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The only approved method of tuberculosis (TB) surveillance of reindeer within the United States is tuber-
culin skin testing; however, skin testing has an apparent lack of specificity, since numerous reindeer are
classified as reactors, yet Mycobacterium bovis is not isolated from tissues upon necropsy. The objective of this
study was to evaluate the ability of an in vitro assay (the Cervigam assay) to detect gamma interferon (IFN-�)
produced by blood leukocytes in response to mycobacterial antigens from M. bovis-infected reindeer. Thirteen
male reindeer �9 months of age were inoculated with 105 CFU M. bovis in their tonsillar crypts. Stimulation
of whole-blood cultures with a mitogen resulted in significant production of IFN-� compared to that by
nonstimulated samples. Responses by infected reindeer to M. bovis purified protein derivative (PPD) were as
much as 3.5-fold higher than those by noninfected reindeer (n � 4). Despite differences in responses to PPD
by the two groups, reindeer within the noninfected group had responses of >0.1 change in optical density
(�OD) (a level generally considered positive) to PPD. Mean responses by infected reindeer to a rESAT-6–
CFP-10 fusion protein (Mycobacterium tuberculosis complex specific) were as much as 20-fold higher than
respective responses by noninfected reindeer at all time points. Additionally, responses by 3/4 noninfected
reindeer were <0.1 �OD (considered negative) at each time point. To further evaluate the specificity of the
assay, samples were collected from reindeer in a TB-free herd. All reindeer had responses to mitogen; however,
only 1 of 38 had a response to PPD, and none of the reindeer responded to rESAT-6–CFP-10. Together, these
findings indicate that IFN-�-based tests may prove useful for TB surveillance of reindeer.

Mycobacterium bovis infection of reindeer (Rangifer tarandus)
is rare, especially in North America, where there are no pub-
lished reports of tuberculosis occurring in reindeer. Despite
the low incidence of disease, reindeer are subject to regula-
tions in the USDA Uniform Methods and Rules for the Erad-
ication of Bovine Tuberculosis (TB) (Animal and Plant Health
Inspection Service [APHIS] circular 91-45-011) (25) requiring
TB testing for interstate movement and herd accreditation.
For reindeer within the United States, the single cervical test
(SCT), a measure of delayed-type hypersensitivity, is the pri-
mary approved test for tuberculosis. The SCT relies on in vivo
reactivity to M. bovis purified protein derivative (PPD) injected
intradermally into the mid-cervical region. Reindeer classified
as reactors or suspect with this test are often retested using the
comparative cervical skin test (CCT), in which M. bovis PPD is
injected at one site and Mycobacterium avium PPD at a sepa-
rate site. In principle, the CCT provides an added ability to
distinguish M. avium responders from M. bovis responders.
Although exact numbers are difficult to ascertain, many rein-
deer have tested positive upon skin testing for TB surveillance.
Neither Mycobacterium bovis nor any other species within the
M. tuberculosis complex, however, has been isolated from these
reindeer upon necropsy. Improved TB tests are urgently

needed to avoid unnecessary slaughter of reindeer falsely iden-
tified as reactors.

An in vitro method of tuberculosis diagnosis has been
developed (34) and approved for use in cattle in the United
Sates as a complementary test (i.e., in conjunction with the
skin test) (15). The in vitro assay detects gamma interferon
(IFN-�) produced by peripheral blood mononuclear cells
exposed to no antigen (i.e., background response), M. avium
PPD, M. bovis PPD, or a mitogen (e.g., pokeweed mitogen
[PWM]) (33). The assay is easily adapted to the diagnostic
laboratory setting, since whole-blood cultures are used, cir-
cumventing the need for cumbersome cell separation tech-
niques. Recently, recombinant antigens specific for virulent
tubercle bacilli (e.g., early secretory antigenic target 6
[ESAT-6], culture filtrate protein 10 [CFP-10], MPB-59,
MPB-64, and MPB-70) have been evaluated for use in tests
that discriminate between M. avium-exposed, M. bovis BCG-
vaccinated, and tuberculous cattle (4, 5, 13, 27, 29). These
antigens have demonstrated utility for both in vitro (i.e.,
IFN-� test) and in vivo (i.e., skin test) use (7, 14, 20, 21, 26,
32). ESAT-6 and CFP-10 are particularly robust inducers of
recall IFN-� responses by infected cattle. A test similar to
the Bovigam (Pfizer Animal Health, Kalamazoo, MI) assay
yet designed to detect IFN-� produced by red deer (Cervus
elaphus) leukocytes (Cervigam; Pfizer Animal Health) also
reacts with IFN-� produced by white-tailed deer (Odocoileus
virginianus) leukocytes, indicating that antibodies within the
assay are cross-reactive with IFN-� from at least two cervid
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species (17, 28). In vitro-based tests such as the Cervigam
assay are particularly appealing for use on reindeer and
other deer species because animals are handled only once
for this test, thereby minimizing capture-associated injuries
that are more likely with multiple handling events.

The primary objective of this study was to evaluate the
ability of the Cervigam assay to detect IFN-� produced by M.
bovis-infected reindeer in response to in vitro stimulation with
crude (i.e., PPDs) and specific (i.e., ESAT-6 and CFP-10)
mycobacterial antigens. Secondary objectives were to evaluate
the effects of skin testing and several whole-blood culture tech-
niques on the IFN-� response by reindeer leukocytes. These
studies were designed to evaluate the potential for this assay to
detect tuberculous reindeer. Further studies will be necessary
to determine field applications for the test.

MATERIALS AND METHODS

Animals, M. bovis culture, and challenge procedures. Castrated male reindeer
(Rangifer tarandus; n � 17) were obtained from a tuberculosis-free herd in
southern Michigan and were housed at the National Animal Disease Center
[NADC], USDA, ARS, Ames, Iowa, according to institutional guidelines and
approved animal care and use protocols. For M. bovis infection, the challenge
inoculum (105 CFU in 0.2 ml of phosphate-buffered saline, 0.15 M, pH 7.2 [PBS])
was instilled directly into the tonsillar crypts of anesthetized reindeer (n � 13) as
described previously for inoculation of white-tailed deer (19). The strain of M.
bovis used for the challenge inoculum (95–1315; USDA APHIS designation) was
originally isolated from a white-tailed deer in Michigan (24). The inoculum was
prepared in a biosafety level-3 (BL-3) facility. The inoculum consisted of mid-
log-phase M. bovis grown in Middlebrook 7H9 medium supplemented with 10%
oleic acid-albumin-dextrose complex (Difco, Detroit, Mich.) plus 0.05% Tween
80 (Sigma Chemical Co., St. Louis, Mo.). At the time of inoculation, reindeer
were moved from an outdoor pen into climate-controlled rooms (2 to 3 animals/
room) within a BL-3 confinement facility. Negative airflow exited the building
through high-efficiency particulate air (HEPA) filters; air from animal pens was
pulled toward a central corridor and through HEPA filters before exiting the
building. Airflow velocity was 10.4 air changes/h. All four noninfected reindeer
were housed in a climate-controlled room in a separate building. At the initiation
of the study, reindeer were approximately 9 months old.

To further evaluate the specificity of the Cervigam assay, blood samples were
obtained from an additional 38 reindeer in a TB-free herd in Milltown, WI.
These samples were delivered overnight to NADC, Ames, IA, for evaluation of
IFN-� production in response to mycobacterial antigens and mitogen.

Whole-blood cultures and analysis of IFN-� production. Blood was collected
at 45 and 7 days prior to inoculation and at approximately monthly intervals after
inoculation. Additional blood samples were collected immediately prior to and
following skin testing procedures. Heparinized blood samples were dispensed in
1.5-ml aliquots into individual wells of a 24-well plate (Falcon 353047; Becton
Dickinson and Company, Franklin Lakes, N.J.). Treatments included no stimu-
lation (PBS), M. avium PPD (Pfizer Animal Health; 40 �g/ml), M. bovis PPD
(Pfizer Animal Health; 40 �g/ml), recombinant ESAT-6 (rESAT-6; 10 �g/ml),
rCFP-10 (10 �g/ml), rESAT-6–CFP-10 (10 �g/ml), or PWM (Sigma; 20 �g/ml).
Optimal concentrations of stimulants were determined by evaluation of re-
sponses to 1, 10, 20, 40, and 80 �g/ml of each stimulant. Cloning, expression, and
purification of recombinant proteins were performed as described elsewhere
(29). Blood cultures were incubated for 48 h, and plasma was harvested and
stored at �80°C. IFN-� concentrations in nonstimulated and stimulated plasma
were determined using an enzyme-linked immunosorbent assay (ELISA)-based
kit (Pfizer Animal Health). Absorbencies of standards and test samples were
read at 450 nm using an ELISA plate reader (Molecular Devices, Menlo Park,
CA). Individual treatments were analyzed in duplicate and the assay repeated if
duplicate responses were not consistent. Data are presented as optical density
(OD) readings or changes in optical density readings upon stimulation compared
to no stimulation (�OD, calculated as the OD of the antigen- or mitogen-
stimulated sample minus the OD of the nonstimulated sample).

Skin testing procedures. Three months after M. bovis inoculation, reindeer
were tested for in vivo responsiveness to mycobacterial antigens by a modified
CCT technique enabling collection of biopsy specimens showing dermal reac-
tions to PPDs at 24, 48, and 72 h postinjection (16, 30). Briefly, the cervical
region was clipped, and animals were injected intradermally at three separate

locations with M. bovis PPD and at a single location with M. avium PPD (PPDs
for skin tests were obtained from the National Veterinary Services Laboratory,
Ames, Iowa). Biopsy procedures are provided elsewhere (16). A standard CCT
(i.e., a single intradermal injection each of M. avium PPD and M. bovis PPD) was
performed 8 months after M. bovis inoculation (18, 25). For each of the skin tests,
100 �g of M. bovis PPD and 40 �g of M. avium PPD were administered at each
respective location according to guidelines described in USDA APHIS circular
91-45-011. Skin thickness was measured immediately prior to administration of
PPD and at 24, 48, and 72 h after injection by using calipers.

Necropsy procedures. Thirteen months after inoculation, all reindeer were
euthanized by intravenous administration of sodium pentobarbital. A thorough
postmortem examination was done. Specimens collected for bacteriologic culture
and microscopic examination from inoculated and naı̈ve reindeer included tonsil,
brain, lung, liver, spleen, and kidney; as well as mandibular, parotid, medial
retropharyngeal, tracheobronchial, mediastinal, mesenteric, hepatic, ileocecal,
superficial cervical, and prefemoral lymph nodes. Specimens for bacteriologic
culture were placed individually in sterile bags and stored at �80°C until pro-
cessing. Specimens were processed as previously described (19). Mycobacterial
isolates were identified using standard growth and biochemical characteristics.
Isolates were confirmed to belong to the M. tuberculosis complex by genetic
probe analysis (AccuProbe; Gen-Probe Inc., San Diego, CA). Results were
considered positive if M. bovis was isolated. Isolates of mycobacteria that were
not members of the M. tuberculosis complex were further identified using 16S
rRNA gene sequencing. Sequences were then identified through the use of a
mycobacterial species sequence database.

Samples for microscopic examination were fixed in neutral buffered 10%
formalin and processed by routine paraffin embedment techniques. Sections
were cut 3 �m thick, stained with hematoxylin and eosin, and examined by light
microscopy. Adjacent 3-�m-thick sections were cut from specimens with lesions
suggestive of tuberculosis (caseonecrotic granulomata) and stained by the Ziehl-
Neelsen technique for visualization of acid-fast bacteria. Microscopic findings
were considered positive when lesions consistent with tuberculosis contained
acid-fast bacilli.

Statistics. Data were analyzed by either Student’s t test or one-way analysis of
variance followed by a Tukey-Kramer multiple-comparison test using commer-
cially available software (InStat 2.00; GraphPAD Software, San Diego, CA).
Differences between groups were considered significant if probability values (P)
of �0.05 were obtained.

RESULTS

Inoculation of M. bovis into tonsillar crypts of reindeer re-
sulted in gross and microscopic lesions in all animals inocu-
lated (16). Tuberculous lesions were most prominent in medial
retropharyngeal lymph nodes and were also detected in tonsils,
mesenteric lymph nodes, lungs, and lung-associated lymph
nodes. Infected reindeer did not have clinical signs of TB or
disseminated disease after 1 year of colonization, a finding
suggestive of low-grade chronic infection. M. bovis was not
isolated from control reindeer, and bacteriologic results for
infected reindeer are presented elsewhere (16). While control
reindeer were not infected with M. bovis, lesions were detected
within the tracheobronchial lymph nodes of 2/4 noninoculated
reindeer. Histologically, the lesions in these two lymph nodes
were characterized by pyogranulomatous inflammation with no
acid-fast bacteria. No mycobacteria were isolated upon culture,
and no other etiologic agents were detected.

At all time points, polyclonal stimulation of whole-blood
cultures with PWM resulted in significant (P � 0.05) produc-
tion of IFN-� compared to that by nonstimulated samples
(Fig. 1). Responses to PWM were greatest from February to
June and did not differ (P 	 0.05) between infected and non-
infected reindeer. Mean responses to PWM stimulation over
the course of the study (�OD, 1.03 
 0.06 for infected [n �
201] and 0.99 
 0.08 for noninfected [n � 68] reindeer) were
similar to those reported for white-tailed deer (17). Mean
responses to no stimulation (i.e., PBS) over the course of the
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study (�OD, 0.085 
 0.002 for infected [n � 201] and 0.086 

0.003 for noninfected [n � 68] reindeer) were also similar to
those reported for white-tailed deer (17). Neither infection
status nor time of year affected responses to no stimulation.

As early as 30 days after inoculation and at most time points
thereafter, responses by infected reindeer to M. bovis PPD ex-
ceeded (P � 0.05) those by noninfected reindeer (Fig. 2). Re-
sponses to M. avium PPD did not differ between groups. Despite
differences in responses to M. bovis PPD by the two groups,
reindeer within the noninfected group had responses that were
considered positive (	0.1 �OD). Each of the four noninfected
reindeer had positive responses to M. bovis PPD, although not at
each time point. Nonspecific responses to M. bovis PPD by the
two control animals that had nonmycobacterial lesions within the
tracheobronchial lymph nodes did not exceed those responses by
the two control animals that did not have lesions. Mean responses
(i.e., averages of individual responses over the course of the study

[n � 64]) by noninfected reindeer to M. bovis PPD (0.47 
 0.06
�OD) exceeded (P � 0.0001) concurrent responses to M. avium
PPD (0.16 
 0.02 �OD).

Antigens produced predominantly by tuberculous mycobacte-
ria and not by many environmental nontuberculous mycobacteria
were evaluated as an approach to increase the specificity of the
test. Mean responses (averaged over various time points) by in-
fected reindeer to rCFP-10 and to rESAT-6–CFP-10, but not to
rESAT-6, exceeded (P � 0.01) the respective responses by non-
infected reindeer (Fig. 3). Responses by infected reindeer to
rCFP-10 and to rESAT-6–CFP-10 exceeded (P � 0.01) responses
to rESAT-6 at all time points tested (data not shown). Responses
by infected reindeer to rCFP-10 (data not shown) and to rESAT-
6–CFP-10 (Fig. 4) exceeded (P � 0.01) the respective responses
by noninfected reindeer at all time points. No correlations be-
tween responses to TB antigens and bacillary loads were detected
(data not shown). In contrast to responses to M. bovis PPD,
responses to rCFP-10 and to rESAT-6–CFP-10 by 3/4 nonin-

FIG. 1. IFN-� responses to no stimulation (A) and PWM stimula-
tion (B) by M. bovis-infected (n � 13) (open squares) and noninfected
(n � 4) (solid squares) reindeer. Heparinized blood samples were
obtained at various time points (months, starting with December,
indicated on x axis) and dispensed immediately in 1.5-ml aliquots into
individual wells of a 24-well plate. Treatment was no stimulation (PBS)
or PWM (20 �g/ml). Blood cultures were incubated for 48 h, plasma
was harvested, and IFN-� concentrations were determined using an
ELISA-based kit (Cervigam; Pfizer Animal Health). Absorbencies of
standards and test samples were read at 450 nm using an ELISA plate
reader. Duplicate samples for individual treatments were analyzed.
Data are presented as mean OD readings 
 standard errors of the
means. Responses to either no stimulation (A) or PWM stimulation
(B) did not differ (P 	 0.05) between infected and noninfected rein-
deer. Due to disparate responses to no stimulation versus PWM, the
scales for the two graphs are different.

FIG. 2. IFN-� responses to M. avium PPD stimulation (A) and M.
bovis PPD stimulation (B) by M. bovis-infected (n � 13) (open
squares) and noninfected (n � 4) (solid squares) reindeer. Heparin-
ized blood samples were obtained at the indicated time points and
dispensed immediately in 1.5-ml aliquots into individual wells of a
24-well plate. Treatment was no stimulation (PBS), M. avium PPD (40
�g/ml), or M. bovis PPD (40 �g/ml). Blood cultures were incubated for
48 h, plasma was harvested, and IFN-� concentrations were deter-
mined using an ELISA-based kit (Cervigam; Pfizer Animal Health).
Absorbencies of standards and test samples were read at 450 nm using
an ELISA plate reader. Duplicate samples for individual treatments
were analyzed. Data are presented as the response to PPD stimulation
minus the response to no stimulation (�IFN-�, OD) and are means 

standard errors of the means. Asterisks indicate responses by M. bovis-
infected reindeer that differ (P � 0.05) from the respective responses
by noninfected reindeer.
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fected reindeer were considered negative (�0.1 �OD) at each
time point. One noninfected reindeer, however, had positive re-
sponses to rCFP-10 and to rESAT-6–CFP-10 at each time point
tested except one. While 2/4 noninfected reindeer had granulo-
matous lesions within the tracheobronchial lymph nodes with no
acid-fast bacteria present, the 1 reindeer responding to rCFP-10
and to rESAT-6–CFP-10 had no detectable mycobacterial lesions
upon necropsy.

Because skin testing is the only approved test for tuberculosis
surveillance of reindeer within the United States, it is likely that
field evaluation of candidate tests will initially be performed in
conjunction with skin testing. At 90 and 240 days after inocula-
tion, experimentally infected reindeer were injected with PPDs
for determination of in vivo responsiveness to mycobacterial an-
tigens (16). With the initial test, animals received three injections
of M. bovis PPD (300 �g total, as a means to collect three daily
skin biopsy samples [16]) and one injection of M. avium PPD
(40 �g). Quantities of PPDs injected at each injection site were in
accordance with USDA APHIS circular 91-45-011. IFN-� re-
sponses to M. avium PPD, M. bovis PPD, and PWM were reduced
(P � 0.05) 1 week after PPD administration compared to the
respective responses at the time of injection (Fig. 5A). IFN-�

FIG. 5. Effects of injection of PPDs for skin test on IFN-� re-
sponses to mycobacterial antigens and mitogen. Reindeer were tested
for delayed-type hypersensitive responses to mycobacterial antigens
after administration of CCT at 90 (A) and 240 (B) days after challenge
with M. bovis. Heparinized blood samples were obtained from reindeer
at the indicated time points and dispensed immediately in 1.5-ml
aliquots into individual wells of a 24-well plate. Treatments included
no stimulation (PBS), M. avium PPD (PPDa; 40 �g/ml), M. bovis PPD
(PPDb; 40 �g/ml), rESAT-6–CFP-10 (10 �g/ml), and PWM (20 �g/
ml). Whole-blood cultures were incubated for 48 h, plasma was har-
vested, and IFN-� concentrations were determined using an ELISA-
based kit (Cervigam; Pfizer Animal Health). Absorbencies of
standards and test samples were read at 450 nm using an ELISA plate
reader. Duplicate samples for individual treatments were analyzed.
Data are presented as the response to antigen stimulation minus the
response to no stimulation (�IFN-�, OD) and are means 
 standard
errors of the means. Asterisks indicate responses that differ (P � 0.05)
from preinjection responses (responses at 90 days after challenge).

FIG. 3. IFN-� responses to recombinant ESAT-6, CFP-10, and
ESAT-6–CFP-10. Heparinized blood samples were obtained from re-
indeer and dispensed immediately in 1.5-ml aliquots into individual
wells of a 24-well plate. Treatment was either no stimulation (PBS),
rESAT-6 (10 �g/ml), rCFP-10 (10 �g/ml), or rESAT-6–CFP-10 (10
�g/ml). Whole-blood cultures were incubated for 48 h, plasma was
harvested, and IFN-� concentrations were determined using an
ELISA-based kit (Cervigam; Pfizer Animal Health). Absorbencies of
standards and test samples were read at 450 nm using an ELISA plate
reader. Duplicate samples for individual treatments were analyzed.
Data are presented as the response to antigen stimulation minus the
response to no stimulation (�IFN-�, OD) and are means 
 standard
errors of the means. Responses at 90, 103, 120, and 160 days after
challenge were averaged (n � 4). Open bars, responses by M. bovis-
infected reindeer (n � 10); solid bars, responses by noninfected reindeer
(n � 4). Asterisks indicate responses by M. bovis-infected reindeer that
differ (P � 0.05) from the respective responses by noninfected reindeer.

FIG. 4. Longitudinal IFN-� responses by M. bovis-infected (n �
10) and noninfected (n � 4) reindeer to rESAT-6–CFP-10. Heparin-
ized blood samples were obtained and dispensed immediately in 1.5-ml
aliquots into individual wells of a 24-well plate. Treatments included
no stimulation (PBS) and rESAT-6–CFP-10 (10 �g/ml) stimulation.
Whole-blood cultures were incubated for 48 h, plasma was harvested,
and IFN-� concentrations were determined using an ELISA-based kit
(Cervigam; Pfizer Animal Health). Absorbencies of standards and test
samples were read at 450 nm using an ELISA plate reader. Duplicate
samples for individual treatments were analyzed. Data are presented
as the response to antigen stimulation minus the response to no stim-
ulation (�IFN-�, OD) and are means 
 standard errors of the means.
Asterisks indicate responses by M. bovis-infected reindeer that differ
(P � 0.05) from the respective responses by noninfected reindeer.
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responses were only transiently depressed; responses returned to
near-preinjection levels by 2 weeks after PPD administration. For
the second skin test at 8 months after inoculation, 40 �g of M.
avium and 100 �g of M. bovis PPD were injected according to the
standard CCT technique as outlined by USDA APHIS circular
91-45-011. While the difference was not statistically significant,
IFN-� responses after this test were generally decreased for the
7-day period following PPD injection (Fig. 5B).

In field situations, blood samples for IFN-�-based assays are
routinely delivered via overnight courier to reference labora-
tories. To evaluate effects of delayed setup, whole-blood cul-
tures were processed either immediately or after a 24-h hold at
room temperature (RT). The 24-h delay in processing did not
alter (P 	 0.05) the response (Table 1). To evaluate a potential
strategy to enhance the response, antigens or a mitogen was
added and samples held at RT for 24 h (to mimic overnight
shipment with stimulation). Following the 24-h hold with stim-
ulation, samples were incubated at 37°C for 48 h. Addition of
antigen for 24 h prior to the 48-h incubation did not alter the
response (Table 1). Addition of PWM for 24 h prior to incu-
bation did decrease (P � 0.05) the response compared to a
24-h hold without stimulation prior to incubation with PWM.
Samples prestimulated for 24 h prior to incubation were also

evaluated after 24 and 48 h of incubation at 37°C (Table 2).
Responses of samples stimulated with M. avium PPD, M. bovis
PPD, or PWM for 48 h exceeded (P � 0.05) the respective
responses after 24 h of stimulation. Responses to rESAT-6–
CFP-10, however, were not different (P 	 0.05) after the two
incubation periods.

To further evaluate the potential for nonspecific responses to
M. bovis antigens by noninfected reindeer, samples were collected
from reindeer in a TB-free herd and evaluated for production of
IFN-� in response to mycobacterial antigens and mitogen (Table
3). All reindeer had responses to PWM; however, only 1 of 38
(97% specificity) had a response to M. bovis PPD, and none of the
reindeer responded to rESAT-6–CFP-10.

DISCUSSION

The present findings indicate that the Cervigam assay de-
tects IFN-� produced by blood leukocytes isolated from rein-
deer. Experimental infection elicited IFN-� responses to M.
bovis PPD that exceeded the respective responses by nonin-
fected reindeer. While cutoff values have yet to be determined,
responses greater than 0.1 �OD are generally considered pos-
itive. All noninfected reindeer had responses to M. bovis PPD
greater than 0.1 �OD at certain time points during the study,
indicating a false-positive reaction to this antigen. Exposure to

TABLE 1. Effects of culture techniques on IFN-� responses by infected reindeera

Stimulant

Mean �OD 
 SEM for:

Immediate setup
24-h delayed setup

Without stimulation With stimulation

M. avium PPD 0.303 
 0.049 (n � 56) 0.300 
 0.040 (n � 56) 0.183 
 0.029 (n � 30)
M. bovis PPD 1.285 
 0.105 (n � 56) 1.191 
 0.089 (n � 56) 1.054 
 0.112 (n � 30)
rESAT-6–CFP-10 1.291 
 0.103 (n � 43) 1.268 
 0.104 (n � 43) 1.072 
 0.144 (n � 20)
PWM 0.839 
 0.084 (n � 56) 0.758 
 0.075 (n � 56) 0.355 
 0.050b (n � 30)

a Heparinized blood samples were obtained from M. bovis-infected reindeer at various time points after challenge. Blood was dispensed in 1.5-ml aliquots either
immediately or after a 24-h delay at RT into individual wells of a 24-well plate. Treatments included no stimulation (PBS), M. avium PPD (40 �g/ml), M. bovis PPD
(40 �g/ml), rESAT-6–CFP-10 (10 �g/ml), and PWM (20 �g/ml). Blood cultures were incubated for 48 h (with either an immediate or a delayed setup), plasma was
harvested, and IFN-� concentrations were determined using an ELISA-based kit. Absorbencies of standards and test samples were read at 450 nm using an ELISA
plate reader. Duplicate samples for individual treatments were analyzed.

b Differs from PWM responses obtained with an immediate setup and with a delayed setup without stimulation (P � 0.01).

TABLE 2. Effects of culture duration on IFN-� responses
by infected reindeera

Stimulant
Mean �OD 
 SEMb with:

24-h stimulation 48-h stimulation

M. avium PPD 0.118 
 0.034 0.314 
 0.056*
M. bovis PPD 0.686 
 0.111 1.417 
 0.211*
rESAT-6–CFP-10 1.004 
 0.223 1.244 
 0.193
PWM 0.110 
 0.024‡ 0.392 
 0.092*‡

a Heparinized blood samples were obtained from M. bovis-infected reindeer 8
months after challenge. Blood was dispensed in 1.5-ml aliquots immediately into
individual wells of a 24-well plate. Treatments included no stimulation (PBS), M.
avium PPD (40 �g/ml), M. bovis PPD (40 �g/ml), rESAT-6–CFP-10 (10 �g/ml),
and PWM (20 �g/ml). Blood cultures were incubated for 24 or 48 h, plasma was
harvested, and IFN-� concentrations were determined using an ELISA-based kit
(Cervigam; Pfizer Animal Health). Absorbencies of standards and test samples
were read at 450 nm using an ELISA plate reader. Duplicate samples for
individual treatments were analyzed. Data are means of results for 10 samples.

b *, response differs from responses to respective antigens/mitogen after a 24-h
stimulation (P � 0.01). ‡, effects of culture duration on PWM responses
by noninfected reindeer (�OD, 0.132 
 0.037 with a 24-h stimulation versus
0.446 
 0.159 with a 48-h stimulation [P � 0.07]) were similar to those of
infected reindeer.

TABLE 3. IFN-� responses by reindeer from a
TB-free herd in Wisconsina

Stimulant IFN-�, OD
(mean 
 SEM)

No. of responses
of 	0.1 �OD

None 0.092 
 0.010 Not applicable
M. avium PPD 0.086 
 0.003 0
M. bovis PPD 0.091 
 0.006 1
rESAT-6–CFP-10 0.098 
 0.005 0
PWM 1.526 
 0.128 38

a Heparinized blood samples were obtained from 38 reindeer in a TB-free
herd in Milltown, WI, and shipped to NADC, Ames, IA, overnight (24-h delay
prior to setup). Blood was dispensed in 1.5-ml aliquots into individual wells
of a 24-well plate. Treatments included no stimulation (PBS), M. avium PPD
(40 �g/ml), M. bovis PPD (40 �g/ml), rESAT-6–CFP-10 (10 �g/ml), or PWM (20
�g/ml). Blood cultures were incubated for 48 h, plasma was harvested, and IFN-�
concentrations were determined using an ELISA-based kit (Cervigam; Pfizer
Animal Health). Absorbencies of standards and test samples were read at 450
nm using an ELISA plate reader. Duplicate samples for individual treatments
were analyzed. �OD is calculated as response to antigen or mitogen stimulation
minus response to no stimulation.
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M. avium or environmental nontuberculous Mycobacterium
spp. may induce responses cross-reactive with M. bovis anti-
gens. With both IFN-�-based assays and skin tests, these re-
sponses are generally differentiated from those elicited by tu-
berculous mycobacteria by the degree of the response to the
various PPDs. Responses by noninfected reindeer to M. bovis
PPD, however, exceeded concurrent responses to M. avium
PPD, indicating that M. avium exposure did not elicit the
response. Exposure to other Mycobacterium spp. (e.g., Myco-
bacterium fortuitum) may also result in cross-reactive responses
to M. bovis PPD (11), yet M. fortuitum PPD was not evaluated
in the present study, and the effects of M. fortuitum on the
differential response to M. bovis and M. avium PPD are not
clear. Another “environmental” mycobacterial species, Myco-
bacterium kansasii, has been shown to induce disseminated
infection of reindeer (12). Host responses, however, were not
evaluated with this case study. It would be of interest to de-
termine the effects of M. kansasii or other mycobacterial in-
fections/sensitization on the IFN-� response to M. avium and
M. bovis PPDs. Regardless, the present findings indicate that
PPDs may not provide the specificity required for TB surveil-
lance of reindeer, at least using IFN-�-based tests and as pre-
viously demonstrated with field use of skin tests within the
United States.

IFN-� responses to PWM increased from February to June.
The relevance of these findings is unclear; however, there is
anecdotal evidence that nonspecific immune reactivity to var-
ious antigens, including M. bovis PPD, occurs during these
months (Tom Scheib, Reindeer Owners and Breeders Associ-
ation, personal communication). Both nonspecific responses
by noninfected reindeer and specific responses by M. bovis-
infected reindeer coincided with increased responses to PWM.
While PPD-specific responses by infected reindeer persisted
throughout the remainder of the study, subtle decreases in the
response may have resulted from effects of seasonal changes,
decreased antigen load resulting from control of infection, or
alterations in the immune response associated with the kinetics
of the response. The natural breeding season of reindeer gen-
erally lasts from mid-September to late October, with calving
from April through May. All reindeer used in the experimental
challenge study were castrated males; thus, the increased
IFN-� response to polyclonal and/or antigenic stimulation was
not likely linked to breeding cycle hormonal changes. Addi-
tionally, the reindeer in the experimental challenge study were
housed in a biocontainment facility with a controlled temper-
ature, humidity, and light cycle (12 h of light, 12 h of darkness).
It has been observed that feed consumption by both captive
and free-ranging reindeer is diminished during the winter
months. In general, feed consumption remained consistent
throughout the present study. Further studies are necessary to
determine potential mechanisms associated with the seasonal
increases in responsiveness to polyclonal and/or antigenic stim-
ulation observed in the present study.

Proteins encoded within the ESAT-6 gene cluster (including
ESAT-6 and CFP-10) of tuberculous mycobacteria evoke po-
tent T-cell responses that have been utilized in TB diagnostic
tests (2, 3, 4, 20, 21, 27). In particular, use of these antigens can
enhance the specificity of IFN-�-based tests over that achieved
when standard PPDs are used as the eliciting agent. However,
humans infected with Mycobacterium leprae, Mycobacterium

marinum, or M. kansasii exhibit recall IFN-� responses to
ESAT-6 and/or CFP-10, indicating that T-cell responses to
these two proteins are not invariably specific for infection with
M. tuberculosis complex mycobacteria (1, 8, 9, 10). In the
present study, CFP-10 and a fusion protein of ESAT-6 and
CFP-10 elicited robust recall IFN-� responses by blood leuko-
cytes from M. bovis-infected reindeer. More importantly, re-
sponses to these proteins were not detected for 3/4 noninfected
reindeer, each of which responded to M. bovis PPD. The one
reindeer that did respond to these two proteins did so on
multiple occasions, and the eliciting agent or reason for reac-
tivity was not detected. However, the present findings indicate
that use of rESAT-6–CFP-10 will enhance the specificity of the
Cervigam assay compared to use of standard PPDs.

In contrast to responses to CFP-10 and rESAT-6–CFP-10,
responses by M. bovis-infected reindeer to rESAT-6 did not
exceed those of noninfected reindeer. ESAT-6 and CFP-10
are cosecreted proteins that naturally form a tight 1:1 com-
plex upon export (22). The recombinant form of ESAT-6
used for the present study is poorly soluble in PBS. Diluents
other than PBS were not tested and may provide enhanced
solubility without loss of antigenicity and cell viability. Ad-
dition of CFP-10 as a fusion protein (rESAT-6–CFP-10)
resulted in a more stable compound, as occurs naturally,
with improved solubility. Poor responses elicited by rE-
SAT-6 were likely due to physical shortcomings of the re-
combinant protein, although it is possible that the genetic
background of these reindeer rendered them unresponsive
to ESAT-6 and not to CFP-10. Further studies with rE-
SAT-6 homodimers, soluble peptides, additional stabilizing
proteins, and improved diluents for rESAT-6 are necessary
to determine the reasons for the lack of reactivity of samples
from infected reindeer to rESAT-6.

IFN-� responses to M. bovis antigens and PWM by infected
reindeer were decreased immediately after skin testing (Fig.
2B, day 96). In contrast, cattle sensitized to M. bovis antigens
exhibit increased IFN-� responses for 3 to 28 days after PPD
administration for CCT (31). In other studies, using M. bovis-
infected cattle, results of IFN-� tests were not affected by PPD
administration for skin testing (6, 23). For the first skin test,
reindeer received three separate injections of M. bovis PPD to
enable daily skin biopsy collection. The increased dose of in
vivo PPD administered may have resulted in lymphocyte an-
ergy or redistribution of reactive lymphocytes. For the second
skin test, reindeer received standard amounts of PPDs for
CCT. Again, IFN-� responses were diminished after skin test-
ing, but only slightly. Further studies are necessary to clearly
define the effects of skin testing on IFN-� responses and,
potentially, to evaluate the mechanisms of these effects. Con-
sidering that false-positive tests using M. bovis PPD for skin
testing and IFN-�-based assays for reindeer appear to be com-
mon, it is intriguing that injection of PPDs for CCT appears to
inhibit blood IFN-� responses to M. bovis PPD.

For field usage, IFN-�-based assays require shipment of
whole-blood samples to diagnostic laboratories capable of run-
ning the assay. As with cattle (23), it was determined that a
24-h delay at RT prior to incubation with stimulating agents
did not interfere with the performance of the test. Strategies to
enhance the response after delays associated with overnight
delivery are currently being planned for use with TB surveil-
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lance samples. With this strategy, antigen is added to tubes
prior to blood collection. Blood is then collected into the tube
with antigen, and the tube is delivered to the laboratory, where
the sample is then incubated without the need for reallocation
to tubes or wells in plates. Additionally, incubation containers
for delivery, which prevent delays in incubation, are being
tested. In the present study, however, addition of antigen to
whole-blood samples during the 24-h delay did not increase the
response. As determined with white-tailed deer (17), responses
were increased with a 48-h incubation period compared to a
24-h incubation period. The increased flexibility of overnight
delivery should prove useful for field application of the IFN-�
assay with samples from reindeer.

Together, these findings indicate that the Cervigam assay
may prove useful for TB surveillance of reindeer. However,
specific antigens such as rESAT-6–CFP-10 may be needed to
achieve adequate specificity of the test. As with cattle, samples
may be shipped overnight and responses will not be compro-
mised. In contrast to a 24-h incubation for samples from cattle,
samples from reindeer that are incubated for 48 h provide
better responses than those elicited by a 24-h incubation, as
with samples from white-tailed deer. Additional studies with
samples obtained from reindeer across the United States will
be useful for determining the specificity of the test, especially
in comparison to skin testing.
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