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Profiling serum antibodies to Mycobacterium
tuberculosis proteins in rhesus monkeys with
nontuberculous Mycobacteria
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Abstract: Recent evidence indicates that the prevalence of diseases caused by nontuberculous
mycobacteria (NTM) has been increasing in both human and animals. In this study, antibody profiles
of NTM in rhesus monkeys (Macaca mulatta) were determined and compared with those of monkeys
infected with Mycobacterium tuberculosis complex (MTBC). Antibodies against 10 M. tuberculosis
proteins, purified protein derivative (PPD), and mammalian old tuberculin (MOT) were detected in
14 monkeys naturally infected with NTM by indirect ELISA. Sera from 10 monkeys infected with MTBC
and 10 healthy monkeys were set as controls. All antigens showed high serological reactivities to
MTBC infections and low reactivities in healthy monkeys. NTM infections showed strong antibody
responses to MOT and PPD; moderate antibody responses to 16kDa, U1, MPT64L, 14kDa, and
TB16.3; and low antibody responses to 38kDa, Ag85b, CFP10, ESAT-6, and CFP10-ESAT-6. According
to the criteria of MTBC, only CFP10, ESAT-6, and CFP10-ESAT-6 showed negative antibody responses
in all NTM infections. Taken together, these results suggest that positive results of a PPD/MOT-based
ELISA in combination with results of antibodies to M. tuberculosis-specific antigens, such as CFP10
and ESAT-6, could discriminate NTM and MTBC infections. Two positive results indicate an MTBC
infection, and a negative result for an M. fuberculosis-specific antigen may preliminarily predict an
NTM infection.
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Introduction

Mycobacterium comprises more than 100 different
species of rod-shaped bacteria. Most mycobacteria, ex-
cept for Mycobacterium tuberculosis complex (MTBC)
and M. leprae, are defined as nontuberculous mycobac-
teria (NTM) [13]. Unlike MTBC, more than half of NTM
are not contagious, and the remaining NTM are always
associated with opportunistic infections [1]. Both human
and animals can be infected with NTM [4, 5]. There are

many reports on research into identification, diagnosis,
and treatment of NTM in human patients, but few reports
focused on those in nonhuman primates. A small number
of case reports on nonhuman primate NTM demonstrat-
ed highly similar outcomes to M. tuberculosis infections
in tuberculin skin test (TST) responsiveness, clinical
symptoms, and necropsies [3, 15].

Because of similarities in symptoms to MTBC, diag-
nosing NTM is actually very difficult. The most used
biochemical methods based on culture for species iden-
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tification are laborious and time-consuming, sometimes
even giving false results [14]. Molecular methods are
rapid and specific, but the efficiencies of sera/plasma-,
feces-, nasal swab-based PCRs are always unsatisfac-
tory. Previously, we established an indirect ELISA
method for diagnosing nonhuman primate tuberculosis
based on 10 M. tuberculosis proteins, purified protein
derivative (PPD), and mammalian old tuberculin (MOT)
[8]. After further optimization for detection procedures,
the method was more stable and presented ideal cutoff
values of 0.2-0.3 (ODy s, values). In this study, plasma
antibodies to the above 12 antigens were determined by
indirect ELISA to provide opportunities for research of
NTM serodiagnosis in rhesus monkeys (Macaca mu-
latta).

Materials and Methods

Animals and infection status

In a breeding farm that had experienced outbreak of
tuberculosis, positive TST reactions emerged continu-
ously in a rhesus monkey colony during routine quaran-
tines. Fourteen rhesus monkeys showing positive TST
reactions at least once were necropsied and identified as
having NTM infections by tissue-based PCR using two
primer pairs consisting of 16S rRNA and ESAT-6 gene
sequences to discriminate NTM and MTBC infections
as previously reported but with some modifications [12].
Here, we detected the 300 bp bands of the ESAT-6 gene
with the following primers: F, 5'-ATGACAGAGCAG-
CAGTG-3'; R, 5'-GCCCTATGCGAACATCCC-3'.
Gross and microscope observations were recorded and
analyzed according to the rules of M. tuberculosis in-
fected monkeys [9]. The experimental protocol was re-
viewed and approved by the Institutional Animal Care
and Use Committee of Guangdong Laboratory Animals
Monitoring Institute (AAALAC accredited).

Sera

Sera from NTM infections confirmed postmortem
were used in this study. Ten positive control sera were
from monkeys identified as having M. tuberculosis infec-
tions by necropsy and bacterial culture, which were used
in our previous report [8]. Ten sera from healthy rhesus
monkeys with negative TST reactions were set as nega-
tive controls. All sera were separated by centrifugation
and stored at —80°C.

Antibody detection by ELISA

The ELISA procedure was performed as previously
reported with some improvements of the reaction system
[8]. Here, the coating concentration for all 10 M. tuber-
culosis proteins (CFP10-ESAT-6, ESAT-6, CFP10,
Ag85b, MPT64L, Ul, TB16.3, 38kDa, 16kDa, and
14kDa) was 0.5 ug/ml. The coating concentration for
PPD and MOT was 4,000 IU/ml. Goat anti-monkey IgG
antibody conjugated to horseradish peroxidase was
changed to mouse anti-monkey IgG monoclonal anti-
body conjugated to horseradish peroxidase diluted
1:20,000. After further optimization for detection pro-
cedures, the method was more stable and presented
ideal cutoff values of 0.2—0.3 (ODy,s, values), which are
shown in Table 2.

Data analysis

All numerical parameters are presented as the mean
+ SD. A heat map was used to illustrate the antibody
profiles.

Results

Infectious outcomes of NTM

The infectious outcomes are listed in Table 1. No ob-
vious clinical symptoms except occasional cough were
observed for 2 monkeys. Thirteen of the 14 monkeys
presented gross or histopathological lesions in at least
one site, and only 1 monkey showed no pathological
changes at necropsy. Bronchial lymph nodes and lungs
were most often included in the infections, indicating
that NTM mainly spread via the respiratory route. The
extrapulmonary organs, such as the spleen, liver, and
kidney, were also involved in the infections, which dem-
onstrated that NTM could result in systemic infections
in monkeys.

Detection of antibodies in NTM infections

Serological responses to 10 M. tuberculosis antigens,
PPD, and MOT were measured by indirect ELISA, and
the OD values are listed in Table 2. Positive ratios were
calculated according to the criteria of tuberculosis in
nonhuman primates. The results showed that all monkeys
presented positive antibody responses to PPD and MOT
and negative antibody responses to CFP10, ESAT-6, and
CFP10-ESAT-6. There was only one monkey that gave
a positive antibody response to Ag85b, with a positive
ratio of 7.1%. For the other antigens, the positive ratios
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Table 1. The outcomes of monkeys naturally infected with NTM

Infectious outcomes

Percentage of animals

Animal numbers?

Clinical results
Occasional cough
TST-positive reaction'

Gross observation
Enlarged bronchial lymph nodes
Granuloma in lung
Granuloma in spleen
Granuloma in liver
Granuloma in kidney

Histopathology?
Bronchial lymph nodes
Lung
Spleen
Liver
Kidney

11.5% (2/14) 2,7
100% (14/14) All

71.4% (10/14) 2,3,5
78.6% (11/14) 1,2,3
42.9% (6/14) 2,3,5-
28.6% (4/14) 2,5,7
11.5% (2/14) 7.1

71.4% (10/14) 2,3,5-9
85.7% (12/14) 1-3,5-1
42.9% (6/14) 2,3,5-7
28.6% (4/14) 2,5,7,1
11.5% (2/14) 7,1

IThere was at least one positive reaction after receiving repeated TSTs. 2The fol-
lowing findings were considered specific pathological changes: caseous granulo-
mas, nonnecrotic granulomas, granulomatous inflammation, etc. *Animal numbers:
1, H01025; 2, S03092; 3, G06031; 4, G10104; 5, no ID (old); 6, S01066; 7, G10130;
8, G07284; 9, S01220; 10, S01732; 11, GO9088; 12, G09109; 13, G09025;14, no ID

(young).

Table 2. Antibody responses to MOT, PPD, and M. tuberculosis-specific proteins

Antigens 0Dy, values Cutoff values  Positive ratios  Positive animal numbers
MOT 1.54 £ 0.60 0.280 100% (14/14)  All animals
PPD 1.62+0.70 0.217 100% (14/14)  All animals
16kDa 0.52+0.44 0.257 42.9% (6/14) 1-3,6-8
Ul 0.66 +0.62 0.320 50.0% (7/14) 1-3,6,7,11, 13
MPT64L 0.38+0.31 0.246 50.0% (7/14) 1-3,6,7,11, 13
14kDa 0.38+£0.29 0.286 42.9% (6/14) 1-3,6,7, 11
TB16.3 0.35+0.32 0.271 28.6% (4/14) 1,3,6,11
38kDa 0.22+0.17 0.262 14.3% (2/14) 1,2
Ag85b 0.16 £ 0.07 0.248 7.1% (1/14) 1
CFP10 0.18 £0.08 0.259 0(0/14) None
ESAT-6 0.13+0.05 0.214 0(0/14) None
CFP10-ESAT-6 0.16 +£0.04 0.229 0(0/14) None

for the antibodies against them ranged from 14.3 to 50%.

Antibody profiles

According to the OD values of each selected antigen,
a heat map based on color intensity shifting from red to
yellow to green to blue was generated for the relative
strength of reactivity of each antigen in individual sera
from high to low levels (Fig. 1). For NTM infections,
three major antigen clusters emerged in multivariate
analysis of the profiles of antibodies against all 12 anti-
gens. MOT and PPD were included in cluster 1 with the
highest reactivities, followed by 16kDa, Ul, MPT64L,
14kDa, and TB16.3 in cluster 2, while 38kDa, Ag85b,
CFP10, ESAT-6, and CFP10-ESAT-6 were classified into
clusters 3, which showed the lowest reactivities.

Different from NTM infections, the MTBC infections
gave no obvious clusters for any antigens. Each infection
presented positive antibody responses to more than half
of the antigens. But no single antigen reached 100%
positive serological reactivity in MTBC infections. The
healthy monkeys showed negative antibody responses
to all antigens, exhibiting the 2 lowest of colors on the
heat map.

Comparisons of antibody characteristics between NTM
and MTBC infections

Antibodies against the 12 antigens in 10 tuberculosis-
positive monkeys and 10 healthy monkeys were com-
pared with those of monkeys with NTM infections. All
antigens showed high serological reactivities in most
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Fig.1. Heat map of antibody reactivity to 12 antigens. Selected antigens are listed at the

top of the heat map and divided into 3 clusters according to the relative strength of
antibody reactivity of each antigen in sera from monkeys with NTM infections.
Sera are numbered on the left side of the heat map. The color intensity, which
ranges from red to yellow to green to blue, indicates the reactivity from the high

to low levels. *E/C=CFP10-ESAT-6.

monkeys with tuberculosis infections and low reactivi-
ties in healthy animals. The antibody levels (mean = SD)
in monkeys with tuberculosis tended to be higher than
those in healthy monkeys for all antigens, while monkeys
with NTM presented different antibody characteristics.
Antibodies for PPD and MOT in monkeys with NTM
showed the same characteristics as monkeys with tuber-
culosis, demonstrating higher antibody levels than in
healthy monkeys. For the other antigens, the levels of

antibodies against them were lower than in the monkeys
with tuberculosis. No statistical differences between
monkeys with NTM and healthy monkeys were found
in antibodies to CFP10-ESAT-6, ESAT-6, CFP10, Ag85b,
and 38kDa. For the remaining antigens, MPT64L, Ul,
TB16.3, 16kDa, and 14kDa, antibodies to them were
higher in monkeys with NTM than those in healthy mon-
keys.
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Discussion

Tuberculosis in nonhuman primates is highly conta-
gious disease, and the most important causative agent is
M. tuberculosis. However, in recent years, NTM in non-
human primates has also been identified in the etiology
of tuberculosis-like syndromes [3, 15]. For human pa-
tients, especially those following initiation of antiretro-
viral treatment, NTM is often underdiagnosed or misdi-
agnosed as tuberculosis [10]. Generally, an accurate
diagnosis can be made for patients in whom NTM is
isolated from one or more sources. However, it is diffi-
cult to diagnose patients in whom NTM has not been
isolated, and it is also a challenge to differentiate NTM
infection from MTBC infection. Therefore, sequencing
of the 16SrRNA genes is suitable for identification of
bacteria [6], which is limited by DNA sources of clinical
samples.

For most nonhuman primates breeding farms in China,
tuberculosis screening at routine quarantines is mainly
based on PPD- and MOT-TSTs. In a breeding farm that
had battled an outbreak of tuberculosis, we found 14
rhesus monkeys with a tuberculosis-like disease, show-
ing positive TST reactions and typical lesions (Table 1).
Further PCR-based analysis proved that they had NTM
infections. In this study, we extensively used serum
samples to profile the antibodies against 12 M. tubercu-
losis antigens, providing hope for the research of NTM
serodiagnosis.

By using indirect ELISA, we detected the antibody
responses to 10 recombinant M. tuberculosis proteins,
PPD, and MOT in 14 monkeys with NTM infections.
According to the cutoff values of each antigen for diag-
nosing tuberculosis infection, the percentages of animals
positive for antibodies against the different antigens were
determined. The highest ratios of positive antibody re-
sponses were found for MOT and PPD, both of which
were 100%, followed by 16 kDa, Ul, MPT64L, 14 kDa,
TB16.3, 38kDa, and Ag85b, the ratios of which ranged
from 7.1 to 50%. However, all animals showed negative
antibody responses for CFP10, ESAT-6, and CFP10-
ESAT-6.

The antibody information (OD values) was further
used to draw a heat map, which classified the antigens
into 3 clusters according to the relative strength of anti-
body reactivity in monkeys with NTM infections. MOT
and PPD showed the highest antibody reactivities, fol-
lowed by 16kDa, U1, MPT64L, 14kDa, and TB16.3. The

remaining 5 antigens presented low antibody reactivities.
The healthy monkeys showed negative antibody re-
sponses to all antigens with the 2 lowest classes of col-
ors on the heat map. Different from the monkeys with
NTM infections, each monkey with an MTBC infection
presented positive antibody responses to more than half
of the antigens, giving no obvious clusters for all anti-
gens. The monkeys with MTBC infections had not yet
reached 100% positive antibody responses to any single
antigen, though combination of the results for all anti-
gens resulted in a 100% detection rate. There are two
possible reasons for this result: (1) the lack of perfor-
mance of a single-antigen ELISA and (2) false negative
antibody responses possibly caused by serum protein
degradation as a result of preservation of samples for too
long. The MTBC-positive sera used in this study were
collected before 2011.

In our previous study regarding diagnosis of nonhu-
man primate tuberculosis, CFP10 and Ag85b showed the
highest diagnostic potential, followed by ESAT-6 and
CFP10-ESAT-6 [8]. As we have optimized the ELISA
system, the previous data could not be used directly for
comparison with NTM infections. Here, we examined
10 naturally tuberculosis-positive sera and 10 sera from
healthy monkeys by the optimized method, and the an-
tibody characteristics of the positive sera were the same
as those in our previous data, with significantly higher
levels in the positive sera than in the negative sera. When
compared with the levels in the negative sera, the levels
of antibodies against PPD, MOT, 16kDa, U1, MPT64L,
14kDa, and TB16.3 in sera from monkeys with NTM
infections tended to be higher, indicating that these an-
tigens could not distinguish the NTM and MTBC infec-
tions, though the levels of antibodies to MPT64L and
TB16.3 in sera from monkeys with NTM infections were
lower than those in sera from monkeys with tuberculosis
infections. Due to moderate diagnostic potential for tu-
berculosis, 38kDa antigen was also not suitable for dis-
tinguishing NTM and MTBC infections; even its anti-
body reactivity in sera from monkeys with NTM
infections was low. There were no differences between
sera from monkeys with NTM infections and sera from
healthy monkeys with respect to for Ag85b, CFP10,
ESAT-6, and CFP10-ESAT-6, while significant differ-
ences were found between sera from monkeys with NTM
and tuberculosis infections, suggesting their great values
in discriminating NTM and MTBC infections. Though
there are a few reports indicating the immunological
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cross-reactivity of M. tuberculosis ESAT-6 with ESAT-6
homologues of M. avium and M. kansasii in an IFN-y
assay [2, 11], no evidences was found indicating that
serum antibodies to ESAT-6 could be detected in NTM
infections.

Taken together, these results suggest that positive re-
sults of a PPD/MOT-based TST or serum ELISA in
combination with results of antibodies for M. tubercu-
losis-specific antigens, such as CFP10 and ESAT-6, could
discriminate NTM and MTBC infections. Two positive
results indicate an MTBC infection, and a negative result
for an M. tuberculosis-specific antigen may preliminar-
ily predict but not confirm an NTM infection, as the
sensitivity of the M. tuberculosis-specific antigen-ELISA
is not 100% [7]. Our findings in this study, although
preliminary in nature due to the small clinical sample
sizes, contribute knowledge to the ongoing development
of serodiagnosis of mycobacteria infection. Further stud-
ies will employ a larger number of specimens to validate
the diagnostic value of specific antigens.
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