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Several serological tests designed to detect antibodies to immunodominant Mycobacterium bovis antigens have recently emerged
as ancillary tests for the detection of bovine tuberculosis in cattle, particularly when used after the injection of purified protein
derivative (PPD) for skin testing, which significantly boosts M. bovis-specific antibody responses. The present findings demon-
strate the onset and duration of boosted antibody responses after the injection of M. bovis PPD for the caudal fold test (CFT)
and Mycobacterium avium and M. bovis PPDs for the comparative cervical test (CCT), administered in series in cattle experi-
mentally infected with M. bovis. While skin tests boosted the responses to certain antigens (i.e., MPB83 and MPB70), they did
not affect the responses to other antigens (e.g., ESAT-6, CFP10, MPB59, and MPB64). Administration of the CCT 105 days after
the CFT resulted in an even greater secondary boost in antibody responses to MPB83 and MPB70 and to a proteinase K-digested
whole-cell sonicate (WCS-PK) of M. bovis. Both IgM and IgG contributed to the initial boost in the MPB83/MPB70-specific anti-
body response after the CFT. The secondary boost after the CCT was primarily due to increased IgG levels. Also, the avidity of
antibodies to MPB83 and MPB70 increased after the CCT in M. bovis-infected cattle. The avidity of antibodies to the WCS-PK
antigens increased in the interval between the CFT and the CCT but did not increase further after the CCT. Together, these find-
ings demonstrate that the administration of PPDs for skin tests results in additive enhancement (i.e., when the CFT and CCT are
performed in series), both qualitative and quantitative, of MPB83/MPB70-specific antibody responses.

Bovine tuberculosis of cattle results primarily from infection
with Mycobacterium bovis, a member of the Mycobacterium

tuberculosis complex. Despite intensive control efforts, bovine tu-
berculosis persists as a costly disease, with adverse impacts on
animal health and welfare, the trade of animals and animal prod-
ucts, and the livelihoods of producers. In addition, the persistence
of this disease necessitates the maintenance of costly regional and
federal networks for control/eradication campaigns. The main-
stays of bovine tuberculosis control are (i) abattoir surveillance
with epidemiological investigations after detection of M. bovis-
infected animals, to identify bovine tuberculosis-affected herds
(1); (ii) application of antemortem testing for routine surveil-
lance, movement of animals, and identification and removal of
infected animals from tuberculosis-affected herds (2); and (iii)
management of the disease in wildlife reservoirs, such as white-
tailed deer in Michigan (3), brushtail possums (Trichosurus vul-
pecula) in New Zealand, Eurasian wild boar (Sus scrofa) and red
deer (Cervus elaphus) in Spain (4), and Eurasian badgers (Meles
meles) in the United Kingdom/Ireland (5). Tuberculin-based cel-
lular immune assays, including measurements of in vitro inter-
feron gamma release and measurements of delayed-type hyper-
sensitivity (DTH) reactions via skin test procedures, are the
principal diagnostic tests used for the control of bovine tubercu-
losis in cattle in most countries (6, 7). In the United States, the
caudal fold test (CFT) (intradermal injection of M. bovis purified
protein derivative [PPD] in the caudal skin fold) is used as a pri-
mary test and the comparative cervical test (CCT) (intradermal
injection of Mycobacterium avium and M. bovis PPDs at separate
sites in the neck) and the Bovigam assay (Prionics Ag, Schlieren,

Switzerland) (an interferon gamma release assay) are used as sec-
ondary or confirmatory tests (8).

Several serological tests designed to detect antibodies (Abs)
to immunodominant M. bovis antigens (e.g., MPB83, MPB70,
ESAT-6, and CFP10) have emerged for potential application in
cattle (9–13). A commercial enzyme-linked immunosorbent assay
(ELISA) for MPB83 and MPB70 (M. bovis Ab test; IDEXX Labo-
ratories, Westbrook, ME) (9) has been approved by the Office
International des Epizooties and the U.S. Department of Agricul-
ture (USDA) for use in cattle in bovine tuberculosis control pro-
grams, although applications of this test are primarily limited to
ancillary purposes such as confirmation of infections and poten-
tially detection of M. bovis-infected cattle anergic in the skin test. A
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commercial immunochromatographic test (dual-path platform
[DPP] VetTB assay; Chembio Diagnostic Systems, Medford, NY)
(14) also has been approved for official use as a primary test for the
detection of tuberculosis in deer in the United States. With sero-
logical tests for bovine tuberculosis, injection of purified protein
derivatives (PPDs) for skin testing boosts antibody responses to
complex (e.g., PPD and whole-cell sonicates of M. bovis) and in-
dividual protein antigens in M. bovis-infected cattle, including
animals without detectable antibody responses prior to skin test-
ing (11, 15–18). Currently, it is generally recommended that sero-
logical tests for bovine tuberculosis in cattle be performed after
skin tests. Recently, Casal et al. demonstrated that the use of sero-
logical testing performed after skin testing (specifically, the
IDEXX M. bovis Ab test and Enferplex TB immunoassay [Enfer
Scientific, Co., Kildare, Republic of Ireland]), in combination
with traditional skin test procedures, increased the number of
tuberculous animals detected within tuberculosis-affected cattle
herds, compared to skin tests alone (15). However, the effects of
serial injections of PPDs for skin tests on serological responses, as
well as the duration and quality of the antibody boosts, have not
been fully evaluated. In this study, we utilized serological assays
for complex antigens (i.e., proteinase K-digested whole-cell soni-
cate [WCS-PK] of M. bovis) and specific antigens (i.e., MPB83 and
MPB70 in the IDEXX M. bovis Ab test and an MPB83-MPB70
fusion protein in the DPP format) to determine the effects of
tuberculin administration for the CFT and CCT, performed in
series, on the quantity and quality (i.e., avidity, isotypes, and an-
tigen recognition patterns) of boosted antibodies produced in re-
sponse to M. bovis infections in cattle.

MATERIALS AND METHODS
Aerosol challenge procedures, mycobacterial culture, and assessment
of lesions for experimental infection of cattle with Mycobacterium bo-
vis. For experimental infection, Holstein steers (n � 8) received �104

CFU of M. bovis strain 10-7428 by aerosol. Strain 10-7428 is a virulent (19)
field isolate from a dairy cow in Colorado (20). In a separate study, treat-
ment groups included noninfected Holstein steers (n � 7), M. bovis strain
10-7428-infected (�104 CFU by aerosol) Holstein steers (n � 8), or M.
bovis strain 95-1315-infected (�104 CFU by aerosol) Holstein steers (n �
8). For the challenge inoculum, low-passage-number cultures (�3 pas-
sages) of M. bovis were prepared, using standard techniques (21), in
Middlebrook 7H9 liquid medium (Becton Dickinson, Franklin Lakes, NJ)
supplemented with 10% oleic acid-albumin-dextrose complex (OADC)
plus 0.05% Tween 80. Holstein steers were obtained from tuberculosis-
free and paratuberculosis-monitored herds in Iowa and were housed in a
biosafety level 3 (BSL-3) facility at the National Animal Disease Center
(Ames, IA), according to institutional biosafety (permit IBC-0004RA)
and animal care and use committee guidelines (with ethical approval via
animal care and use protocol ACUP-3859). For aerosol infection, an M.
bovis challenge inoculum was delivered to restrained calves (�9 months
of age) by nebulization of the inoculum into a mask (Trudell Medical
International, London, ON, Canada) covering the nostrils and mouth.
The inoculum was inhaled through a one-way valve into the mask, for
inhalation into the respiratory tract via the nostrils. The process contin-
ued until the inoculum, a 1-ml phosphate-buffered saline (PBS) wash of
the inoculum tube, and an additional 2 ml of PBS were delivered, a process
that required �10 min. Enumeration of M. bovis challenge inocula, nec-
ropsy procedures (7 months after the experimental challenge), and gross
and microscopic assessments of lesions were each performed as described
previously (22). Qualitative assessment of mycobacterial colonization was
performed using standard mycobacterial culture techniques (19–23), us-
ing Middlebrook 7H11 selective agar plates (Becton Dickinson) incubated
for 8 weeks at 37°C, as well as IS6110 real-time PCR for confirmation of

colonies, as described by Thacker et al. (24). Strict biosafety protocols
were followed throughout the study to protect personnel from exposure
to M. bovis, including BSL-3 containment upon initiation of M. bovis
challenges in animal rooms and standard BSL-3 laboratory practices for
handling M. bovis cultures and samples from M. bovis-infected animals.

Tuberculin skin test procedures. For the caudal fold test (CFT), all
calves received 0.1 ml (100 �g) of M. bovis purified protein derivative
(PPD) intradermally in the right caudal skin fold adjacent to the tailhead
(administered 89 days after the experimental challenge), according to
USDA guidelines (8). For the comparative cervical test (CCT), calves re-
ceived 0.1 ml (100 �g) of M. bovis PPD and 0.1 ml (40 �g) of M. avium
PPD intradermally at separate clipped sites in the midcervical region (ad-
ministered 194 days after the experimental challenge), according to USDA
guidelines (8). Balanced PPDs for skin tests were obtained from the Bru-
cella and Mycobacterial Reagents section of the National Center for Ani-
mal Health (Ames, IA). For the CFT, injection sites were observed and
animals with palpable reactions were considered responders, according to
USDA guidelines. For the CCT, data are presented as skin thicknesses
before and after administration of PPDs, as well as the change in skin
thickness. A scattergram for interpretation of CCT results was used to
characterize responses as negative, suspect, or reactor, as prescribed by the
Animal and Plant Health Inspection Service (APHIS), USDA (8). For
comparison to antibody results, responses to M. avium PPD (i.e., changes
in skin thickness) were subtracted from responses to M. bovis PPD.

Proteinase K-digested whole-cell sonicate of M. bovis ELISA. Myco-
bacterial antigen was prepared from M. bovis strain 95-1315 as described
previously (25) and following a procedure originally described by Jark et
al. for detection of antibody responses to Mycobacterium avium subsp.
paratuberculosis infection of cattle (26). Briefly, M. bovis bacilli were har-
vested from 4-week-old cultures, sonicated in PBS, further disrupted with
0.1- to 0.15-mm glass beads (Biospec Products, Bartlesville, OK) in a bead
beater (Biospec Products), centrifuged, filtered (0.22 �m), digested in a
1-mg/ml proteinase K (Roche Molecular Biochemicals, Indianapolis, IN)
solution (50 mM Tris, 1 mM CaCl2 buffer [pH 8.0]) for 1 h at 50°C, and
stored at �20°C. Immulon II 96-well microtiter plates (Thermo Scien-
tific, Hudson, NJ) were coated with 100 �l/well (10 �g) antigen diluted in
carbonate/bicarbonate coating buffer (pH 9.7). Antigen-coated plates, in-
cluding control wells containing coating buffer alone, were incubated for
20 h at 4°C. Plates were washed three times with 200 �l/well PBS contain-
ing 0.05% Tween 20 (PBST) (Sigma, St. Louis, MO) and were blocked for
1 h at 22°C with 200 �l/well of a commercial milk diluent/blocking solu-
tion (Kirkegaard and Perry Laboratories, Gaithersburg, MD). Wells were
washed three times with 200 �l/well PBST and incubated for 1 h at 39°C
with 1:100 test serum diluted in milk diluent/blocking solution, in dupli-
cate. Plates were washed six times with 200 �l/well PBST and incubated
for 1 h at 39°C with 100 �l/well of peroxidase-conjugated protein G
(Sigma) diluted 1:2,000 in milk diluent/blocking solution. Wells were
washed six times with 200 �l/well PBST and incubated at 22°C with 100
�l/well of SureBlue microwell peroxidase substrate (Kirkegaard & Perry
Laboratories) for kinetic ELISA readings (at 650 nm) at 1-min intervals
for 15 min. Kinetic analysis of samples (determination of Vmax) was per-
formed using a FlexStation 3 benchtop multimode microplate reader
(Molecular Devices, Sunnyvale, CA). Acquired data were analyzed using
Softmax Pro software (version 5.2; Molecular Devices). Data are pre-
sented as �Vmax, calculated by subtracting the mean Vmax (in milliunits
per minute) of the wells with no antigen from the mean Vmax of antigen-
coated wells.

MPB83/MPB70 ELISA (IDEXX M. bovis Ab test). The IDEXX M.
bovis antibody ELISA (IDEXX Laboratories) was performed as described
previously (11) and according to the manufacturer’s instructions, with the
exception of the addition of NH4SCN for avidity analysis and the use of a
kinetic instead of endpoint ELISA. Briefly, diluted serum samples (100
�l/well, 1:50 dilution with kit diluent, in duplicate) plus kit controls (pos-
itive and negative) were added to Immulon I 96-well microtiter plates
(Thermo Scientific, Hudson, NJ) coated with MPB83 and MPB70, and the
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plates were incubated at 22°C for 60 min. After four washes, 100 �l of a
monoclonal anti-bovine IgG-horseradish peroxidase conjugate was
added to each well, and the plates were incubated at 22°C for 30 min. After
four washes, 100 �l of 3,3=,5,5=-tetramethylbenzidine (TMB) substrate
was added to each well, and the plates were incubated at 22°C for kinetic
ELISA readings (450 nm) at 1-min intervals for 15 min. Kinetic analysis of
samples (determination of Vmax) was performed using a FlexStation 3
benchtop multimode microplate reader (Molecular Devices). Acquired
data were analyzed using Softmax Pro software (version 5.2; Molecular
Devices). For kinetic assays, data are presented as sample/positive (S/P)
ratios, which were derived by subtracting the mean kit negative-control
optical density (OD) from each sample value and dividing this value by
the corrected positive-control value (mean positive-control OD minus
mean negative-control OD). Samples with S/P ratios of �0.30 were con-
sidered positive for M. bovis antibodies, as determined in prior studies
(11) and recommended in the package insert for the test kit. For avidity
assays, data are presented as �Vmax, calculated by subtracting the mean
Vmax (in milliunits per minute) of the wells with no antigen from the mean
Vmax of antigen-coated wells.

Avidity ELISAs. Both ELISAs were modified to enable determination
of the avidity of antibodies reacting to complex (M. bovis proteinase K-
digested whole-cell sonicate [WCS-PK]) and specific (MPB83 and
MPB70) antigens. Antigen-coated plates were incubated with 100 �l test
serum for 1 h and washed three times with PBST, 100 �l dissociating
buffer (NH4SCN in PBST) was added to each well, the contents were
mixed via pipetting, and the plates were incubated for 15 min at 22°C.
Treatments included NH4SCN concentrations of 0, 0.3125, 0.625, 1.25,
2.5, 5.0, 6.0, and 7.0 M. An additional experiment was performed to de-
termine the effects of washing the antigen-coated plates prior to the addi-
tion of NH4SCN. Therefore, after incubation of antigen-coated plates
with test serum, wells were either (i) washed three times with PBST prior
to the addition of NH4SCN, to remove any unbound antibodies, (ii) not
washed with PBST (i.e., NH4SCN was added directly to the antigen-
coated plates), or (iii) washed three times with PBST after which 50 �l test
serum was added back to the wells in addition to NH4SCN (i.e., to add
back unbound antibodies). Data are presented as the �Vmax for each
concentration of NH4SCN and as avidity indices. Avidity indices were
calculated by dividing the �Vmax for samples that received NH4SCN (i.e.,
0.3125 to 7 M) by the �Vmax for samples that received diluent buffer alone
(i.e., 0 M NH4SCN) and multiplying that value by 100. For the avidity
indices, data are presented as mean � standard error of the mean (SEM)
for each NH4SCN concentration at individual time points relative to the
skin tests.

Multiantigen print immunoassay. The multiantigen print immuno-
assay (MAPIA) (10) was performed as described for use with samples
from cattle (18). Briefly, 12 M. tuberculosis complex antigens, i.e., M. bovis

culture filtrate (MBCF), M. bovis PPD, ESAT-6 (Rv3875), CFP-10
(Rv3874), MPB59 (Rv1886c), MPB64 (Rv1980c), MPB70 (Rv2875),
MPB83 (Rv2873), Acr1 (Rv3391), 38-kDa protein (Rv0934), ESAT-6-
CFP10 (polyepitope fusion of ESAT-6 and CFP10), and F10 (polyepitope
fusion of Mtb8 [Rv0379], CFP10, and 38-kDa protein), were immobilized
on nitrocellulose membrane strips, blocked for 1 h with 1% nonfat skim
milk in PBS with 0.05% Tween 20, and then incubated for 1 h with serum
samples diluted 1:40 in blocking solution. After washing, strips were in-
cubated for 1 h with peroxidase-conjugated protein G (Sigma, St. Louis,
MO) diluted 1:1,000, washed, and developed with 3,3=,5,5=-tetramethyl-
benzidine (TMB) (Kirkegaard & Perry Laboratories).

Dual-path platform testing. Chembio DPP technology was used to
detect bovine IgG and IgM responses to the polyepitope fusion protein
MPB83-MPB70 (14, 19). As a detection system, goat anti-bovine IgG and
anti-bovine IgM antibodies (Kirkegaard & Perry Laboratories) were con-
jugated to colloidal gold nanoparticles using Chembio standard proce-
dures. Serum samples were tested at a dilution of 1:40 in assay running
buffer, and results were recorded at 20 min using an optical reader to
measure test band reflectance in relative light units (RLU), as described
previously (14).

Statistical analysis. Data were analyzed by analysis of variance
(ANOVA) followed by Tukey’s multiple-comparison test, Student’s t test,
or Pearson’s correlation, using commercially available software (Prism
6.0c, GraphPAD Software, La Jolla, CA). P values of �0.05 were consid-
ered statistically significant.

RESULTS
Skin test results, lesions, and colonization after experimental
infection. All animals developed DTH responses after experi-
mental infection, as determined by the CFT and CCT (per-
formed �3 and 6.5 months after the M. bovis challenge, respec-
tively) (Table 1). Upon necropsy (�7 months after the challenge),
each animal had tuberculous lesions primarily in the lungs and
lung-associated (i.e., tracheobronchial and mediastinal) lymph
nodes, typical of a low-dose aerosol M. bovis challenge (19, 22).
Infection was confirmed in each animal by isolation of M. bovis
from the lesions.

Effects of skin tests on levels of serum antibody responses
and antigen recognition profiles. Experimental infection of cattle
resulted in serum antibody responses to M. bovis WCS-PK
(Fig. 1A) and MPB83 and MPB70 antigens (Fig. 1B). Antibody
responses to the WCS-PK antigen exceeded (P � 0.05) prechal-
lenge values beginning 61 days after the M. bovis challenge (Fig.
1A). Responses elicited early after experimental infection and

TABLE 1 Delayed-type hypersensitivity responses

Animal no.

Skin thickness (mm)

Status

CFT, M. bovis PPD

CCT

M. avium PPD M. bovis PPD

Pre-PPD/post-PPD Change Pre-PPD/post-PPD Change Pre-PPD/post-PPD Change

394 6/21 15 8/11.5 3.5 6/34.5 28.5 Reactor
397 7/19 12 11.5/15 3.5 9.5/21 11.5 Reactor
671 6/24 18 9.5/15 5.5 8.5/41 32.5 Reactor
673 7/21.5 14.5 10.5/18 7.5 8.5/50 41.5 Reactor
1207 6/22 14.5 9/11 2 6.5/26 19.5 Reactor
1208 7/29 22 11/16.5 5.5 9/27.5 18.5 Reactor
1209 7/24 17 10.5/16 5.5 8/30 22.0 Reactor
1210 7/22 15 12.5/17.5 5 10/22.5 12.5 Reactor
Mean 6.6/22.8 16.2 10.3/15.1 4.8 8.3/31.6 23.3
SEM 0.2/1.1 1.0 0.5/0.9 0.6 0.5/3.5 3.6

Skin Test Effects on Ab Responses to Bovine Tuberculosis
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prior to administration of PPDs for skin tests were minimal, as
demonstrated previously (11, 15, 27). Injection of PPDs for the
CFT and CCT boosted (P � 0.05) antibody responses to the
WCS-PK antigen (Fig. 1A) and MPB83 and MPB70 (Fig. 1B) as
early as 7 days after the CFT and CCT. Responses after the CCT
exceeded all prior responses (P � 0.05). Seven days after the CFT,
3/8 animals had responses considered positive (i.e., S/P ratio of
	0.3) with the IDEXX MPB83/MPB70 ELISA. From 10 to 62 days
after the CFT, S/P ratios were 	0.3 for all 8 animals. At 70, 77, and

105 days after the CFT, S/P ratios were 	0.3 for 7/8, 6/8, and 4/8
animals, respectively. As early as 7 days after the CCT (and 112
days after the CFT), responses were dramatically boosted in all 8
animals, with S/P ratios ranging from 4.4 to 13.4. Overall, anti-
body responses to MPB83/MPB70 and WCS-PK antigens were
correlated (Pearson’s r � 0.7, P � 0.0001). As with prior studies
(11), which also included the use of the CFT and CCT in series
(27), antibody responses for either the WCS-PK (�Vmax of �1) or
MPB83/MPB70 (S/P ratio of �0.1) antigens were not detected in
noninfected cattle (n � 7) before or after administration of PPDs
for skin tests (see Fig. S1 in the supplemental material).

Antigen recognition profiles were determined by the MAPIA
(Fig. 2 and Table 2). Injection of PPDs for the CFT and CCT
resulted in increased frequencies of responders to certain anti-
gens, including both complex (i.e., M. bovis PPD and MBCF) and
specific (i.e., MPB70, MPB83, and Acr1/MPB83) antigens. In con-
trast, responses to other antigens, including ESAT-6, CFP10,
MPB59, MPB64, Acr1, 38 kDa, TBF10, and Mtb8, were not af-
fected or were only minimally affected by PPD administration.
Injection of PPD for the CFT boosted (P � 0.05) both IgM and
IgG responses to MPB83/MPB70 antigens, as measured by the
DPP assay (Table 3). Injection of PPDs for the CCT 105 days after
the CFT provided an additional boost to IgG responses but not
IgM responses. As expected, the IgG DPP (i.e., to MPB83-MPB70)
and IDEXX ELISA responses were highly correlated (r � 0.92, P �
0.0001). The MPB83/MPB70-specific IgG/IgM ratio (as measured
by the DPP assay) at the peak of the boosted antibody response
after the CFT was negatively correlated (r � �0.81, P � 0.01) with
the level of the subsequent DTH response (i.e., CCT response)
measured �3 months later (Fig. 3). Thus, animals with high IgG/
IgM ratios had lower M. bovis-specific skin test responses.

Effects of skin tests on avidity of antibodies to complex
(WCS-PK) and specific (MPB83/MPB70) antigens. Ammonium
thiocyanate (NH4SCN, a chaotropic agent that interferes with
antigen-antibody binding) is commonly used to estimate the

FIG 1 Kinetics of serum antibody responses to complex (WCS-PK) and
specific (MPB83/MPB70) antigens and effects of skin tests, as measured by
ELISA. (A) ELISA results for proteinase K-digested whole-cell sonicate
(WCS-PK) of M. bovis over time after an M. bovis challenge (n � 8). For the
WCS-PK ELISA, data are presented as the �Vmax (mean � SEM), which was
calculated by subtracting the mean Vmax (milliunits per minute) for duplicate
wells with no antigen from the mean Vmax for antigen-coated wells. (B) ELISA
results for MPB83 and MPB70 antigens over time after an M. bovis challenge
(n � 8). For the IDEXX ELISA for MPB83/MPB70 antigens, data are presented
as S/P ratios (mean � SEM), which were derived by subtracting the mean kit
negative-control optical density (OD) from each sample value and dividing
that value by the corrected positive-control value (mean positive-control OD
minus mean negative-control OD). Arrows, timing of the caudal fold test
(CFT) and the comparative cervical test (CCT) at 96 and 201 days, respectively,
after an M. bovis challenge. Dotted line, level of response (S/P ratio of 0.3)
considered positive in the IDEXX test kit package insert. Data were analyzed by
ANOVA followed by Tukey’s multiple-comparison test. #, boosted (P � 0.05)
responses to skin tests. *, responses differing (P � 0.05) from preinfection
responses.

FIG 2 Antigen recognition patterns for antibodies from Mycobacterium bovis-
infected cattle, measured by the multiantigen print immunoassay (MAPIA).
Serological reactivity to M. tuberculosis complex antigens was determined by
the MAPIA for sequential serum samples. Representative results from a single
animal (calf 1208) are provided, and the antigens (described in Materials and
Methods) are indicated at the right. Arrows, timing of the caudal fold test
(CFT) and the comparative cervical test (CCT) at 96 and 201 days, respectively,
after an M. bovis challenge.
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overall strength of binding of multiple antigenic determinants
to multivalent antibodies (i.e., avidity). The addition of
NH4SCN reduced the level of antibody binding (�Vmax) to
both complex (WCS-PK) and specific (MPB83/MPB70) anti-
gens (data not shown). Avidity indices for the WCS-PK antigen
were higher (P � 0.05) with pre- and post-CCT samples (i.e.,
166 and 208 days after the challenge, respectively) than with
post-CFT samples (i.e., 103 days after the challenge) (Fig. 4A).
Avidity indices for the WCS-PK antigen did not differ between
pre- and post-CCT samples at 0.3 to 1.25 M NH4SCN. In con-
trast, avidity indices for the MPB83/MPB70 antigens were
higher (P � 0.05) with post-CCT samples than with pre-CCT
and post-CFT samples (Fig. 4B). As antibody responses to
MPB83/MPB70 were not detectable with the IDEXX ELISA
prior to injection of M. bovis PPD for the CFT (Fig. 1B), it was not

possible to determine whether antibody avidity increased in re-
sponse to the CFT. For the MPB83/MPB70 ELISA, antibody bind-
ing to antigen was completely abrogated with NH4SCN concen-
trations of �5.0 M. In contrast, responses to the WCS-PK antigen,
albeit low, were detectable in post-CCT samples at exceedingly
high NH4SCN concentrations (i.e., 5 to 7 M), possibly due to
detection of antibody binding to degradation products.

In initial studies using several serum sets, including the sera
used in the present study, it was noted that avidity indices
(particularly with samples containing high antibody levels)
with lower concentrations of NH4SCN (i.e., 0.3 to 2.5 M) ex-
ceeded 100 (i.e., the avidity index for samples with 0 M
NH4SCN) for both the WCS-PK and MPB83/MPB70 antigens.
Also, the addition of exceedingly high concentrations of
NH4SCN (i.e., 5 to 7.5 M) did not completely eliminate detec-

TABLE 2 Serum IgG reactivity to defined antigens measured by
multiantigen immunoprint assay

Antigen

No. of respondersa

Pre-CFTb Post-CFTc Post-CCTd

ESAT-6 1 1 1
CFP10 0 2 2
Mtb8 0 0 0
MPB64 0 1 1
MPB59 0 1 1
MPB70 2 4 7
MPB83 0 6 8
Acr1 0 0 0
38 kDa 0 0 0
ESAT-6/CFP10 0 2 2
TBF10 1 2 2
Acr1/MPB83 2 6 8
M. bovis PPD 0 2 7
MBCF 1 8 8
a Number of responders to each antigen used in the MAPIA among the 8 M. bovis-
infected cattle.
b From 0 to 3 months postinfection, prior to the CFT.
c From 3 to 6.5 months postinfection, after the CFT and before the CCT.
d From 6.5 to 7 months postinfection, after the CCT.

TABLE 3 Serum IgM and IgG responses to MPB83-MPB70 measured by DPP assay

Animal no.

Reflectance (RLU)a

IgM IgG

Pre-CFTb Post-CFTc Post-CCTd Pre-CFTb Post-CFTc Post-CCTd

394 313 238 87 89 379 530
397 0 98 384 97 542 1281
671 38 285 402 0 428 1295
673 53 605 668 138 1014 1276
1207 0 169 184 204 966 1301
1208 0 312 389 171 695 1300
1209 0 107 362 79 297 1172
1210 0 102 106 106 587 1303
Mean � SEM 51 � 38e 240 � 60f 322 � 68f 111 � 22e 614 � 93f 1182 � 94g

a Optical reader data obtained at the peak of antibody responses during each period of infection.
b From 0 to 3 months postinfection, prior to the CFT.
c From 3 to 6.5 months postinfection, after the CFT and before the CCT.
d From 6.5 to 7 months postinfection, after the CCT.
e Different from post-CFT and post-CCT means (IgM and IgG) (P � 0.05).
f Different from pre-CFT mean (IgM) or from pre-CFT and post-CCT means (IgG) (P � 0.05).
g Different from pre-CFT and post-CFT means (IgG) (P � 0.05).

FIG 3 Correlation of the MPB83/MPB70-specific IgG/IgM ratio after the ini-
tial skin test (CFT) with subsequent delayed-type hypersensitivity responses
(i.e., CCT results) �3 months later. Antibody responses to MPB83 and MPB70
were measured by a DPP reader in relative light units (RLU) and are presented
as IgG/IgM ratios. Values represent the peak antibody responses for individual
animals (n � 8) after injection of M. bovis PPD for the initial skin test (i.e.,
CFT). Skin test responses for the CCT are presented as the change in skin
thickness in response to M. bovis PPD minus the change in skin thickness in
response to M. avium PPD (in millimeters). Responses were correlated (Pear-
son’s r � �0.81).
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tion of antibody binding to antigens. Thus, we designed a study
to evaluate the effects on the avidity assay of a washing step
prior to the addition of NH4SCN and after the addition of sera.
Minimal effects of washing were detected with the samples con-
taining low antibody levels (Fig. 5A); however, significant dif-
ferences were detected with samples containing high levels of
MPB83/MPB70-specific antibodies, particularly at the higher
concentrations of NH4SCN (Fig. 5B), resulting in concurrent
differences in avidity indices (data not shown). Interestingly,
the addition of 50 �l of sera back into wells that had been
washed with PBST prior to the addition of NH4SCN resulted in
a partial increase in the responses, intermediate between those
with no washes and with three washes with PBST. These find-

ings suggest that unbound specific antibodies may bind to
epitopes unmasked by the addition of NH4SCN, potentially of
higher affinity than the original antibody binding site.

DISCUSSION

The present findings demonstrate that (i) serum antibody re-
sponses increase after injection of M. bovis PPD for the CFT, (ii)
boosted responses to a complex antigen (WCS-PK) peak �2
weeks after the CFT and remain steady for at least another 3
months after the CFT, (iii) responses to MPB83 and MPB70 peak
�2 weeks after the CFT and wane over the next 2 to 3 months, and
(iv) injection of M. avium and M. bovis PPDs for the CCT in series
with the CFT (i.e., 105 days after the CFT) results in a remarkable
boost to preexisting serum antibody responses to both WCS-PK
and MPB83/MPB70 antigens. In addition, injection of PPDs for

FIG 4 Effects of PPD administration for skin tests on avidity indices for pro-
teinase K-digested whole-cell sonicate of M. bovis (WCS-PK) antigens (A) or
MPB83/MPB70 antigens (B) measured by ELISA. Sample collection time
points were as follows: post CFT, 14 days after the CFT and 103 days after the
M. bovis challenge; pre CCT, 28 days prior to the CCT and 173 days after the M.
bovis challenge; post CCT, 14 days after the CCT and 215 days after the chal-
lenge. Avidity indices were calculated by dividing the �Vmax for samples that
received NH4SCN (i.e., 0.3125 to 7.0 M) by the �Vmax for samples that re-
ceived diluent buffer alone (i.e., 0 M NH4SCN) and multiplying that value by
100. Data were analyzed by ANOVA followed by Tukey’s multiple-compari-
son test. a to c, different letters indicate that responses (mean � SEM, n � 8)
differ (P � 0.05) within the NH4SCN concentration.

FIG 5 Effects of a washing step to remove residual nonbound antibodies prior
to the addition of NH4SCN for the avidity assay for MPB83 and MPB70 mea-
sured by ELISA. The levels of antibody binding (�Vmax) to MPB83 and MPB70
after incubation with a range of NH4SCN concentrations were determined at
28 days prior to the comparative cervical skin test (CCT) (A) and 14 days after
the CCT (B). After incubation of antigen-coated plates with test serum, wells
were either not washed with PBST (i.e., NH4SCN was added directly to anti-
gen-coated plates) (�), washed three times with PBST after which 50 �l test
serum was added back to the wells in addition to NH4SCN (�), or washed
three times with PBST prior to the addition of NH4SCN, to remove any un-
bound antibody (o). Data were analyzed by ANOVA followed by Tukey’s
multiple-comparison test. a to c, different letters indicate that responses
(mean � SEM, n � 8) differ (P � 0.05) within the NH4SCN concentration.
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skin tests boosts the responses to certain antigens (i.e., MPB83 and
MPB70) but not other antigens (e.g., ESAT-6, CFP10, MPB59,
and MPB64). MPB83 and MPB70 are present at relatively high
concentrations within M. bovis PPD (16, 28, 29) and thus are the
likely causes of this anamnestic response. Both IgM and IgG con-
tribute to the initial boost in MPB83/MPB70-specific antibody
responses after the CFT. However, the secondary boost, upon per-
formance of the CCT, is mainly due to increased IgG. Also, the
IgG/IgM ratio at the peak of the antibody response to MPB83 and
MPB70 elicited by injection of M. bovis PPD for the CFT nega-
tively correlated with the ensuing DTH response (i.e., CCT re-
sults), perhaps providing hints to mechanisms of DTH anergy
(30) and the possible role for antituberculin antibodies in this
enigmatic phenomenon (31).

A practical aspect of the current study was the determination of
the duration of the antibody boost with a single intradermal skin
test (i.e., the CFT) as used in the United States, Mexico, New
Zealand, and several other countries. With the IDEXX M. bovis
Ab ELISA, positive responses (i.e., S/P ratios of 	0.3) were de-
tected with samples from 3/8 and 8/8 animals at 7 and 10 days after
the CFT, respectively. The responses waned between 62 and 70
days after the CFT, with 7/8 and 6/8 animals testing positive at 70
and 77 days after the CFT, respectively. The present findings are
in general support of the current USDA, APHIS, guidance docu-
ment (http://www.aphis.usda.gov/animal_health/animal
_diseases/tuberculosis/downloads/idexx_guidance_document
.pdf), stating that blood samples are to be collected 7 to 60 days
after the CFT for use with the IDEXX M. bovis Ab ELISA, although
minor amendments may be warranted.

Antibody avidity assays are routinely used for the diagnosis
and/or discrimination of clinically relevant stages of infection
(e.g., to predict primary infection versus reinfection, responses
to therapy, or reactivation) for a variety of infectious agents for
humans, including rubella virus (32), cytomegalovirus (33),
Toxoplasma gondii (34), and herpesvirus (35) infections, as well as
to estimate the protective potential of responses to vaccination
(e.g., with Haemophilus influenzae type b vaccine [36]). Antibody
avidity assays are less commonly used for diagnostic purposes
with samples from veterinary species (e.g., Neospora caninum in-
fection of cattle [37]). Early after antimycobacterial therapy for M.
tuberculosis infections in humans, there is a decrease in antibody
avidity accompanied by an initial increase in serum antibody lev-
els, likely due to the bactericidal activity of antituberculous drugs
leading to low-affinity antibodies to released antigens (38). Also,
humans with active tuberculosis produce low-avidity antibodies
with low IgG/IgM ratios for surface antigens of M. tuberculosis but
higher-avidity antibodies with higher IgG/IgM ratios for cellular
fractions of antigens, potentially indicating immune evasion strat-
egies of this highly successful pathogen, given the association with
protection for highly avid antibodies to surface components of
other bacteria (39). With experimental M. bovis infection, the dis-
ease is generally considered slowly progressive (40, 41), thus most
closely resembling the active form of the disease in humans. The
present findings demonstrate increased avidity of antibodies to
MPB83 and MPB70 after injection of PPD for the CCT (i.e., the
second skin test) in M. bovis-infected cattle. Avidity for the com-
plex antigen (i.e., WCS-PK) increased in the interval between the
CFT and the CCT but did not increase further after the CCT
(Fig. 5). Estimates of antibody avidity are dependent on the ho-
mogeneity of antibodies present in the sample (42). Given the

diversity of antigens within the WCS-PK, it is likely that the esti-
mate of antibody avidity for these complex antigens is less accu-
rate than that for MPB83/MPB70 antigens, as responses to the
various antigens in the WCS-PK may vary over the course of in-
fection and in response to PPD injection. Thus, responses to cer-
tain individual antigens within the WCS-PK may be masked, and
it is impossible to optimize the procedure (i.e., reagent dilutions)
for each of the numerous antigens within the mixture. With M.
bovis infections, however, the host is called upon to respond to a
large diversity of antigens; thus, use of complex antigens may be
more representative of the host-pathogen interface and more re-
flective of the collective antibody responses to M. bovis infections.
Indeed, studies with human tuberculosis showed that patients
with a long duration of symptoms had higher antibody avidity for
a Triton X-100 extract/whole-cell sonicate antigen preparation
than patients with recent onset of infection (38). The current
study is the first evaluation of antibody avidity for complex and
specific antigens during M. bovis infections in cattle.

Several technical aspects related to the use of NH4SCN for
antibody avidity assessments during M. bovis infections in cattle
were evaluated. Initial studies that did not include a wash step
prior to the addition of NH4SCN to antigen-coated plates con-
taining test serum resulted in avidity indices exceeding those for
wells that did not receive NH4SCN (i.e., avidity indices of 	100 in
wells that received 0.3 to 2.5 M NH4SCN but only with samples
containing high levels of high-avidity antibodies). Additionally,
high concentrations of NH4SCN (i.e., 5 to 7.5 M) did not com-
pletely eliminate detection of antibody binding to antigens for
samples containing high levels of antibodies. The addition of a
washing step eliminated the unusual responses (almost complete
dissolution of antigen-antibody binding with 5 to 7.5 M NH4SCN
and decreasing avidity indices to �100 with increasing NH4SCN
concentrations), and the addition of 50 �l of test serum partially
restored the responses. Thus, addition of NH4SCN directly to
antigen-coated plates containing test serum in solution might
have led to (i) interference of low-affinity antibodies that were
replaced with high-affinity antibodies, (ii) reduced binding by
nonspecific antibodies and other serum proteins that were re-
placed with specific antibodies, and/or (iii) displacement of anti-
gen-specific IgM with higher-affinity antigen-specific IgG, with
avidity indices exceeding 100 in each of these possible scenarios.

In summary, administration of PPDs for skin tests results in
additive boosts to serum antibody responses when used in series.
The boosted responses are targeted to specific antigens (e.g.,
MPB83 and MPB70) and the quality of the responses (i.e., avidity)
is also increased. Boosted antibody responses of high avidity pro-
vide positive diagnostic benefit for bovine tuberculosis tests, such
as the DPP assay and the M. bovis Ab ELISA.
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