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Abstract

Interaction with the extracellular matrix (ECM) is one of the successful colonization strategies 

employed by nontypeable Haemophilus influenzae (NTHi). Here we identified Haemophilus 
lipoprotein e (P4) as a receptor for ECM proteins. Purified recombinant P4 displayed a high 

binding affinity for laminin (Kd = 9.26 nM) and fibronectin (Kd = 10.19 nM), but slightly less to 

vitronectin (Kd = 16.51 nM). A P4-deficient NTHi mutant showed a significantly decreased 

binding to these ECM components. Vitronectin acquisition conferred serum resistance to both P4-

expressing NTHi and Escherichia coli transformants. P4-mediated bacterial adherence to pharynx, 

type II alveolar, and bronchial epithelial cells was mainly attributed to fibronectin. Importantly, a 

significantly reduced bacterial infection was observed in the middle ear of the Junbo mouse model 

when NTHi was devoid of P4. In conclusion, our data provide new insight into the role of P4 as an 

important factor for Haemophilus colonization and subsequent respiratory tract infection.
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Nontypeable Haemophilus influenzae (NTHi) is one of the major causes of mucosal 

infections in the upper and lower respiratory tract. The pathogen is associated with acute 

otitis media in pre-school children and exacerbations in patients with chronic obstructive 

pulmonary disease, with recent reports also suggesting a role in invasive disease [1].

We and others have reported that NTHi interacts with extracellular matrix (ECM) proteins, 

including fibrinogen, collagens (I, III, IV and V), vitronectin (Vn), laminin (Ln), and 
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fibronectin (Fn) [2–8]. Most ECM proteins are located underneath the epithelial cell barrier, 

and are thus unexposed to microbes. During viral infections and/or mechanical and chemical 

trauma, however, the epithelial cell barrier will be damaged and tight junctions break, 

exposing the ECM components. Interactions with the ECM thus promote the opportunistic 

pathogen NTHi to colonize and consequently infect the host [9–12]. These interactions 

require the expression of several NTHi surface molecules such as Haemophilus adhesion 

and penetration protein (Hap), protein E (PE), and protein F (PF) [4–7].

NTHi with deletion of single or multiple of the currently known ECM receptors still show 

residual ECM binding [4–6, 13]. This fact prompted us to speculate that there might be other 

yet unidentified ECM receptor(s) in NTHi. Here we identified Haemophilus outer membrane 

lipoprotein e (P4) as a novel multifunctional ECM receptor. Haemophilus P4 is a 28 kDa 

acid phosphatase recognized as a potential vaccine candidate due to its immunogenic 

properties [14, 15]. The lipoprotein is found in both NTHi and encapsulated H. influenzae, 

and is important for nicotinamide adenine dinucleotide (NAD) uptake and hemin utilization 

[16–19]. Importantly, we observed both an enhanced serum resistance and increased 

adherence with bacteria expressing P4 as a result of Vn acquisition and targeting of Ln/Fn, 

respectively. The P4-deficient NTHi mutant had a decreased survival in the middle ear of 

Junbo mice, suggesting an important role of P4 in acute otitis media caused by NTHi. Our 

work thus provides additional insight into the role of P4 for NTHi virulence.

Materials and Methods

Bacterial Strains and Eukaryotic Cells

NTHi 3655, isogenic mutants, and nasopharyngeal clinical isolates (KR164, KR314, 

KR315, and KR336) were cultured as indicated (Table 1). Escherichia coli DH5α 
(Stratagene, Santa Clara, California) and BL21 (DE3) (Novagen, Darmstadt, Germany) were 

cultured in Luria–Bertani (LB) broth or on LB agar. Antibiotics selection for each 

genetically modified bacterial strain is summarized in Table 1. The alveolar epithelial cell 

line A549 (ATCC CCL-185) was maintained in Ham’s Nutrient F12 medium (Gibco, Life 

Technologies, Carlsbad, California), the pharynx epithelial cell line Detroit 562 (ATCC 

CCL-138) in Minimum Essential Medium (Gibco), and the bronchial epithelial cell line 

NCI-H292 in Roswell Park Memorial Institute 1640 (Gibco). All media were supplemented 

with 10% fetal calf serum (FCS) (Gibco). Primary human bronchial epithelial (HBE) cells 

were obtained from healthy donors (Swedish Research Ethical Committee in Lund [FEK 

413/2008]). HBE were maintained in bronchial epithelial cell growth medium (Clonetics, 

Basel, Switzerland).

Construction of NTHi hel Deletion Mutants and Gene Transcomplementation

Deletion of the hel gene (GenBank Accession Number: EDJ92235; encodes P4) in single or 

double mutants of NTHi 3655 was performed as described [6] (Supplementary Figure 1). A 

linear hel-knockout vector containing cat (AY219687.1) or npt (HQ608521.1) inserted 

between upstream and downstream flanking regions of the hel gene (Supplementary Figure 

1 and Table 1) was transformed into NTHi strains to yield Δhel mutant [23]. We used the 

pKR7.3 backbone plasmid to transcomplement hel in the NTHi 3655Δhel, yielding NTHi 

Su et al. Page 2

J Infect Dis. Author manuscript; available in PMC 2018 September 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



3655Δhel+hel [24]. Spontaneous streptomycin-resistant (SmR) isogenic mutants used for 

animal experiments were also generated [22].

Recombinant Protein Expression and Antibody Production

Open reading frames of full-length and truncated variants of P4 were amplified from NTHi 

3655 genomic DNA using restriction site-specific primers (Supplementary Table 1). 

Resulting DNA fragments were cloned into the expression vector pET26(b)+ for 

cytoplasmic recombinant protein production or pET16b for cell surface expression of P4. 

Clones were maintained in E. coli DH5α. His-tagged recombinant proteins were expressed 

in E. coli BL21 (DE3) induced with 1 mM isopropyl-1-thio-β-D-galactopyranoside followed 

by protein purification as described (Supplementary Figure 2) [6]. A rabbit anti-P4 

polyclonal antibody (pAb) was prepared as described [25].

Enzyme-Linked Immunosorbent Assay

Purified proteins (50 nM) were immobilized on Polysorb microtitre plates (Nunc, Roskilde, 

Denmark) in 100 mM NaH2CO3 (pH 8.6). ECM proteins, human plasma Vn [26] and Fn 

(Sigma-Aldrich), and murine sarcoma Ln (Sigma-Aldrich), were added followed by 

detection with sheep anti-human Vn pAb (Abd Serotec, Kidlington, UK), rabbit anti-mouse 

Ln-111 pAb (Sigma-Aldrich), and anti-human Fn pAb (Dako, Glostrup, Denmark). In a 

separate experiment, we immobilized ECM proteins, incubated with recombinant P4 (rP4) 

and detected with horseradish peroxidase (HRP)–conjugated mouse anti-6 × His tag 

monoclonal antibody (mAb) (Abcam, Cambridge, UK). In a whole-cell enzyme-linked 

immunosorbent assay (ELISA), epithelial cells grown to confluency in 96-well plates were 

fixed with 4% formaldehyde. rP4 was loaded to the wells, washed, and detected with the 

anti-His mAb.

Bacterial Binding to ECM Protein-Coated Glass Slides

Bacterial adherence to immobilized ECM proteins was studied by adding bacterial 

suspensions to Vn-, Ln-, and Fn- (5 µg of each) coated glass slides (Menzel-Gläser, Thermo 

Scientific, Wilmington, Delaware) [6]. Slides were visualized by Gram-staining and 

analyzed in an Olympus IX73 microscope at 100× amplification.

Adherence Assay

NTHi adherence to mammalian cell lines was analyzed by flow cytometry as described [27]. 

For primary HBE cells, bacterial adherence was assayed by the counting of colony-forming 

units (CFUs) as described [28]. Epithelial cells grown to confluency in 24-well cell culture 

plates (non-polarized form) were incubated with fluorescein isothiocyanate (FITC)–labeled 

(for cell lines) or unlabeled NTHi (for HBE) (multiplicity of infection [MOI] = 100) at 37°C 

in medium without FCS for 1 hour. Unbound bacteria were removed by washing with 

phosphate-buffered saline (PBS); epithelial cells were detached and analyzed as described 

[27, 28].
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Direct Protein Binding Assay

Purified ECM proteins were labeled with 0.05 M 125I (Amersham Biosciences, 

Buckinghamshire, UK) per mol protein using the chloramine-T method [29]. Iodine-labeled 

protein (300 kcpm) was added to a bacterial suspension (1 × 107 CFUs in 100 µL) in 

PBS-2.5% bovine serum albumin (BSA) and incubated for 1 hour at 37°C. Samples were 

washed, pelleted, and measured in a Tri-Carb B3110TR Liquid Scintillation Counter (Perkin 

Elmer, Waltham, Middlesex).

Serum Resistance Assay

Complement-mediated killing of NTHi and E. coli was assayed as described [6]. We used 

1% and 5% normal human serum (NHS) for E. coli and NTHi, respectively. Vn-depleted 

serum (VDS) was prepared as described [25]. Bacterial suspensions (1.5 × 103 CFUs) in 150 

µL of divalent-Veronal-buffered–BSA buffer [6] was added with NHS or VDS, and 

incubated at the indicated time points at 37°C. Percentage of bacterial killing was 

enumerated as described [6].

Mouse Infection Experiments

The heterozygote Junbo mice have a mutation of the Evi1 gene and display symptoms of 

chronic otitis media, including a thickened tympanic membrane and the presence of middle-

ear fluid [30]. Eleven-week-old Junbo mice (n = 31) were inoculated intranasally with 106 

CFUs of NTHi (SmR) strains. Animal were sampled terminally at day 7 postinoculation. 

Middle-ear fluids were collected and plated on brain heart infusion agar containing 

streptomycin. Bacterial colonies enumerated were used to calculate middle-ear infection 

rates. These studies were carried out under the authority of the appropriate UK Home Office 

Project License and were approved by the Medical Research Council Harwell ethical review 

committee.

Statistical Analyses

We used 2-tailed t test, and 1- or 2-way analysis of variance (ANOVA) tests as indicated. 

Differences were considered statistically significant at P ≤ .05. GraphPad Prism 5.0 

(GraphPad Software, La Jolla, California) was used for statistical analyses.

Results

Identification of Haemophilus P4 as a Novel ECM-Binding Protein

NTHi has been shown to express multiple surface receptors, including PE, PF, and Hap to 

concurrently bind several ECM proteins [4–7]. When strains containing single or 

combinations of these genes mutated were tested, we observed that bacteria still bound some 

ECM proteins. This suggested that additional NTHi receptors may exist for certain ECM 

components. To determine which other NTHi protein(s) was involved in these interactions, 

we separated the NTHi 3655 outer membrane protein fraction on 2D–sodium dodecyl sulfate 

polyacrylamide gel electrophoresis, and probed with different ECM components. 

Interestingly, we found a protein spot (approximately 28 kDa) that was constantly reactive 
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with Vn, Ln, and Fn (Supplementary Figure 3). Subsequent protein sequencing revealed that 

this putative ECM receptor corresponded to H. influenzae P4.

To determine whether expression of P4 may promote attachment of bacteria to purified ECM 

proteins, we compared binding of a P4-deleted mutant (NTHi 3655Δhel) with the NTHi 

wild-type (WT) strain. NTHi 3655Δhel bound significantly (P ≤ .01) less soluble [125I]–

labeled ECM proteins as compared to the WT counterpart (Figure 1A). Importantly, the 

ECM-binding phenotype was restored in the transcomplemented NTHi 3655Δhel+hel. 
Because ECM proteins exist as tethered molecules at the basolateral surface of epithelial 

cells, bacterial adherence to immobilized ECM proteins was also evaluated. Assessment of 

bacterial adherence on Vn-, Ln-, and Fn-coated glass slides by the NTHi 3655 WT and 

transcomplemented mutant strains revealed numerous clustered bacteria associated with all 

three ECM proteins (Figure 1B). In contrast, the NTHi 3655Δhel mutant revealed only a few 

adhered bacteria on any of the glass slides. Importantly, a reduced deposition of ECM 

proteins was observed also with other clinical NTHi isolates when the hel gene was deleted 

(Figure 1C). Taken together, our results suggest that P4 interacts with Vn, Ln, and Fn to 

promote H. influenzae adherence.

Interaction of P4 With ECM Proteins is Independent of the Core/α-Helix Domain

We continued to examine whether purified recombinant P4 (rP4) also interacted with ECM 

proteins. ELISA revealed that the immobilized full-length rP4 (rP4G22-K274) significantly 

bound soluble Vn, Ln, and Fn in a concentration-dependent manner (0.5–50 nM) (Figure 

2A). We further quantitated the strength of the interactions between P4 and ECM proteins. A 

dose-dependent binding of rP4 (0.5–50 nM) to the wells coated with plasma Vn, Ln, and Fn 

was observed (Figure 2B). Based on a nonlinear regression analysis, the dissociation 

constant (Kd) of binding between P4 and Vn, Ln, and Fn was estimated to be 16.51 nM, 9.26 

nM, and 10.19 nM, respectively. Our results suggested that binding of P4 to ECM proteins 

was a strong interaction and generally equivalent among the three ECM proteins studied.

The crystal structure of P4 revealed that the protein consists of an α-helix domain and an α-

helix/β-strand core domain (Figure 3A) [31]. The α/β-core domain is responsible for 

catalysis of phosphatase activity. Together with αB, αH, and β5 from the core domain, the 

α-helix domain is involved in the dimerization of rP4 that is crucial for dephosphorylation 

and hemin binding [14, 31, 32]. To pinpoint the relevance of the secondary structures of P4 

in binding to ECM, we produced a series of rP4 in-frame deletion derivatives spanning 

different parts of the core and α-helix domains of the protein (Figure 3A). All ECM proteins 

bound efficiently to rP4G22-N240 but less to rP4G51-N240ΔD91-G125 that lacks the entire α-

domain (Figure 3B). Further reduction in binding was observed with the N-terminal 

(rP4G22-K160) and C-terminal (rP4A122-K274) fragments that were devoid of the major parts 

of the core- and α-domain, respectively. Our results thus suggested that the interactions 

between P4 and the ECM proteins are independent of the core/α-helix domains.
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P4 Functions as an Additional Major Vitronectin- and Laminin-Binding Protein of NTHi, 
Whereas Hap Is the Major Fibronectin Receptor

Because PE, PF, and Hap also promote H. influenzae–dependent adherence to ECM 

proteins, we aimed to evaluate the relative binding capacities of P4 in comparison with these 

receptors. As shown in Figure 4A, human Vn bound most efficiently to both immobilized 

rP4 and rPE, followed by rPF and minimally to rHapE523-L1036. Ln bound almost equally 

well to all immobilized proteins. Human Fn showed the highest interaction with Hap, 

followed by rP4 and rPE. In contrast, rPF and the negative control (HP_09011) did not bind 

Fn.

We further explored the relative contribution of each H. influenzae protein in binding to 

ECM using a direct binding assay. NTHi with single gene deletions of pe, hel, and hpf 
displayed significantly reduced binding (P ≤ .05); approximately 70% of the [125I]–Vn-

binding capacity seen with NTHi 3655 (Figure 4B). When the bacteria were incubated with 

[125I]–Ln, all single-gene deletion strains showed significantly reduced binding (P ≤ .05). 

Deletion of Hap resulted in a major decrease in Fn binding (approximately 58%) (P ≤ .001) 

compared to NTHi WT, followed by a partially reduced binding (approximately 40%) with 

the in PE and P4 deletion mutant strains. In parallel to the results obtained by ELISA (Figure 

4A), deletion of NTHi hap or hpf did not significantly affect Vn and Fn binding, 

respectively. For Vn and Ln, but not Fn, a slightly enhanced reduction in binding was 

observed in some double mutants compared to their Δhel counterpart, albeit this was not 

statistically significant. Taken together, these data indicate that in addition to PE and Hap, 

P4 serves as a major receptor for both Vn and Ln, whereas Hap remains the major Fn-

binding protein in NTHi.

Expression of P4 Enables NTHi to Subvert Serum Killing Through the Recruitment of 
Vitronectin

Vn functions as a complement regulator, preventing the host from self-damage, and inhibits 

the formation of the membrane attack complex at the terminal lytic step of the complement 

system [11]. Deposition of Vn at the bacterial surface thus confers resistance against 

complement-mediated killing, as exemplified by Vn-dependent PE- and PF-mediated serum 

resistance in NTHi [6, 25]. Here, we evaluated the potential role of Vn recruitment by P4 in 

NTHi serum resistance. Deletion of hel from NTHi 3655 significantly (P ≤ .05) rendered the 

P4-deficient knock-out mutant more serum sensitive when exposed to higher percentages of 

NHS compared to the WT (Figure 5A). However, this bactericidal effect of NHS was 

reversed in the NTHi 3655Δhel+hel–complemented strain.

To extend these results, we expressed P4 at the surface of the serum-sensitive and non-Vn-

binding E. coli [6, 25]. When exposed to 1% NHS, P4-expressing E. coli survived 

significantly (P ≤ .01) better than control E. coli (Figure 5B). Interestingly, depletion of Vn 

from NHS (VDS) resulted in a similar susceptibility to serum killing for both P4-expressing 

and control E. coli (Figure 5B). Similar results were obtained with NTHi 3655 and its 

corresponding Δhel mutant (data not shown). However, supplementing VDS with Vn (≥72 

nM) significantly rescued (P ≤ .05) the P4-expressing E. coli from serum-mediated killing 

(Figure 5C). In conclusion, P4-dependent Vn binding contributes to NTHi serum resistance.
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NTHi P4 Mediates Bacterial Adhesion to Pulmonary Epithelial Cells Through ECM Proteins

In the basal membrane (BM), Vn, Ln, and Fn are tethered with distinct integrin receptors 

anchored at the basolateral surface of epithelial cells [33–36]. Bacterial binding to these 

ECM proteins might thus promote adhesion to epithelial cells [9–12, 37, 38]. Accordingly, 

we further explored the involvement of P4 in H. influenzae adherence to cultured pulmonary 

epithelial cells. First, we found that bacterial adherence to cell lines A549, Detroit and NCI-

H292, and primary HBE cells was significantly (P ≤ .05) reduced when P4 was deleted 

(NTHi 3655Δhel) (Figure 6A). Thereafter, the direct protein–cell interaction between rP4 

and epithelial cells by a whole-cell ELISA was quantified. rP4 bound to all cell lines in a 

dose-dependent manner as compared to the negative control protein (HP_09011) (Figure 

6B).

We speculated that binding to ECM proteins might be one of the factors that contribute to 

the rP4-dependent cell interaction. Epithelial cell–derived Vn, Ln, and Fn was first 

confirmed with anti-ECM pAbs (Supplementary Figure 5). Thereafter, we blocked rP4 

binding by anti-ECM pAbs in the whole-cell ELISA (Figure 6C). Inhibition of the rP4–cell 

interaction was most striking in the experiment with anti-Fn pAb (P ≤ .001) followed by 

anti-Ln pAb (P ≤ .05). In contrast, preincubation with the anti-Vn pAb caused only a slight 

reduction in rP4 binding.

Our data suggest that the receptors for P4 on the nonpolarized epithelial cells include the 

cellular Ln and Fn that are probably expressed at the cell surface or cell–cell contacts, 

promoting adherence of rP4 to epithelial cells.

Haemophilus P4 Has an Important Role in Middle Ear Infection

Because NTHi also causes middle-ear infection, we further addressed the importance of P4 

in NTHi-dependent acute otitis media. To this end, we examined the ability of NTHi 3655 

and corresponding hel mutants to survive in the middle ear of the heterozygote Junbo mice. 

These genetically modified mice are defective in nuclear factor (NF)–κB signaling, have 

inflamed middle ears, and thus are highly susceptible to acute otitis media caused by NTHi 

[39]. At day 7 postinfection, we observed a significantly reduced colonization of the hel-
deleted NTHi mutant (median 6.04 × 104 CFUs/µL of middle-ear fluid) in the middle ear, 

compared to the P4-expressing WT (12.72 × 104 CFUs/µL) or transcomplemented hel 
mutant (11.15 × 104 CFUs/µL) (Figure 6D). Our data thus indicate the significance of P4 in 

experimental acute otitis media caused by NTHi.

Discussion

In this study, we presented several lines of evidence that the NTHi lipoprotein P4, which is 

crucial for NAD uptake, also serves as an ECM receptor for Vn, Ln, and Fn. First, NTHi 

expressing P4 bound to Vn, Ln, and Fn more efficiently when compared to an isogenic strain 

without the hel gene (Figure 1). Second, deletion of the highly conserved P4 resulted in a 

reduced ECM-binding phenotype of several clinical NTHi isolates. Third, the strong 

interaction of rP4 with Vn, Ln, and Fn (low affinity constants; Kd) verified that the 

identification of P4 as a multiple ECM protein receptor was not an artefact due to non-native 
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conformations of proteins seen in the initial 2D-gel electrophoresis (Supplementary Figure 

3).

The ECM-binding sites of PE, PF, and Hap have been defined at the central, N- and C-

terminal regions, respectively [4–6, 13, 25]. These binding sites do not, however, have 

consensus sequences for any specific ECM protein [6] (sequence alignment not shown). In 

contrast to Fn, no specific Vn- or Ln-binding domains of bacterial proteins have been 

reported. Most bacterial Fn-binding proteins comprise consensus repeats (ED(T/S)(X) 

nGG(X)n(I/V)DF) in the fibronectin-binding domains [10, 40]. However, this motif is not 

present in P4. The interaction of P4 with Vn, Ln, and Fn is unlikely to be site-specific as 

neither depends on the α/β-core- or α-helix-domains (Figure 3). P4 requires residues located 

between Gly22 and Asn240 for optimal ligand binding. It would be possible that rP4 does 

not contain a single binding site but is conformational-dependent or alternatively may 

employ multiple binding regions. In parallel, detailed analysis of Staphylococcus SdrI, and a 

site-directed mutagenesis study of Haemophilus Hap, revealed that both proteins bind Fn 

independently of the motif typical for Fn-binding proteins but involve multiple binding 

regions [41, 42]. Among the NTHi ECM receptors, we showed that PE and P4 are the major 

Vn receptors in NTHi. Despite PE, PF, P4, and Hap bound Ln equally well, Hap 

preferentially bound Fn, followed by P4 and PE (Figure 4).

Several studies have reported the potential role of P4 in NTHi infection. P4 expression was 

enhanced in NTHi during interaction with NCI-H292 [43]. The lipoprotein was also required 

for long-term survival of NTHi in the murine lung [44]. In yet another study, P4 was needed 

for aggressive infection of NTHi in influenza A virus–coinfected mice [45]. Except for its 

physiological role in acquisition of NAD and heme, the exact role for P4 in NTHi 

pathogenesis is less well understood. Not all bacterial receptors can bind efficiently to both 

soluble and cellular ECM proteins [9]. Interestingly, P4 significantly binds soluble (plasma) 

and insoluble (cellular) Vn, Ln, and Fn (Figures 2 and 6), which have distinct functions as 

immunomodulators during inflammation and for cell adherence [10, 33–35, 46, 47]. Our 

work thus reveals that P4-dependent recruitment of Vn and Ln/Fn is associated with NTHi 

serum resistance and adherence to pulmonary epithelial cells, respectively (Figures 5 and 6). 

Importantly, serum resistance and bacterial adherence were restored after re-introduction of 

the hel gene in the P4-deletion mutant. Moreover, P4 expression confers Vn-binding to E. 
coli, and thus promoted serum survival in 1% NHS and after the addition of exogenous Vn 

to VDS. We suggest that P4-mediated NTHi adherence involves at least cellular Fn and Ln, 

but less likely Vn (Figure 6). Interestingly, this is in sharp contrast to Hsf expressed by H. 
influenzae type b (Hib) that targets cellular Vn for optimal adherence [28]. At the BM, 

cellular Ln and Fn bind epithelial integrin receptors via the C-terminal LG1–3 domains of 

Ln α-chain and Arg-Gly-Asp-Ser motif of Fn type III domain, respectively [33, 34]. It is 

thus plausible that during NTHi colonization, P4 might target the cellular ECM proteins to 

adhere to epithelial cells by binding to non-integrin binding sites of cellular Ln and Fn. 

Hence, the role of P4 in ECM binding, and perhaps nutrient acquisition, might partly explain 

the decreased NTHi persistence in the highly inflamed middle ears of Junbo mice when P4 

was deleted (Figure 6D). The importance of P4 for Hib causing invasive disease has also 

been proven in an adult rat bacteremia model [18].
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In conclusion, we have described a novel role for P4 as a multifunctional ECM receptor that 

is important for serum resistance and adherence of NTHi in addition to bacterial survival in 

an otitis media mouse model. Identification of alternative ECM receptors in NTHi sheds 

light on the multifaceted strategies of the pathogen to interact with the host and evade its 

immune response, and this consequently impacts on the propensity of the bacteria to cause 

disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nontypeable NTHi devoid of P4 exhibits reduced binding capacities to ECM proteins.
A, Direct ligand binding assay of NTHi 3655 WT, hel-knockout mutant (NTHi 3655Δhel), 
and a hel-transcomplemented mutant (NTHi 3655 Δhel+hel), with soluble [125I]-labeled Vn, 

Ln, and Fn. B, Adherence of NTHi 3655 wild-type bacteria and P4 mutant to ECM-coated 

glass slides. HSA was included as a negative control. After a standard Gram staining, 

bacteria were visualized by light microscopy. Representative images of 2 independent 

experiments are shown. C, Binding of soluble ECM proteins to the clinical isolates NTHi 

KR164, KR314, KR315, and KR336, and corresponding hel-knockout mutants. Binding was 

assayed by a direct binding assay with [125I]-radiolabeled Vn (left panel), Ln (center panel), 

and Fn (right panel). In A and C, data are presented as percentage of bacterial binding to 

each ECM protein relatively to the NTHi 3655 WT strain that was set as 100%. Data 

represent mean values of 3 independent experiments, and error bars indicate standard 

deviations. The specificity of the P4-ECM protein interaction of NTHi 3655 was also 

confirmed by an inhibition assay with anti-P4 antibodies (Supplementary Figure 4). 

Differences between mutants and WTs in ECM protein binding were calculated by 2-way 

ANOVA. *P ≤ .05, **P ≤ .01 and ***P ≤ .001. Abbreviations: ANOVA, analysis of 

variance; ECM, extracellular matrix; Fn, fibronectin; HSA, human serum albumin; Ln, 

laminin; NTHi, nontypeable H. lipoprotein ; P4, Haemophilus lipoprotein e; Vn, vitronectin; 

WT, wild-type.
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Figure 2. Purified recombinant P4 binds soluble Vn, Ln, and Fn in a dose-dependent manner as 
measured by ELISA.
A, Binding of soluble ECM proteins to immobilized rP4. Full-length rP4 (rP4G22-K274) (50 

nM) was coated on microtiter plates and incubated with increasing concentrations (0.5–50 

nM) of Vn, Ln, or Fn. Bound Vn, Ln, and Fn was detected with specific Abs. A non-ECM-

binding NTHi protein (HP_09011) (GI: 144986489) [6] was included as a negative control. 

B, Relative binding affinities of rP4G22-K274 to immobilized ECM proteins. Equal 

concentrations of Vn, Ln, and Fn were coated at 50 nM and incubated with increasing 

concentrations of rP4 (0.5–50 nM). Bound rP4 was detected with an anti-His mAb. rP4 did 
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not bind to wells coated with HSA (negative control). The binding data were used to 

estimate the Kd value of P4 to Vn, Ln, and Fn. Data represent mean values of 3 independent 

experiments, and error bars indicate standard deviations. Abbreviations: Abs, antibodies; 

ECM, extracellular matrix; ELISA, enzyme-linked immunosorbent assay; Fn, fibronectin; 

HSA, human serum albumin; Ln, laminin; mAb, monoclonal antibody; NTHi, nontypeable 

H. influenzae; P4, Haemophilus lipoprotein e; rP4, recombinant P4; Vn, vitronectin.
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Figure 3. Mapping of the ECM-binding sites on the P4 molecule.
A, Schematic representation of the identified secondary structures of P4. The α-domain 

(blue blocks) of P4 consists of 5 secondary structures (αA, αC, αD, αI, and αJ), with C-

terminus 6-residues QAWDGK. The α/β core domain (yellow) is composed of αB, β1, αE, 

β2, αF, β3, αG, β4, αH, and β5. Location of “DDDD” aspartic-catalytic residues required 

for the P4 phosphomonoesterase activity (D64, D66, D181, and D185) are indicated with 

white circles. SP indicates the signal peptide. Truncated fragments spanning different parts 

of P4 are shown by black blocks and a deleted region in a mutated variant is indicated by a 

white block. B, Binding of ECM proteins to truncated P4 fragments as measured by ELISA. 

Equal molar concentrations (50 nM) of P4 variants were immobilized on microtiter plates 

and loaded with 10 nM Vn (left panel), Ln (center panel), and Fn (right panel). Bound ECM 

proteins were detected with specific antibodies. Negligible ECM binding was observed with 

the negative control HP_09011. In B, data represent mean values of 3 independent 

experiments, and error bars indicate standard deviations. Statistically significant differences 

between truncated fragments and full-length P4 were calculated by 2-way ANOVA. *P ≤ .05 

and ***P ≤ .001. Abbreviations: ANOVA, analysis of variance; ECM, extracellular matrix; 

ELISA, enzyme-linked immunosorbent assay; Fn, fibronectin; Ln, laminin; P4, 

Haemophilus lipoprotein e; rP4, recombinant P4; Vn, vitronectin.
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Figure 4. Relative importance of P4, PE, PF, and Hap in NTHi ECM binding.
A, Comparison of Vn (left panel), Ln (center panel), and Fn (right panel) binding to purified 

recombinant P4, PE, PF, and Hap as measured by ELISA. Recombinant PE, PF, and C-

terminal Hap (E523-L1036) were produced as described [6, 13, 25]. Equal concentrations 

(50 nM) of NTHi recombinant proteins were coated on ELISA microtiter plates and loaded 

with 10 nM of Vn, Ln or Fn. Bound ECM proteins were detected with specific pAbs. The 

NTHi HP_09011 protein was included as a negative control. B, Direct ligand binding assay 

with NTHi 3655 strains and radiolabelled-ECM proteins. E. coli was included as a negative 

control. Binding of radiolabelled ECM proteins to single and double NTHi deletion mutants 

of pe, pf, hel, and hap were compared with the wild-type counterpart for Vn (left panel), Ln 

(center panel), and Fn (right panel) binding. Of note, we failed to generate triple or tetrad 

mutants of pe/pf/hap/hel due to antibiotic stress of NTHi 3655. Data represent mean values 

of 3 independent experiments and error bars indicate standard deviations. Statistically 

significant differences between ECM-binding to the negative control protein HP_09011 (A) 

or NTHi wild-type and mutants (B) in ECM protein binding were calculated by 2-way 

ANOVA. *P ≤ .05, **P ≤ .01 and ***P ≤ .001. Abbreviations: ANOVA, analysis of 

variance; ECM, extracellular matrix; ELISA, enzyme-linked immunosorbent assay; Fn, 

fibronectin; Hap, Haemophilus adhesion and penetration protein; Ln, laminin; n.s., not 

significant; NTHi, nontypeable H. influenzae; P4, Haemophilus lipoprotein e; PE, protein E; 

PF, protein F; Vn, vitronectin.
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Figure 5. Bacteria expressing P4 have enhanced serum resistance.
A, Survival of NTHi 3655 wild type, hel-deleted and transcomplemented mutants at various 

percentages (0%–10%) of NHS. B, Survival of E. coli with surface expression of P4 in 1% 

NHS and 1% VDS. A control experiment with 1% HIS was included. C, Serum resistance of 

E. coli strains in 1% VDS supplemented with various concentrations of Vn (36–180 nM). 

Addition of Vn (greater than 72 nM) significantly enhanced the serum resistance of P4-

expressing E. coli. Vn at 72 nM corresponded to approximately 1% NHS (Vn concentration 

in NHS is approximately 400 µg/mL; 5.3 µM) [6, 35]. For A–C, samples (10 µL) at 0 
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minutes (T0) and indicated time points (Tt) were plated overnight at 37°C on chocolate agar 

for NTHi (A) and LB agar containing ampicillin for E. coli (B and C), and incubated at 37°C 

overnight. Percentage of bacterial killing was expressed as ((T0 CFUs−Tt CFUs)/T0 CFUs) 

× 100. Bacterial survival was determined at 15 minutes (A), and 10 minutes (B and C). Data 

represent mean values of 3 independent experiments, and error bars indicate standard 

deviations. Differences in serum resistance between wild-type and mutants were calculated 

by 2-way ANOVA. *P ≤ .05; **P ≤ .01. Abbreviations: ANOVA, analysis of variance; 

CFUs, colony-forming units; HIS, heat-inactivated serum; LB, Luria–Bertani; n.s., not 

significant; NHS, normal human serum; NTHi, nontypeable H. influenzae; P4, Haemophilus 
lipoprotein e; VDS, Vn-depleted serum; Vn, vitronectin.
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Figure 6. P4 promotes NTHi adhesion to pulmonary epithelial cells and infection in the middle 
ears of Junbo mice.
A, Adhesion of NTHi 3655 to different pulmonary cell lines and primary HBE cells. For cell 

lines A549, Detroit 562, and NCI-H292, bacterial adherence was measured by flow 

cytometry as mean fluorescence intensity of the FITC-labeled bacteria adhered to epithelial 

cells. Bacteria (1 × 109 CFUs) were labeled with FITC (10 µg/mL) for 45 minutes and 

washed to remove unbound FITC. Epithelial cells were incubated with FITC-labeled NTHi 

(MOI 100) at 37°C in medium without FCS for 1 hour. Unbound bacteria were removed by 

washing with PBS before epithelial cells were detached and subjected to analysis by flow 

cytometry. In this assay, epithelial cells were weakly autofluorescent, whereas all FITC-

labeled bacteria strains had equal fluorescence intensity (Supplementary Figure 6). The flow 

cytometer was set to exclude debris and bacterial clumps. In a separate control experiment, 

the incubation of cells with unlabeled bacteria in the absence of labeled bacteria did not 

affect the fluorescence of the cells (data not shown). For primary HBE cells, cells were 

incubated with unlabeled bacteria (MOI 100) for 1 hour. HBE cells were washed, detached, 

and lysed, followed by plating of cell lysates on chocolate agar at different dilutions. Plates 

were incubated overnight at 37°C in a humid atmosphere containing 5% CO2. Colonies of 

bacteria bound to cells were enumerated. Data are presented in percentage of bacterial 

adherence relative to the NTHi 3655 wild-type (WT) strain that was set as 100%. Deletion 

of hel resulted in reduced NTHi adhesion to pulmonary cell lines: alveolar (A549), 

pharyngeal (Detroit 562), and bronchial (NCI-H292) epithelial cells, and primary HBE cells. 

B, Direct interaction of rP4 to fixed and immobilized A549, Detroit 562, and NCI-H292 as 

measured by cell ELISA. Purified rP4 at increasing concentrations (0.5–50 nM) was loaded 

to each cell line. rP4 bound each cell line in a dose-dependent manner, whereas the negative 

control protein HP_09011 did not. C, Inhibition of rP4 binding to cell lines by specific anti-
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ECM antibodies. Fixed cells were preincubated with anti-human Vn, a cocktail of anti-Ln 

pAb (1:1 mixture of anti-Ln-111 (Sigma-Aldrich) and anti-Ln-332 mAb (AbCam); 

Supplementary Figure 5) or finally, anti-Fn pAb (1:10 dilution) followed by incubation with 

10 nM rP4. Binding of rP4 was significantly inhibited by anti-Ln cocktail pAb and anti-Fn 

pAb. In our nonpolarized cell models, P4 might have targeted cellular Ln and Fn expressed 

at the cell surface or cell–cell contacts. In B and C, bound rP4 was detected with an anti-His 

mAb. Data represent mean values of 3 independent experiments, and error bars indicate 

standard deviations. D, P4-bearing NTHi is more virulent than the P4-deficient mutant in a 

mouse middle-ear infection model. Streptomycin-resistant NTHi strains (NTHi 3655 (SmR), 

NTHi 3655 Δhel (SmR), and NTHi 3655 Δhel+hel (SmR)) were used to infect Junbo mice. 

Mice were experimentally infected with 106 CFUs of bacteria via the intranasal route. 

Shown are the middle-ear colonization rates (recovered CFUs/µL of middle-ear bulla fluids) 

for mice (n = 30, 31, and 28) infected with NTHi 3655 (WT), hel-deleted mutant (Δhel), or 

hel-transcomplemented mutant (Δhel+hel) at day 7 postinfection, respectively. Of note, these 

strains all grow remarkably well in the inflamed mouse middle ear during early infection 

(data not shown). Each filled circle represents the recovered CFUs/µL middle-ear fluid from 

one mouse. The horizontal bars indicate the media of each data set. Differences in adherence 

between WT and mutants (A), and between conditions with and without antibody blocking 

(B) were determined by 2-way ANOVA. Differences in middle-ear colonization rates 

between 2 groups among WT and mutants (D) were analyzed by a 2-tailed t test. *P ≤ .05; 

**P ≤ .01; ***P ≤ .001. Abbreviations: ANOVA, analysis of variance; CFUs, colony-

forming units; ECM, extracellular matrix; ELISA, enzyme-linked immunosorbent assay; 

FCS, fetal calf serum; FITC, fluorescein isothiocyanate; Fn, fibronectin; HBE, human 

bronchial epithelial; HIS, heat-inactivated serum; Ln, laminin; mAB, mouse anti-6 × His tag 

monoclonal antibody; MOI, multiplicity of infection; n.s., not significant; NTHi, 

nontypeable H. influenzae; P4, Haemophilus lipoprotein e; pAb, polyclonal antibody; PBS, 

phosphate-buffered saline; rP4, recombinant P4; SmR, streptomycin-resistant; Vn, 

vitronectin.
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Table 1
List of Bacterial Strains Used in This Study

Bacterial Straina,b,c Description/Genotyped Reference

NTHi 3655 Clinical isolate from a 10-year-old child with acute otitis media with effusion. [20]

NTHi 3655 (SmR) SmR. Spontaneous streptomycin resistant isogenic mutant. The strain is used for mouse middle-ear 
infection.

This study

NTHi 3655Δhel CmR. Isogenic hel deletion mutant of NTHi 3655 by cat replacement. The strain is devoid of P4 
expression.

This study

NTHi 3655Δhel (SmR) CmR and SmR. Spontaneous streptomycin-resistant isogenic mutant of NTHi 3655Δhel for mouse 
middle-ear infection.

This study

NTHi 3655 Δhel+hel KanR and CmR. hel-transcomplemented isogenic mutant of NTHi 3655Δhel. The hel-bearing 
complementation construct amplified from pKR7.3-P4 (Supplementary Figure 1) was inserted into 
the CGSHi3655_06559 locus. The strain has a restored P4 expression.

This study

NTHi 3655 Δhel+hel 
(SmR)

CmR, KanR, and SmR. Spontaneous streptomycin-resistant isogenic mutant of NTHi 3655Δhel+hel 
for mouse middle-ear infection.

This study

NTHi 3655Δpe ZeoR isogenic pe deletion mutant of NTHi 3655 by ble replacement. The strain is devoid of PE 
expression.

[21]

NTHi 3655Δhpf CmR isogenic hpf deletion mutant of NTHi 3655 by cat replacement. The strain is devoid of PF 
expression.

[6]

NTHi 3655Δhap CmR isogenic hap deletion mutant of NTHi 3655 by cat replacement. The strain is devoid of Hap 
expression.

[4]

NTHi 3655Δhel/pe CmR and ZeoR isogenic pe and hel double-deletion mutant. The pe and hel were replaced with zeo 
and cat resistance genes, respectively. The strain is devoid of PE and P4 expression.

This study

NTHi 3655Δhel/hpf CmR and KanR isogenic hpf and hel double-deletion mutant. The hpf and hel were replaced with cat 
and npt I resistance genes, respectively. The strain is devoid of PF and P4 expression.

This study

NTHi 3655Δhel/hap CmR and KanR isogenic hpf and hel double-deletion mutant. The hpf and hel were replaced with cat 
and npt I resistance genes, respectively. The strain is devoid of PF and P4 expression.

This study

NTHi KR164 NTHi blood isolate from 35-year-old patient with bacteremia. The wild-type strain binds ECM 
proteins.

[6]

NTHi KR164Δhel CmR isogenic hel deletion mutant of NTHi KR164 by cat replacement. The strain is devoid of P4 
expression.

This study

NTHi KR314 NTHi nasopharyngeal isolate from 66-year-old patient with acute otitis media. The wild-type strain 
binds ECM proteins.

[6]

NTHi KR314Δhel CmR isogenic hel deletion mutant of NTHi KR314 by cat replacement. The strain is devoid of P4 
expression.

This study

NTHi KR315 NTHi nasopharyngeal isolate from 79-year-old patient with bronchitis. The wild-type strain binds 
ECM proteins.

[6]

NTHi KR315Δhel CmR isogenic hel deletion mutant of NTHi KR315 by cat replacement. The strain is devoid of P4 
expression.

This study

NTHi KR336 NTHi nasopharyngeal isolate from 32-year-old patient with sinusitis. The wild-type strain binds 
ECM proteins.

[6]

NTHi KR336Δhel CmR isogenic hel deletion mutant of NTHi KR336 by cat replacement. The strain is devoid of P4 
expression.

This study

E. coli–pET16b AmpR E. coli BL21 (DE3) bearing the empty vector pET16b.

E. coli–P4 AmpR E. coli BL21 (DE3) bearing recombinant plasmid of pET16b with hel ORF insertion 
expressing P4 at surface.

This study

Abbreviations: β-NMN, β-nicotinamide ribose monophosphate; Amp, ampicillin; BHI, brain heart infusion; Cm, chloramphenicol; ECM, 
extracellular matrix; Hap, Haemophilus adhesion and penetration protein; Kan, kanamycin; NAD, nicotinamide adenine dinucleotide; NTHi, 

nontypeable H. influenzae; ORF, open reading frame; P4, Haemophilus lipoprotein e; PE, protein E; PF, protein F; Sm, streptomycin; SmR, 
streptomycin-resistant; Zeo, zeocin.

J Infect Dis. Author manuscript; available in PMC 2018 September 06.



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Su et al. Page 22

a
NTHi strains were grown on chocolate agar or cultured in BHI broth supplemented with NAD (Sigma-Aldrich) and hemin (Merck, Darmstadt, 

Germany) each at 10 µg/mL at 37°C in a humid atmosphere containing 5% CO2.

b
NTHi hel-deletion mutants with or without the other indicated genes were grown in medium supplemented with β-NMN (80 µM) (Sigma-Aldrich) 

instead of NAD.

c
SmR strains were generated as described [22].

d
Concentrations of antibiotics used: 100 µg/mL Amp; 10 µg/mL Cm; 15 µg/mL Kan; 300 µg/mL Sm; 4 µg/mL Zeo.
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