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Clinical and Pathologic Features of Cynomolgus 
Macaques (Macaca fascicularis) Infected with 

Aerosolized Yersinia pestis

Roger Van Andel,1,4,* Robert Sherwood,1 Chris Gennings,3 C Richard Lyons,2 Julie Hutt,1 Andrew Gigliotti,1 and Ed Barr1

Since the anthrax attacks of 2001, the emphasis on developing animal models of aerosolized select agent pathogens has increased. 
Many scientists believe that nonhuman primate models are the most appropriate to evaluate pulmonary response to, vaccines for, 
and treatments for select agents such as Yersinia pestis (Y. pestis), the causative agent of plague. A recent symposium concluded 
that the cynomolgus macaque (Macaca fascicularis) plague model should be characterized more fully. To date, a well-characterized 
cynomolgus macaque model of pneumonic plague using reproducible bioaerosols of viable Y. pestis has not been published. In the 
current study, methods for creating reproducible bioaerosols of viable Y. pestis strain CO92 (YpCO92) and pneumonic plague models 
were evaluated in 22 Indonesian-origin cynomolgus macaques. Five macaques exposed to doses lower than 250 CFU remained free 
of any indication of plague infection. Fifteen macaques developed fever, lethargy, and anorexia indicative of clinical plague. The 2 
remaining macaques died without overt clinical signs but were plague-positive on culture and demonstrated pathology consistent 
with plague. The lethal dose of plague in humans is reputedly less than 100 organisms; in this study, 66 CFU was the dose at which 
half of the macaques developed fever and clinical signs (ED50), The Indonesian cynomolgus macaque reproduces many aspects of 
human pneumonic plague and likely will provide an excellent model for studies that require a macaque model.

Yersinia pestis is the causative agent of plague. Likely more 
people worldwide have died from Y. pestis infections than from 
any other single infectious disease.26,27 Bubonic plague, the most 
common form of the disease, results when the bacterium is inocu-
lated into the skin, typically by means of flea bites. The resulting 
cutaneous infection spreads to local lymph nodes; the swollen 
lymph nodes are known as bubos and often serve as a source of 
systemic infection. Although less common, the bacterium also 
can spread by aerosol, causing pneumonic plague. Pneumonic 
plague can result from pulmonary spread of systemic infection 
or from deliberate dissemination and is associated with nearly 
100% human mortality if left untreated. Y. pestis is susceptible 
to commonly available antibiotics if treatment begins soon after 
infection. However, depending on the route of infection, the time 
at which infection is confirmed is often too late for antibiotics to 
prevent significant morbidity or mortality.10 Because pneumonic 
plague is the form most likely to be seen in bioterrorism events,16 
interest in animal models has arisen to support development of 
vaccines and improved therapeutics.

Potential vaccines and therapeutic agents for plague must 
protect against the pneumonic disease, but contemporary pub-
lished data regarding disease pathogenesis using aerosolized Y. 
pestis pathogenesis in nonhuman primates are scant.4,9,21,23,24 In 

the United States, when vaccine or antibiotic efficacy cannot be 
evaluated in humans, an animal species that is reasonably ex-
pected to recapitulate human disease must be used.9 For many 
biothreat agents such as plague, a nonhuman primate model of-
ten is required. Although some laboratories have examined the 
cynomolgus macaque model of aerosolized plague briefly,1 no 
published reports fully characterize this model. Published stud-
ies have examined plague in the African green monkey or vervet 
(Chlorocebus spp., formerly Cercopithecus aethiops) and rhesus 
macaque (Macaca mulatta).1 Vervets reportedly are more sensi-
tive to plague than are macaques,4,24 such that some vervets are 
susceptible to infection with vaccine strains, casting some doubt 
on applicability of this species for plague studies.1 The disease 
in rhesus macaques differs from that in humans in that rhesus 
macaques frequently develop  disseminated intravascular coag-
ulation (DIC) and chronic pneumonia as a result of pneumonic 
plague while humans usually develop acute pneumonia with-
out DIC.1,7

Many participants at a recent symposium sponsored by the 
Food and Drug Administration and National Institute of Allergy 
and Infectious Disease endorsed the development of a cynomol-
gus macaque pneumonic plague model to support plague thera-
peutic and vaccine studies.8 The current study was undertaken to 
evaluate the Indonesian cynomolgus macaque as a model of aero-
solized Y. pestis Colorado 92 (YpCO92) for subsequent vaccine 
and therapeutic trials. We also sought to determine whether fever 
development could be used to determine a humane endpoint to 
the study, as an alternative to LD50 methods.
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Materials and Methods
Animals. Young adult (2 to 3 kg; males and females) Indone-

sian cynomolgus macaques were obtained from Scientific Re-
sources (Reno, NV). All animals were tuberculin test-negative 
and seronegative for Cercopithecine herpesvirus 1 (B virus), simian 
retrovirus, SIV, simian T-lymphotropic virus, and simian foamy 
virus. On receipt at the Lovelace Respiratory Research Institute, 
animals underwent a 30-d quarantine and tuberculosis testing 
prior to housing in individual 4.3 ft2 cages in the biosafety level 3 
building. Animals had contact with cohorts through allogroom-
ing panels in cages, had a 12:12-h light:dark cycle, and were fed 
a commercial primate diet (Global Primate Diet 2050, Harlan 
Teklad, Madison, WI). All work was approved by the Lovelace 
Respiratory Research Institute Institutional Animal Care and Use 
Committee.

Preparation of viable bioaerosols. Yersinia pestis strain Colora-
do 92 (YpCO92) was generously provided by C Richard Lyons 
(School of Medicine, University of New Mexico, Albuquerque, 
NM). YpCO92 seed stock was grown from a single colony in 
brain–heart infusion broth at 28 °C (C-24 Benchtop Incubator, 
New Brunswick, Edison, NJ) for 48 h. Viable cells were inocu-
lated onto tryptose–blood agar base slants and incubated an addi-
tional 48 h at 28 °C. Cells harvested from slants were rinsed with 
1% peptone broth. Viable cells were centrifuged, washed in PB 
and resuspended in cryoprotective medium (1% peptone broth 
plus 15% glycerol) and frozen in 1-ml aliquots at –80 °C. YpCO92 
working stock was prepared by direct inoculation of tryptose–
blood agar base slants from 1 vial of seed stock.

For aerosol exposure, a loopful of working stock was inocu-
lated onto each of 5 tryptose–blood agar base slants, which were 
incubated 48 to 96 h at 28 °C. Immediately prior to exposure of 
the macaques, cells were harvested by rinsing each slant with 
approximately 2 ml 1% peptone broth and by combining the con-
tents of the 5 tubes into a single 50-ml conical tube. The cells were 
centrifuged for 20 to 25 min at 2000 × g (Biofuge Stratos, Sorvall, 
Newtown, CT) and resuspended in 4 ml 1% peptone broth. The 
optical density at 600 nm of a 1:100 dilution of cell suspension in 
1% peptone broth was determined (SmartSpec 20, Bio-Rad Labo-
ratories, Hercules, CA) and compared against a previously pre-
pared growth curve and a 1% peptone broth control. Viable titers 
from the initial tryptose–blood agar base suspension, each spray, 
and each impinger were determined by plating triplicate 0.1-ml 
samples of serial dilutions of cell suspensions on trypticase soy 
agar plates (100 × 15 mm). For some low-titer impinger samples, 
0.5 ml of undiluted impinger fluid was plated in triplicate on 150 
× 20 mm trypticase soy agar plates. All plates were counted after 
at least 48 h of growth at 28 °C.

Aerosol system. Cynomolgus macaques were exposed to Y. pes-
tis in a head-only exposure system contained in a class III biosafe-
ty cabinet. Bacteria were aerosolized by using collision nebulizers 
and were delivered to the animals as previously described.14 Bac-
terial dilutions for aerosols were calculated according to a pub-
lished formula13 (Vm = 2.10 × body weight [kg]0.75), and total doses 
were delivered based on minute volumes measured by using 
plethysmography (Buxco Research Systems, Buxco Electronics, 
Wilmington, NC). Inhaled bacterial concentrations were adjusted 
such that target doses were administered in 6 l of inhaled aerosol. 
Bacterial doses to the macaques were confirmed through bacterial 
culture of all-glass impinger samples. The target particle size for 
deep pulmonary distribution was 2 to 5 mm. The aerosols in this 

study were generated with a collision nebulizer (model MRE/
CN24, 3-jet collision nebulizer, BGI, Waltham, MA).

Dose-range determination. Other studies have suggested that 
the ED50 of Y. pestis Colorado 92 (YpCO92) is 4.0 × 102.1,28 Effec-
tive dose testing is a refinement of lethal dose testing in which 
humane endpoints are chosen for euthanasia rather than allowing 
animals to die. We chose this 4.0 × 102 dose to begin characterizing 
the YpCO92ED50 in our laboratory. Monkeys were anesthetized 
with 5 mg/kg tiletamine–zolazepam (Telazol, Fort Dodge Ani-
mal Health, Fort Dodge, IA) and were exposed to target doses of 
0.25 to 100 ED50 (1.0 × 102 to 4.0 × 105 CFU), with actual delivered 
doses ranging from 0.03 to 70 ED50 (1.0 × 101 to 2.7 × 105 CFU) 
according to the principles of the up–down method.5 ED50 val-
ues and confidence intervals were characterized by using logistic 
regression (see Statistical analysis section).

Postexposure monitoring and determination of ED50. Animal 
care personnel monitored the macaques after exposure to Y. pestis; 
monitoring included at least twice-daily evaluation of mentation, 
appetite, and activity and once-daily temperature assessment. 
Rectal temperature was taken soon after the light cycle began 
each day; animals were anesthetized with 10 mg/kg ketamine 
for thermometry. Early exposures in our laboratory demonstrated 
that, consistent with data from others,28 macaques that develop a 
fever of at least 39.7 °C after exposure die within 48 h after fever 
detection. Therefore, all subsequent animals were euthanized 30 
to 36 h after development of fever of 39.7 °C or greater.

Necropsy and histology. All animals were necropsied immedi-
ately after euthanasia or within 8 h of death. At necropsy, gross le-
sions were recorded, and samples were collected for bacteriology. 
Samples collected included blood, spleen, liver, right middle lung 
lobe, tracheobronchial lymph nodes, and additional organs with 
lesions. Samples from tracheobronchial lymph nodes, liver, and 
spleen were collected and fixed in 10% neutral-buffered formalin 
for histology. Lung samples were infused with formalin after col-
lection of sections for microbiologic evaluation culture. Tissues 
were processed routinely, and 5-mm tissue sections were stained 
with hematoxylin and eosin for histopathologic analysis.

Microbiologic evaluation of blood and tissues. Nonquantitative 
blood cultures were performed prior to exposure, daily for 5 d 
after exposure and twice weekly thereafter when applicable. Ap-
proximately 1 ml of blood was added to a tube containing 5 ml 
tryptone–soy broth and incubated at least 48 h at 28 to 37 °C. A 
loop of this resuspension then was plated for colony isolation on 
blood agar plates, which were incubated at least 48 h and exam-
ined for growth of typical Y. pestis colonies. Suspect colonies were 
Gram-stained and evaluated microscopically to qualitatively con-
firm presence or absence of YpCO92. Tissue samples from lungs, 
liver, spleen, and pulmonary lymph nodes were obtained asepti-
cally at necropsy for microbiologic evaluation. Tissue samples 
were placed in 6 ml of sterile PBS and then into a second plastic 
bag and were homogenized by using a stomacher (Seward Lim-
ited, Norfolk, UK). After homogenization, a loopful of homoge-
nate was streaked for isolation on a blood agar plate. Blood agar 
plates were incubated at least 48 h and evaluated semiquanti-
tavely (scale, 1 to 4) for viable Y. pestis as described in Table 1.

Statistical analysis. Each animal was denoted with or without 
expression of fever or death. The ED50 (that is, the dose where 
50% of the animals had fever of at least 39.7 °C or died) and its 
corresponding 95% asymmetric confidence interval was estimat-
ed by using a logistic regression model. The model was param-
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eterized as

where x is the dose of Y. pestis (in CFU), and ED50 = 10b1
. Param-

eter estimates were found by using the method of maximum 
likelihood based on a binary likelihood using the delta method of 
PROC NLMIXED (SAS version 9.1, SAS Institute, Cary, NC). The 
asymmetric 95% confidence interval on the ED50 was estimated as

[10L, 10U]
where

and

and
 Var – b1

b0
˙̇

˙̇
was found by using the delta method of PROC NL-

MIXED, SAS version 9.1. An asymmetric confidence interval on 
the log10 scale was used in the calculation of L and U.

Results
To evaluate potential for Indonesian cynomolgus macaques 

to serve as a reproducible model of human pneumonic plague 
by using humane endpoints, 22 macaques were challenged 
with aerosolized doses of Y. pestis Colorado 92 ranging from 12 
to 42,700 CFU. The macaques then were evaluated for clinical 
disease, bacteremia, and pathology. Of the 22 macaques, 17 de-
veloped plague (Tables 1, 2). Of these 17, 2 died with no premoni-
tory signs; the remaining 15 plague-positive macaques developed 
fever (39.7 °C or greater) as the initial clinical sign of disease. All 
of these 15 animals also developed subsequent clinical signs of 
lethargy and anorexia 24 to 30 h after fever detection (Table 2). 
Lethargy manifested as sitting at the bottom of the cage, reticence 
to move around the cage, reluctance to use enrichment devices, 
and lack of normal interaction with the care staff. Five macaques 
exposed to doses lower than 250 CFU remained plague-free; 3 
of these animals were dosed at less than 60 CFU (Table 2). One 
macaque that remained plague-free by our criteria was exposed 
to 198 CFU; this macaque developed fever and lethargy and was 
euthanized 7 d after exposure but had no bacteriologic, gross, or 
histologic evidence of plague infection.

Blood cultures obtained on days 1 through 5, 7, and 11 (when 
applicable) after exposure confirmed Y. pestis bacteremia in ani-
mals that later succumbed to infection (Table 1). Culture of tis-
sues revealed Y. pestis in lungs, tracheobronchial lymph nodes, 
or spleens of all animals that had developed bacteremia (Table 1). 
Severity of gross lesions correlated with delivered dose and clini-
cal course at doses higher than 264 CFU; the correlation was less 
consistent at doses below this level. Distribution of the pneumo-

Table 1. Qualitative analysis of Y. pestis bacteremiaa from samples taken daily on days 1 to 7 postinoculation or by semiquantitative analysis of tissue 
colonization after euthanasia

Tissue colonization

Y. pestis dose (no. CFU) Bacteremia Lung TBLN Spleen Liver Gram stain of pulmonary tissue

12 – – – – – –
16 – – – – – –
35 + (3, 4) ++ ++ ++ + ++
58 ++++ – – – – –
122 + (6, 7) + ++ + + ++++
169 +++ +++ ++ ++ ++ ++
174 – – – – – +++
198 – – – – – –
208 + (3, 4) ++ ++ + + +++
227 – – – – – –
262 + (5, 6) +++ ++ + ++ ND
264 + (6, 7) +++ ++ ++ ++ ND
295 + (4, 5) ++++ ++++ ++ +++ ND
353 +++ ++++ +++ +++ +++ ND
374 ++++ ++++ ++ ++ ++ ND
479 – +++ ++ – + ND
759 – +++ ++ – – ND

3050 ++++ ++++ ++++ ++++ ++++ ND
4410 + (4, 7) +++ + + + ND
4850 ++++ ++++ ++++ ++++ ++++ ND

12400 + (3, 4) ND ND ND ND ND
42700 +++ ND ND ND ND  ND

–, no growth; + = 1 to 100 CFU; ++ = 101 to 1000 CFU; +++ = 1001 to 100,000 CFU; ++++ = more than 100,000 CFU); ND, not done; TBLN, tracheobron-
chiolar lymph nodes.
aDays on which bacteremia was seen are noted in parentheses.

Pfever or death = 1 + exp(–(b0 + b1 log10 (x)))
1

b0

L = – b1
 – t1–a/2; N–2   Var – b1

b0
ˆ

ˆ
b0
ˆ

ˆ

U = – b1
 + t1–a/2; N–2    Var – b1

b0
ˆ

ˆ
b0
ˆ

ˆ
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nia (that is right versus left lung, cranial versus caudal lung) was 
random among animals (Table 3). Gross lymphadenopathy was 
limited to the tracheobronchial lymph nodes. Histologic lesions 
included suppurative bronchopneumonia, fibrinous interstitial 
pneumonia, splenic leukocytosis, suppurative splenitis, and tra-
cheobronchial lymphadenitis (Table 4, Figure 1).

Except in the 2 cynomolgus macaques that died without pre-
monitory signs, euthanasia was successful as a humane endpoint, 
as expected when choosing humane endpoints for an ED50 study 
rather than using death as a definitive endpoint as in a traditional 
LD50 study.25 On the basis of these data, the macaques exposed 
to 12, 16, 58, 198, or 227 CFU were considered to have survived 
exposure to YpCO92. The ED50 calculation was based on a logistic 
regression model on log10(dose). A Hosmer–Lemeshow goodness-
of-fit test was not significant (P = 0.99), indicating no evidence of 
lack of fit of the model to the data. The estimated ED50 was 66 
CFU, with a 95% asymmetric confidence interval of 19 to 228 CFU 
(Table 5).

Discussion
The goal of this study was to evaluate the cynomolgus ma-

caque model of pneumonic plague with humane endpoints. In-
donesian cynomolgus macaques demonstrated several aspects 
of human pneumonic plague. These animals developed clinical 
disease 36 to 48 h after exposure to Y. pestis aerosol. Subsequent 
dissemination from lung to lymphoid tissues including liver and 
spleen, as seen in our Indonesian macaques, is consistent with 
human disease but has not been consistently reported for rhesus 
and vervet models.1,15,20

The first sign of infection in 15 plague-positive macaques was 

fever (Table 2), and 2 additional macaques died with no premoni-
tory signs. Fever as the initial sign of plague is consistent with 
previous studies of YpCO92 in macaques,28 in which the animals 
died within 48 h of fever development. Therefore, we considered 
that detection of fever was an indication that animals were bacter-
emic and would not survive. In the current study, macaques were 
euthanized 30 to 36 h after detection of fever exceeding 39.7 °C. 
As in the rhesus model, 7 survival time was not directly correlated 
with bacterial dose, but unlike the rhesus model, in which fever 
was unreliable,16 fever development in cynomolgus macaques 
mirrors human symptoms. The 15 cynomolgus macaques that 
developed fever remained clinically normal for approximately 24 
h after fever development, after which they demonstrated leth-
argy, anorexia, and decreased cage exploration. Unlike previous 
published reports of pneumonic plague in rhesus1,6,7 and unpub-
lished reports in cynomolgus macaques,28 the macaques in the 
current study did not show tachypnea or other clinical signs of re-
spiratory distress. Although respiratory distress was not evident 
clinically, the gross and histologic lesions in our animals indicated 
significant respiratory pathology. The difference in clinical signs 
may reflect host immune variance, as discussed later.

Although the Indonesian macaque model appears to success-
fully mimic the human disease, the study highlights several chal-
lenges faced in developing aerosol studies of bacterial pathogens 
with humane endpoints. The first challenge inherent in aerosol 
pathogen studies is determining the success of the aerosol meth-
ods. Although the basic techniques are well established, aero-
solization involves shear forces and desiccation, which inevitably 
kill an undefined percentage of the initial bacterial culture. Expo-
sure doses typically are evaluated through sampling downstream 

Table 2. ED50 determination according to the up–down method5 

Challenge dose (no. of CFU) Clinical course Time of euthanasia (no. of days postexposure)

12 No signs NA
16 No signs NA
35 Fever, followed by lethargy 4
58 No signs NA

122 Fever, followed by lethargy and anorexia 7
169 Fever, followed by lethargy and anorexia 5
174 Fever followed by lethargy and anorexia 5
198 Fever followed by lethargy and anorexia 7
208 No signs Died at 4 d postinoculation
227 No signs NA
262 Fever followed by lethargy and anorexia 7
264 Fever followed by lethargy and anorexia 7
295 Fever followed by lethargy and anorexia 5
353 Fever followed by lethargy and anorexia 4
374 Fever followed by lethargy and anorexia 7
479 Fever followed by lethargy and anorexia 3
759 Fever followed by lethargy and anorexia 4

3050 No signs Died at 5 d postinoculation
4410 Fever followed by lethargy and anorexia 7
4850 Fever followed by lethargy and anorexia 4

12400 Fever followed by lethargy and anorexia Died at 5 d postinoculation
42700 Fever followed by lethargy and anorexia Died at 5 d postinoculation

NA, not applicable; these animals were euthanized at day 11 postexposure.
Each data point represents 1 animal.
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Table 3. Gross lesions induced after challenge with Y. pestis 

Dose of Y. pestis (CFU) Gross necropsy findings

12 No significant gross lesions
16 No significant gross lesions
35 Moderate to marked bilateral fibrinous pneumonia
58 No significant gross lesions (myometrial congestion)
122 Moderate bilateral pneumonia; moderate hepatomegaly; moderate splenomegaly
169 Marked widespread bilateral fibrinous pneumonia; mild fibrinous pleural effusion; moderate splenomegaly
174 Moderate right unilateral pneumonia; marked splenomegaly
198 No significant gross lesions
208 Moderate bilateral pneumonia
227 No significant gross lesions
262 Moderate bilateral pneumonia
264 Moderate bilateral pneumonia; moderate splenomegaly
295 Marked bilateral pneumonia
353 Marked bilateral pneumonia
374 Marked bilateral pneumonia; moderate splenomegaly
479 Marked multifocal bilateral suppurative pneumonia; mild splenomegaly
759 Marked multifocal bilateral suppurative pneumonia; moderate TBLN lymphadenomegaly; mild spenomegaly
3050 Marked bilateral pneumonia; mild fibrinous pleural effusion; mild TBLN lymphadenomegaly; mild splenomegaly

4410 Marked left unilateral pneumonia with pleural/pericardial adhesions; moderate TBLN lymphadenomegaly; moderate 
splenomegaly

4850 Marked bilateral pneumonia; moderate TBLN lymphadenomegaly
12400 Mild bilateral epistaxis; marked bilateral pneumonia; marked, diffuse TBLN lymphadenopathy; moderate splenomegaly
42700 Marked bilateral pneumonia; marked TBLN lymphadenopathy; moderate splenomegaly

TBLN, tracheobronchial lymph nodes.

Table 4. Histologic grade of lesions 

Y. pestis dose 
(CFU)

Suppurative broncho-
pneumonia

Fibrinous interstitial 
pneumonia; bacteremia

Splenic histiocytosis and 
plasmacytosis

Suppurative 
splenitis

Tracheobronchial 
lymphadenitis

12 0 0 0 0 0
16 0 0 0 0 0
35 3 2 0 2 3
58 0 0 0 0 0
122 4 4 0 0 3
169 4 4 0 0 4
174  4* 1 0 2 0
198 0 0 0 0 0
208  4* 4 0 0 0
227 0 0 0 0 0
262 0 4 1 1 0
264  0* 0 0 0 0
295 3 4 0 0 4
353 4 3 0 3 4
374 3 0 0 2 2
479 2 3 0 3 2
759 4 0 0 1 3
3050 4 3 3 0 4
4410 4 0 0 0 2
4850 4 0 0 2 4
12400 4 4 4 0 4
42700 4 4 3 0 3

Lesions were graded on a scale of 0 to 4: 0, no noteworthy lesions; 1, minimal lesions that were focal to multifocal; 2, mild, focal to multifocal lesions; 
3, moderate multifocal lesions; and 4, severe multifocal lesions. An asterisk indicates that Gram staining of a tissue sample revealed gram-negative 
bacteria in alveolar capillaries.
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of animal exposure. Such sampling likely provides reasonable 
estimates of viable bacteria delivered to the animal’s nares but is 
insufficient to evaluate the effect of bacterial degradation prod-
ucts inhaled by animals; these degradation products have an un-
known effect on host immune responses. Another critical variable 
is particle droplet size. Although aerosolization equipment stan-
dardizes droplet size, deviations of 1 to 2 mm alter the number 
of viable bacteria and the likelihood that bacteria enter the deep 
lung versus bronchi or nares. The methods used in the current 
study were designed to create a droplet size of 5 mm for reliable 
pulmonary deposition, similar to sizes reported to result in reli-
able midpulmonary deposition.3 Historic studies of pneumonic 
plague in rhesus and vervets used less precise aerosolization 
techniques,6,7,14,30 likely resulting in greater variability in particle 
size. Although such differences do not support or negate results 
from a particular laboratory, they must be taken into account 
when comparing data between laboratories, and they compound 
the challenge of developing a single standard model for evaluat-
ing biothreat treatments and vaccines.

Similarly, delivered dose is determined by indirect downstream 
sampling. Therefore, when specific animals fail to demonstrate 
expected disease development, whether they survived challenge 
or did not receive the challenge dose must be ascertained. In the 

present study, the status of 2 cynomolgus macaques—those ex-
posed to 198 and 227 CFU—is ambiguous. To account for this 
ambiguity—that is, whether the cynomolgus macaques survived 
plague or were not exposed—both options are explored statisti-
cally in Table 5, which shows that the conclusions of this study are 
not significantly altered by whether these animals were plague 
survivors or nonexposures. Inclusion or exclusion of these 2 ma-
caques alters the ED50 calculation by 23 CFU (66 versus 43 CFU). 
This difference is not significant from a microbiologic perspective, 
and the result is consistent with previous unpublished reports 
of the infective dose of YpCO92.1,29 This dose range is similar to 
that reported for humans but is lower than those from reports of 
rhesus models of pneumonic plague.1,6,7,21

Unlike traditional LD50 studies, the current study was designed 
to evaluate earlier ED50 studies, which generally are considered 
more humane than are LD50 endpoints. Unlike LD50 studies, in 
which the endpoint is unambiguous, ED50 studies require choos-
ing endpoints that minimize animal pain and distress but from 
which animals will not recover. The clinical data (Table 2) and the 
bacteriologic and histologic data (Tables 1 and 5) from the cur-
rent study together indicate that an endpoint of 30 to 36 h after 
the first detection of fever appears appropriate. Nonetheless, 2 
macaques (challenge doses of 208 and 3050 CFU) died with no 

Figure 1. (A and C) Acute fibrinous interstitial pneumonia with bacteria in major pulmonary vessels and septal capillaries, consistent with hematogenous 
seeding of lung. (B and D) Acute suppurative bronchopneumonia consistent with primary pneumonia rather than hematogenous seeding of lung. Ar-
rows point to bacteria, and arrowheads point to fibrin and neutrophils in a bronchiole; this animal also had slight alveolar hemorrhage. Magnification, 
×40 (A and B), ×100 (C and D).

Indonesian cynomolgus model of plague
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Table 5. Estimated ED50, ED90, and ED99 of Y. pestis in cynomolgus 
monkeys 

Case 1 Case 2

ED50 66
(19, 228)

43
(16, 114)

ED90 343
(83, 1424)

99
(29, 338)

ED99 2068
(106, 40253)

247
(30, 2004)

Corresponding 95% asymmetric confidence intervals are shown in pa-
rentheses; calculations were based on the logistic regression model with 
maximum likelihood estimation.
Case 1 assumes that the monkeys challenged with 198 and 227 CFU 
survived plague. Case 2 assumes that these 2 monkeys were not actually 
exposed to plague.

detected premonitory signs, and 1 (challenge dose, 198 CFU) de-
veloped fever and anorexia but had no demonstrable evidence of 
plague infection. As discussed later, sophisticated instrumenta-
tion likely would not have altered disease detection in the 2 cases 
that died without detection of clinical signs. The macaque that 
was euthanized without evidence of plague does not alter the 
data analysis but highlights the challenge of ensuring no com-
plicating physiologic alterations for infectious disease studies in 
outbred animals. In sum, these 3 variances do not alter the results 
of this model development but highlight the challenges inherent 
in developing humane endpoints and aerosol models of highly 
pathogenic bacteria.

Because fever was the first sign of disease in this model, we 
considered several methods for thermometry, including rectal 
and infrared thermometers, microchip thermometry, and tele-
metric systems. Infrared thermometry has been reported to be 
unreliable in cynomolgus macaques.32 In preliminary work for 
the current study, we discovered microchips could not be read in-
side primate metal cages, necessitating removal of the macaques 
to obtain readings. In addition, the readings from the microchips 
differed from rectal thermometry by as much as 2 °C, with the 
differences being inconsistent even in the same animal. Telemetry 
can provide accurate, continuous thermometry, but inexpensive 
telemetry systems generally are not any more accurate than mi-
crochips, and quality telemetry systems require cage modifica-
tions and investment beyond the reach of many laboratories. On 
the basis of information from other investigators, we expected fe-
ver to develop between 36 and 48 h prior to death from plague.28 
Development of our model required detection of fever, but deter-
mining the hour of onset was not critical. Therefore, rectal ther-
mometry was sufficient for our goals of model development and 
analysis. As previously mentioned, 2 macaques (challenge doses, 
208 and 3050 CFU) succumbed to infection with no fever or other 
clinical signs. Given the 48-h expected course for fever in this 
model, telemetry likely would not have helped to detect disease 
in these 2 macaques.

Although animals in the present study demonstrated no respi-
ratory clinical signs, the gross and histologic pathology suggest 
that additional clinical evaluation with thoracic radiography or 
ultrasonography may be a useful refinement for this model. Se-
verity of pulmonary lesions could be evaluated while animals are 
restrained for thermography. Given the lack of fever in 2 animals 
(dosed with 208 and 3050 CFU) with gross and histologic evidence 

of pneumonia, thoracic imaging likely would enhance this model. 
However, considering the size constraints in many biosafety level 
3 select agent laboratories, the space necessary for such imaging 
modalities may limit their utility. Although such imaging capabil-
ity would be a welcome enhancement to the model, the model as 
described is useful and has been subsequently used in our labo-
ratory to evaluate plague vaccine candidates in the cynomolgus 
macaque.22

A final category that provides challenge to standardizing end-
points for large animal models of aerosolized pathogens is the 
outbred nature of the host. Mauritian cynomolgus macaques 
frequently are used for infectious disease studies and safety 
testing.12,31 The restricted availability of Mauritian cynomolgus 
macaques limits their utility for studies. However, Mauritian cy-
nomolgus macaques are derived from Indonesian macaques,18 
suggesting Indonesian origin animals may be appropriate for 
studies for which Mauritian cynomolgus macaques are desired. 
The macaques used in the present study were of Indonesian ori-
gin. In previously published studies, the geographic origin of 
the macaques used in plague pathogenesis studies is rarely dis-
cussed. Recent publications indicate that the geographic origin of 
cynomolgus macaques may have marked effect on major histo-
compatibility class I and II alleles.17,19 Additional recent published 
data suggest major histocompatibility allelelic variance can af-
fect response to several Yersinia virulence determinants and alter 
host responses in models of aerosolized plague.2,7,11,21,23,24,29,33 
Therefore, cynomolgus macaques of varying geographic origin 
cannot be assumed to respond similarly to plague infections, and 
the potential effects of geographic origin on plague susceptibility 
require systematic evaluation.

In summary, Indonesian cynomolgus macaques appear to offer 
an excellent model for studying human pneumonic plague. Fever 
is an effective indicator for euthanasia, and the development of 
telemetric methods and use of additional clinical assessments 
(for example, radiography) to support these studies likely will 
increase the efficacy of clinical signs for further refinement of this 
model. This model likely will be a valuable tool for evaluating 
potential vaccines and therapeutics.
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