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Abstract: Mycobacterium tuberculosis, the pathogen that causes tuberculosis (TB), is becoming
increasingly recognized as an important cause of fatal chronic illnesses in China. In this study, we
report an infectious disease among 84 rhesus macaques at a Chinese zoo. Their clinical signs and
symptoms were very similar with the manifestations of TB in humans. To determine the potential
pathogens of this outbreak, many methods were used. First, tuberculin skin tests showed that none
of the monkeys displayed significant skin reactions. Subsequently, the sera were tested for specific
antibody 1gG; 29 (34.5%) and 39 (46.4%) blood samples tested positive by TB-IgG and TB-DOT,
respectively. Radiographic examination showed characteristic imageology changes in 14 (16.7%)
monkeys. One individual determined as positive by the above three methods was euthanized, and
histopathological analysis demonstrated typical granulomas and caseous necrosis in the lung, liver,
spleen, and intestine. Furthermore, the pathogenic mycobacteria were isolated from lung lobe, cultured
on acidic Lowenstein-Jensen culture medium, and identified as M. tuberculosis by real-time PCR and
DNA sequencing. Nevertheless, the origin of the infection remained unknown. These findings
emphasize the need to strengthen the management and training of staff, especially those working at
animal shelters.
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Introduction clinical signs, such as weight loss, coughing, and an-
orexia, which were very similar to the manifestations of
Recently, a severe outbreak of an infectious disease  tuberculosis (TB) in humans. TB, one of the major hu-

occurred among 84 rhesus macaques in a zoo in China.  man infectious diseases, has been considered as a severe
The rhesus macaques have been quarantined to observe  and even lethal disease responsible for 1.5 million deaths
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each year worldwide [42]. TB is caused by Mycobacte-
rium tuberculosis, usually via the respiratory route
within and between species, leading to serious pulmo-
nary lesions accompanied by caseous necrosis and
granuloma, as well as in other organs [39]. As an anthro-
pozoonosis, TB has also been regarded as a serious infec-
tious threat that could result in progressive pulmonary
disease in many non-human primate (NHP) species.
Indeed, among these, the rhesus macaques are highly
susceptible to M. tuberculosis [17, 24]. Several outbreaks
of M. tuberculosis infection in rhesus macaque have been
previously reported [8, 11, 25, 33, 34, 38, 41, 43, 49].
Given that the infected animals could transmit the dis-
ease to humans, it becomes vital to identify the original
pathogen and ways to control TB transmission between
humans and animals.

Currently, accurate diagnosis of M. tuberculosis infec-
tion in NHP colonies remains challenging, and the infec-
tion may often go undetected for weeks or even months.
The tuberculin skin test (TST) is well known as the gold
standard screening tool for the diagnosis of M. tubercu-
losis infection in humans and NHP colonies. However,
TST remains inadequate due to false-positive or false-
negative results at times [2, 7, 27], and to its sensitivity
and specificity [6, 10, 12, 19]. The false-positive results
are due to cross reactivity of the tested samples with
environmental non-tuberculous mycobacteria (NTM) or
bacille Calmette-Guerin (BCG), while the false-negative
results are known to occur because of anergic humans
and animals with an inadequate T-cell response when
severely infected with M. tuberculosis [2, 7, 10]. There-
fore, other screening tools combining findings of sero-
logical, radiographical, pathological, microbiological,
and cytological nature, with mycobacterial culture and
qRT-PCR assays, should be used together with TST to
make a definitive diagnosis of M. tuberculosis in NHP
colonies.

The aim of this report was to determine the pathogen
responsible for this outbreak by multiple screening as-
says and to call for adopting strict quarantine measures
and conventional anti-tuberculosis antibody detection in
NHP for optimal TB detection.

Materials and Methods

Animals and ethics statement
All 84 rhesus macaques suspected of contracting an
infection of M. tuberculosis in a wild zoo in China were

numbered randomly. These macaques ranging in age
from 0.5 to 8 years and weighing 1.6-9.7 kg were ob-
served at the zoo in 2013. Prior to TST and other ex-
aminations, the animals were anesthetized with 10 mg/
kg ketamine hydrochloride. All animal experiments were
approved by the Animal Ethical Committee, and the
animal care met the committee’s standards. Rhesus ma-
caques were well cared for in the facilities, and all efforts
were made to minimize suffering according to Experi-
mental Animal Regulation Ordinances defined by China
National Science and Technology Commission.

Tuberculin skin test

The eyelid of rhesus macaque was used to observe the
results of TST. In order to evaluate the results objec-
tively and realistically, two methods [Purified protein
derivative of tuberculin (TB-PPD) and recombinant
CFP10/ESAT®6 fusion protein] were used. The TST was
performed by intradermal injection of 0.1 ml of TB-PPD
(50 IU/ml, Sanroad Biological Products Co., Ltd., Bei-
jing, China) into the left eyelid and 1 ug recombinant
CFP10/ESAT6 fusion protein (Hisun Pharmaceutical
Co., Ltd., Taizhou, Zhejiang, China) into the right eyelid.
Eyelid reactions were recorded and graded with the stan-
dard 5-point scoring system based on erythema, bruising,
and swelling at 24, 48, and 72 h after injection [7].

Detection of sera antibodies

Blood samples (5 ml) were collected from 84 rhesus
macaques via femoral veins prior to TST, and then cen-
trifuged at 3,000 rpm for 5 min to obtain the sera. The
sera were stored at —20°C until use. Two commercial
rapid colloidal gold immunoassay kits (qualitative anal-
ysis), TB-DOT (Upper Bio-Tech Pharma Co., Ltd.,
Shanghai, China) and TB-IgG (Modern Gaoda Biotech-
nology Co., Ltd., Beijing, China), were used to detect
the M. tuberculosis specific IgG level according to the
instructions of manufacturers. Additionally, sensitivity
between the two assays was also compared. Each tested
sample was read and recorded in 15-20 min, and the
determination of results was based on color intensity of
spot or line. Usually, it is considered as positive if the
test spot or line is clear, and negative if not.

Chest X-ray (CXR) examination
Each rhesus macaque was gently fixed on the operat-

ing table by its arms and legs. The radiographs were
obtained from a mobile radiographic unit (M226668CE)
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provided by the People’s Hospital of Dongsheng county
(Inner Mongolia Autonomous Region, China) to diag-
nose the lung condition.

Necropsy

To identify any further gross lesions in the rhesus
macaques, necropsy was performed, and all necessary
safety precautions were taken by the pathologist during
the procedure. One of the rhesus macaques which indi-
cated positive results in sera antibodies and radiographs
as well as clinical symptoms was selected to be eutha-
nized via intravenous overdose injection of sodium pen-
tobarbital prior. The chest and abdominal cavity were
opened using a sterile scalpel, and the lungs, liver,
spleen, and part of the intestines were removed. Subse-
quently, these organs were placed in a sterile container
to observe their pathological status, and gross lesions
were photographed in detail.

Histopathological examinations

The lungs, liver, spleen, and intestines were fixed in
10% (vol/vol) formalin overnight before paraffin embed-
ding according to conventional methods. The organs
were cut longitudinally across the coronal plane into
5-um sections and stained with hematoxylin and eosin
(H&E) for histopathological evaluation or Ziehl-Neelsen
for acid-fast bacilli under an Olympus DP71 microscope.

Mycobacterial culture

Eighty-four rhesus macaques were divided into eight
groups according to the results of TB-DOT, TB-IgG, and
chest X-ray. The positive or negative samples in TB-
DOT, TB-IgG, and chest X-ray examination were marked
with DY, "7, and X', respectively. One sample of
lungs collected from a rhesus macaque in the D*T"X*
group was homogenized by a sterile grinder with equiv-
alent volume of 1% sodium hydroxide. Subsequently,
the lung homogenate was plated on acidic Lowenstein-
Jensen culture medium (Baso Biotechnology Co., Ltd.,
Zhuhai, China) and incubated at 37°C for 4 weeks.

qRT-PCR and DNA sequencing

After the paraffin sections of the granulomas were
cultured with Lowenstein-Jensen culture medium, the
colonies were collected with a sterile tube and were heat
inactivated (95°C, 30 min). Genomic DNA was extract-
ed from the colonies, and strain-specific DNA fragment
was amplified by qRT-PCR according to our previous

Fig. 1. Tuberculin skin test in M. tuberculosis-
infected representative rhesus macaque.
The rhesus macaques were intradermally
injected in the left eyelid with 0.1 ml of 5
IU TB-PPD and in the right eyelid with 1
ug recombinant CFP10/ESAT6 fusion
protein, respectively. No significant swell-
ing and nodules were observed on the left
or right eyelid of experimental animals at
24, 48, and 72 h after injection.

study [46]. In addition, 16S rRNA gene fragment was
amplified and sequenced by Sangon (Beijing, China) to
confirm the qRT-PCR results [44]. Furthermore, the se-
quence was compared with those registered in the Gen-
Bank database by BLAST analyses. Only 100% identi-
ties with mycobacteria were determined as
mycobacterium species.

Results

Eyelid reactions of rhesus macaques

TST were carried out in all 84 rhesus macaques by
intradermal injection of TB-PPD (0.1 ml, 5 IU) into the
left eyelid and recombinant CFP10/ESAT6 fusion protein
(1 ug) into the right eyelid. The results showed that,
regardless of the method used to perform TST, no sig-
nificant swelling and nodules were observed on the left
or right eyelid of experimental animals 24, 48, and 72 h
after injection (Fig. 1).
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Table 1. Screening of positive rhesus macaque
cases

D? I Xb Number

— - - 29

+ - - 10

- + - 19

+ + - 12

- - + 5

+ - + 1

- + + 2

+ + + 6
Total 84

a: Blood samples were collected from rhesus ma-
caques numbered randomly from 1 to 84, and the
specific antibodies were detected with TB-DOT
(abbreviated as D) and TB-IgG (abbreviated as I).
The positive or negative samples in TB-DOT and
TB-IgG examination were marked with D'~ and
', respectively. b: The condition of lung was
examined with chest X-ray (abbreviated as X).
The positive or negative samples in chest X-ray
examination were marked with X* or X",
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Serological and imageological analyses

Eighty-four rhesus macaques were tested for specific
antibodies with TB-DOT (abbreviated as D in Table 1)
and TB-IgG (abbreviated as I in Table 1), and examined
lungs lesions by CXR (abbreviated as X in Table 1). As
showed in Table 1, 29 (34.5%, D'T""X""), 39 (46.4%,
DY T*X*"), and 14 (16.7%, D™ T7"X") positive cases
were found with TB-DOT kit, TB-IgG kit, and chest
X-Ray, respectively. Among those, 12 positive cases
(14.3%, D'T*X") were simultaneously found with both
TB-DOT kit and TB-IgG kit, only one positive case
(1.2%, D'T"X") was simultaneously found with both
TB-DOT kit and CXR, two positive cases (2.4%, D™
["X") were simultaneously found with both TB-IgG kit
and CXR, and six positive cases (7.1%, D'T'X") were
simultaneously found with all three methods.

Moreover, the CXR examination showed that there was
no obvious imageological lesion in the lungs from rhesus
macaques in DY T""X group (Figs. 2A-D). In contrast,
flocculent shadows, tuberculoma, calcifications, and un-
even distribution of tubercles were observed in the lungs
from rhesus macaques in DT~ X" group (Figs. 2E-H).

X

Fig. 2. Chest X-ray of representative rhesus macaques in each group. Eight representative rhesus macaques (No.
2,5,11,31,77,47,70 and 53) in DT X", DT’ X", D I'X", D'I'X", DT X', D'T X', D'T'X", and DT"X"
group were chosen to evaluate the condition of lung, respectively. Their radiographs are indicated with A,
B, C, D, E, F, G, and H in this figure. No obvious radiographic lesion was observed in the lung of rhesus
macaques from D™ T""X" groups. However, kinds of radiographic lesions were observed in the lung of
rhesus macaques from D*"T""X* groups, including flocculent shadows, tuberculoma, calcifications, and
uneven distribution of tubercles (indicated by arrow in E to H).
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Fig. 3. Gross pathological changes of organs collected from rhesus macaques infected with M.
tuberculosis. One rhesus macaque each in D*'T"X" and D'T X (as a negative control) group
was euthanized via intravenous injection with overdose of pentobarbital sodium. Vivisection
and tissue dissection revealed no obvious pathological changes in the main visceral organs
of the rhesus macaque in DI X" group (A). In contrast, numerous miliary tubercles and
extensive caseous necrosis were observed on the surface of the lung (B), spleen (C), and
liver (D) collected from the rhesus macaque in D*T'X" group.

Necropsy and histopathological analyses

One rhesus macaque from each of the D'T"X™ and
D*T"X* groups were euthanized via intravenous injection
with overdose of sodium pentobarbital prior. Based on
the necropsy, there were no distinct lesions in the lungs,
spleen, and liver from rhesus macaque in D"T"X™ group
(Fig. 3A). In contrast, multiple miliary tubercles and
caseous necrosis were observed in the lungs (Fig. 3B),
spleen (Fig. 3C), and liver (Fig. 3D) of rhesus macaque
in D'T"X* group.

The histopathological tissue analysis revealed severe
lesions in rhesus macaques in D*T"X" group. Multiple
areas of caseous necrosis of different sizes and inflam-
matory cell infiltration were observed in the lungs (Fig.
4A). The structure of the spleen was obviously damaged
with multiple large granulomas, localized calcifications,
and proliferation of connective tissue (Fig. 4B). Large
areas of caseous necrosis surrounded by epithelioid cells
and lymphocytes, inflammatory cells infiltration, and
vacuolar degeneration were observed in the liver (Fig.
4C). In intestines, typical caseous necrosis was surround-
ed by fibrillar connective tissue and inflammatory cells

(Fig. 4D). Additionally, acid-fast bacilli were observed
in tissue sections of lung by acid-fast stain (Fig. 4E).

Mycobacterial culture and species identification

In order to determine the pathogen, lung samples col-
lected from rhesus macaque in D*TX" group were cul-
tured after grinding. After 4 weeks, cauliflower-like
colonies were observed on the Lowenstein-Jensen cul-
ture medium. A fraction of bacterial colony was used to
qRT-PCR assay and DNA sequencing. The results con-
firmed the presence of M. tuberculosis complex-specif-
ic DNA in the colony (Fig. 5), which was further con-
firmed by the presence of M. tuberculosis 16S rRNA
gene by sequencing analysis (100% similarity).

Discussion

M. tuberculosis remains a worldwide major cause of
infectious disease-related mortality. Although M. tuber-
culosis infection has merited heightened awareness,
recognition, and frequently appropriate treatment, fatal-
ity of TB remains high in humans and domestic animals
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Fig. 4. Histopathological analyses. The organs collected from the
rhesus macaque in D*T'X* group were subjected to histo-
pathological examination. Large caseous granuloma and
infiltration of inflammatory cells in lung (A), localized
calcification, proliferation of connective tissue, and case-
ous necrosis in spleen (B), large caseous granuloma with
central necrosis surrounded by a narrow mantle zone in
the liver (C), inflammatory cell infiltration, caseous necro-
sis, and proliferation of connective tissue in intestines (D)
were observed by H&E stain using light microscopy at a
magnification of 100x. Additionally, acid-fast bacilli were
observed in a tissue section of lung by acid-fast stain (E)
under light microscope at original magnification times
1,000x%.

worldwide [20]. According to the World Health Organi-
zation (WHO) global TB report, as many as 9.6 million
persons are infected by M. tuberculosis, and almost 1.5
million died from the disease in 2014 [42]. Similarly, a
report presented by the National Bureau of Statistics
(NBS) of China estimated almost 889,381 new TB
cases and 2,240 TB deaths in 2014, which indicated that
TB remains a serious health problem in China.

As an anthropozoonosis, TB can spread between hu-
mans and animals [14, 40]. It has been recently demon-
strated that NHP were the most susceptible of all captive
animals to tuberculosis [26]. The lung is the most easily
infected organ in humans and NHP. Furthermore, the
pulmonary manifestations caused by mycobacterium
infections in NHP were similar to those observed in hu-
mans, and included caseous granulomata, calcification,
tuberculoma, and cavity lesions [3, 47]. These indicate
that the major modes of transmission of M. tuberculosis
from infected humans to animals are coughing, sneezing,
expectoration, or contaminated food [35, 40]. With the
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Fig. 5. qRT-PCR analysis. Genomic DNA was extracted from the
colony cultured from the lung tissue of the rhesus macaque
in D'I"X* group and amplified using qRT-PCR kit accord-
ing to the manufacturer’s instructions. The fluorescence
intensity of the sample (gray), positive control (red), and
negative control (green) was detected with 7,300 Real Time
PCR System (Applied Biosystems).

recent development of global economy and transporta-
tion, international travel and trade are developing rap-
idly in China, thus increasing the risk of TB transmis-
sion. Therefore, surveillance and response systems for
anthropozoonosis must be strengthened in 22 high-
burden TB countries that contribute as high as 80% of
the global burden of TB, particularly India and China,
which export large numbers of NHP [21, 42].

In addition to well-established systems, early diagno-
sis is a crucial process for the prevention and treatment
of TB infection. To diagnose M. tuberculosis infection
in a timely manner, several methods have been proposed
and used in previous studies, such as mammalian old
tuberculin (MOT) or TB-PPD, mycobacterial culture,
serum antibody detection, pathological analysis, ima-
geological examination, and PCR assays [1, 4, 28, 38,
42]. MOT has been the mainstay for screening M. tuber-
culosis infection in NHP colonies for more than 60 years.
However, as we were unable to obtain commercial MOT
kit in China, we opted to use commercially produced
TB-PPD to perform TST in this study. As one of the
methods used early in clinical diagnosis, TB-PPD is
recommended by the American Thoracic Society and the
Centers for Disease Control and Prevention [16]. In this
study, none of the 84 rhesus macaques exhibited any
reaction to TB-PPD and recombinant CFP10/ESAT6 fu-
sion protein in eyelids after 72 h; the results suggested
that rhesus macaques were not sensitive to M. tubercu-
losis antigen and required higher doses of antigen in skin
tests compared with humans, which is consistent with a
previous report [13]. Further studies are needed to de-
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termine the appropriate doses of antigens for inducing
skin reaction in the rhesus macaques.

TB-PPD was considered as the standard method in the
diagnosis of M. tuberculosis infection, but debates are
ongoing regarding inadequacies in terms of both false-
positive and false-negative results in assays [2, 7, 16].
Hence, other screening methods were used to make a
definitive diagnosis of M. tuberculosis in this study. The
lung is most easily infected by M. tuberculosis via drop-
lets transmission. After infection, M. tuberculosis begins
to grow in the lung following the decline of immunity
of the rhesus macaques, which results in further dam-
ages in other organs [18]. In this study, typical caseous
granulomas, composed of central caseation and sur-
rounding infiltrated lymphocytes and proliferated con-
nective tissue, were observed in the lungs, spleen, and
liver by histopathology. Caseous granuloma is consid-
ered a key protection mechanism in the immunopatho-
genesis of TB infection, prevention, and treatment [9,
15]. Moreover, the acid-fast bacilli could be observed in
the lung section, which indicates that the source of this
outbreak was M. tuberculosis [9]. These findings were
confirmed by CXR manifestations, such as calcification,
tuberculoma, and ground-glass opacity. A previous study
has advanced CXR as a screening tool in TB diagnosis,
however, the sensitivity and specificity of the CXR were
unsatisfactory [36], because the results depended on the
doctor’s knowledge and experience. Therefore, it is nec-
essary to improve the diagnostic performance by a well-
defined scoring system, CXR quality control, and clini-
cal manifestation.

Although mycobacterial culture is considered as the
standard method for the diagnosis of TB [31, 42], my-
cobacterium is characterized by slow growth, with char-
acteristic colonies usually requiring 3 to 4 weeks, which
limits its application in public health emergencies. Com-
pared to traditional mycobacterial culture, the qPCR
assay was described as a specific and sensitive method
to detect mycobacteria rapidly directly from clinical
specimens [4, 29, 32, 45]. In our study, a lung section
taken from infected rhesus macaques was ground and
cultured on Lowenstein-Jensen culture medium. Four
weeks later, cauliflower-like colonies were observed,
which was similar to the colony characteristics of M.
tuberculosis. Additionally, DNA sequencing using a
small amount of the colony revealed that the pathogen
in this case was M. tuberculosis. These findings cor-
roborate our pathological results. Some studies indi-

cated that PCR-based species identification is valuable
for M. tuberculosis detection in dogs and emphasized
that it is crucial to use such methods to diagnose TB in
animals successfully [4, 14, 29, 37].

Among the diagnostic methods examined during the
course of M. tuberculosis infection, serological diagno-
sis has advantages in its rapidity, sensitivity, reliability,
noninvasiveness, convenience, and low cost [5, 22, 23,
30, 47]. In recent studies, TB-antibody, Luciferase Im-
munoprecipitation Systems (LIPS), TB related interfer-
on-gamma release assay (TB-IGRA), and QuantiFER-
ON-TB Gold In-Tube (QFT-GIT) were used to detect M.
tuberculosis-specific antibodies in the sera or interferon
gamma in whole blood samples from humans and rhesus
monkeys. These methods had a higher diagnostic sensi-
tivity and specificity compared with traditional methods
[5, 22,23, 30]. In this study, two different TB-antibody
detection kits, TB-DOT and TB-IgG, were used to detect
M. tuberculosis-specific 1gG. As a result, at least 50
(59.5%) rhesus macaques were confirmed to be infected
by M. tuberculosis; the sensitivity of TB-1gG (78%,
39/50) was higher than that of TB-DOT (58%, 29/50),
which was consistent with a previous study [48].

In conclusion, we determined that the pathogen of this
outbreak was M. tuberculosis, but the source was still
unclear. We demonstrated that qPCR and serological
methods are valuable and sensitive tools for normal or
emergency screening in M. tuberculosis infection. Ad-
ditionally, as an anthropozoonosis, TB can be transmit-
ted between humans and animals, and a perfect manage-
ment system, scientific warning system, emergency
rescue system, and regular screening mechanism are very
important for prevention of such transmission.
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