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D.
Research Plan

1.
Identification and Significance of the Problem or Opportunity.  

Bordetella pertussis, the causative agent of whooping cough is a strict human pathogen with no known animal or environmental reservoir.  Pertussis vaccination has dramatically decreased the incidence of disease, but the organism continues to circulate in the human population.  Severe disease is primarily seen in infants and children who have not been adequately immunized.  The World Health Organization definition of pertussis is based both on clinical symptoms (a minimum of 2 weeks of paroxysmal cough) and confirmation of infection by laboratory tests (http://www.who.int/vaccines-documents/DocsPDF01/www605.pdf1).  Clinical symptoms of pertussis are less severe in vaccinated individuals, however individuals with mild disease can serve as the bacterial reservoirs and act as important sources of transmission to the highly susceptible pediatric population [1-3].  

Diagnosis of pertussis is challenging and the true incidence of pertussis infection is unknown.  The gold standard for diagnosis is isolation of B. pertussis from the nasopharynx.  The bacterium grows very slowly and is extremely fastidious, and many laboratories cannot successfully culture the microorganism [4].   Polymerase chain reaction (PCR)-based detection is more rapid and sensitive than culture-based detection [5].  However, the carriage of the organisms (and the presence of DNA) decreases with the duration of symptoms and with antibiotic treatment, thus the sensitivity of both culture and PCR decreases with time [6].  Serological methods can also be used for diagnosis.  Enzyme-linked immunosorbent assay (ELISA) can detect B. pertussis infection even after the organisms are gone, and is especially useful for epidemiological studies.  Currently, most of the commercial ELISAs for the diagnosis of pertussis are based on antibody responses to pertussis toxin (PT) or filamentous hemagglutinin (FHA).  Since both PT and FHA are included in the acellular pertussis vaccines, high antibody levels to these antigens could persist following vaccination, hindering serodiagnosis in vaccinated individuals.  Adolescent immunization is now being introduced and adult immunization is being considered for pertussis control [6].  Given the limitations of culture and PCR, serodiagnostic tests which can discriminate between vaccine responses and infection by pertussis will be important for monitoring the efficacy of these additional vaccine strategies to discern its impact on disease transmission.  

Preliminary studies

In preliminary studies, Dr. Weiss and colleagues developed ELISA-based serodiagnostic tests based on five antigens not included in acellular vaccines.  These tests were compared to standard assays based on the vaccine antigens, PT and FHA.  Serologic responses of individuals with culture-confirmed pertussis were compared to adults with no recent history of coughing disease.   

The non-vaccine antigens include two factors associated with the bacterial cell wall (PAL, or peptidoglycan-associated lipoprotein) and lipopolysaccharide (LPS).  The antigens derived from virulence factors of B. pertussis include BrkA, the C-terminal region of FHA (C-FHA), and adenylate cyclase toxin (ACT).  FHA is a major adhesin of B. pertussis and is a component of most acellular pertussis vaccines.  FHA is produced from a 367-kDa precursor.  The first 71 amino acids comprise a signal peptide, which is removed by proteolysis.  FHA is further processed by the SphB1 protease [7, 8] resulting in the 220-kDa N-terminal region that is traditionally known as FHA.  Much of this form of FHA is secreted from the cell, and is the source of FHA for the acellular vaccines.  The C-terminal 130-kDa portion (which we term C-FHA), remains associated with B. pertussis cell [7, 9], and is not included in the pertussis vaccine.  

ACT is an essential virulence factor of B. pertussis, which functions by inhibiting neutrophil defenses [10].  Antibody responses to ACT have been detected in healthy individuals [11, 12], compromising its utility as a diagnostic antigen.  The presence of antibodies in uninfected individuals could be due to cross reactivity with other members of the RTX toxin family, including the E. coli hemolysin, which lacks adenylate cyclase enzymatic activity.  The 400 amino acids of the N-terminal of ACT (termed CatACT) comprise the catalytic domain and are unique to ACT.  

SUBJECTS, MATERIALS, AND METHODS
Serum samples.  Serum from culture positive individuals (79 sera from 51 individuals) obtained from children recruited at Cincinnati Children’s Hospital Medical Center from 1999 to 2002 characterized in a previous study [13], are described in Table 1.  Additional samples were obtained from some subjects at yearly intervals.  Eighty-eight percent had received the appropriate immunization series.  One individual had never received pertussis vaccine.  Control serum (48 sera from 34 donors) was collected at the University of Cincinnati from healthy adult volunteers who did not report a history of long-lasting cough.   Informed consent and assent was obtained from all subjects and their parents/guardians.  This study was approved by the Institutional Review Boards of the Cincinnati Children’s Hospital Medical Center and the University of Cincinnati and conducted according to the experimental guidelines of the US Department of Health and Human Services.  
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Secondary Antibodies.  Alkaline phosphatase-conjugated goat antibody against human-IgG, IgA, and IgM were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA).



Antigens.  PT and FHA were purified from the culture supernatant of B. pertussis BP338 [14-17].  LOS and LPS of B. parapertussis CN8234 were purified by phenol-extraction with proteinase-K treatment [18, 19].  Purified BrkA protein was provided by Dr. Rachel Fernandez [20].  PAL was purified from a glutathione-S-transferase fusion protein expressed from pGEX-PAL, provided by Dr. Nicholas Carbonetti [21].   The purity of all antigens was determined by SDS-PAGE.  No contaminants were detected in any of the purified preparations.



Production of CatACT and C-FHA.  A DNA fragment encoding the first 400 amino acids of the cyaA gene was PCR amplified from BP338 using oligonucleotides 5’-GCTAGCATGCAGCAATCGCATCAGGCT-3’ and 5’-AAGCTTTCACACTGCGCCCAGCGAC-3’.   The open reading frame of FHA from codon 2373 to the C-terminus was amplified by PCR using oligonucleotides 5’-ATATGCTAGCCAGAGCAAATTCTACGGCTCGCG-3’ and 5’-CCCAAGCTTTTTGTTGGTTTCATAGAAGACCCGGTAG-3’ with pfu-turbo polymerase (Stratagene, La Jolla, CA) and 1 M GC-Melt (Clontech, Palo Alto, CA).  The DNA sequence of both fragments was verified.  

The fragments were cloned into the NheI and HindIII site of pET21b (Novagen, Madison, WI), resulting in plasmid pSM021 for CatACT and pMW10 for C-FHA.  Protein was expressed in Rosetta2(DE3)pLysS (Novagen) induced with isopropyl β-D-thiogalactoside (2 mM), and purified from inclusion bodies.

For CatACT, lysis buffer (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA) supplemented with lysozyme and 0.1 mM phenylmethylsulfonyl fluoride (PMSF) was added at 4 mL/g bacteria.  The bacteria were incubated for 20 min at 25°C, and lysed by the addition of deoxycholic acid (4 mg/g bacteria) and sonication.  The bacterial pellet was washed and dissolved in denaturing buffer (8 M urea, 50 mM Tris-HCl, pH 8.0, 0.2 mM CaCl2, 0.1 mM PMSF) added at 8 mL/g bacteria.  The urea extract was passed over a DEAE column (0.5 mL/min, 4°C) and the flow-through was dialyzed into 25 mM sodium carbonate buffer at pH 8.0.  

C-FHA was solubilized from the inclusion bodies and loaded onto a HiTrap-Ni column FPLC-system (Amersham Bioscience, Piscataway, NJ).  The column was washed with 20 mM sodium phosphate buffer (pH 7.2) with 0.5 M NaCl, and eluted with linear gradient of imidazole (0-0.5 M, 20 mL).  

ELISAs.  ELISA for quantitation of FHA and PT antibodies (IgG and IgA) was performed using FDA pertussis-antiserum Lot3 and Lot5 as references [22].

For ELISAs to protein antigens, wells of 96-well microtiter plates were coated with 100 µL of CatACT or C-FHA at a concentration of 1 µg/mL in 50 mM carbonate buffer, pH 9.6 (coating buffer) for 16 h at room temperature.   Phosphate-buffered saline, pH 7.2 (PBS) was used as the buffer for antigen coating for the PAL-ELISA.   After three washes with PBS containing 0.05% Tween20, two-fold serial dilutions of sera in incubation buffer (PBS with 10% nonfat dry milk and 0.05% Tween20) were added at 100 µL/well.  The plates were incubated at room temperature for 2 h.  Secondary antibody (1:5000) in 100 (L of incubation buffer was added and incubated for 2 h.  The wells were washed, and 200 µL of substrate (FAST-pNPP kit, Sigma, St Louis, MO) was added.  After 30 min at room temperature, 25 µL of 12% NaOH was added to the wells and the OD405 was measured.  Antibody values were expressed as the reciprocal serum dilution (titer) giving an absorbance of the means plus 2 standard deviation (mean+2SD) of negative control wells for anti-CatACT antibodies or that of 0.5 for anti-C-FHA and PAL antibodies.   

The BrkA ELISA was performed using the procedure developed by the R. Fernandez laboratory.  In brief, wells were coated with 100 µL of BrkA (20 µg/mL) in coating buffer with 5 mM MgCl2 at 37ºC for 1h.  After four washes with Dulbecco’s modified-PBS (DPBS), the wells were blocked with 150 µL of DPBS with 1% BSA at 37ºC for 1 h.  One-hundred µL of diluted sera (1:100) in DPBS with 1% BSA were added to appropriate wells. After incubation at 37ºC for 1 h, the wells were washed, and incubated with 100 µL of secondary antibody (1:5000) in DPBS with 1% BSA and incubated at 37ºC for 1 h, and developed as described above.  The antibody content was expressed as OD405.



For the LOS- and LPS-ELISA, wells of 96-well microtiter plates were coated with 100 µL of LOS or LPS (20 or 10 µg/mL) in coating buffer at 37ºC for 2 h.  The wells were washed, 300 µL of incubation buffer was added for 30 min at 37ºC, and washed again.  Serum diluted 25-fold in incubation buffer was added at 100 µL/well.  The subsequent steps were performed as described for the CatACT ELISA except 1 h of incubations for sera and secondary antibodies were used.  The antibody content was expressed as OD405. 

Statistical analysis.  Statistical differences between the two study groups were examined by Student’s t-test with SYSTAT11 (SYSTAT software, Point Richmond, CA).  Receiver-operating-characteristics (ROC) analysis was performed with Win Episcope2.

RESULTS
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IgG and IgA responses to seven B. pertussis antigens were examined in sera from children and adolescents with culture-confirmed pertussis and a control group consisting of adult donors with no recollection of recent cough disease (Table 1).   In addition to serum samples drawn at the time of diagnosis of pertussis (visit 1), we obtained serum samples approximately one year later (visit 2), and approximately two years later (visit 3) from a subset of the culture positive individuals.  

Antibody responses to vaccine antigens.   PT and FHA are vaccine antigens and are also used in conventional ELISA assays for serodiagnosis of pertussis (Epidemiology and Prevention 
of Vaccine-Preventable Diseases, The Pink Book, http://www.cdc.gov/nip/publications/pink/pert.pdf).  Consistent with previous results, the IgG and IgA antibody responses to PT were significantly higher in the culture positive group compared to the control group, both at the time of diagnosis and one year later (Figure 1).  Mean PT-IgM levels did not differ between the culture positive group and the control group (data not shown). 

The IgG and IgA antibody responses to FHA were also significantly higher in the culture positive group compared to the control group, both at the time of diagnosis and one year later (Figure 1).  High IgG values to FHA were seen in the control group, and this is thought to be due to proteins produced by other bacterial species that cross-react with FHA [23]. 

Different values cutoff values have been proposed for serodiagnosis using PT-IgG and FHA-IgG.   Using mean+2SD of the control group, a value of 48 EU/mL was calculated to be the cutoff value for seropositive responses to PT, giving a specificity of approximately 95% (Table 2).  This value is more than double the traditional definition of 20 EU/mL [24].  Under the traditional cutoff definition, approximately 13% of the control group would be considered seropositive, reducing the specificity of the test to 87%.  In contrast, Baughman et al. proposed a cutoff value of 94, and this value would reduce the sensitivity of the PT-IgG assay to 73% [24].  The sensitivity of the FHA-IgG test was only 35.3% using our calculated a cutoff value of 163 EU/mL (Table 2).  This value also falls between the conventional value, 20 EU/mL, and a much higher value, 229 EU/mL, suggested by Baughman et al.  The conventional cutoff reduced specificity of FHA-IgG to 39.6%, while the higher value reduced sensitivity to 15.7%      
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Antibody responses to non-vaccine antigens.   The response to five non-vaccine antigens was also characterized (Figure 2).  The mean IgG response to CatACT (Figure 2A), and C-FHA (Figure 2C) of the culture positive individuals was higher than that of the control group at the time of diagnosis and one year later.  However the IgA response to CatACT (Figure 2B) and C-FHA (Figure 2D) was not different between the two groups.  The sensitivity and specificity of CatACT-IgG as a diagnostic was 62.8% and 91.7%, respectively (Table 2), while the sensitivity and specificity of C-FHA-IgG as a diagnostic was 39.2% and 95.4%, respectively (Table 2). Mean CatACT-IgM levels did not differ between the culture positive group and the control group (data not shown).  

The IgG response to LOS was not different between the culture positive and control groups (Figure 2E), and interestingly, the LOS-IgG titers did not decrease with time.  In contrast, LOS-IgA titers did differ between the two groups.  The sensitivity of LOS-IgA as a diagnostic was relatively low, 29.4% (Table 2).  Two proteins, BrkA and PAL, did not appear to be very immunogenic, and this data is not shown. 

Comparison of test results.   All possible combinations of sensitivity and specificity that can be achieved by changing the test’s cutoff value can be summarized using area under the curve (AUC) of a ROC curve [25].  An assay with an AUC of 50% represents an assay that has no discriminating ability, while and AUC of 100% means the assay can provide perfect discrimination.  The PT-IgG had the largest AUC (Figure 3), and was the best diagnostic test identified in this study.  CatACT-IgG, FHA-IgA, C-FHA-IgG, FHA-IgG, LOS-IgA, and PT-IgA were less sensitive, still useful for diagnosis of pertussis (Figure 3A).  In contrast, for CatACT-IgA, C-FHA-IgA, LOS-IgG, PAL-IgG, and PAL-IgA the AUC was about 50% and their 95% lower coefficient limits were less than 50% (data not shown), suggesting that these tests have little ability to discriminate infected individuals from healthy controls as stand alone diagnostic tests.  
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Defining a positive diagnostic test as an ELISA value greater than mean+2SD of the control group resulted in greater than 90% specificity for all assays (Table 2).  The PT-IgG based assay had highest sensitivity (92.2%), followed by the CatACT-IgG assay with 62.8% sensitivity.  The CatACT-IgA, C-FHA-IgA, LOS-IgG, and PAL antibodies had very low sensitivities, nearly 10% or less.  

Diagnosis based on multiple tests.   Combinations of different ELISA tests are often used to improve sensitivity.   When the results of all 14 tests are considered, the mean number of positive results for the culture positive individuals was 3.7 (median and mode = 4), with a range from 0 to 9.  Only one person was negative for all 14 tests.  Combination of PT-IgG and FHA-IgG is used widely, however all of the FHA-IgG positive patients were also positive for PT-IgG, and this combination did not improve the test performance (Table 3).  A combination of three assays with non-vaccine antigens (CatACT-IgG, C-FHA-IgG, and LOS-IgA) detected 41 of 51 (80%), and the specificity was 83%.   

When the results of all 14 tests are considered for the control group, the mean number of positive results was 0.7 (median and mode = 0), with a range from 0 to 4.  Ten sera in the control group were positive for 2 or more tests.  
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Duration of antibody responses.   The status of individuals a year after diagnosis was also examined.  Using the PT-IgG assay, 92.0% of the culture positive individuals (23 of 25) were seropositive at the time of diagnosis, and 64.0% were positive (16 of 25) after 1 year.  For the CatACT-IgG assay, 68.0% (17 of 25) were seropositive at the time of diagnosis, and 44.0% (11 of 25) were positive after 1 year.  Similarly, 48.0%  (12 of 15) were seropositive with the FHA-IgA assay at the time of diagnosis, and 28.0% were seropositive (7 of 25) after 1 year. 

Immune response to B. parapertussis LPS.   Lipopolysaccharide (LPS) is a component of the bacterial outer membrane.  B. pertussis LPS has a highly branched core structure, a unique trisaccharide, and no repeating O-antigen [26].  Due to the lack of repeating O-antigen, the LPS of B. pertussis has been termed lipooligosaccharide (LOS).  The closely related species, B. bronchiseptica and B. parapertussis express LOS, but add a repeating O-antigen, producing a conventional LPS structure [26].  There are unique and shared antigenic determinants between the LOS and LPS of the Bordetella species.   Antibody responses to LPS of B. parapertussis were also measured.  Both groups had high levels of LPS-IgG and the distribution of the two groups overlapped.  In IgA-LPS test, eight individuals in the culture positive groups and one individual were positive in this LPS of B. parapertussis test under the cutoff definition of mean+2SD of the controls. No correlation was detected between IgA against LOS of B. pertussis and IgA against LPS of B. parapertussis.

Summary of Preliminary Results 

The onset of pertussis is very slow, and individuals often harbor the microorganisms for weeks before they display clinical symptoms of pertussis.  This is long enough for antibody responses to develop, making serodiagnosis of pertussis especially useful.  PT and FHA are contained in most acellular pertussis vaccine formulations, and are not likely to be useful for diagnosis of disease in recently vaccinated individuals.  In addition to PT and FHA, the sensitivity and specificity of IgA and IgG serum antibody responses to five B. pertussis antigens that are not currently used in acellular pertussis vaccines was examined.  Seven tests, PT-IgG, CatACT-IgG, FHA-IgA, C-FHA-IgG, FHA-IgG, LOS-IgA, and PT-IgA appeared promising for serodiagnosis of pertussis as stand alone diagnostic tests.  Using a cutoff value of 48 EU/mL, PT-IgG was by far the most sensitive and specific indicator of infection.  PT has the added advantage of being uniquely expressed by B. pertussis, and can discriminate between infection by B. pertussis and the antigenically related, but less virulent species, B. parapertussis.   CatACT-IgG was the second most sensitive test.  Cherry et al. suggested that the failure of antibody responses to intact ACT to correlate with infection was due to antigenic domains shared with other bacterial toxins [12].  Using the unique portion of ACT, CatACT, in this study we found that the IgG antibody response to CatACT could discriminate between culture positive individuals and controls.  CatACT-IgG is the best single candidate for a serological diagnostic test that is not affected by vaccination status, and combination with other tests based on non-vaccine antigens improved sensitivity.  

B. parapertussis can also cause pertussis-like illness. Current pertussis vaccines have little efficacy against B. parapertussis infection [27].  Nine individuals were positive using the B. parapertussis-LPS ELISA.  This was likely due to past infection with B. parapertussis, and not cross-reactivity to B. pertussis LOS since there was no correlation between LOS-IgA and LPS-IgA responses.

The data from this study suggest that serum antibodies to pertussis antigens may persist a year or more following infection.  IgA antibodies have a shorter serum half-life (6 days for IgA versus 23 days for IgG1), and are thought to be a more specific indicator of recent infection.  Our data suggests this may not be the case, since elevated IgA responses to FHA were detected one year later.  By extrapolation, antibody level may persist for up to two years in vaccinated individuals, pointing out the need to develop serologic tests for pertussis based on non-vaccine antigens.   

2.
Technical Objectives


The results reported here suggest that a single antigen test, PT-IgG, is sufficient to diagnose pertussis in individuals without a history of recent vaccination, with a sensitivity of 92.2% and a specificity of 93.5%.   Booster vaccination of adolescents is underway, and vaccination of adults is currently being considered.  It is known that a high percentage of vaccinated individuals become infected and display symptoms when exposed to pertussis [28], and it will be important to be able to diagnose disease in these individuals as well.  Diagnostic tests for pertussis based on non-vaccine antigens would be useful to monitor the epidemiology of pertussis and the effectiveness of immunization in preventing pertussis.  



In the preliminary studies, serum titers were determined for each individual and a cutoff value for positive and negative tests was defined.  However diagnosis by determining serum titers is a labor-intensive process.   We propose to develop single-point serologic assays for use in clinical lab, with the eventual goal of developing an office-based test.   



We propose to develop two diagnostic tests, a single antigen test evaluating PT-IgG levels in individuals who have not been vaccinated within the last two years, and a multi-component antigen test based on non-vaccine antigens for individuals who have been vaccinated within the last two years.  
Specific Objective  I.  Development of a single point PT-IgG based assay to diagnose infection in individuals without a history of recent vaccination.    Current results suggest that such a test will have a sensitivity of 92.2% and a specificity of 93.5%, and thus is highly feasible.     
  Specific Objective  2.  Development of a single point, multi-antigen assays to diagnose infection in individuals with a history of recent vaccination.    Current results suggest that such a test is feasible; a two-antigen test (CatACT-IgG or C-FHA-IgG) had a sensitiveity of 72.5% and a specificity of 87.5%, while a three-antigen test (CatACT-IgG, C-FHA-IgG, or LOS-IgA) had a sensitivity of 80.4% and a specificity of 83.3%.  

3.
Work Plan
In initial studies we will prepare antigenic material (in mg quantities) for the development of the diagnostic tests.  Dr. Weiss will supply us with the Cat-ACT and C-FHA constructs to make the recombinant protein antigens, Cat-ACT and C-FHA.  She will also consult with us on the purification of PT and LOS from cultures of B. pertussis.   In addition, she will supply us with the previously characterized serum samples.  These samples have been obtained with IRB approval and will not contain patient identifiers.  

Specific Objective I.  Development of a single point PT-IgG based assay to diagnose infection in individuals without a history of recent vaccination.    The studies outlined in table 2 have determined that an IgG titer of 48 to PT will give a test that is 92.2% sensitive and 93.5% specific for pertussis.   We will verify that this will also be the case in a single point assay.  We will develop a standard single point diagnostic test based on determination of antibody index value.

Three different types of human serum will be identified:

· Positive control – high titer serum from culture positive individual

· Negative control – low titer serum from healthy control

· Cut-off calibrator – serum with a titer at about the cutoff point (48 EU)   

Previously collected samples will be diluted 10 µL into 200µL, and 100 µL will be added to PT coated wells as described above.  The plates will be incubated at room temperature for 2 h, and secondary antibody (1:5000) in 100 (L of incubation buffer will be added and incubated for 2 h.  The wells will be washed, and 200 µL of substrate (FAST-pNPP kit, Sigma, St Louis, MO) will be added.  After 30 min at room temperature, 25 µL of 12% NaOH will be added to the wells to stop the reaction and the OD405 will be determined.  

A low titer serum sample with an absorbance value in the appropriate range (between 0.2 and 0.5) will be chosen to be the calibrator sample. 

Antibody index will be calculated for all samples (OD of Sample/OD of calibrator) will be calculated for all samples.  Samples with an antibody index of >1.1 will be considered positive.  Antibody index values of 0.9 to 1.09 will be considered to be equivocal, and values <0.9 will be considered to be negative.  The correlation between positive values determined by titer in the previous study and positive values by antibody index will be determined.  The sensitivity and specificity of the single point assay will be calculated.   Our goal is to develop a single point assay that is at least as sensitive and specific as multipoint assay.  

Specific Objective  2.  Development of a single point, multi-antigen assays to diagnose infection in individuals with a history of recent vaccination.   Diagnosis in vaccinated individuals will be based on serological responses to three non-vaccine antigens, CatACT-IgG, C-FHA-IgG, and LOS-IgA using the single point, antibody index procedure outlined above.  

In initial studies, we will perform single serum assays for CatACT-IgG, C-FHA-IgG, and LOS-IgA as described above for PT.  However, the cut off values for significantly elevated values in patients compared to the control group (mean+2SD) for Cat-ACT (627 EU) and C-FHA-IgG (110 EU) compared to PT (48 EU). If the conventional starting dilution of 1:21 results in values that are too high, we will reevaluate the samples using greater serum dilutions to determine a dilution where the calibrator values fall into an acceptable range (e.g. an OD of approximately 0.25 for serum with a titer at the cutoff range of 627 EU for Cat-ACT.

In contrast to Cat-ACT-igG and C-FHA-IgG, the cutoff values for LOS-IgA were very low, and values above the no serum blank were considered positive.   If sensitivity is an issue with serum diluted at 1:21, these tests may be run with more concentrated serum samples.  

Calibrator serum samples will be chosen from those samples with titers near the previously defined cutoff value using the serum samples with a low absorbance value in the test run (between 0.2 and 0.5).  Antibody index for all three samples will be calculated as for PT, and samples with an antibody index of >1.1 will be considered positive.  Antibody index values of 0.9 to 1.09 will be considered to be equivocal, and values <0.9 will be considered to be negative.  The correlation between positive values determined by titer in the previous study and positive values by antibody index will be determined.

Our goal is to identify a combination of antigens that gives at least 80% sensitivity and specificity.  If this cannot be achieved with the three most promising non-vaccine antigens, other antigens or other isotypes (IgG vs. IgA) will be examined.  

4.
Related Research or R&D
Protein Express, Inc. is a fully equipped suite of laboratories with over 50 person-years experience in microbiology and molecular biology. Currently, the company has 4 employees and a clinical consultant. Protein Express was started in 1995 with the mission of providing other investigators with purified recombinant expressed proteins in whatever configuration was desired by the investigator. Following this mandate has taken the company in a variety of profitable directions, including the production of cytokines, a number of different proteins that have found their way into various diagnostic kits, and a vaccine against recurrent urinary tract infections. This latter project was spun off and merged with the firm Xanodyne Pharmaceuticals in 2004 and is anticipated to enter the market in 2007. The current proposal is a natural outgrowth of work that the firm has performed with Dr. Weiss in the past.

5.
Relationship with Future R&D
Once the conditions for single sample tests have been established, we will validate these results using patients and control subjects recruited form Cincinnati Children’s Hospital in collaboration with Dr. Beverly Connelly.  In our Phase II development, we also intend to involve an Athens, OH firm, Diagnostic Hybrids, Inc. in the final production of the diagnostic kits. Diagnostic Hybrids is a company with whom we have previously partnered in very satisfactory ways. They have much experience in developing and marketing diagnostic kits for both infectious agents and endocrine medical problems.

6.
Potential Commercial Applications. 
Diagnosis of pertussis is challenging and the true incidence of pertussis infection is unknown.  “Pertussis incidence continues to increase in infants too young to receive 3 doses of pertussis-containing vaccine and in adolescents and adults” (http://www.cdc.gov/mmwr/preview/mmwrhtml/mm5104a1.htm). The need for a rapid method of diagnosis is very clear. 
7.
Key Personnel and Bibliography of Directly Related Work 
Michael L. Howell, Ph.D. (Principal Investigator) is President of Protein Express, Inc and one of its founders. He has many years experience in expressing and purifying proteins in bacteria, the principal mission of Protein Express, Inc. He is therefore well qualified to direct all phases of this program. While Dr. Howell has devoted most of his time to the study of bacterial protein expression, a necessary part of this work has been the preparation and use of a number of antisera. He is therefore well qualified to coordinate and assist in the production and testing of the B. pertussis assay kits. Formerly, he was a research professor at the University of Cincinnati Department of Cell Biology, Neurobiology, and Anatomy. Dr. Howell has numerous publications in the molecular biological field. His CV in presented on pg 15 – 16.

Charles Gillespie, a Research Assistant, will devote an estimated 500 hr to the protein expression required for this project as well as performing the ELISA assays. He has several years experience in protein expression and antibody work.

8. 

Salary Caps – N/A
9.
Consultant
Dr. Alison Weiss is a highly respected researcher in the field of Bordetella pertussis, maintaining a very active research program.  It was her laboratory that generated most of the preliminary results described above. She and Protein Express have a long-standing relationship. Her CV is listed below on pages 17 - 19.
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Sponsored Projects Current:


“Biogenesis of Pertussis Toxin”

Principal Investigator: Alison A. Weiss, Ph.D.

Agency: NIH/NIAID
Type: R01 (AI23695) 

Period: 
07/01/01 – 6/30/06


The major goals of this grant are to study the genetics, biochemistry and physiology of pertussis toxin secretion.  No overlap.

“Training in Biologic Threat Agents”

Principal Investigator: Alison A. Weiss, Ph.D.

Agency: NIH/NIAID
Type: T-32 (AI055406)

Period:
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This is a training grant to provide salary support for Predoctoral and Postdoctoral trainees in the area of biodefense. No overlap.

“Actin polymerization in anthrax toxin-treated cells”

Principal Investigator: Olaf Schneewin, Ph.D.

Agency: NIH/NIAID
Type: GLRCE 
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The major goals of this grant are to study the effects of anthrax toxin on cell structure. No overlap.

“New diagnostic tests for B. pertussis”

Principal Investigator: David I. Bernstein, MD. AA Weiss is director on this sub-contract.

Agency: NIH/NAID
AI25459

Period: 04/01/05 – 03/31/06

This non-renewable contract to develop a new diagnostic for B. pertussis is what paid for the preliminary results in the present proposal.  It will have lapsed before the present proposal could be funded.

Research Projects Pending:

“Human serum and protection against Bordetella pertussis”

Principal Investigator: Alison A. Weiss, Ph.D.

Agency: NIH/NIAID
Type: AI45715 


Period:
07/01/06-06/30/11




The major goals of this grant are to study the human immune response to Bordatella pertussis. No overlap.

“Role of filamentous hemagglutinin (FHA) in disease and protection from pertussis”. 

Principal Investigator: Mary Staat, MD)  AA Weiss is director on this sub-contract.

Agency: CDC



Two years requested.

The major goals of this grant are to study vaccine-mediated immunity to Bordatella pertussis. No overlap.
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20.  Weingart, C. L., and A.A. Weiss. 2000.  Bordetella pertussis Virulence Factors Affect Phagocytosis by Human Neutrophils. Infect. Immun. 68:1735-1739.
21.  Craig-Mylius, K. A., T. H. Stenson, and A. A. Weiss. 2000.  Mutations in the S1 subunit of Pertussis Toxin that Affect Secretion. Infect. Immun. 68:1276-1281.

22.  Craig-Mylius KA and AA Weiss. 2000. Antibacterial agents and release of periplasmic pertussis toxin from Bordetella pertussis. Antimicrob Agents Chemother. 44(5):1383-6.

23.  Schaeffer LM and AA Weiss. 2001. Pertussis toxin and lipopolysaccharide influence phagocytosis of Bordetella pertussis by human monocytes. Infect Immun. 69(12):7635-41.
24.  Barnes MG and AA Weiss.  2001. BrkA protein of Bordetella pertussis inhibits the classical pathway of complement after C1 deposition. Infect Immun. 69(5):3067-72.
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26.  Mobberley-Schuman PS, Connelly B and AA Weiss. 2003. Phagocytosis of Bordetella pertussis incubated with convalescent serum. J Infect Dis; 87(10):1646-53.
27.  Rambow-Larsen AA and AA Weiss. 2004 Temporal expression of pertussis toxin and Ptl secretion proteins by Bordetella pertussis. J Bact 186(1): 43-50.
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29.  Schaeffer LM, McCormack FX, Wu H and AA Weiss. 2004.  Interactions of pulmonary collectins with Bordetella bronchiseptica and Bordetella pertussis lipopolysaccharide elucidate the structural basis of their antimicrobial activities. Infect Immun; 72(12):7124-30. 

30.  Mobberley-Schuman PS and AA Weiss. 2005.  Influence of CR3 (CD11b/CD18) expression on phagocytosis of Bordetella pertussis by human neutrophils. Infect Immun. 73(11):7317-23. 

10.
Facilities and Equipment:  The 4,800 sq.ft. facilities at Protein Express include an 1,800 sq.ft. wet laboratory equipped with deionized water, fume hood, water and dry incubators, refrigerators and freezers, sonicator, -80C freezers, controlled environment incubator shakers, Waters dual pump HPLC with UV/vis detector, FPLC equipped with a Perkin-Elmer Lambda 5 spectrofluorimeter, PE thermocycler, pH meter, and molecular biology equipment to grow bacteria, isolate DNA, and carry out gel electrophoresis for DNA analyses.  A 640 sq.ft. dry lab next door is equipped with laminar flow hood, Esco biosafety cabinet, CO2 incubators and Zeiss fluorescent microscope. Three nearby offices contain a number of computers with word processing, spreadsheet and accounting software and printer. Additional rooms house an autoclave, stand-alone Beckman superspeed and ultraspeed centrifuges, a variety of balances, water baths, ice machine, dark room with UV and light documentation equipment, and UV/vis spectrophotometers. The entire facility is available for this project.

Literature Cited

1. Hewlett EL, Edwards KM. Clinical practice. Pertussis--not just for kids. N Engl J Med 2005;352:1215-22

2. Senzilet LD, Halperin SA, Spika JS, Alagaratnam M, Morris A and Smith B. Pertussis is a frequent cause of prolonged cough illness in adults and adolescents. Clin Infect Dis 2001;32:1691-7

3. Strebel P, Nordin J, Edwards K, et al. Population-based incidence of pertussis among adolescents and adults, Minnesota, 1995-1996. J Infect Dis 2001;183:1353-9

4. Crowcroft NS, Britto J. Whooping cough--a continuing problem. Bmj 2002;324:1537-8

5. Tozzi AE, Celentano LP, Ciofi degli Atti ML and Salmaso S. Diagnosis and management of pertussis. Cmaj 2005;172:509-15

6. Forsyth KD, Campins-Marti M, Caro J, et al. New pertussis vaccination strategies beyond infancy: recommendations by the global pertussis initiative. Clin Infect Dis 2004;39:1802-9

7. Coutte L, Alonso S, Reveneau N, et al. Role of adhesin release for mucosal colonization by a bacterial pathogen. J Exp Med 2003;197:735-42

8. Coutte L, Antoine R, Drobecq H, Locht C and Jacob-Dubuisson F. Subtilisin-like autotransporter serves as maturation protease in a bacterial secretion pathway. Embo J 2001;20:5040-8.

9. Renauld-Mongenie G, Cornette J, Mielcarek N, Menozzi FD and Locht C. Distinct roles of the N-terminal and C-terminal precursor domains in the biogenesis of the Bordetella pertussis filamentous hemagglutinin. J Bacteriol 1996;178:1053-60

10. Weingart CL, Weiss AA. Bordetella pertussis virulence factors affect phagocytosis by human neutrophils. Infect Immun 2000;68:1735-9

11. Arciniega JL, Hewlett EL, Edwards KM and Burns DL. Antibodies to Bordetella pertussis adenylate cyclase toxin in neonatal and maternal sera. FEMS Immunol Med Microbiol 1993;6:325-30

12. Cherry JD, Xing DX, Newland P, Patel K, Heininger U and Corbel MJ. Determination of serum antibody to Bordetella pertussis adenylate cyclase toxin in vaccinated and unvaccinated children and in children and adults with pertussis. Clin Infect Dis 2004;38:502-7

13. Mobberley-Schuman PS, Connelly B and Weiss AA. Phagocytosis of Bordetella pertussis Incubated with Convalescent Serum. J Infect Dis 2003;187:1646-53.

14. Chong P, Klein M. Single-step purification of pertussis toxin and its subunits by heat-treated fetuin-sepharose affinity chromatography. Biochem Cell Biol 1989;67:387-91

15. Menozzi FD, Gantiez C and Locht C. Interaction of the Bordetella pertussis filamentous hemagglutinin with heparin. FEMS Microbiol Lett 1991;62:59-64

16. Salzmann M, Pervushin K, Wider G, Senn H and Wuthrich K. TROSY in triple-resonance experiments: new perspectives for sequential NMR assignment of large proteins. Proc Natl Acad Sci U S A 1998;95:13585-90.

17. Sekura RD, Fish F, Manclark CR, Meade B and Zhang YL. Pertussis toxin. Affinity purification of a new ADP-ribosyltransferase. J Biol Chem 1983;258:14647-51

18. Chart H, Scotland SM and Rowe B. Serum antibodies to Escherichia coli serotype O157:H7 in patients with hemolytic uremic syndrome. J Clin Microbiol 1989;27:285-90

19. Preston A, Maskell D, Johnson A and Moxon ER. Altered lipopolysaccharide characteristic of the I69 phenotype in Haemophilus influenzae results from mutations in a novel gene, isn. J Bacteriol 1996;178:396-402

20. Oliver DC, Fernandez RC. Antibodies to BrkA augment killing of Bordetella pertussis. Vaccine 2001;20:235-41

21. Carbonetti NH, Artamonova GV, Andreasen C, Dudley E, Mays RM and Worthington ZE. Suppression of serum antibody responses by pertussis toxin after respiratory tract colonization by Bordetella pertussis and identification of an immunodominant lipoprotein. Infect Immun 2004;72:3350-8

22. Meade BD, Deforest A, Edwards KM, et al. Description and evaluation of serologic assays used in a multicenter trial of acellular pertussis vaccines. Pediatrics 1995;96:570-5.

23. Barenkamp SJ, Leininger E. Cloning, expression, and DNA sequence analysis of genes encoding nontypeable Haemophilus influenzae high-molecular-weight surface-exposed proteins related to filamentous hemagglutinin of Bordetella pertussis. Infect Immun 1992;60:1302-13.

24. Baughman AL, Bisgard KM, Edwards KM, et al. Establishment of diagnostic cutoff points for levels of serum antibodies to pertussis toxin, filamentous hemagglutinin, and fimbriae in adolescents and adults in the United States. Clin Diagn Lab Immunol 2004;11:1045-53

25. Greiner M, Pfeiffer D and Smith RD. Principles and practical application of the receiver-operating characteristic analysis for diagnostic tests. Prev Vet Med 2000;45:23-41

26. Caroff M, Brisson J, Martin A and Karibian D. Structure of the Bordetella pertussis 1414 endotoxin. FEBS Lett 2000;477:8-14.

27. Watanabe M, Nagai M. Whooping cough due to Bordetella parapertussis: an unresolved problem. Expert Rev Anti Infect Ther 2004;2:447-54

28. Storsaeter J, Hallander HO, Gustafsson L and Olin P. Levels of anti-pertussis antibodies related to protection after household exposure to Bordetella pertussis. Vaccine 1998;16:1907-16



I. Human Subjects Research, Protection and the Inclusion of Women, Minorities, and Children

While we will be working with human blood samples, these have been provided by Dr. Beverly Connelly of Children’s Hospital as coded serum samples. As such, these are exempt from IRB review under Exemption 4. No clinical research will be performed. 

All workers have been given blood-borne pathogen training and all work involving serum will be performed in a BSL2 facility using BSL2 work practices.

J. Inclusion of Women, Minorities, and Children - The blood samples have been obtained largely from children (of both genders, approximately 50:50) because that is the class of people that usually present with whooping cough.
K. Required Education in the Protection of Human Research Participants - All participants are current with regard to HIPAA and blood-borne pathogen training.

L. Assurance of Compliance with the PHS Policy on Humane Care and Use of Laboratory Animals - N/A
M. Needle Exchange - N/A
M. Ban on Human Embryo Research
- N/A
N. Research Using Human Embryonic Stem Cells - N/A

A.
Limitations on Length of Proposal

SBIR Phase I proposals should not exceed 25 single-spaced pages, including the cover sheet, abstract, cost breakdown, and all enclosures or attachments. Pages should be of standard size (8 l/2” X 11”), and you should use an Arial, Helvetica, Palatino Linotype or Georgia typeface and a font size of 11 points or larger. Excluded from the 25-pages are cover letters, Human Subjects Research and Vertebrate Animal information, letters of commitment from collaborators and consultants and letters to determine eligibility. Unless specifically solicited by a Contracting Officer, no other appendices may be submitted, and if submitted, they will not be considered in the evaluation of scientific and technical merit.

B.
Proposal Cover Sheet

Complete the form identified as Appendix A (MS Word | PDF), and use it as the first page of the proposal. No other cover sheet should be used.

· Topic Number.  Provide the appropriate numerical designator of the research topic for which your proposal is being submitted. If your proposal is responsive to a subtopic, provide both the topic and subtopic numbers. (A numerical or alphabetical designator precedes each topic and subtopic.)

· Project Title.  Select a title that reflects the substance of the project. Do not use the title of the topic that appears in the solicitation.

C.
Abstract of Research Plan

Diagnosis of pertussis is challenging and the true incidence of pertussis infection is unknown.  The onset of pertussis is very slow, and individuals often harbor the microorganisms for weeks before they display clinical symptoms of pertussis.  This is long enough for antibody responses to develop, making serodiagnosis of pertussis especially useful.  Currently, most of the commercial ELISAs for the diagnosis of pertussis are based on antibody responses to pertussis toxin (PT) or filamentous hemagglutinin (FHA).  Since both PT and FHA are included in the acellular pertussis vaccines, high antibody levels to these antigens could persist following vaccination, hindering serodiagnosis in vaccinated individuals.  Adolescent immunization is now being introduced and adult immunization is being considered for pertussis control.   In this proposal, serodiagnostic tests based on non-vaccine antigens will be developed and evaluated using serum samples from culture positive individuals and healthy controls.   
From CDC RFP

020
Development of Serologic Tests to Detect Immune Responses in Bordetella pertussis Infection 

Pertussis is the only vaccine-preventable bacterial disease that is increasing in incidence. Diagnosis of pertussis is challenging, particularly in adolescents and adults who often present late in the course of infection when it is difficult to detect the organism. Serologic testing has used for adolescents and adults, but usually only provide late or retrospective diagnosis  In addition, current serologic tests measure antibodies to antigens that are also present in the vaccines, making it difficult to differentiate clinical disease from vaccine response.

CDC is seeking organizations to undertake research leading to the identification of antigens that induce major immune responses in persons with pertussis infection rather than pertussis vaccination. These antigens would be used to develop and validate sensitive and specific serologic assays for clinical diagnostic use. The tasks will include standardization of the antigen preparation (s), development of reference reagents (including reference sera), and standardization of assays, that could lead to validated, FDA-licensed products for in vitro diagnostic use. CDC is interested in tests for antibodies to B. pertussis antigens that are not present in pertussis vaccines currently licensed in the United States. The tests must distinguish immune responses to infection from immune response to vaccination. 

CDC’s goal is to make available tests for the detection of immune responses to B. pertussis infection that could be used in clinical and public health laboratories. 

Proposals should focus on previous experience and current capabilities in the relevant areas. Only organizations with a strong background and recent experience developing immunologic assays should respond. The final proposal should consider: (1) usefulness of the identified antigens/antibodies in the diagnosis of pertussis using clinically relevant samples; (2) procurement of a sustainable supply of reference materials; (3) procurement of a sustainable supply of clinical samples for test development and validation; (4) development of an easy-to-use assay that is suitable for use in clinical and public health laboratories; (5) assay endpoints that can be interpreted unambiguously as ‘positive’ and ‘negative’ for the diagnosis of acute pertussis infection distinct from recent vaccination (highest priority outcome); (6) development of an assay to assess immune protection from pertussis (long term). The ultimate goal is FDA licensure of the test for in-vitro diagnostic use. 

021
Development of a Rapid, Point-of-Care Test for the Diagnosis of Current Pertussis Infection

Pertussis is the only vaccine-preventable bacterial disease that has an increased number of reported cases. Pertussis is difficult to diagnose. There is a wide clinical spectrum, particularly in adults. Culture of pertussis can take up to 10 days, is sensitive only under ideal conditions, and is usually negative with even one dose of antibiotics. PCR testing is more sensitive but results are generally not available in less than 24-48 hours. Delay in the diagnosis of pertussis can result in the spread of disease to family members and other close contacts, increasing the risk for outbreaks and severe disease among vulnerable populations. Rapid tests (with results in minutes rather than days) have been useful in controlling transmission in other infectious diseases (e.g., HIV and group B strep).

A variety of laboratory tests have been developed for detection of bacterial antigens in body fluids (e.g., blood, nasopharyngeal secretions, urine). Studies with other organisms suggest that bacterial antigens are stable in secretions and are detectable much longer than bacteria remain viable. Furthermore, antigen detection can be useful even when antibiotic treatment has made culture impossible. Studies suggest that B. pertussis antigens (e.g., PT, FHA, adenylate cyclase, LOS) can be found in a variety of bodily fluids, including nasopharyngeal secretions and urine. Investigators have shown the presence of B. pertussis in NP specimens by detecting its adenylate cyclase enzyme (Confer DL, Eaton JW.  Dev Biol Stand 1985;61:3-10).  Boreland and Gillespie (J Clin Pathol 1984;37:950-955) detected B. pertussis antigens in serum and urine samples from clinically diagnosed cases

There is a need for a rapid, sensitive and specific, point-of-care test for the detection of pertussis. The availability of a bedside test would allow immediate diagnosis and treatment of the patient and prophylaxis of contacts. Such a test would be convenient for both the healthcare provider and the patient.

The tasks of the project include: (1) identification of pertussis antigens that can be detected in bodily fluids (e.g., blood, NP secretion, urine) of persons infected with B. pertussis; (2) standardization of the antigen(s) preparation; (3) development of a simple, easy-to-use, rapid (minutes), point-of-care antigen test for clinical diagnostic use with acceptable sensitivity, specificity, and predictive values; (4) development of reference reagents including internal and external controls; (5) standardization of the test assay; (6) procurement of a sustainable supply of reference materials; (7) procurement of a sustainable supply of clinical samples for test development and validation; (8) assay endpoints that can be interpreted unambiguously as ‘positive’ or ‘negative’ for the diagnosis of acute pertussis infection. The ultimate goal is FDA licensure of the test for in-vitro diagnostic use.

Further instructions:

http://grants.nih.gov/grants/funding/SBIRContract/PHS2006-1.doc



Table 1.  Characteristics of the culture positive population


Visit�
No. of subjects�
�
Age (years)�
�
Interval between cough start and initial visit (days)�
�
�
�
�
Mean ± SD�
Range�
�
Mean ± SD�
�
Initial�
51�
�
11.5 ± 3.0�
5-17�
�
60 ± 30�
�
Second�
25�
�
13.3 ± 2.5�
7-18�
�
409 ±108�
�
Third�
3�
�
15.7 ± 1.2�
15-17�
�
867 ± 34�
�



�
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Table 2. Sensitivity and Specificity of ELISA tests





�
PT�
�
FHA�
�
CatACT�
�
C-FHA�
�
LOS�
�
PAL�
�
�
IgG�
IgA�
�
IgG�
IgA�
�
IgG�
IgA�
�
IgG�
IgA�
�
IgG�
IgA�
�
IgG�
IgA�
�
Cutoff a�
48�
53�
�
163�
26�
�
627�
313�
�
110�
56�
�
1.58�
0.07�
�
12�
0�
�
Sensitivity (%)�
92.2�
23.5�
�
35.3�
47.1�
�
62.8�
3.9�
�
39.2�
7.8�
�
9.8�
29.4�
�
11.8�
7.8�
�
Specificity (%)�
93.5�
93.5�
�
93.4�
91.7�
�
91.7�
97.9�
�
95.4�
93.0�
�
93.8�
91.7�
�
95.1�
97.6�
�
.


(a) The cutoff value for a positive result was defined as values greater than the mean+2SD of the control group for all.  Units for antibody concentration: PT and FHA, EU/mL; CatACT, C-FHA, and PAL, titer; LOS, OD405.
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[image: image7.wmf]Figure 3. ROC analysis of tests

A, ROC curves of seven assays 

with predictive value.  

AUC, area under the curve.
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Figure 2. Distribution of responses to non-vaccine antigens.

A, CatACT-IgG; B, CatACT-IgA, C, C-FHA-IgG; D, C-FHA-IgA; E, LOS-IgG; F, LOS-IgA.  See legend to Fig. 1 for details.





A. CatACT-IgG

8000
.000
- 1009
234
6000 = : °
o
g
Q) ®
D 4000 -
|_
O
<
®
O
2000
) - —i—_
Visit1 Visit2 Visit3 Control
Patient
C. C-FHA-IgG
800
®
1000
011
651
600 g
&
= o
D 400 - °
<,': ®
T
L
S °®
200 - ®
— lé.':l_
O -
Visit1 Visit2 Visit3 Control
Patient
E. LOS-IgG
3.0
® 422
® 743
2.5 818
® ®
f'\g 20 = ®
5 ° ° o
) ¢ °
¢y 15+ [
o)
%
O
210 -
0.5 -
0.0 o
Visit1 Visit2 Visit3 Control
Patient
G. PAL-IgG
50
°®
® 161
40 - 732
002
@
S 30 -
=
S,
= 20 * ¢
CU -
S ®
®
® ®
10 - $
0
Visit1 Visit2 Visit3 Control

Patient

B. CatACT-IgA

1600 2
8004/ ® ;’
237 ®
° 101
003
600 4
o
=]
<
=)
400 -
<
S ° ¢
200 ®
®
0 %
Visit1 Visit2 Visit3 Control
Patient
D. C-FHA-IgA
120
® 742
100 - 143
) 219
)
~ 80 -
Q ®
=
S 60 - ° °
<
< )
L @
O 40 -
20
0
Visit1 Visit2 Visit3 Control
Patient
F. LOS-IgA
0.4
®
001
1020
0.3 =
914
g °
=) ™
)
< 02 =
(@))
- ® @
S
~) o
0.1 !
0.0 - E
Visit1 Visit2 Visit3 Conrol
Patient
H. PAL-IgA
10
)
* 159
8 ' 336
° |
046
g 6-
=
<
o
T 4+
al
2 -
L3 . 1
Visit1 Visit2 Visit3 Control
Patient







_1189247602.ppt


Figure 3. ROC analysis of tests

A, ROC curves of seven assays with predictive value.  

AUC, area under the curve. 
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Table 3. Diagnosis based on multiple tests.


		

		Sensitivity (%)

		Specificity (%)



		Conventional ELISAs 

		

		



		    PT-IgG

		92.2

		93.5



		    FHA-IgG

		35.3

		93.4



		    PT-IgG or FHA-IgG

		92.2

		93.5



		Novel ELISAs

		

		



		   CatACT-IgG

		62.8

		91.7



		   PT-IgG or CatACT-IgG

		96.1

		95.8



		   PT-IgG, CatACT-IgG, or FHA-IgA

		98.0

		79.2



		  CatACT-IgG or C-FHA-IgG

		72.5

		87.5



		  CatACT-IgG, C-FHA-IgG, or LOS-IgA

		80.4

		83.3





PT, pertussis toxin; FHA, filamentous hemagglutinin; CatACT, catalytic region of adenylate cyclase toxin; C-FHA, C-terminal region of filamentous hemagglutinin; LOS, lipooligosaccharide.
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Figure 1. Distribution of responses to vaccine antigens in the culture positive individual group and the control group.

A, PT-IgG; B, PT-IgA; C, FHA-IgG; D, FHA-IgA.  Visit 1, antibody values of serum obtained at the time of diagnosis; visit 2 antibody values of serum obtained approximately one year after diagnosis; visit 3, antibody values of serum obtained approximately two years after diagnosis. Box-whisker plots represent medians with 25th and 75th percentiles and whiskers for 10th and 90th percentiles. Closed circles represent outliers. Numbers in each box chart represent probability value by Student’s t test.
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