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Abstract

The Ducreyi serum resistance A (DsrA) protein of Haemophilus ducreyi belongs to a large family 

of multifunctional outer membrane proteins termed trimeric autotransporter adhesins responsible 

for resistance to the bacterial activity of human complement (serum resistance), agglutination and 

adhesion. The ability of DsrA to confer serum resistance and bind extracellular matrix proteins lies 

in its N-terminal passenger domain. We have previously reported that immunization with a 

recombinant form of the passenger domain of DsrA, rNT-DsrA, in complete/incomplete Freund’s 

adjuvant, protects against a homologous challenge in swine. We present herein the results of an 

immunogenicity study in mice aimed at investigating the persistence, type of immune response, 

and the effect of immunization route and adjuvants on surrogates of protection. Our results 

indicate that a 20 µg dose of rNT-DsrA administered with alum elicited antisera with comparable 

bacterial surface reactivity to that obtained with complete/incomplete Freund’s adjuvant. At that 

dose, high titers and bacterial surface reactivity persisted for 211 days after the first immunization. 

Administration of rNT-DsrA with CpG or Imiquimod as adjuvants elicited a humoral response 

with similar quantity and quality of antibodies (Abs) as seen with Freund’s adjuvant. Furthermore, 

intramuscular administration of rNT-DsrA elicited high-titer Abs with significantly higher 
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reactivity to the bacterial surface than those obtained with subcutaneous immunization. All rNT-

DsrA/adjuvant combinations tested, save CpG, elicited a Th2-type response. Taken together, these 

findings show that a 20 µg dose of rNT-DsrA administered with the adjuvants alum, CpG or 

Imiquimod elicits high-quality Abs with reactivity to the bacterial surface that could protect 

against an H. ducreyi infection.

INTRODUCTION

Haemophilus ducreyi is classically known as the etiological agent of the sexually transmitted 

genital ulcer disease chancroid; however, it has recently been brought to worldwide attention 

that H. ducreyi is also a significant cause of cutaneous ulcers in yaws-endemic regions of the 

world [1–6]. Moreover, mass treatment of patients with cutaneous ulcers with the antibiotic 

azithromycin did not affect the proportion of ulcers attributable to H. ducreyi [6, 7]. These 

findings suggest that a vaccine against H. ducreyi could not only target patients with genital 

ulcers, but also those with cutaneous lesions. One determinant of H. ducreyi shown to be a 

possible vaccine candidate is the multifunctional surface-exposed trimeric autotransporter 

adhesin DsrA, a protein involved in resistance to the bactericidal activity of complement 

(serum resistance) and binding to fibronectin (Fn), vitronectin (Vn) and fibrinogen (Fg) [8–

12]. The N-terminal passenger domain of DsrA from class I H. ducreyi strain 35000HP, 

termed rNT-DsrAI, administered in complete/incomplete Freund’s adjuvant protects against 

a homologous challenge in the swine experimental model of chancroid [13]. Although these 

results proved DsrA to be a promising vaccine candidate, the experimental rNT-DsrAI 

vaccine was administered with Freund’s adjuvant, which cannot be safely used in humans. 

Furthermore, these trials did not address the persistence of the humoral immune response to 

rNT-DsrAI or the type of immune response generated to the vaccine. The goals of this study 

were therefore to measure the humoral immune response developed to different doses and 

routes of rNT-DsrAI administered with a variety of adjuvants, either approved or in clinical 

trials for human use, and to compare the responses to Freund’s adjuvant. We also measured 

the persistence of the humoral immune response to the rNT-DsrAI vaccine, and reactivity to 

homologous and heterologous H. ducreyi strains. Finally, we determined the type of humoral 

immune response to rNT-DsrAI administered with different adjuvants by measuring the 

IgG1/IgG2a subtype ratio. Although the correlates of protection of the rNT-DsrAI vaccine 

are currently still unknown, reactivity of vaccine-induced antibodies (Abs) to the surface of 

viable H. ducreyi was used as a surrogate of a protective immune response against infectious 

H. ducreyi challenge.

MATERIALS AND METHODS

Bacterial strains and culture conditions

H. ducreyi strains were routinely cultured and passaged on chocolate agar plates as 

previously described [13]. Prototypical class I strain 35000HP, a human-passage isolate [14] 

of strain 35000 [15], is the source of the dsrA gene used for preparation of rNT-DsrAI. 

35000HP∆dsrA (FX517) is an isogenic dsrA mutant of strain 35000HP [8]. Strain HMC50 

is a class I H. ducreyi strain isolated in Jackson, MS [9]. Escherichia coli strain 
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BL21(DE3)pLys (Life Technologies, Grand Island, NY) [16], used to express rNT-DsrAI, 

was cultured has previously described [13].

Preparation of rNT-DsrAI and purity assessment

The nucleotide sequence encoding the passenger domain of DsrA was amplified and 

expressed as previously described [13, 17]. Purity and concentration of rNT-DsrA were 

confirmed by SDS-PAGE [17–19]. Lipopolysaccharide levels, measured using the Pyrogent 

5000 LAL Assay kit (Lonza Inc., Allendale, NJ) at the Duke Human Vaccine Institute 

Protein Expression Facility (Durham, NC), were found to be under detectable limits. 

Western blotting of the rNT-DsrAI preparations using an Ab to recombinant full-length 

DsrAI (rFL-DsrAI) [17] was used to ensure formation of multimers by rNT-DsrAI [13].

Animal studies.—Two immunization experiments, approved by the Duke Institutional 

Animal Care and Use Committee (IACUC), were performed in the Regional Biocontainment 

Laboratory at Duke University (Durham, NC). BALB/c female mice (8-10 weeks) were 

administered three doses of rNT-DsrAI, ranging from 0.04 µg to 100 µg, at three-week 

intervals, either subcutaneously (SQ) or intramuscularly (IM), in the absence or presence of 

the following adjuvants: Freund’s complete/incomplete adjuvant (Sigma-Aldrich, St-Louis, 

MO), Alum (Alhydrogel 2%, Invivogen, San Diego, CA), synthetic monophosphoryl lipid A 

(MPL, cat# vac-mpls, Invivogen, San Diego, CA), CpG (ODN1826, cat# vac-1826–1, 

Invivogen, San Diego, CA) or Imiquimod (Imidazoquinoline, cat# vac-imq, Invivogen, San 

Diego, CA). Following the manufacturer’s instructions, rNT-DsrAI was administered at a 1:1 

ratio for Freund’s and alum. For MPL, CpG and Imiquimod, each mouse received 10, 30 and 

40 µg, respectively, of adjuvant per immunization. These adjuvants were put into solution 

per manufacturer’s instructions. Doses of adjuvants were chosen in the middle range 

recommended by the manufacturer. Mice were bled at days 0, 21, 42, and 56 days. To 

measure persistence of the Ab response to the immunogen, cheek and/or terminal bleeds 

were also performed at 122 (0.04, 0.16, 0.8 and 4 µg doses), 146 and 211 days (4, 20 and 

100 µg doses) after the primary immunization.

Enzyme-linked immunosorbent assay (ELISA) assays

Anti-rNT-DsrAI endpoint binding titer—rNT-DsrAI-specific serum Ab binding titers 

(endpoint) were determined by standard ELISA as previously described [19], except for 

certain changes to secondary Abs, dilutions and substrate. HRP-conjugated mouse Ig 

specific Abs (Southern Biotech, Birmingham, AL) were added to plates at a 1:4,000 

dilution. TMB (3,3’, 5,5”-tetramethylbenzidine; KPL, Gaithersburg, MD), used as substrate, 

was incubated for 10 minutes at room temperature and read at an optical density (OD) of 

450 nm using a Victor3 plate reader (Perkin Elmer, Waltham, MA). The baseline was set at 

three times the average plate background OD, which is OD obtained with the ELISA 

reagents in the absence of serum. Log endpoint titer (log10) is reported as the log of the 

reciprocal of the highest serum dilution at which the OD value was equal to or greater than 

baseline.
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Reactivity of anti-rNT-DsrAI to DsrA at the bacterial surface—A whole-cell 

binding ELISA was used to measure binding of anti-rNT-DsrAI to native DsrA at the surface 

of H. ducreyi [20–22].

Statistical analyses

For classical ELISAs and IgG1/IgG2a subtype ratios, a Wilcoxon rank-sum test was used to 

determine significant difference between adjuvant and no adjuvant samples at a given dose 

and route, for which we computed a time-dependent curve using the median of samples at 

each time point. The area under the curve (AUC) was computed using the “kulife” R 

extension package. Comparison of the results obtained from whole-cell binding ELISAs was 

analyzed using the t-test with Prism software (GraphPad Software, Inc., La Jolla, CA). A 

Welch correction was used for groups with unequal variances.

RESULTS

rNT-DsrAI is highly pure and forms multimers.

Preparations of rNT-DsrAI were homogeneous (Fig. 1A), save faint bands smaller than 15 

kDa (Fig. 1A). To determine if those bands represented foreign proteins or degradation 

products of rNT-DsrAI, some of the protein preparations were subjected to Western blotting 

with an Ab against full-length DsrAI. Bands around the 14-kDa molecular weight marker 

reacted with the Ab, indicating that they were degradation products of rNT-DsrAI (Fig. 1B). 

Western analysis also showed that rNT-DsrAI preparations form dimers, although the major 

product was a monomer (Fig. 1B). Taken together, these results indicated that the 

immunogen rNT-DsrAI is highly pure and forms multimers.

A 20 µg dose of rNT-DsrAI formulated with alum elicits a qualitatively similar immune 
response to the one obtained with Freund’s adjuvant.

In an initial immunogenicity study, groups of five mice were immunized at three-week 

intervals with doses of rNT-DsrAI ranging from 0.04 µg to 100 µg, either alone, in alum, or 

in Freund’s adjuvant. Using ELISA (i. e. endpoint titers), immunogenicity of rNT-DsrAI 

alone showed a dose-dependent increase from 0.16 to 100 µg (data not shown). No humoral 

response was detectable to 0.04 µg rNT-DsrAI alone (Fig. 2A), but administration of rNT-

DsrAI in either alum or Freund’s adjuvant improved immunogenicity of the protein at this 

low dose (Fig. 2A, left panel). Interestingly, only Freund’s adjuvant increased titers (i. e. 

quantity) of Ab elicited to 4 or 20 µg rNT-DsrAI compared to administration of immunogen 

alone (Fig. 2A, middle and right panels), suggesting that alum did not enhance the amount 

of Ab. Actually, DsrA alone, at relatively high doses, (4 and 20 µg) appears to be highly 

immunogenic and not enhanced by alum.

The quality of the Abs elicited to different dose and adjuvant combinations was next 

measured by reactivity of antisera to the surface of viable homologous H. ducreyi 
(Fig.causing chronic skin ulceration in children 2B). Despite measurable titers to 

recombinant protein, none of the adjuvants increased binding of antisera to native DsrA at 

the surface of H. ducreyi when animals received a 0.04 µg dose (Fig. 2B). At the 0.16 µg 

dose, only administration with Freund’s adjuvant increased reactivity of rNT-DsrAI antisera 
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to the bacterial surface, as compared to immunization in the absence of adjuvant (Fig. 2B). 

Reactivity of the rNT-DsrAI antisera to viable H. ducreyi was significantly increased using 

alum as the adjuvant for a 4 µg dose, while administration of the immunogen with Freund’s 

adjuvant increased reactivity eight times, compared to immunogen alone (Fig. 2B). When 20 

µg of rNT-DsrAI was administered with either alum or Freund’s adjuvant, the quality of the 

humoral immune response was similar, but significantly higher than immunization with rNT-

DsrAI alone (Fig. 2B). Overall, these findings demonstrate that alum elicits a humoral 

immune response similar to Freund’s adjuvant at a 20 µg dose.

The quantity and quality of Abs elicited to three doses of rNT-DsrAI are stable six months 
beyond the first immunization.

We next studied persistence of the humoral immune response elicited to rNT-DsrAI by 

measuring endpoint titers and bacterial surface reactivity 122, 146 and 211 days after the 

first immunization. For all doses and adjuvant tested, Ab titers measured at the end of the 

study (211 days) remained at levels similar to those measured at day 56, regardless of 

adjuvant (Fig. 3). At the 0.04 µg dose, titers at 122 days were highest when rNT-DsrAI was 

administered with Freund’s, as previously described (data not shown). Reactivity of antisera 

to viable bacteria from animals receiving 0.04 µg rNT-DsrAI did not increase over time, even 

though there was a slight increase in titers over the study period (data not shown). At the 4 

µg dose, only immunization with Freund’s adjuvant elicited Abs with higher surface 

reactivity than Abs from mice receiving immunogen alone (Fig. 3A, bottom). At the highest 

dose of 20 µg, endpoint titers of antisera from animals receiving immunogen alone or in 

alum were not significantly different at days 146 and 211 than those from animals receiving 

the immunogen in Freund’s (Fig. 3B, top); however, surface reactivity of antisera from 

animals receiving 20 µg of rNT-DsrAI in alum, although similar at day 56, was significantly 

higher than those receiving this same immunogen dose in Freund’s at day 211 (Fig. 3B, 

bottom). In fact, surface reactivity of antisera from animals receiving 20 µg rNT-DsrAI in 

alum increased over time, while those from animals immunized with Freund’s decreased 

(Fig. 3B, bottom). These data suggest that despite equal titers, alum promoted a better 

quality and persistence of Abs than Freund’s adjuvant when administered with a 20 µg dose 

of rNT-DsrAI (Fig. 3B, bottom).

Administration of rNT-DsrAI with CpG or Imiquimod elicits a qualitatively similar humoral 
immune response to that induced with Freund’s adjuvant.

One of the goals of the present study was to identify adjuvants safe for human use that could 

be administered with rNT-DsrAI to enhance a protective immune response against H. 
ducreyi infection. To address this question, we compared endpoint titers and surface 

reactivity of antisera from animals receiving rNT-DsrAI delivered with one of four 

adjuvants, either approved or in clinical trials for human use, to those of antisera obtained 

when rNT-DsrAI was administered with Freund’s adjuvant. Since alum is a poor inducer of 

the cellular arm of the immune response, we chose three other adjuvants reported to promote 

a Th1-biased immune response in addition to Abs, including monophosphoryl lipid A 

(MPL), CpG and Imiquimod [23]. MPL is a Toll-Like Receptor 4 (TLR-4) agonist 

composed of natural and synthetic lipid A from Salmonella or Escherichia coli and shown to 

induce a strong Th1 response [24, 25]. MPL is approved for human use when combined with 
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alum in the HPV vaccine Cervarix [26]. The adjuvant activity of MPL has also been tested in 

humans when delivered intranasally with a norovirus vaccine candidate [27]. CpG is a 

synthetic oligodeoxynucleotide containing unmethylated CpG motifs that binds TLR-9 and 

induce a Th1-dominated immune response [23, 28]. The vaccine adjuvant activity of CpG 

has been evaluated in a number of clinical trials using infectious disease vaccines such as 

anthrax [29–31] and malaria [32, 33] or when administered with experimental cancer 

vaccines [34, 35]. Recognized by TLR7–8, Imiquimod also induces Abs and a Th1-type 

immune response [23]. Imiquimod is currently approved in the topically applied drug Aldara 

used to treat superficial basal cell carcinoma [36]. The vaccine adjuvant activity of 

imiquimod has also been evaluated in clinical trials using topical application combined with 

injection of the vaccine at the site of imiquimod application. Imiquimod has also been tested 

in clinical trials using an influenza vaccine [37], a hepatitis B vaccine [38] and a melanoma 

vaccine [39].

Most adjuvants tested enhanced reactivity of Abs to the bacterial surface at 4 and 20 µg 

doses, as compared to administration of rNT-DsrAI alone (Fig. 4). Although Freund’s 

adjuvant elicited the highest endpoint titers and reactivity to the bacterial surface (Fig. 4), 

both the quantity and quality of the humoral immune response to rNTDsrAI formulated with 

either CpG or imiquimod were similar to those obtained with Freund’s adjuvant at the 4 and 

20 µg doses (Fig. 4 and data not shown for 0.04 µg dose). Taken together with findings 

presented above, these results suggest that administration of 4 or 20 µg doses of rNT-DsrAI 

with MPL, CpG, or Imiquimod mirrors the response seen in Freund’s vaccinated animals.

Intramuscular administration of rNT-DsrAI elicits a greater humoral immune response than 
subcutaneous immunization.

In the adjuvant comparison study, we also determined the importance of immunization route 

[intramuscular (IM) versus subcutaneous (SQ)] on the generation of a potentially protective 

immune response to rNT-DsrAI. For all three immunogen doses tested (0.04, 4 and 20 µg), 

SQ immunization with Freund’s adjuvant elicited the highest endpoint titers over the 

immunization period (56 days, p<0.05 for area under the curve) (Fig. 4, top). This was not 

the case using the IM route since CpG and Imiquimod, administered with 20 µg of rNT-

DsrAI, both elicited antisera with similar endpoint titers and H. ducreyi reactivity to those 

from animals receiving the immunogen in Freund’s (Fig. 4B). By generating similar 

humoral immune responses to the one obtained with Freund’s adjuvant, CpG or Imiquimod 

could replace Freund’s adjuvant in rNT-DsrAI-containing vaccines to induce a protective 

humoral immune response against H. ducreyi in humans.

Antisera from mice immunized with rNT-DsrAI formulated in a wide-range of adjuvants 
binds equally well to homologous and heterologous H. ducreyi strains.

To determine if antisera elicited to rNT-DsrAI recognized heterologous native DsrA in the H. 
ducreyi membrane, we measured reactivity of rNT-DsrAI Abs to the surface of viable, 

heterologous H. ducreyi strain HMC50. There were no differences in the quality of the 

immune response to the heterologous strain compared to the homologous bacteria (Fig. 5), 

except when the vaccine was administered with alum or MPL using the IM route (Fig. 5B, 
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bottom). These results suggest that immunizing mice with a 20 µg dose of rNT-DsrAI in 

CpG or imiquimod elicits Abs that recognize a heterologous class I H. ducreyi strain.

Adjuvant and route of immunization influence Ig isotype switching in response to the rNT-
DsrAI vaccine.

To determine how dose, route and adjuvant affected the type of immune response elicited to 

the rNT-DsrAI vaccine, we determined Ig isotype switching by calculating the difference 

between Log2 IgG1 and Log2 IgG2a (which equals Log2(IgG1/IgG2a) in pooled antisera 

from mice immunized with 0.04, 4 or 20 µg of the immunogen alone, or in the presence of 

five different adjuvants. For the first immunogenicity study testing alum and Freund’s 

adjuvants only, ratios were above 1 for most animals, save Freund’s at the lowest 0.04 µg 

dose, suggesting an overall Th2-type response (Fig. 6A). Alum consistently provided the 

highest ratio compared to Freund’s or immunogen alone, while the ratios with Freund’s 

were similar to those for immunogen alone (Fig. 6A). Ratios remained similar for up to 211 

days after primary immunization.

The same trend, with IgG1/IgG2a ratios equal or greater than 1, was also apparent in the 

second more comprehensive immunogenicity study (Fig. 6B). The exception was for the 

lowest dose of immunogen (0.04 µg) given alone subcutaneously, and with CpG, which 

resulted in IgG1/IgG2a ratios equal or lower than 1 for all doses and routes tested, save for 

the 4 µg dose SQ (Fig. 6B). In most cases, we again found that the IgG1/IgG2a ratios were 

highest in antisera from animals receiving the immunogen with alum (Fig. 6B). Ratios were 

significantly increased for most adjuvants when 4 µg of rNT-DsrAI was administered SQ, as 

compared to immunogen alone; however, this trend was reversed when the same dose of 

immunogen was given IM (Fig. 6B). For the 20 µg dose, SQ administration of the vaccine 

reduced IgG1/IgG2a ratios when the vaccine was administered with Freund’s or CpG, as 

compared to immunogen alone, while ratios were reduced in animals receiving CpG and 

Imiquimod immunized using the IM route (Fig. 6B). Overall, these results are consistent 

with the experimental rNT-DsrAI vaccine eliciting a Th2 rather than a Th1 mediated 

immune response; however, the choice of adjuvant and route of administration can 

significantly alter the IgG1/IgG2a ratio.

DISCUSSION

In this manuscript, we present findings from murine immunogenicity studies using a 

recombinant form of the passenger domain of the trimeric autotransporter adhesin DsrAI, 

rNT-DsrAI, as an experimental immunogen. The overarching goal of this study was to 

identify an adjuvant that could replace Freund’s in potency but be potentially safe for use in 

humans. Our first choice for a human translatable adjuvant was alum because it induces a 

strong humoral immune response like Freund’s [40] and is FDAapproved for human use. A 

4 µg dose of immunogen was the optimal formulation for the induction of surface reactive 

Abs using Freund’s adjuvant (Fig. 2B). Doses of 4 or 20 µg showed the most promise with 

alum as the quality of the immune response, measured by reactivity of antisera to the surface 

of viable H. ducreyi, was significantly enhanced compared to administration of the 

immunogen alone (Fig. 2B). Although Ab titers from animals receiving the adjuvant in 
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Freund’s or alum were not similar, the reactivity of Abs capable of binding the bacterial 

surface after immunization with 20 µg of rNT-DsrAI was comparable (Fig. 2B).

A long-term analysis of the humoral immune response to rNT-DsrAI revealed that day 56 

peak titers persisted for 211 days post prime, even in the absence of adjuvant (Fig. 3). 

Administration of 20 µg of the immunogen elicited antisera whose surface reactivity was 

higher in animals receiving rNT-DsrAI in alum than when administered with Freund’s at 

endpoint (211 days; Fig. 3B). These findings confirmed that the quality of the humoral 

immune response elicited to a 20 µg dose of rNT-DsrAI immunized with alum is similar to 

that with Freund’s, and that it persists for long periods of time beyond the last antigenic 

stimulation.

In a second immunogenicity study, we investigated the humoral immune response elicited to 

0.04, 4 or 20 µg of rNT-DsrAI either alone or in the presence of four different adjuvants safe 

for use in humans and the role of the immunization route in quantity and quality of the 

humoral immune response mounted against rNT-DsrAI. Most safe for human adjuvants 

administered with rNT-DsrAI elicited significantly higher quantity of Abs than immunogen 

alone at the doses tested (Fig. 4). Furthermore, some of these adjuvants generated Ab titers 

equal to those obtained from animals receiving rNT-DsrAI formulated with Freund’s 

adjuvant (Fig. 4). Endpoint titers were significantly higher when a 20 µg dose of the 

immunogen was administered intramuscularly, compared to subcutaneously, indicating a 

critical impact of route of immunization on host response (Fig. 4B). The importance of the 

IM route, shown for other vaccines [41], was reflected in our study of the quality (i. e. 

binding to viable bacteria) of the immune response after IM administration with alum, CpG 

and Imiquimod (Fig. 4B). Taken together, these data indicated that a 20 µg dose of rNT-

DsrAI administered intramuscularly with the human-approved adjuvants alum, CpG or 

Imiquimod elicited a humoral immune response similar in quality to that of a known 

protective rNT-DsrAI vaccine formulated with Freund’s adjuvant [13].

To investigate the type (Th1 vs Th2) of immune response developed to our experimental 

rNT-DsrAI vaccine formulations, and the impact of adjuvant, dose and route on this immune 

response, we determined IgG1/IgG2a ratios. When administered alone, rNT-DsrAI elicits a 

Th2-type response, and the ratio increases with dose (Fig. 6). This is consistent with the 

nature of the protein immunogen and the BALB/c strain bias toward Th2 responses. In all 

combinations of dose, adjuvant and route, all IgG1/IgG2a ratios were above one, save for the 

adjuvant CpG (Fig. 6). Overall, our data indicate that the immunogen rNT-DsrAI elicits a 

Th2-type response; however, route and adjuvant affected the ratios as compared to 

immunogen alone.

H. ducreyi strains are grouped in classes, termed class I and II, according to polymorphisms 

in genome sequences [42, 43] and variant outer membrane determinants [17, 42, 44, 45], 

including DsrA. Although the DsrA proteins from the two classes of H. ducreyi strains share 

high amino acid homology in their C-terminal translocator domain, they vary greatly in their 

functional N-terminal passenger domain [17]. Abs directed to this domain of class I DsrA do 

not recognize class II DsrA, and vice versa [17, 46], which suggests that an immune 

response developed to rNT-DsrAI may not be protective against class II strains. Conversely, 
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the newly described H. ducreyi strains that cause non-genital cutaneous ulcers are nearly 

identical to class I isolates [43], indicating that the rNT-DsrAI vaccine described herein is 

therefore very relevant to these strains and could be effective to prevent these infections 

caused by H. ducreyi.

In the research presented above, we used Ab binding at the surface of the bacteria as a 

correlate of protection of the rNT-DsrAI vaccine combinations tested. Surface binding of the 

Ab response elicited to the different vaccines tested was measured using a cell binding assay 

to whole, viable H. ducreyi. Since H. ducreyi has been shown to remain extracellular in both 

natural and experimental lesions [47, 48], vaccines that elicit Abs that bind to the surface of 

the bacteria could be protective through binding of complement components and/or 

macrophages that target H. ducreyi to the immune system. Abs that recognize DsrA at the 

bacterial surface could also block binding of H. ducreyi to cellular components such as 

fibrinogen [13]. It has yet to be determined if the rNT-DsrAI vaccine also elicits the cellular 

immune responses.

In conclusion, the findings from this immunogenicity study using a recombinant form of the 

trimeric autotransporter adhesin DsrA have informed us on several characteristics of this 

potential vaccine candidate for chancroid. First, the humoral immune response elicited to 

this vaccine is highly persistent, especially when administered with the human-approved 

adjuvant alum. Second, other adjuvants safe for use in humans, CpG and Imiquimod, may 

also be good candidate adjuvants for vaccination with rNT-DsrAI. Third, IM administration 

of rNT-DsrAI generated a humoral immune response with superior quantity and quality than 

SQ administration. Finally, except for CpG, all of the adjuvant, route and dose combinations 

investigated elicited a Th2-type immune response, indicative of the development of Abs 

specific to a major outer membrane protein of the extracellular bacteria H. ducreyi. This 

study has therefore identified potential adjuvants, route and dose, which may be of use in 

future human clinical trials involving this family of proteins.
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HIGHLIGHTS

1. The humoral immune response developed to rNT-DsrA is long-lasting

2. CpG and Imiquimod may be good adjuvants for the rNT-DsrA vaccine

3. IM administration of rNT-DsrA elicits an immune response superior to SQ

4. rNT-DsrA elicits a Th-2-type immune response
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Fig. 1. The recombinant immunogen rNT-DsrAI is devoid of contaminants.
A. Preparations of rNT-DsrAI were subjected to SDS-PAGE and Coomassie Blue staining to 

determine the presence of foreign proteins. Bovine Serum Albumin (BSA) standards were 

run concurrently with the purified immunogen to confirm protein concentration previously 

measured using a commercial reagent. B. rNT-DsrAI preparations were subjected to Western 

blotting with antibodies to rFL-DsrAI [17].
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Fig. 2. Quantity and quality of the humoral immune response is enhanced in animals receiving 
the rNT-DsrA vaccine administered with alum or Freund’s adjuvants.
A. Log endpoint titers (means ± standard deviations) of individual rNT-DsrA antisera from 

mice receiving 0.04, 4, or 20 µg of rNT-DsrAI either alone, in alum or Freund’s adjuvant. B. 
Reactivity (means ± standard deviations of 3 independent experiments) of pooled rNT-DsrAI 

antisera (day 56) to the surface of viable homologous H. ducreyi. *, p<0.05; **, p<0.01 

using an unpaired t-test.
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Fig. 3. rNT-DsrA elicits a persistent humoral immune response.
Antisera from mice immunized subcutaneously three times, three weeks apart with 4 (A) or 

20 µg (B) of rNT-DsrAI administered alone or in conjunction with alum or Freund’s 

adjuvant were tested for reactivity to purified rNT-DsrAI (top) or to the surface of viable 

homologous H. ducreyi (bottom). Antisera were collected on days 0, 21, 42, 56, 122, 146 

and 211, where day 0 indicates the first immunization. Shown are means ± standard 

deviations of individual sera (5 mice/group) for ELISA (top) or pooled sera (whole-cell 

binding ELISA, bottom) tested on three consecutive days. *, p<0.05 using an unpaired t-test.
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Fig. 4. The humoral immune response to rNT-DsrAI is similar when administered with Freund’s, 
MPL, CpG or imiquimod adjuvant, and improved with intramuscular compared to 
subcutaneous immunization route.
Groups of 5 mice were immunized either with 4 (A) or 20 (B) µg of rNT-DsrAI in the 

absence or presence of 5 different adjuvants (Alum, Freund’s, MPL, CpG and Imiquimod) 

following subcutaneous (SQ, top) or intramuscular (IM, middle) routes. Mice were 

immunized and bled three times, three weeks apart (days 0, 21, and 42), and bled at day 56. 

Top and middle, means ± standard deviations of endpoint titers of individual antisera after 

SQ or IM immunization, respectively. Bottom, reactivity of individual antisera from day 56 

to viable, homologous H. ducreyi strain 35000HP (white column, SQ route; black column, 

IM route). * indicates p<0.05 as compared to the response obtained with “no adjuvant” at 

that specific dose/route for the entire time of the trial (56 days); for whole cell binding 
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ELISAs (bottom), “*p=“ compares SQ and IM routes for pairs of doses and adjuvants using 

an unpaired t-test.
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Fig. 5. Intramuscular administration of rNT-DsrAI using the human-approved adjuvants CpG 
and Imiquimod elicits a humoral immune response that recognizes equally well DsrA at the 
surface of both homologous and heterologous H. ducreyi strains.
Reactivity of pooled rNT-DsrAI antisera to the surface of viable homologous (35000HP) and 

heterologous (HMC50) H. ducreyi strains. Shown are means ± standard deviations of three 

experiments conducted on three consecutive days. (A) Data from immunization trial 1 (20 

µg dose, subcutaneous route only) are shown according to time point (days) and adjuvant. 

(B) Reactivity of antisera (day 56) from mice receiving a 20 µg dose of rNT-DsrAI alone or 
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in combination with 5 different adjuvants, using the subcutaneous (SQ) or intramuscular 

(IM) route. *, p<0.05 using an unpaired t-test.
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Fig. 6. Adjuvant, dose and route of immunization affect isotype switching of the humoral 
immune response to rNT-DsrAI.
Log2 IgG1/IgG2a ratios of pooled (A) and individual (B) antisera from animals receiving 

0.04, 4 and 20 µg doses administered alone, or in combination with one of 5 different 

adjuvants. A. Log2 IgG1/IgG2a ratios for different doses of rNT-DsrAI administered 

subcutaneously either alone, with Alum or Freund’s adjuvant were measured for the length 

of the study, up to 211 days. B. Log2 IgG1/IgG2a ratios of day 56 antisera from mice 

receiving the rNT-DsrAI vaccine with several different human-approved adjuvants 
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administered subcutaneously (SQ) or intramuscularly (IM). *, p<0.05 compared to the “no 

adjuvant” control for each dose/route tested.
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