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ChapterChapter 7 

Abstract t 

Thee serodiagnosis of tuberculosis has long been the subject of investigation, but 

wee still lack a test with widespread clinical utility . The poor sensitivity and specificity of 

commerciall  assays precludes their use as the sole means of diagnosis. All of these assays 

usee mycobacterial antigens adsorbed onto a surface. Littl e attention has been paid to 

changess in antigen conformation that may occur as a result of passive coating of these 

antigenss to solid supports like polystyrene. Such changes may cause technical artifacts 

resultingg in false-positive and false-negative reactions. We have developed two different 

EL1SAA systems, in which human serum antibodies and target antigens of Mycobacterium 

tuberculosistuberculosis are able to associate and dissociate freely in solution to form immune 

complexes.. These complexes are captured by rabbit anti-M tuberculosis antibodies 

passivelyy adsorbed to the plate, or detected by these same rabbit antibodies in solution 

andd captured by goat anti-rabbit IgG on the plate. We have compared these two ELISA 

systemss with an ELISA using M. tuberculosis antigens passively adsorbed to the solid 

polystyrenee surface of the plate. We studied 16 patients with tuberculosis and 13 healthy 

subjects.. The differences between TB patients and healthy subjects were statistically 

significantt in all three of our ELISA systems. However, the ELISA systems using soluble 

M.M. tuberculosis antigens distinguished better between TB patients and healthy subjects 

thann the ELISA using surface-adsorbed M. tuberculosis antigens. We suggest that in the 

latterr ELISA, passive adsorption of the target antigens induces conformational change, 

generatingg altered epitopes which are recognized by antibodies present in the serum 

fromm even healthy people. These altered conformation epitopes are recognized by 

antibodiess that were originally evoked by antigens other than M. tuberculosis, known as 

heterophilee antigens. 

Introduction n 

Thee serodiagnosis of tuberculosis has long been the subject of investigation, but we 

stilll  lack a test with widespread clinical utility. Any new test should have a specificity of 

>90%,, like microscopy and culture, otherwise there will be significant over-treatment. Most 

availablee assays are solid phase assays, detecting reactions between human serum antibodies 

andd passively coated mycobacterial antigens. The several commercial assays available are 
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rarelyy used as the sole means of diagnosis because of unsatisfactory sensitivity and specificity 

(7,, 14). 

Cross-reactionss with environmental mycobacteria and other bacteria can give false-

positivee results, especially when crude mycobacterial preparations are used (8, 17). False 

positivee reactions due to environmental mycobacteria can be a particular problem in areas 

withh a low TB prevalence. Cross-reactions can be diminished by using purified antigens (10). 

Thee humoral response in mycobacterial disease seems to be related to HLA class II allotypes 

(4),, and different patients recognize different antigens (10, 17). This may explain the low 

sensitivityy of assays based on single antigens (3, 18). 

Inn countries with a high prevalence of TB, many individuals are exposed to M. 

tuberculosis.tuberculosis. False-positive reactions in these populations are probably due to genuine anti-M 

tuberculosistuberculosis antibodies in subjects with a latent infection with M. tuberculosis. This is a 

problemm for any serological test for TB in countries where TB is endemic, when a positive 

resultt will not distinguish active disease, requiring treatment, from latent infection. False-

positivee reactions will diminish the utility of any assay. 

Littl ee attention has been paid to the technical artifacts in serodiagnostic tests, which 

mayy also give misleading results. In enzyme-linked immunosorbent assays (ELISA), these 

artifactss may occur as a result of passive coating of antigens to solid supports such as 

polystyrene.. There is overwhelming evidence that passive adsorption induces conformational 

changess in proteins, due to hydrophobic interactions between the protein and the solid phase 

(6,, 15). This change in the conformation may result in the generation of new epitopes (16), in 

thee loss or alteration of antigenic epitopes of adsorbed antigens (1, 9), and in the case of 

absorbedd antibodies, in the loss of activity of these antibodies (5). Therefore, in ELISA-based 

diagnosticc assays the use of passively adsorbed antigens could lead to false-positive or false-

negativee reactions. 

Wee have developed two immune complex (IC) capture ELISA systems, in which 

humann serum antibodies to M. tuberculosis are able to associate and dissociate freely in 

solutionn with the target antigens. In one ELISA, rabbit antibodies against M. tuberculosis, 

passivelyy coated in the ELISA wells, capture the ICs. In the other ELISA, the ICs are detected 

byy these same rabbit antibodies but are captured by passively coated goat anti-rabbit IgG. We 

havee compared these IC ELISA systems with an ELISA using the same target antigens that 

aree passively adsorbed onto polystyrene plates. 
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Materialss and methods 

Patientt sera. The Medical Ethics Committee of the Academic Medical Center 

(protocoll  MEC98/034), and the Ethics Committee of the Municipal Health Service in 

Amsterdamm approved the study protocol. Ten patients with smear-positive, culture-positive 

tuberculosiss and six patients with smear-negative, culture-positive tuberculosis consented to 

givee samples of serum before treatment started. The Municipal Health Service in Amsterdam, 

Thee Netherlands, collected the sera. All patients were HIV-seronegative and had no previous 

historyy of TB. Thirteen healthy subjects provided control samples from Amsterdam, The 

Netherlands.. Sera were stored at -20°C. 

Preparationn of the M. tuberculosis target antigen (Ag360). M. tuberculosis (strain 

M.M. tuberculosis 1 (17)) was cultured in Sauton medium for three weeks at 37°C. Hundred ml 

off  0.5% Triton X-100 in lOmM Tris-HCl pH 8 (extraction buffer) was added to 75 g wet 

weightt of M. tuberculosis bacteria. The bacteria were killed by heating the suspension at 56°C 

forr 1 hour. Then, the extract was placed on ice and sonicated (Branson 250-Sonifier, Branson 

Ultrasonicss Corporation, Danbury, Connecticut, U.S.A.) in a cooled glass jar closed with a 

rubberr cap, in two portions for 15 min at 0°C. After centrifugation of the sonicate for 30 min 

att 48,000 x g and 4°C, the supernatant was decanted and stored at 4°C. The pellet was 

resuspendedd in 100 ml extraction buffer and the extraction procedure was repeated as 

describedd above. The supernatants were combined and centrifuged for 1 hour at 100,000 x g 

andd 4°C. The supernatant was applied to a 1 ml-ExtractiGel D column as described by the 

manufacturerr (Pierce, Rockford, U.S.A.) to remove the Triton X-100, and the protein 

concentrationn was measured using the BCA-Protein Assay Reagent (Pierce, Rockford, 

U.S.A.).. The solution was stored in aliquots at -70°C. 

Antibodyy Capture ELISA (AC ELISA) (Fig. la). Polystyrene flat-bottom micro-

literr plates (High Binding; Greiner labortechnik, Niirtingen, Germany) were coated with 

Ag3600 at a concentration of 5 ug of protein per ml in PBS pH 8.0. The plates were incubated 

overnightt at 37°C in a water bath and washed 3 times with washing buffer containing 0.15 M 

NaCl,, 1.2 mM KH2P04, 4.8 mM Na2HP04 and 0.05% (w/v) Tween 80, pH 7.3. After 

blockingg the plates for 1 hour at room temperature (20°C) with 1% bovine serum albumin 

(BSA)) in PBS pH 8.0, 150 ul/well, the plates were washed again 3 times and 100 \i\ of serum 

(dilutionn 1: 500 in dilution buffer containing 0.1 M Tris, 0.15 M NaCl, 1% BSA and 0.05% 

Tweenn 80, pH 8.0.) was added to each well. All samples were tested in duplicate. The plates 

weree incubated for 1 hour at 37°C in a water bath, washed 5 times with washing buffer, and 

filledfilled with 100 ju.1 of a 1:80,000 dilution of peroxidase-labeled goat anti-human IgG (FcY 

fragmentt specific; Jackson ImmunoResearch Laboratories, West Grove, Pennsylvania, USA). 
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Thee plates were incubated for 1 hour at 37°C in a water bath and washed again 5 times, 

followedd by addition of 100 \i\ of TMB substrate solution (0.04% TMB, 0.04% urea-peroxide 

inn 0.1 M sodium acetate citric acid buffer pH 4.0). After 30 minutes incubation in the dark at 

roomm temperature, the A630 was measured with a micro-titer plate reader (Bio-kinetics reader, 

Bio-tecc Instruments, Winooski, USA). The reaction was then stopped by the addition of 100 

u.11 of 0.5 M H2S04 to each well, and the A450 was measured. By measuring at two 

wavelengthss (630 nm and 450 nm), we were able to increase the detection range of the 

ELISA.. High concentrations of IgG anti-Ag360 could be detected by measuring the A630, low 

concentrationss by measuring the A4so- The relation between the two is: A450/A63o=3. To 

controll  for the background reaction (conjugate control), 4 wells were filled with sample 

dilutionn fluid. The final results were expressed as the mean A450 of the duplicates, after 

subtractionn of the background- A450. 

Rabbitt antibodies used in IC assays. We used the immuneglobulin fraction of two 

differentt rabbit sera. Rb8-106 came from a New Zealand rabbit immunized with M 

tuberculosistuberculosis (13). Rb7-018 came from a non-immunized New Zealand rabbit and allowed 

detectionn of non-specific binding of human serum antibodies or immune complexes to rabbit 

immuneglobulin. . 

Single-ICC ELISA (Fig. lb). Serum samples were diluted 1:500 in dilution buffer (see 

above)) which contained either 200 ng of Ag360/ml (end concentration) or no antigen, and 

thenn incubated for 20 hours at room temperature. One half of a microtiter plate was coated 

withh the Ig fraction of rabbit serum Rb 8-106 (against M. tuberculosis) and the other half with 

thee Ig fraction of normal rabbit serum (Rb7-018), at a concentration of 5 ug/ml in PBS pH 

8.0.. After overnight incubation at 37°C in a water bath, the plate was washed and blocked as 

describedd above. Then, 100 \i\ of diluted human serum (with or without Ag360) was added in 

duplicatee to the wells coated with Rb8-106 or Rb7-018. The plate was incubated at 37°C for 1 

hour,, washed 5 times, and then peroxidase-labeled rabbit anti-human IgG (heavy and light 

chain;; Jackson ImmunoResearch Laboratories), diluted 1:20,000 in dilution buffer, was 

added.. After 1-hour incubation at 37°C, the plate was washed 7 times and the color reaction 

wass developed as described above using TMB substrate solution. The samples from which 

serumm was omitted provided control for non-specific binding of the peroxidase-labeled rabbit 

anti-humann IgG antibodies to target antigens in Ag360 or to the surface (conjugate control). 

Sampless from which Ag360 was omitted allowed detection of non-specific binding of human 

antibodiess to the rabbit or goat capture antibodies. 

DataData analysis. As a first step the conjugate control was subtracted from all results. 

Then,, secondly the A450 signal obtained with Rb7-018 as capture antibody was subtracted 

fromm the A450 signal obtained with Rb8-106 to correct for any non-specific binding. Final 
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(a)) AC ELISA 

Goatanti-Huu IgG 
(Fĉ ^ spec) 

SS 1 human serum antibodies 
againstt Ag3 60 

bound d 

(b)) Single-IC ELISA 

Rbanti-Huu IgG(H+L) 

humann serum antibodies 
againstt Ag360 

(c)) Double-IC ELISA 

< = 11 Rb8-106/Rb7-018 

Goatanti-Huu IgG 
(Fcvv spec.) 

humann serum antibodies 
againstt Ag360 

Rb8-106/Rb7-018 8 

Goatt anti-Rb IgG 
(Fcvv spec.) 

FIG.. 1. Graphical presentation of the three ELISA formats, used in this study, (a) Antibody Capture ELISA (AC 
ELISA)) using surface-adsorbed M. tuberculosis antigens (Ag360). (b) Single-Immune Complex (IC) ELISA 
usingg ICs formed between Ag360 and human serum antibodies, captured by surface-adsorbed rabbit anti-M 
tuberculosistuberculosis antibodies (Rb8-106). (c) Double-IC ELISA using ICs formed between Ag360. human serum 
antibodiess and Rb8-106, captured by surface-adsorbed goat anti-rabbit antibodies. HRP, Horse radish 
Peroxidase;; Hu, human; Rb, rabbit; Rb7-018, normal rabbit serum; Fcy spec, Fcy fragment specific. 

resultss were expressed as the difference between the reaction of the serum with Ag360 and the 

reactionn without Ag360: A450 (200-0 ng Ag360) = [A450(Rb8-106) - A45o(Rb7-018)]2oo ng Ag36o -

[[  A45o(Rb8-106) - A45o(Rb7-018)]0 ng Ag360. 

Double-ICC ELISA (Fig. lc). ELISA plates were coated with 5 ug/ml goat anti-rabbit 

IgGG (FcY fragment specific; Jackson ImmunoResearch) in the same way as described for the 

Single-ICC ELISA. A mixture was made of human serum (end dilution 1:500) and Rb8-106 or 

Rb7-0188 (end dilution 1:30,000) in dilution buffer (see above), with or without Ag360 (end 

concentrationn 20 ng/ml). After 20 hours incubation at room temperature, 100u.l of the mixture 

wass added to a plate coated with goat anti-rabbit IgG, and the plate was incubated at 37°C for 

11 hour. To detect any background reaction, several wells were filled with dilution fluid 

containingg either Rb8-106 or Rb7-018, with or without human serum and/or Ag360. After 

washingg 5 times with washing buffer, IOOJJ.1 of peroxidase-labeled goat anti-human IgG (FcY 
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fragmentt specific) was added to each well, diluted 1:20,000 in dilution buffer containing 1% 

normall  rabbit serum. After incubation for 1 hour at 37°C, the plate was washed 7 times and 

thee color reaction was developed as described above. 

DataData analysis. The same procedure was followed as with the Single-IC ELISA. 

Statisticall analysis. The Mann-Whitney U test was used to asses the significance of 

differencess between cases and controls; P < 0.05 was considered significant. Receiver 

operatingg characteristic (ROC) curves were constructed to describe the relationship between 

sensitivityy and specificity at various cut-off levels. 

(a)) AC ELISA 

pulmonaryy TB healthy y 

(b)) Single-IC ELISA (c)) Double-IC ELISA 

2.0 0 

< < 
P>> 1.5 

o o o o 
1.0 0 

i i 
0 0 0 

2.5 5 

2.0^ ^ 

S" S" 
1.5 5 

1.0 0 

3 3 
0.0 0 

** * 

1 1 

pulmonaryy TB healthy pulmonaryy TB healthy y 

FIG.. 2. Comparison of antibody responses to Ag360 in TB patients and healthy controls, using (a) the Antibody 
Capturee ELISA (AC ELISA), (b) the Single-IC ELISA or (c) the Double-IC ELISA. Horizontal bars indicate the 
10th,, 25th, 50th, 75th and 90th percentiles for each group. *, P <0.05; ** , P < 0.02; *** , P < 0.005; A450, 
absorbancee measured at 450 ran. 
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Results s 

Discriminatoryy capacity. Fig. 2 shows the results with the conventional antibody 

capturee (AC) ELISA (Fig. 2a), the Single-IC ELISA (Fig. 2b), and the Double-IC ELISA 

(Fig.. 2c). Although in all three tests the differences between TB patients and healthy subjects 

weree statistically significant, the Single-IC ELISA had the best discriminatory capacity (P = 

0.003),, followed by the Double-IC ELISA (P = 0.015). The AC ELISA showed a high degree 

off  overlap between patients and healthy subjects. The range in which healthy subjects reacted 

inn the AC ELISA was much broader than in cither immune complex assay. 

ROCC curves, test performance. A prerequisite for any new diagnostic test for 

tuberculosiss is that, like microscopy and culture, it has a high specificity (>90%). Fig. 3 

showss the ROC curves of the three tests. The immune complex assays performed better than 

thee AC ELISA. With a specificity of 92%, both immune complex assays showed a sensitivity 

off  69% (95% Confidence Interval: 47-91%), whereas the sensitivity of the AC ELISA was as 

loww as 44% (95% Confidence Interval: 20-68%). The sensitivity of the conventional AC 

ELISAA could be increased to 69%, but only at the expense of specificity (which then 

decreasedd from 92% to 69%). 

ACC ELISA Single-ICC ELISA 

100 0 

80 0 

60 0 

40 0 

20 0 

0 0 

A-A-

00 20 40 60 80 100 

100-specificityy (%) 

100 0 

80 0 

60 0 

40 0 

20 0 

0 0 

_*

00 20 40 60 80 100 

100-specificityy (%) 

100 0 

80 0 

60 0 

40 0 

20 0 

Double-ICC ELISA 

^/C ^/C 

T^~T^~ " 
.

' ' 
j ' ' 

00 20 40 60 80 100 

100-specificityy (%) 

FIG.. 3. Receiver operating characteristic (ROC) curves, based on antibody responses to Ag360. 
ACC ELISA, Antibody Capture ELISA; IC, immune complex. 

Discussion n 

Severall  experimental approaches have been used to overcome the problem of protein 

denaturationn in solid phase immunoassays. One approach is to immobilize the antigen or 
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antibodyy indirectly to the solid support using pre-coated capture antibodies or a streptavidin 

bridgee (5, 11). An alternative is covalent immobilization, using commercially available 

functionalizedd polystyrene. However, most immobilization on such surfaces may be a 

consequencee of passive adsorption caused by the influence of the surrounding hydrophobic 

polystyrenee surface, rather than covalent binding (6). When complex antigen mixtures are 

used,, a selective immobilization of some of the antigens could occur on functionalized 

polystyrene,, giving misleading results. 

Althoughh denaturation of proteins can be reduced or avoided using these methods, the 

reactionn between antigen and antibody in these and related assays always takes place in a two-

phasee system (solid and solution phase). Solid-phase and solution-phase antibody-antigen 

interactionss differ from each other, not only in terms of physical-chemical and biological 

properties,, but also in terms of their dependence on diffusion (5). The best immunoassay 

formatt remains the solution phase assay, which avoids the problems of denaturation of 

antigens,, selective adsorption of only certain antigens and difficulties with diffusion 

dependencee associated with the solid phase assay. 

Wee have developed two ELISA systems for the detection of specific serum antibodies 

too M. tuberculosis, in which the antibodies and target antigen are able to associate and 

dissociatee freely in solution. Only those antibodies forming complexes with the native target 

antigenn are captured. The best discrimination was found when rabbit antibodies, coated on the 

ELISAA plate (the Single-IC ELISA), captured the pre-formed immune complexes between 

humann antibodies and the target M. tuberculosis antigens. Both ELISAs using immune 

complexess distinguished between TB patients and healthy subjects better than the AC ELISA 

inn which the antigen is coated directly onto the plate. In our study, the Single-IC ELISA 

performedd slightly better than the Double-IC ELISA. In the former system the human 

antibodiess are allowed to bind to the target antigen prior to the incubation with the rabbit 

capturee antibodies. In the Double-IC ELISA the human antibodies must compete with the 

rabbitt antibodies (against M. tuberculosis) for binding to the antigen before the antigen is 

capturedd on the plate. However, a drawback of these immune complex assays, especially of 

thee Double-IC ELISA is, that multiple immune-reagents are involved in several reactions, 

whichh could potentially affect the stability or the reproducibility of the system. 

Inn the Antibody Capture ELISA a considerable number of healthy people showed a 

strongg reaction against the various antigens in the Ag360 mixture. However, far fewer reacted 

inn the immune complex ELISAs, although the same subjects were used. This must mean that 

thee binding of Ag360 directly to the plate in the antibody capture ELISA exposes a number of 

epitopess that are not specific for M. tuberculosis or results in the generation of new 

conformationn epitopes on the polystyrene-adsorbed antigen. The false positive reactions are 
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duee to cross-reacting antibodies, recognizing so-called heterophile antigens (2) on the 

polystyrene-adsorbedd Ag360. The antigens against which the antibodies were originally 

producedd are usually unrelated to the antigens with which they cross-react, but they have one 

orr more epitopes in common, with one or more areas that have similar three-dimensional 

characteristics.. We postulate that antibodies against these heterophile antigens (with respect to 

M.M. tuberculosis) contribute to the poor specificity of serological tests for tuberculosis. For 

example,, antibodies in the serum from some healthy people and in the serum from patients 

withh TB will react with surface-bound Ag360, but only the antibodies from patients with TB 

cann be absorbed with soluble Ag360 (data not shown), suggesting that only these have a truly 

specificc pattern of recognition and binding. 

Vashishthaa and coworkers found that polyclonal antibodies, directed to the 

streptococcall  M protein, cross-reacted predominantly with denatured forms of myosin (16), 

Thee authors suggested that the solid phase myosin had a partially denatured conformation in 

thee region of the cross-reacting determinant, that was altered by the coating process to 

resemblee the conformation of the streptococcal M protein. Myosin in solution was found to 

competee for binding of anti-M protein antibodies to solid-phase myosin only at 100-fold 

greaterr concentration than the M protein. 

Thee results wc describe indicate that the consequences of passive adsorption of 

mycobacteriall  antigens to solid-phase surfaces should not be underestimated. In our hands, 

thee specificity of our serological test for tuberculosis increased when denaturation of the M. 

tuberculosistuberculosis antigens was avoided by using the Single-IC ELISA or Double-IC ELISA 

formats.. We are currently simplifying the test by using biotin-labeled antigen with 

streptavidinn coated plates to capture the immune complexes. 
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