agglutination  (fimbriated/non  fimbriated  strains),  and 

antiserum containing agar plates (capsulated/acapsulated strains) and have often been used 

as established strains since then (van Alphen et al., 1988).

The National Reference Center for Meningococci and Haemophilus Influenzae in Wuerzburg, 

Germany, kindly provided us four additional strains that were isolated from the liquor of  

patients (CSF isolates): Hib strains H1076 and H1203; Hif strains H825 and H1717.

H. influenzae were stored frozen at -80 °C in brain heart infusion broth with 20% glycerol.  

For the experiments the bacteria were grown on chocolate agar with vitox (Oxoid, Wesel,  

Germany) and cultured at 37  °C and 5% CO2 overnight.  To check the growth of bacteria 

during an experiment and to calculate invasion rates, bacteria were grown in Dulbecco’s 

Modified Eagle Medium (DMEM)/HAM's F12 1:1 with 4 mM L-glutamine and 15 mM HEPES 

(Thermo Fisher Scientific,  Darmstadt,  Germany)  supplemented with 10% fetal  calf  serum 

(Gibco, Carlsbad, USA) and 5 μg/ml Insulin (Sigma-Aldrich, Darmstadt, Germany). 

2.2. Verification of bacterial strains

The bacteria were confirmed by PCR and haemagglutination. To validate the bacteria as H. 

influenzae, the presence of the genes encoding for outer membrane protein 2 and 6 (OMP2 

and OMP6) was confirmed by PCR. Identification of the capsule expressing strains was done 

by  employing  PCR  for  detection  of  the  gene  expressing  the  BexA  protein,  which  is 
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responsible for the intracellular transport of the capsule and, thereby, positive in capsulated 

and negative in capsule-deficient strains (Kroll et al., 1988; van Ketel et al., 1990). 

To identify fimbriated variants, PCR with primers for the hifA gene, the main fimbriae gene, 

and haemagglutination was conducted. Oligonucleotides used for PCR are listed in Table 1. 

PCR was performed as follows: initial denaturation (95 °C, 2 min) and subsequently 35 cycles 

of denaturation (95 °C, 30 s), annealing (55 °C, 1 min) and extension (72 °C, 1 min), followed 

by  a  final  extension  step  (72  °C,  7  min).  Haemagglutination  was  done  with  fresh  blood 

samples of healthy donors (permitted by local ethical review committee, 2015-632N-MA). 

Red blood cells were separated, washed twice with PBS and mixed with bacterial samples 

resuspended in PBS. Haemagglutination was evaluated after five minutes of incubation.

2.3. Cell culture of HIBCPP cells

Cell culture was done as previously described  (Dinner et al.,  2016; Schwerk et al.,  2012). 

Briefly,  HIBCPP  cells  were  cultured  in  DMEM/HAM's  F12  1:1  supplemented  with  4  mM 

glutamine, 5 μg/ml insulin, penicillin (100 U/ml) and streptomycin (100 μg/ml) containing 

10% FCS (HIBCPP medium). Cells between passage 20 and 32 were used. 

For infection assays cells were seeded on cell culture filter inserts with a pore diameter of 

3.0  μm,  pore  density  of  2.0  ×  106 pores  per  cm2 and  membrane  diameter  of  0.33  cm2 

(Greiner Bio-One, Frickenhausen, Germany). For the standard cell culture cells were seeded 

in the upper compartment of the filter, for the inverted cell culture cells were seeded on cell 

culture filter  inserts that were flipped over and turned around on the day after seeding 

(Dinner et al., 2016). Cells were supplied with fresh medium every second day.

TEER values of the HIBCPP cells were measured with an epithelial tissue voltohmeter using 

the STX-1 electrode system (Millipore, Schwalbach, Germany) from day four continuously 
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every day. Cell culture medium was switched to HIBCPP-medium supplied with only 1% FCS 

without antibiotics when the TEER reached 70 Ω × cm2. 

2.4. Infection assays and barrier integrity 

After 24 h of serum reduction, infection assays were performed with filters displaying a TEER 

between 300 and 800 Ω × cm2, presenting a cell layer with an amount of approximately 4 × 

105 cells. Cells were infected with a multiplicity of infection (MOI) of 20 for 6 h by addition of  

the bacteria to the upper compartment of the filter systems resulting in an infection from 

the apical cell side in the standard cell culture system and an infection from the basolateral 

cell side in the inverted cell culture system. To analyze invasion from the apical cell side over 

a  longer  time period,  HIBCPP  cells  in  standard  cell  culture  were  infected  for  6  h,  then 

medium  containing  bacteria  was  replaced  with  medium  only.  Cells  were  incubated  for 

additional 18 h, resulting in an infection of 6 h +18 h.

For monitoring barrier integrity, TEER was measured before and at the end of the infection.  

In addition, the paracellular permeability of HIBCPP cells was determined by permeability for 

FITC-coupled inulin as previously described (Schwerk et al., 2012).

2.5. Gentamicin protection assay 

HIBCPP cells were seeded and cultured, as mentioned above, in 96 well plates and grown to 

confluency, which was estimated by counting with 2.72 × 105 cells/well  representing the 

normal cell culture system. After 24 h of serum reduction, cells were infected with a MOI of  

20 for 6 h. After bacterial incubation, cells were washed twice with Hank's Balanced Salt  

Solution (HBSS) containing Calcium and Magnesium (Thermo Fisher Scientific, Darmstadt, 

Germany)  and afterwards treated with 200 µg/ml Gentamicin (Sigma-Aldrich, Darmstadt, 
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Germany) for 1 h at 37°C and 5% CO2 to devitalize the adhered bacteria. After incubation 

with Gentamicin, cells were washed twice with HBSS containing Calcium and Magnesium 

and lysed with the help of 0.5% Triton X-100 (Sigma-Aldrich, Darmstadt, Germany) diluted in 

HBSS containing Calcium and Magnesium. Bacteria were plated in dilutions on chocolate 

agar  with  vitox  (Oxoid,  Wesel,  Germany),  cultured  at  37°C  and  5%  CO2 overnight  and 

counted.

Additionally, we did the infection assay for 6 h + 18 h comparable to the DIF. HIBCPP cells 

were infected for 6 h, afterwards cells were washed twice with HBSS containing Calcium and 

Magnesium.  Cells  were  incubated for  another  18  h  with  medium alone,  resulting in  an 

infection time of 6 h + 18 h. Then the same steps as with the 6 h of infection were carried 

out.

2.6. Double immunofluorescence staining and determination of bacterial invasion

To  determine  the  invasion  rate  of  Hib  and Hif,  infected  cells  were  double 

immunofluorescence (IF) stained with an anti-Haemophilus-serum as previously described 

(Schwerk et al., 2012). The primary antibody against  Haemophilus was a polyclonal rabbit-

anti-Hib-serum  generated  by  Immunoglobe  Antikörpertechnik  GmbH  (Himmelstadt, 

Germany). A rabbit was immunized with a mixture of the four used Hib 770235 strains that 

were formalin-fixed and subsequently the rabbit serum was harvested. IF staining performed 

with the four variants confirmed equal bacterial detection (Supplementary Fig. S1). Because 

of  the  included  permeabilization  step  during  the  staining  procedure  we  can  distinguish 

extracellular located bacteria stained with Alexa fluor anti-rabbit 594 (1:250, Thermo Fisher, 

Rockford, USA) and Alexa fluor anti-rabbit 488 (1:500, Thermo Fisher, Rockford, USA) from 

intracellular located bacteria only stained with Alexa fluor anti-rabbit 488 (1:500, Thermo 
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Fisher,  Rockford,  USA).  Phalloidin  660  (1:250,  Thermo  Fisher,  Rockford,  USA)  and  4′-6-

diamidino-2-phenylindole dihydrochloride (DAPI)  (Calbiochem, Darmstadt, Germany) were 

used to stain the actin cytoskeleton and the nucleus, respectively.

Invasion  analysis  and  calculation  of  invasion  rates  was  done  as  previously  described 

(Schwerk et al., 2012). Briefly, it was carried out with a ZEISS Oberserver Z1 fluorescence 

microscope  with  a  63×/1.4  objective  lens  using  Zen  blue  software  (Carl  Zeiss,  Jena, 

Germany).  Intra-  and extracellular  bacteria were counted per defined field; 20 fields per 

filter were counted and the amount of bacteria was extrapolated to the whole filter. Assays 

were performed at least in duplicates and at least 3 times.

2.7. Measurement of cell viability 

Cell  viability  of  the HIBCPP cells  was determined with a Live/Dead-Assay (Thermo Fisher 

Scientific,  Darmstadt,  Germany).  Cells  were  stained  according  to  the  manufacturer’s 

instructions and the results  were documented by  IF  microscopy.  Living cells  are  stained 

green (intracellular esterase activity), whereas the dead cells are stained red (loss of plasma 

membrane integrity and binding of ethidium homodimer-1 to the DNA).

2.8. Ultrathin sections and transmission electron microscopy

Infected  cell  culture  filters  were  first  fixed  with  1%  glutaraldehyde  and  after  transport 

refixed with 2% glutaraldehyde and 5% formaldehyde in HEPES buffer. After 1 h fixation and 

contrasting in 1% aqueous osmium tetroxide samples were dehydrated with serial steps of 

acetone (10%, 30%, 50%). Samples were left in the 70% step with 2% uranyl  acetate for 

overnight. Then samples were dehydrated up to the 100% aceton step and infiltrated with 

LV resin applying the hard formular. LV resin was polymerized at 75 °C and ultrathin sections 
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were cut en-face with a diamond knife. Ultrathin sections were counterstained with uranyl 

acetate  and  lead  citrate.  Samples  were  observed  in  a  Zeiss  TEM910  at  an  acceleration 

voltage of 80 kV and at calibrated magnifications. Images were recorded with a slow-scan 

camera and contrast and brightness adjusted with Adobe Photoshop 11.0.

2.9. Statistical analysis

For  statistical  analysis  SAS,  release  9.4.  (SAS  Institute  Inc.,  Cary,  NC,  USA)  was  used. 

Concerning the invasion and adherence of bacteria we were not able to test for normal 

distribution because of the rather small sample sizes. For this reason, Kruskal-Wallis ranksum 

test was used in order to compare multiple strains followed by Dunn’s test if the global test 

result had been significant. A p less than 0.05 was considered as significant. Invasion and 

adherence are demonstrated with the median, additionally lower and upper quartiles are 

indicated. 

Concerning  TEER  values  and  flux  of  FITC-coupled  Inulin,  looking  at  statistical  measures 

(mean, median, coefficient of variation and skewness) nothing contradicts the assumption of 

a normal distribution. Therefore, TEER values and flux of FITC-coupled Inulin are presented 

by mean value and the standard deviation.
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3. Results

3.1. Hib infects HIBCPP cells while barrier integrity stays intact

We first performed infection experiments with HIBCPP cells cultured in the inverted filter 

model to investigate whether Hib strain 770235 is capable of invading HIBCPP cells in vitro 

from the basolateral side, which  in vivo is oriented towards the blood vessels. Invasion of 

bacteria was detected by double IF staining as described in Material and Methods. As can be 

seen in Fig. 1A (left panel) all four Hib variants are capable of invading from the basolateral 

side.

The HIBCPP cell culture model presents a high transepithelial electrical resistance and a low 

permeability for macromolecules like inulin demonstrating barrier integrity (Schwerk et al., 

2012). During infection of the inverted HIBCPP cell cultures with the four variants of strain 

770235 the TEER remained stable  in  both  the infected and the uninfected control  filter 

cultures (Fig. 1B, left panel). In addition, barrier integrity was demonstrated by low inulin flux 

(less than ca. 1% per h) in infected filters and controls (Fig. 1B, right panel). Cell viability at  

the end of infection was assessed by Live/Dead assay and showed no increase in dead cells 

on  infected  and  uninfected  cells.  Moreover,  there  were  no  differences  of  cell  viability 

between cells infected with the four Hib variants (Supplemental Fig. S2A).

3.2. Fimbriated and capsulated Hib show less invasion

Next,  we  were  interested  to  evaluate  whether  the  presence  of  the  bacterial  structures 

fimbriae and capsule influences the invasion properties of Hib strain 770235. Comparing the 

invasion  levels  of  the  different  variants  in  the  inverted  cell  culture  we  found  that  the 

fimbriated  and  encapsulated  strain F+b+  showed the  lowest  invasion  rate,  whereas  the 

invasion rates of all three other strains were significantly higher. In general, the fimbriated 
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bacteria invaded less than their non-fimbriated corresponding strains and the capsulated 

bacteria  invaded  less  than  their  acapsulated  corresponding  strains.  In  addition,  the 

simultaneous absence of the capsule and the fimbriae (F-b-) showed the highest invasion 

rate (Fig. 1A, left panel). 

3.3. Hib demonstrates polar invasion of HIBCPP cells

The inverted cell culture of the HIBCPP cells represents the physiological situation with an  

infection from the basolateral “blood”-site. The use of the standard cell culture reproduces 

an infection from the apical  “CSF”-site.  Previous  work  has  shown that  some pathogenic 

bacteria  invade  HIBCPP  cells  in  a  polar  fashion  preferentially  from the  basolateral  side,  

indicating the crossing of the BCSFB from the blood to the brain, pathophysiologically the 

step from bacteremia to meningitis (Grundler et al., 2013; Schwerk et al., 2012).

To explore whether  Hib invades HIBCPP cells in a polar fashion, infections from the apical 

side in the standard culture model were performed. Noteworthy, after 6 h infection inverted 

cell cultures showed significantly more invasion of all four variants of Hib strain 770235 than 

infection in the standard cell culture system, where almost no invasion could be detected 

after 6 h (Fig.  1A,  left panel),  even though the access to the basolateral  cell  side in the 

inverted model is limited by the filter membrane.

To analyze whether invasion from the apical cell side is rather decelerated than inhibited, we 

investigated invasion of Hib in the standard cell culture model after the extended infection 

time of 24 h. Since growth of Hib in the cell culture medium was found to be stalled after 24 

h  infection  and  barrier  function  of  HIBCPP  cells  was  abrogated,  we  decided  to  replace 

medium containing bacteria with medium only after 6 h and let the attached bacteria invade 

for 18 additional h (6 h + 18 h experimental setup). As can be seen in Fig. 1A (left panel), 
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after 6 h + 18 h some increase in invasion can be detected for all strains when determining 

the percentage of invasion (for 6 h + 18 h calculated to the amount of bacteria present at 6  

h). Invasion is also increased after 6 h + 18 h for all bacteria except strain F-b- when absolute  

numbers of invaded bacteria per filter insert are considered (Fig. 1A, right panel). Still, the  

difference between the 6 h + 18 h infection in the standard cell culture and the 6 h infection 

in the inverted cell culture is significant for all four strains (Fig. 1A, left panel).

Barrier  function  of  HIBCPP  cells  infected  for  6  h  in  the  standard  culture  was  intact  as 

determined  by  TEER  measurement  (Fig.  1C).  TEER  values  in  the  6  h  +  18  h  infection 

experimental setup were to some degree diminished after 6 h and completely abrogated 

after 6 h + 18 h (Fig. 1D). Cell viability was not affected following infection in the standard 

cell culture model (Supplementary Fig. S2B, C).

To confirm results obtained in the double IF staining we analyzed invasion from the apical 

side  additionally  by  gentamicin  protection  assays  (GPA),  which  were  performed  with 

confluent HIBCPP cells in 96well plates. The obtained invasion rates largely recapitulate the 

results observed by double IF staining (Supplementary Table S1). In the 6 h + 18 h setup we  

found  some  increase  of  invasion  of  strains  F+b-  and  F-b-,  which  is  likely  due  to  the 

differences  in  experimental  conditions.  Noteworthy,  invasion  rates  are  still  strongly 

decreased compared those obtained following basolateral infection for 6 h in the inverted 

cell culture model.

3.4. Adhesion of Hib to the apical side of HIBCPP cells

We also analyzed adhesion of strain 770235 to the apical side of HIBCPP cells. Adherence in 

the inverted culture system cannot be addressed properly due to interference by the filter.  

Comparing  the  four  different  variants,  the  acapsulated  strains  F+b-  and  F-b-  adhered 
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stronger than the capsulated strains F+b+ and F-b+. Comparable to invasion in the inverted 

system, the simultaneous absence of the capsule and the fimbriae (F-b-) showed a stronger 

adherence than the acapsulated but fimbriated strain (F+b-) (Fig. 2A).

Fig. 3B shows Apotome IF images of standard cultures infected with the four strain 770235  

variants, which illustrate the higher adhesion rates of strains F+b- and F-b-. Confirming the 

results shown in Fig. 1, all strains hardly invaded into the HIBCPP cells when added to the  

apical side. We also investigated HIBCPP cells infected from the apical side in the standard 

cell  culture model in the 6 h + 18 h setup (Fig. 3C). We partly observe large amounts of  

adhered bacteria, but still hardly invasion events.

3.5. The capsule contributes to the localization pattern of Hib during infection

We were further interested to investigate the cellular localization of the different 770235 

strain  variants  during  invasion  of  HIBCPP cells  in  more  detail.  Fig.  3  shows Apotome  IF  

images of inverted cultures infected with the four strain 770235 variants. Interestingly, the 

localization patterns of the capsulated (F+b+ and F-b+) and the capsule devoid (F+b- and F-

b-) variants of strain 770235 differed when invasion from the basolateral side was analyzed. 

The capsulated strains were often found in a pattern with close proximity to the cell borders 

with  either  all  bacteria  intracellular  or  with  bacteria  both  intracellular  and  extracellular 

between the cells (intercellular) (F+b+, Fig, 3A; F-b+, Fig. 3C). Still, these strains could also be  

detected  in  a  more  scattered fashion  (F+b+,  Fig,  3A’;  F-b+,  Fig.  3C’).  In  contrast  to  the 

bacteria  presenting  a  capsule,  the  capsule  devoid  strains  generally  distributed  rather  in 

single scattered specimen predominantly invaded into the cells (F+b-, Fig. 3B’; F-b-, Fig. 3D’); 

patterned clusters were rarely found (F+b-, Fig. 3B; F-b-, Fig. 3D).
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The presence of extracellular and intracellular bacteria of strain 770235 variants following 

infection  from  the  basolateral  side  of  HIBCPP  cells  was  also  visualized  by  transmission  

electron microscopy applying ultrathin sections of embedded infected cell culture filters (Fig.  

4),  confirming  that  Hib can  invade  into  CP  epithelial  cells  and  reside  intracellularly  in 

membrane  bound  compartments  (Fig.  4F)  or  free  in  the  cytoplasm (Fig.  4F’).  For  strain  

770235 F-b- we could observe bleb-like structures around the invaded bacteria which might  

originate from the bacteria and could indicate potential outer membrane vesiculation events 

(Fig. 4F).

3.6. Clinical Hib and Hif isolates invade HIBCPP cells

Finally, we wanted to confirm the results obtained with strain 770235 variants with further  

clinical  H. influenzae isolates. We selected two Hib isolates (strains H1076 and H1203) and 

also  two  Hif isolates  (strains  H825  and  H1717),  since  infections  with  Hif  have  recently 

received increased attention (Desai et al., 2015; Wan Sai Cheong et al., 2015). Both, Hib and 

Hif strains were isolated from cerebrospinal fluid of patients suffering from meningitis.

Infection  of  HIBCPP  cells  in  the  inverted  filter  model  and  quantification  of  intracellular 

bacteria by double IF staining showed that all  four isolates invade into CP epithelial cells 

from the basolateral side (Fig. 5). For comparison, invasion experiments with strain 770235 

variants F-b+ and F-b- were performed in parallel. Although in this experimental data set 

invasion of strain F-b- was lower than in Fig. 1A, all capsulated strains invaded significantly 

less than the acapsular strain 770235 F-b- (p<0.001; except for  Hib strain H1203 (p<0.01)). 

Noteworthy, the invasion rate of the Hib isolate H1203 was significantly higher than those of 

the two other encapsulated Hib strains (H1076, 770235 F-b+) analyzed, as well as those of 

the two Hif strains (H825, H1717) (Fig. 5A; p<0.001 for all comparisons).
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Barrier function was maintained by the HIBCPP cells throughout the experiments, since TEER 

values remained stable compared to the control condition (Fig. 5B), and the flux of FITC-

labelled inulin was also similar to that of the control filters (Fig. 5C). Furthermore, Live/Dead 

assays showed no increase in dead cells (Supplementary Fig. S3).

We  also  studied  double  IF  stained  images  to  investigate  the  cellular  localization  of  the 

isolates during infection of HIBCPP cells (Fig. 6). As can be seen in Fig. 6A, the  Hib isolate 

H1076 could be found arranged in  patterned clusters  with intracellular  and intercellular  

(extracellular between the cells) bacteria, similar to strain 770235 variants F-b+ and F+b+. In  

contrast, the Hib isolate H1203 and both Hif strains were rather detected as single scattered 

specimen mainly intracellular, although also extracellular bacteria were found similar to the 

strain 770235 variants F+b- and F-b- (Fig. 6B-D).
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4. Discussion

Hib meningitis has virtually vanished in many countries due to the implementation of  Hib 

vaccination.  However,  it  is  still  a  relevant  cause  of  meningitis  in  developing  countries 

(Peltola, 2000). In addition, it remains to be seen how countries currently supported by the  

WHO  Global  Alliance  for  Vaccines  and  Immunization  (GAVI)  will  be  successful  in  their 

financial  transition once the funding is terminated  (Le et al.,  2016).  And apart  from  Hib, 

other H. influenzae types such as Hif have come into focus as well (Desai et al., 2015; Wan 

Sai Cheong et al., 2015). 

An important step in the pathogenesis of meningitis is the microbe’s crossing of either the  

BBB or the BCSFB and entry into the CNS. In addition, bacterial interactions with CNS cells 

play crucial roles in the perpetuation of inflammation. Knowledge on these mechanisms is 

important not only for understanding the disease, but also for the evaluation of possible 

consequences such as secondary damage, hydrocephalus or reseeding phenomena. In the 

literature there are some indications that H. influenzae enters the brain via the CP (Daum et 

al., 1978; Smith, 1987). To our knowledge this is the first time that cellular mechanisms of 

CNS invasion of H. influenzae across the BCSFSB are investigated.

We have shown here that Hib invades the CP epithelial cells, as intracellular bacteria can be 

detected in the IF staining and in electron microscopic pictures. Invasion of H. influenzae is 

not limited to  Hib,  since we detect invaded bacteria also following infection with clinical 

isolates of Hif. Our cell culture filter models of HIBCPP cells enable us to specifically compare 

invasion  from  the  basolateral  “blood”  and  the  apical  “CSF”  side.  It  is  of  note  that 

Haemophilus invasion is  almost  exclusively  detected on the basolateral  cell  side even in 

comparison to an experimental setup (6 h + 18 h), where the bacteria have a longer time 

span for infection in the standard cell culture model. Since under these conditions loss of 
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barrier function is observed, it is possible that some of the invaded bacteria had access to  

the basolateral  side of HIBCPP cells.  Therefore, the difference in invasion rates from the 

apical  and  basolateral  side  might  be  even  more  pronounced  than  indicated  by  the 

determined invasion rates.

In  vivo the  basolateral  side  of  the  CP  epithelium  is  facing  towards  the  bloodstream, 

therefore, preferential invasion from this side is supporting the idea of the CP as a primary 

site of entry into the CNS. A similar “polar” invasion from the physiological basolateral side 

has previously been shown for  Neisseria meningitidis (N. meningitidis),  Streptococcus suis  

and Listeria monocytogenes (Grundler et al., 2013; Schwerk et al., 2012). Interestingly, we 

could  see  intracellular  Hib in  “bleb-like”  structures,  which  originate  seemingly  from  the 

bacteria  and  might  implicate  that  H.  influenzae is  able  to  produce  potential  outer 

membrane-like  vesicles  (OMVs)  when  residing  intracellularly  in  a  membrane-enclosed 

compartment or residing free in the cytoplasm in an epithelial host cell  like HIBCCP. The 

significance of this finding for the pathogenesis during infection with  H. influenzae at the 

BCSFB needs to be determined in future experiments.

When HIBCPP cells are infected with  H. influenzae  strains the barrier integrity stays intact 

within the 6 h of infection time, confirmed with stable TEER values and a low paracellular 

flux  of  inulin,  both  in  standard  and  inverted  cell  culture.  These  data  suggest,  that  the 

bacteria do not disrupt cell-cell-adhesion of HIBCPP cells, especially the tight junctions, and 

do not increase the paracellular permeability under the conditions investigated. 

Two important virulence factors of  Hib are the fimbriae and the capsule  (Kostyanev and 

Sechanova, 2012; Marrs et al., 2001). The latter is believed to provide a protection against 

the  immune system,  allow intravascular  survival  and  rapid  replication  within  the  blood-

stream  (Moxon  and  Kroll,  1988).  However,  Hib is  believed  to  quickly  downregulate  its 
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capsule after hematogeneous dissemination and infection assays with human epithelial cells 

have shown a higher adherence and invasion of acapsular Hib (St Geme and Falkow, 1991), 

comparable to the increased invasion of acapsular  N. meningitidis (Borkowski et al., 2014). 

Similarly,  when compared to  capsulated  H.  influenzae,  we found a  higher  adherence  of 

acapsular  Hib to the apical  side of HIBCPP cells as well  as a higher basolateral  invasion, 

supporting  the  idea  that  capsule  down-regulation  at  the  site  of  invasion  seems  to  be 

favourable for cellular entry. Capsule down-regulation upon interaction with host cells has 

been demonstrated for  N. meningitidis and  Streptococcus pneumoniae (Deghmane et al., 

2002;  Hammerschmidt  et  al.,  2005).  It  has  been  speculated  that  capsule  expression  is 

required in the bloodstream for immune escape, but needs to be down-regulated for entry 

into host cells, a mechanism that could also be imaginable for H. influenzae.

Bacterial capsules consisting of polysaccharides are negatively charged, whereby interactions 

with host cells presenting a negative surface charge is limited, including phagocytosis  by 

leukocytes (van Oss, 1978). There are investigations that the basement membrane of the CP 

epithelium is negatively charged as well acting as a size and charge barrier especially for  

proteins (Taguchi et al., 1998). This negative charge might also repulse the bacterial capsule 

and lead to less invasion of the capsulated variants in our model, but it has to be established 

if and to which extend HIBCPP cells generate a negatively charged basement membrane.

It has been demonstrated previously that fimbriae of Hib are important for the adherence to 

respiratory epithelial cells (van Alphen et al., 1988; Weber et al., 1991), but non-fimbriated 

strains were shown to attach to mucosa cells as well (Farley et al., 1990; Loeb et al., 1988). 

Adherence to human epithelial Hep2 cells is greater for non-fimbriated strains (Sable et al., 

1985), comparable to the adherence of fimbriated and non-finbriated strains to HIBCPP cells 

observed by us.  However,  blood or cerebrospinal  fluid isolates  generally  do not  express 
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fimbriae.  In  a  study  by  Mason and colleagues  systemic  Hib isolates  were  matched with 

nasopharyngeal (NP) isolates of  Hib from children with invasive infections. 17% of the NP 

isolates were fimbriated,  all  other bacterial  characteristics were identical  in the matched 

pairs. The authors suggest that fimbriae are either not important for invasion or  Hib loses 

fimbriation early  during colonization  (Mason et al.,  1985).  In  conclusion,  fimbriae  of  Hib 

seem  to  be  important  for  the  colonization  of  the  respiratory  tract,  but  adherence  and 

invasion  of  the respiratory  and other  epithelial  cells  apparently  follow a more fimbriae-

independent pattern. Interestingly, concomitant loss of fimbriae and capsule in Hib has even 

an additive effect as indicated by the observation that the strain 770235 F-b- shows the 

highest invasion rate into HIBCPP cells.  

In our experiments, capsulated and acapsular variants of Hib strain 770235 show a different 

pattern of invasion in the inverted cell culture system. Whereas the capsulated variants were 

often detected in patterned clusters of intracellular and sometimes also extracellular and 

intercellular  bacteria,  acapsular  variants  localized  rather  dispersed  as  single  scattered 

specimen, found mostly intracellular. These data indicate that the capsule of strain 770235 is 

involved  in  defining  the  localization  pattern  during  infection  and  invasion  of  the  CP 

epithelium. Interestingly, an organization of bacteria in clusters was also observed by van 

Schilfgaarde and colleagues during infection of human lung epithelial cells with certain  H. 

influenzae strains. In contrast to our observations, bacteria were only found extracellularly in 

the paracellular cleft, and the authors described a high number of these clusters also for 

strain 770235 F-b-  (van Schilfgaarde et al., 1995). These discrepancies might be due to the 

different experimental systems employed and require further investigation.

We also found clusters of bacteria during basolateral infection of HIBCPP cells with the Hib 

strain  H1076,  but  not  with  the  Hib strain  H1203  or  the  Hif strains  H825  and  H1717, 
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respectively. Taken together, our observations suggest that capsulation of H. influenzae can 

influence the distribution pattern of the bacteria during host cell infection and invasion, but 

is clearly not sufficient to convey this property.

The difference in the invasion rates of the two clinical Hib isolates suggests other virulence 

factors to be involved in CP invasion. Such additional virulence factors of H. influenzae have 

been discussed (Kostyanev and Sechanova, 2012; Marrs et al., 2001), but their pathogenic 

role during CNS invasion remains to be determined.

In summary, we show that H. influenzae can invade CP epithelial cells in a polar fashion from 

the basolateral side, representing the bloodstream interface, thereby supporting a role for 

the CP during CNS invasion. Invasion is attenuated by the presence of the virulence factors 

fimbriae and capsule, and the latter can also contribute to the bacterial localization pattern 

during infection. We suggest that probably phase variation-regulated expression of virulence 

factors could be required for effective CNS invasion by H. influenzae.
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Figure legends

Fig. 1. Invasion in inverted and standard cell cultures of Hib strain 770235 and variants into 

HIBCPP cells shows polar invasion. Each experiment was repeated at least 3 times with at  

least two replicates. (A) Comparison of the invasion of Hib strain 770235 and the indicated 

variants into HIBCPP cells in the inverted and standard cell culture filter system in percent  

(left panel). In addition presentation of invasion in the standard cell culture after 6 h and 6 h 

+ 18 h in absolute counted amounts per filter insert (right panel). Invasion in standard cell 

culture was counted after 6 h (n=10) and after 6 h + 18 h (n= 6), invasion in inverted cell  

culture was counted after 6 h (n=13). Data are shown as median and error bars depict the 

interquartile range (25% and 75%). *, significant, p<0.05; **, highly significant, p<0.01; ***, 

extremely significant, p<0.001. Continuous lines, comparison of invasion of different strains 

in the inverted culture model; interrupted lines, comparison of invasion of each strain in the 

inverted (6 h) and the standard (6 h + 18 h) culture model.  (B) TEER values of cells cultured 

in the inverted cell culture system at the time of infection (time point 0 h) and at the end of  

infection (time point 6 h) (left panel) and percentage of FITC-labelled inulin flux of inverted 

cell  culture inserts infected for 6 h (right panel).  No statistical significance between time 

point  0  h  and  6  h  in  TEER  values  and  FITC-labelled  inulin  flux  was  seen  for  each 

strain/control, indicating the barrier integrity after 6 h of infection.  (C) and (D) TEER values 

of the standard cell culture system before and after 6 h (C) and 6 h +18 h (D) infection. After  

6 h no significant drop down of the TEER value can be observed, comparable to the stable  

barrier integrity in the inverted cell culture after 6 h. After 6 h + 18 h of infection TEER values 

are completely abrogated, indicating breakdown of the barrier. Data are shown as mean and 

error bars depict the standard deviation (B, C, D).
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Fig.  2. Adherence to HIBCPP cells of  Hib strain 770235 and variants in the standard cell 

culture filter system. Each experiment was repeated four times with at least two replicates 

(n=10). (A) Adherence of Hib strain 770235 and the indicated variants to HIBCPP cells in the 

standard cell  culture filter  system. Data are shown as median and error bars depict  the 

interquartile  range  (25%  and  75%).  **,  highly  significant,  p<0.01.  (B)  and  (C)  Double  IF  

microscopy showing adhesion to HIBCPP cells infected with H. influenzae strain 770235 and 

variants in the standard cell culture system after 6 h (B) and 6 h + 18 h (C). (B) Standard cell  

culture HIBCPP cells were infected with H. influenzae strain 770235 and its variants with an 

MOI of 20 for 6 h and subjected to double IF staining to detect intracellular (green) and  

extracellular  (yellow)  bacteria.  Cell  nuclei  were  stained  with  DAPI  (blue).  The  actin 

cytoskeleton was visualized with phalloidin  (purple).  Presented is  an  overlay  of  selected 

slices through the z-axis. The top and right side part of each panel are cross-sections through 

the z-plane of multiple optical slices. The apical side of HIBCPP cells is oriented towards the  

top of the top part and towards the right of the right side part, respectively, of each panel.  

Pictures  show  representative  images  of  adhered  bacteria.  A  larger  colony  of  adhered 

bacteria  is  indicated  by an arrowhead.  (C)  Infection of  HIBCPP cells  in  the standard  cell 

culture system for 6 h, then medium was changed into fresh medium without bacteria, and 

cells  were  incubated  for  additional  18  h  (6h  +  18  h).  Cell  cultures  were  subsequently  

subjected to double IF staining. Arrowheads indicate rare events of invaded bacteria.

Fig. 3. Double IF microscopy showing invasion of HIBCPP cells infected with  H. influenzae 

strain 770235 and variants in the inverted cell culture system. HIBCPP cells were challenged 

with a MOI of 20 of the H. influenzae strains for 6 h and subjected to double IF staining to 
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detect intracellular (green) and extracellular (yellow) bacteria. Cell nuclei were stained with 

DAPI (blue). The actin cytoskeleton was visualized with phalloidin (purple). Presented is an 

overlay of selected slices through the z-axis. The top and right side part of each panel are 

cross-sections through the z-plane of multiple optical slices. The apical side of HIBCPP cells is  

oriented  towards  the  top  of  the  top  part  and  towards  the  right  of  the  right  side  part,  

respectively,  of  each  panel.  Pictures  show  characteristic  distribution  patterns  of  strain 

770235 F+b+ (A, A’), F+b- (B, B’), F-b+ (C, C’) and F-b- (D, D’). The capsulated variants F+b+ 

and F-b+ often form cell border associated clusters as shown in A and C. A typical example is  

labeled  with  an  arrowhead  in  (A).  Extracellular  bacteria  of  strain  770235  F-b+  disposed 

around the HIBCPP cells are marked with a white arrowhead in (C). Still, capsulated bacteria 

are also found as  spreaded single dots  distributed over  the filter  (A’,  C’).  The acapsular  

strains F+b- and F-b- rarely form clusters around the cells (B, D), instead they are normally 

found as single bacteria distributed over the filter (B’, D’).

Fig.  4.  Transmission  electron  microscopic  images of  H. influenzae strain  770235 variants 

showing  examples  for  extracellular  and  intracellular  bacteria.  (A)  Two  bacteria  of  strain 

770235  variant  F+b+  located  in  between  membranes  of  two  adjacent  HIBCPP  cells 

(membranes of the two cells are marked with white and black arrow heads for each cell). (B) 

Intracellular  examples  of  strain  770235 variant  F+b-;  the boxed area  is  shown at  higher 

magnification in B’ highlighting the two membranes of the cells (black arrow heads opposite 

to each other).  (C)  Strain 770235 variant F-b+ bacteria are found extracellularly between 

membranes of two adjacent HIBCPP cells (membranes of the two cells are marked as in A)  

and intracellularly in D (white arrow). (E) Intracellular example of strain 770235 variant F-b-.  

(F) Intracellular strain 770235 variant F-b- releases outer membrane vesicles (OMVs, black 
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arrows) in a membrane-bound compartment or when residing free in the cytoplasm of the 

HIBCPP cell (F’). N, nucleus. Bars represent 0.5 µm. 

Fig. 5. Barrier integrity and invasion rate of different Hib and Hif strains following infection of 

HIBCPP  cells  in  the  inverted  cell  culture  filter  system.  (A)  Invasion  of  the  indicated 

encapsulated and capsule-deficient  H. influenzae strains in HIBCPP cells  (n=14).  Data are 

shown as median and error bars depict the interquartile range (25% and 75%). *, significant,  

p<0.05; **, highly significant, p<0.01; ***, extremely significant, p<0.001. (B) TEER values of 

cells cultured in the inverted cell culture system at the time of infection (time point 0 h) and 

at the end of infection (time point 6 h). (C) Percentage of Inulin-FITC Flux of inverted cell  

culture inserts infected for 6 h. Data are shown as mean and error bars depict the standard  

deviation (B, C).

Fig. 6. Double IF microscopy showing adhesion and invasion of HIBCPP cells infected with 

clinical Hib and Hif isolates. HIBCPP cells were grown in the inverted cell culture system. Cells 

were challenged with a MOI of 20 of the H. influenzae strains for 6 h and subjected to double 

IF staining to detect intracellular (green) and extracellular (yellow) bacteria. Cell nuclei were 

stained with DAPI  (blue).  The  actin cytoskeleton was visualized with phalloidin  (purple). 

Panels A-D represent Apotome images. The center part of each panel shows an xy en face 

view of infected HIBCPP cells. Presented is an overlay of selected slices through the z-axis.  

The top and right side part of each panel are cross-sections through the z-plane of multiple  

optical slices. The apical side of HIBCPP cells is oriented towards the top of the top part and 

towards  the  right  of  the  right  side  part,  respectively,  of  each  panel.  Pictures  show 

characteristic distribution patterns of the individual strains. (A) Hib Strain H1076 is located in 
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a pattern  around  the  cell  boarders.  Extracellular  bacteria  disposed around  the  cells  are 

marked with a white arrowhead. (B)  Hib Strain H1203 appears as single specimen with a 

white arrowhead marking bacteria at the apical side of the cell layer, which could enter the 

cerebrospinal fluid in a physiological situation. For the two F capsule expressing strains H825 

(C) and H1717 (D) no specific pattern was detectable.
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Table 1: Oligonucleotides used for verification of bacterial strains

Gene symbol Forward primer Reverse primer Size (bp) Reference
Capb GCTTACGCTTCTATCTCGGTGAA ACCATGAGAAAGTGTTAGCG 370 (Falla et al., 1994)
Omp2 ATAACAACGAAGGGACTAACG TCTACACCGAATAATACTGCT 1000 (Forbes et al., 1992)
BexA CGTTTGTATGATGTTGATCCAGACT TGTCCATGTCTTCAAAATGATG 343 (van Ketel et al., 1990)
hifA ATGAAAAAAACACT(AT)CTTGGTAGC

TGGTAGCTTAATTTTATTGGC

TTAT(CT)CGTAAGCAATT(GT)GGAAACC

ACTGAGGATTGTACTTT(ATGC)CC

650

597

(Clemans et al., 1998)

(Nakamura et al., 2006)
OMP6 ACTTTTGGCGGTTACTCTGT TGTGCCTAATTTACCAGCAT 273 (van Ketel et al., 1990)
capF GCTACTATCAAGTCCAAATC CGCAATTATGGAAGAAAGCT 450 (Bagherzadeh Khodashahri et al., 2015)

Abbreviations: Capb: capsular b antigene; omp: outer membrane protein; capF: capsular f antigene; hifA:  H. influenzae fimbrial gene; BexA: b 

capsule expression A.
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