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Infection with Mycobacterium tuberculosis remains a global 
public health concern for which the success of developing a new 
vaccine for protection against tuberculosis relies heavily on 
animal models to prove concept, safety, and efficacy.10 Although 
no animal model is a perfect replica of the immune response 
elicited in humans infected with M. tuberculosis, several mod-
els are used for different phases of study and are imperative for 
scientific and biomedical advancement. The mouse model is the 
most widely used animal model, applied in all types of research  
globally, including for tuberculosis research.18,19 However, the ex-
perimental tuberculosis infection mouse model comes with some 
significant shortcomings. Anatomically, the mouse bronchial tree 
is not only very small but is less complex compared with humans. 
The mouse bronchial tree lacks accessory vasculature and has 
limited alveolar lymphatic drainage.7 In addition, a true latent 
form of tuberculosis is difficult to replicate in mice. Although 
they do show a chronic stage of infection where the mycobacterial 
organism replicates at a much slower rate, mice are not in a truly 
latent stage, where replication has ceased completely. This situa-
tion is in contrast to humans in the latent stage, in which bacterial 
numbers are undetectable by conventional methods. Because of a 
constantly elevated bacterial load in multiple organs, the disease 
is always progressing in mice, albeit slowly.7,21

Another significant drawback to using mice in tuberculosis 
studies is the difference in pathology between mice and hu-
mans. Humans develop distinct pulmonary granulomas in 
response to M. tuberculosis infection. The mouse response to 
M. tuberculosis infection is similar in that it includes granulo-
matous inflammation, but does not result in a true tubercle or 
granuloma with primary lesion necrosis.8,7,19 Human granulo-
mas are well circumscribed, with a central core of neutrophils 
and lymphocytes, surrounded by macrophages.21 In contrast, 
mice develop a more diffuse granulomatous inflammation that 
lacks the structure of a true granuloma; although it still contains 
lymphocytes and macrophages, it is not organized into a well-
circumscribed lesion.21

In addition, granulomas in humans can become necrotic (ca-
seous), fibrotic, mineralized, or even cavitary due to lytic ne-
crosis. And multiple granulomas of different types can coexist 
in human lung infected with M. tuberculosis at any given time. 
In contrast, mice do not have different stages of granuloma-
tous inflammation. Instead, there is little heterogeneity in the 
granulomatous response, and lesions do not typically become 
necrotic or cavitated.21 Because the various stages of granulomas 
in the human create different microenvironments at the same 
time, it is important to be able to model this type of bacterial 
pathogenesis and effects due to the microenvironment. One use-
ful rodent model is the C3HeB/FeJ mouse (Kramnik model of 
tuberculosis), which develops highly organized encapsulated 
necrotic granulomas after M. tuberculosis infection.6 C3HeB/FeJ 
mice have a recessive allele that is responsible for a decreased 
ability to control M. tuberculosis multiplication in the lungs and 
has been shown to control the formation of caseous necrosis of 
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pulmonary lesions.6 Therefore, mice are used to obtain informa-
tion regarding immunogenicity and protective immunity dur-
ing early vaccine development.1

In contrast to mice, guinea pigs are an excellent preclinical 
animal model for the evaluation of tuberculosis vaccine candi-
dates to prevent disease.1 Once exposed to a low-dose aerosol 
of virulent M. tuberculosis, guinea pigs develop progressive and 
fatal diseases usually within a matter of weeks.5,10 The 3 phases of 
disease following exposure are divided into acute, subacute, and 
chronic stages which are based on patterns of bacterial growth, 
dissemination, and pathology.3,17,26 The acute phase occurs in the 
first 2 wk and is characterized by rapid bacterial proliferation 
in the lung and draining lymph nodes, as well as the progres-
sion of granulomatous inflammation and necrosis in the lungs. 
The subacute phase, which lasts 2 to 4 wk, is characterized by a 
stationary phase of bacterial replication in the lung and lymph 
nodes. It is during this stage that the most severe inflammation 
begins to subside. It is also in this phase that multiple extrapul-
monary lesions develop. Finally, the chronic stage is characterized 
by continued bacterial replication in extrapulmonary tissues. The 
morbidity and mortality at this stage are due to the combined 
effect of progressive pulmonary and extrapulmonary lesions.

The lung pathology in guinea pigs, compared with mice, more 
closely reflects that of human infection.12,18 The granulomas 
developing in guinea pigs are well circumscribed with a central 
core of heterophils (the guinea pig equivalent of human neu-
trophils) and a surrounding population of lymphocytes and 
macrophages. Granulomas can become centrally necrotic and 
cavitated, with varyious degrees of fibrosis and mineralization. 
However, the granulomas are not as protective to guinea pigs 
as to humans, because the lesions do not adequately contain the 
bacteria.3,12,15,19 Because of the pattern of susceptibility to low-dose 
infection and subsequent development of fulminant tuberculosis, 
guinea pigs are often thought to be the animal model most sensi-
tive to tuberculosis infection.10,12 Due to their high susceptibility 
and inability to control infection, guinea pigs are also thought 
to be an ideal animal model to test vaccine candidates, with the 
rationale that the best vaccine needs to protect against the most 
susceptible host.3,12 Furthermore, guinea pigs have demonstrated 
their use as a model of dissemination, given that late-stage 
tuberculosis is often found not only in lungs but also commonly 
in liver, spleen, and lymph nodes, and less commonly in the 
adrenal glands, mammary glands, eye, and brain.20 The primary 
drawback of the guinea pig model has been the relative lack of 
specific immunologic reagents; however, this disadvantage is 
disappearing as PCR-based techniques and antibodies are de-
veloped to better characterize the guinea pig immune response.17

Clinical presentation of primary tuberculosis infection in hu-
mans can be insidious. Typical clinical signs include a fever of 
unknown origin, night sweats, and weight loss in conjunction 
with persistent and productive cough.14 These signs are vague in 
nature and can be associated with many other infectious agents. 
Although the clinical presentation of tuberculosis in humans 
can be indistinguishable from other infectious causes, there are 
detectable signs to indicate fulminant pulmonary infection. This 
situation is in contrast to guinea pigs, which are great maskers 
of disease. Vaccines are expected to prevent or delay weight loss 
and limit pulmonary pathology, thus prolonging the survival 
of an infected guinea pig.10 However, due to their high level 
of susceptibility, this is rarely achieved. The guinea pig model 
nevertheless represents a critical link between preclinical testing 
and human trials in the pipeline of tuberculosis vaccine candi-
dates. Therefore, a better understanding of the model and how 
it fits into the progression of vaccines is ongoing10,12,20 Weight 

loss and clinical signs remain the most common correlates of 
disease progression, but often these signs are noticed only when 
the disease is quite severe.2,20 Therefore, there is still a need to 
characterize the clinical progression of disease in guinea pigs to 
better evaluate vaccine candidates.

To achieve this goal, we assessed peripheral blood biomarkers of 
guinea pigs in 2 groups infected with the virulent strain of M. tuber-
culosis, H37Rv. One group was vaccinated with Bacillus Calmette–
Guerin (BCG), and the other group was sham-vaccinated with 
saline. In addition, these data were examined against data collected 
from naive control animals. To our knowledge, the assessment of 
peripheral blood biomarkers as possible criteria for early end-
points in guinea pigs undergoing vaccine studies for tuberculosis 
has never been done. Analysis of blood data indicated that WBC 
had the most change in the face of infection, whereas other serum 
enzymes did not demonstrate clinically relevant differences despite 
disseminated disease as evidenced by histopathology.

Materials and Methods
Animals. Female, outbred Hartley guinea pigs weighing 

450 to 500 g were purchased from Charles River Laboratories 
(Wilmington, MA). Guinea pigs were maintained under ABSL3 
barrier conditions in isolator cages (Thoren, Hazleton, PA) for 
the entire period of the experiment. They had access to standard 
guinea pig chow (Harlan, Madison, WI), water was provided 
without restriction, and hay cubes (Rocky Mountain Lab Sup-
ply, Centennial, CO) were provided daily. Guinea pigs were 
housed on 1/8-in. corncob bedding (Harlan, WI), with red huts 
(Bio Serve, Frenchtown, NJ) for enrichment. All animals were 
pair-housed until inoculated and then singly housed until the 
end of the experiment. All experimental procedures were con-
ducted in accordance with the PHS Policy on the Humane Care 
and Use of Laboratory Animals and were approved by the Colo-
rado State University IACUC.
Mycobacteria. M. bovis BCG, Pasteur (TMCC 1011) strain, 

was grown in Proskaur and Beck (P and B) medium with 0.05% 
Tween 80 (Sigma, St Louis, MO) to midlog phase, as described 
previously.10 Aliquots were stored at -80 °C and thawed before 
use. M. tuberculosis H37Rv (TMCC 102) was initially grown for 
3 passages as a pellicle on Proskaur and Beck medium to pro-
duce seed stocks. Working stocks with a maximum of 6 pas-
sages were expanded from the seed stocks in Proskaur and Beck 
medium with 0.1% Tween 80. Working stocks were prepared at 
the midlog phase, and aliquots were stored at –80 °C.

Inoculation and infection. Ten guinea pigs were vaccinated 
with 103 cfu of BCG Pasteur, and another 10 guinea pigs were 
inoculated with saline via the intradermal route on the ven-
trum, using a tuberculin syringe attached to a 26-gauge, 1/2-in. 
needle. Two weeks after vaccination, all guinea pigs were bled 
(details later) for baseline values. Guinea pigs were rested for 10 
wk before exposure to 10 to 20 cfu of M. tuberculosis through the 
respiratory route by using a Madison Aerosol Exposure Cham-
ber (University of Wisconsin, Madison, WI).

Weight and body temperatures. Guinea pigs were monitored 
for the duration of study. Body temperature was measured daily 
by using an RFID microchip (IPT-300, Bio Medic Data Systems, 
Seaford, DE), which was implanted subcutaneously over the 
dorsum, and a scanner transponder (DAS-6006/7, Bio Medic 
Data Systems). This subcutaneous microchip implant allowed 
measurement of temperature and carried information regarding 
experiment number and animal ID. The body temperatures of 
individual guinea pigs were assessed each day at approximately 
the same time in the morning. Body weight was measured weekly 
by placing individual animals in a weigh boat on a gram scale.
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Blood collection. To facilitate blood collection prior to inocu-
lation and every 30 d afterward, guinea pigs were briefly anes-
thetized with isoflurane gas at 3% to 5%, with an oxygen flow 
rate of 0.75 to 1.0L/min, and placed in dorsal recumbency. Ap-
proximately 3 mL of blood was collected from the cranial vena 
cava by using a 26 5/8-gauge, 1/2-in. needle attached to 3-mL 
Luer lock syringe (BD Biosciences, Mountain View, CA). Blood 
was immediately transferred into appropriate tubes containing 
lithium heparin or potassium EDTA (BD Biosciences). Blood for 
hematology was submitted to the Colorado State University 
Diagnostic Lab and run on an ADVIA 120 Hematology System 
(Siemens, Loveland, CO). Blood for serum chemistry was run 
on an Abaxis VS2 (Abaxis, Union City, CA). Guinea pigs were 
sedated by using ketamine (45 mg/kg; MWI, Boise, ID) and 
xylazine (5 mg/kg; Akorn, Decatur, IL) administered intramus-
cularly into the proximal hindlimb. Once at a surgical plane of 
anesthesia (assessed by lack of response to toe pinch), guinea 
pigs were placed in dorsal recumbency. The ventral thorax was 
saturated with 70% isopropyl alcohol (Sigma–Aldrich, St Louis, 
MO), and blood was collected from the cranial vena cava by 
using a 3-mL Luer lock syringe with a 20-gauge, 1-in. needle 
attached. Blood was then transferred to appropriate tubes for 
CBC and serum chemistry analyses, as previously described. 
Guinea pigs were allowed to recover fully from anesthesia prior 
to return to the home cage. In addition to the infected groups, 
we used a naïve, uninfected control group of 10 guinea pigs for 
blood collection only to determine average baseline levels.

Time to necropsy. Infected guinea pigs were monitored for 
disease and when they met the established set of endpoint cri-
teria approved by the IACUC, they were euthanized. Criteria 
included a moribund state or greater than 15% weight loss or 
evidence of respiratory compromise (increased respiratory ef-
fort and/or rate). Of note, one animal exceeded 15% weight 
loss precipitously and was euthanized as soon as the research 
team became aware. At the time of necropsy, guinea pigs were 
sedated as described earlier and then euthanized through in-
tracardiac administration of sodium pentobarbital (MWI). Or-
gans were harvested for both culture and histology. The right 
cranial lung lobe, half of the spleen, one liver lobe, one kidney, 
half of the brain, and one eyeball were evaluated for bacterial 
load, which was determined by plating tissue homogenates 
onto nutrient 7H11 agar supplemented with oleic acid–albu-
min–dextrose–catalase (Sigma). Colonies were counted after 
21 d of incubation at 37 °C. The remaining lung lobes, spleen, 
liver, kidney, brain, and eyeball, as well as the stomach, small 
intestine, colon, cecum, and mediastinal and mesenteric lymph 
nodes, were processed for pathology assessment.

Pathology. Organs were placed in 10% neutral-buffered form-
aldehyde for 2 wk then trimmed and routinely processed, and 
paraffin sections cut and stained with hematoxylin and eosin (H 
and E; IHC Tech, Aurora, CO). Pathology was scored according to 
published criteria by a board-certified pathologist without prior 
knowledge of the groupings.20 Briefly, slides were evaluated on a 
scale of 0 to 15, with 0 indicating no appreciable lesions and 15 in-
dicating very severe and complicated lesions. Lungs were scored 
according to total organ involvement, primary lesions, secondary 
lesions, necrosis, mineralization, and fibrosis. Spleens and livers 
were scored on the basis of lesion severity and extent. Accessory 
organs were scored according to the presence or absence of lesions 
and their severity. Photomicrographs were taken by using a 
microscope (Eclipse 51E, Nikon, Tokyo, Japan), camera (DS-Fi1 
with a DS-U2 unit, Nikon), and NIS Elements F software (Nikon).

Statistical analyses. Sample size was established based on our 
prior determination of the efficacy of BCG in the guinea pig 

model as measured by survival and indicated that a sample size 
of 10 would be sufficient to provide us with the power to per-
form statistical analyses with 90% confidence. Guinea pigs were 
randomized at the time of vaccination as well as at the time of 
infection, and data acquisition were not blinded. Data points 
were excluded when the sample was left at unfavorable condi-
tions known to affect the results. Statistical analysis was per-
formed by using SAS 9.3 (SAS Software, Cary, NC). A separate 
repeated-measures analysis was performed for each response 
variable. Response variables included albumin, globulin, total 
protein, ALP, ALT, total WBC, heterophils, lymphocytes, and 
monocytes. The within-subjects factor was time (0, 30, 60, 90, 
120, 150, 180, 210, 240, 270, 300, 330, 360, 390, and 420 d), and 
the between-subjects factor was treatment (BCG or saline). In 
addition, a treatment over time (time×treatment) interaction 
term was included in the model, and a random effect for ani-
mal (nested within treatment) was used to account for repeated 
measures. Contrasts were used to estimate and test comparisons 
of interest. Tukey adjustment was used to control for multiple 
testing (separately for each response variable).

In addition, a repeated-measures analysis based on differ-
ences (compared with prechallenge) was conducted. Using 
only the first and last (scheduled) measurement for each ani-
mal, a paired t test was performed for each response variable. 
A 2-sample t test was run for each response variable to identify 
differences between the 2 treatment groups. The difference was 
calculated as last – first.

Ten naïve control guinea pigs were sampled 5 times over a 
150-d period, and blood chemistry, hematology, and urine were 
analyzed to determine baseline data. For analysis, the data for 
each readout from each guinea pig at each time point were com-
bined and used to establish a naïve control standard and are 
represented as a horizontal line in the figures. Individual guinea 
pig values used as naïve controls are also presented for total 
protein, albumin, glucose, and ALT. Values from naïve guinea 
pigs were similar to the published previously reference ranges 
for serum biochemistry analyses in guinea pigs.11

Results
Body temperature. The average temperature for the BCG-

vaccinated group prior to infection was 38.9 °C (1 SD, 0.15) °C, 
with a minimum of 37.0 °C and a maximum of 39.9 °C (Figure 1)  
The average temperature for the saline-treated group prior to 
infection was 38.8 °C (1 SD, 0.19 °C), with a minimum of 37.2 
°C and a maximum of 39.8 °C. Both groups of guinea pigs had 
similar body temperatures throughout the experiment, within 
their thermoneutral zone25 and consistent with homeostasis. 
After infection, the average temperature for the BCG-vaccinated 
group was 38.6 °C (1 SD, 0.16 °C), with a minimum of 36.9 °C 
and a maximum of 39.7 °C (Figure 1). The average temperature 
for the saline-treated group after infection was 38.8 °C (1 SD, 
0.17), with a minimum of 37.2° C and a maximum of 40.6 °C. In 
addition, the saline-treated guinea pigs had significant increases 
in the temperature at days 25 and 26 after infection as compared 
with BCG-vaccinated animals. Both groups showed a decreas-
ing trend in temperature over time, and neither group showed 
evidence of pyrexia or hypothermia associated with disease. 
One animal in the saline-treated group had an increase above 40 
°C, to 40.6 °C, but then returned back to 40 °C prior to euthana-
sia within 4 d of that increase. No other animals in either group 
exhibited temperatures above 40° C at any time.

At the last temperature recorded for each guinea pig (on the 
day of euthanasia), the BCG-vaccinated group had an average of 
38.3 °C (1 SD, 0.36 °C), with a minimum of 37.8 °C and a maximum 
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of 38.9 °C. The saline-treated group had an average of 38.8 °C (1 SD, 
0.51 °C), with a minimum of 38.0 °C and a maximum of 39.7 °C.

Body weight. Preinfection body weights were lower than the 
average adult weight because guinea pigs were young when 
the study started and continued to gain weight for most of the 
experiment (Figure 2) BCG-vaccinated guinea pigs had an aver-
age prechallenge bodyweight of 664 g (1 SD, 63 g), and saline-
treated guinea pigs had an average prechallenge bodyweight 
of 668 g (1 SD, 58 g). We evaluated guinea pig weights from 
the maximum prevaccination weight to the terminal weight, 
which was an overall decrease in both groups in comparison to 
healthy uninfected guinea pigs. In the BCG-vaccinated group, 
the average postinfection weight was 896 g (1 SD, 106 g) and 
an average terminal bodyweight of 918 g. The saline-treated 
group had an average postinfection bodyweight of 739 g and an 
average terminal bodyweight of 739 g. Few guinea pigs reached 
10% total bodyweight loss from their greatest weight, and only 
one guinea pig in the BCG-vaccinated group lost more than 
10%, with 21% total body weight loss over 10 wk’ time. How-
ever, several guinea pigs in both groups were at their maximal 
weight at the time of the terminal measurement, specifically 
one animal in the BCG-vaccinated group and 4 animals in the 
saline-treated group. The average body weight at the time of 
euthanasia was typical of average for an adult female guinea 
pig in both groups. The BCG-vaccinated group had an average 
terminal bodyweight of 916 g, and the saline-treated guinea pigs 
had an average terminal bodyweight of 743 g.

Postinfection survival and bacteriological assessment. Intra-
dermal BCG vaccination significantly prolonged the time to 
necropsy of guinea pigs after low dose aerosol M. tuberculosis 
infection (Figure 3) Four of the 10 guinea pigs in this group had 
not succumbed to infection at the time the experiment was ter-
minated (day 441 postinfection). The prolonged survival was 

associated with lower numbers of bacterial colonies in the lungs 
and spleens of guinea pigs, compared with the saline-treated 
animals (Figure 4) For the BCG vaccinated group, there was a 
correlation between bacterial colony count and survival in lung 
(r2 = 0.7, P = 0.003) and spleen (r2 = 0.41, P = 0.046) but not in the 
saline-treated group. Other organs such as liver, kidney, brain, 
lung associated lymph nodes and eyes were also examined. Dis-
semination, as determined by colony count, to these organs varied 
but was generally lower in the BCG-vaccinated group (Table 1) 
Serum was collected from guinea pigs throughout the infection 
period to assess hematology and blood chemistry to determine 
whether there was a correlation with time taken to disease.

Figure 1. Guinea pig body temperatures (in °C; mean ± SEM) were 
measured from the day of infection until euthanasia. Guinea pigs were 
given a subcutaneous microchip prior to vaccination and challenge, 
and temperatures were monitored daily. The data presented focus 
on temperatures immediately after infection, to highlight the period 
when there was a difference between the groups. There was no statisti-
cal difference between groups at all the other time points measured. 
*, P < 0.05 for comparison between groups at each weight evaluation 
time point.

Figure 2. Guinea pig body weight (in grams; mean ± SEM) was meas-
ured weekly from the day of infection until euthanasia. *, P < 0.05 for 
comparison between groups at each weight evaluation time point.

Figure 3. Kaplan–Meier plot of guinea pig survival after low-dose aer-
osol infection with virulent M. tuberculosis H37Rv. Guinea pigs were  
either vaccinated intradermally with 103 cfu BCG Pasteur or inoculated 
with sterile pyrogen-free saline at 10 wk prior to infection. Guinea pigs 
were monitored as described in the Materials and Methods and eutha-
nized when the disease criteria had been attained. Survival time dif-
fered significantly between BCG-vaccinated and saline-treated guinea 
pigs after infection. †, P < 0.01 (determined by log-rank analysis of the 
time-to-necropsy for each guinea pig).
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Histopathology. All but one of the animals in the saline 
group had typical primary (granulomas) and secondary (dif-
fuse granulomatous inflammation) lesions in the lungs, and 
all 10 animals had extrapulmonary lesions consistent with tu-
berculosis in one or more organs, including spleen, liver, heart, 

and lymph nodes (Table 1). Necrosis and mineralization of the 
granulomas and interstitial fibrosis were prominent features 
in the lungs of this group. In contrast, only 5 of the 10 animals 
in the BCG group had pulmonary lesions; of these only 2 had 
primary granulomas, neither of which was mineralized (Table 2) 

Figure 4. At the time of necropsy, portions of lung and spleen were taken to determine the colony counts in each organ, which were plotted 
against the time at which the guinea pig was euthanized. There was no significant correlation between CFU and time-to-necropsy, regardless of 
preinfection immune status.

Table 1. Bacterial colony counts (in cfu) from infected guinea pigs

BCG group

Animal no. 1 2 3 4 5 6 7 8 9 10

Lung 0 31 0 0 0 0 0 3 0 0
Spleen 0 TNTC 0 0 0 0 0 20 0 0
Liver 0 TNTC 0 0 0 0 0 17 0 0
Kidney 0 0 0 0 0 0 0 1 0 0
Brain 0 0 0 0 0 0 0 5 0 0
Eye 0 0 0 0 0 0 0 0 0 2
MLN 0 1 0 0 0 0 0 4 0 0

Saline group
Animal no. 11 12 13 14 15 16 17 18 19 20
Lung 29 34 TNTC 4 0 41 TNTC TNTC
Spleen TNTC 13 TNTC 0 0 TNTC TNTC TNTC
Liver 52 18 52 2 0 28 TNTC TNTC
Kidney 0 0 0 0 0 0 2 0
Brain 0 0 0 2 0 0 3 2
Eye 0 0 0 0 0 0 0 0
MLN 52 16 8 0 0 2 0 20

MLN, mediastinal lymph node; TNTC, too numerous to count.
Colonies were counted after a 1:10 dilution of tissue homogenates.
Cells for animals 14 and 16 are blank due to missing data.
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Moreover, the secondary granulomatous inflammation, as a 
result of hematogenous spread of the bacteria, was far less 
extensive in this group compared with the saline treatment 
group (Tables 1 and 2).

Lung tissues had the highest overall scores, with the saline-
treated group having the highest scores among animals (Table 
1 and Figure 5) The average lung score was 3.3 for the BCG ani-
mals and 9.7 for those given saline. The same trend continued 
with the other organs—BCG-vaccinated animals had lower 
scores than saline-treated animals. Some animals in both groups 
had lesions in the liver, lungs, and spleen (Figure 6) All 4 survi-
vors in the BCG-vaccinated group had 0 as a score for the lungs, 
whereas one had lesions in the spleen (total score = 2), and one 
had lesions in the liver (total score, 4). The animal with the most 
severe lung lesions (total score, 15) was saline-treated and lived 
the shortest time (67 d).

Total protein, albumin, and globulin. Total protein is a com-
posite value reflecting both albumin and globulin levels in the 
serum. In the current study, total protein was significantly dif-
ferent between groups only at the prechallenge blood draw  
(Figure 7 A) The BCG-vaccinated group had significantly higher 
levels of total protein at day 0 when compared with the naïve 
group values, likely reflecting the effects of intradermal vac-
cination. Subsequently, total protein concentrations in the BCG-
vaccinated group were similar to naïve guinea pigs until day 
180, after which they again became elevated, albeit not higher 
than the day 0 value. The BCG-vaccinated group showed dif-
ferences at several time points after infection, relative to the 
saline-treated group, which showed a steady increase from pre-
challenge values. Over the life of the infected animals, there was 
a statistically significant effect of treatment over time compared 
with the one prechallenge levels.

Differences in the measured total protein at day 0 were due 
to significant differences between the groups in both albumin 
and globulin concentrations, which were higher in the BCG-
vaccinated group. The serum albumin trend was similar in 
both infected groups: a decrease within 30 d of infection and 
then an increase over time (Figure 7 B). However, the degree 
of increase was greater in the saline-treated group compared 
with the BCG vaccinated group. In addition, there was a 

significant effect of treatment over time. Neither infected group 
had serum albumin concentrations significantly greater than 
the naïve controls. Serum globulins increased within 30 d of 
infection with a continual rise thereafter in the saline-treated 
group, which maintained levels greater than in naïve guinea 
pigs (Figure 7 C). In the BCG-vaccinated group, serum globu-
lin levels decreased initially and then increased, ultimately 
resulting in no appreciable net change over time. All 3 pro-
teins showed significant differences between preinfection 
and last blood draws in the BCG-vaccinated group (Figure 7 
E through G).

Liver enzymes. ALT, a measure of liver function, can pro-
vide early evidence for the ability of the immune system to 
limit organism dissemination10 and disease (Figure 8 A) By 
day 30, the saline-treated group had minimal change in serum 
ALT compared with day 0, whereas the BCG-vaccinated 
group showed a significant decrease. Beyond day 30, serum 
ALT concentrations increased in the saline-treated group, 
predominantly above the naïve guinea pig values and in con-
trast to BCG vaccinated animals, which showed no appreciable 
change. Comparison of the preinfection and final postinfection 
blood draws after BCG vaccination revealed a net reduction 
of ALT at the end of the study (Figure 8 C), whereas the saline-
treated group showed a nonsignificant trend (P = 0.03) toward 
an increased ALT. These data suggest that serum ALT might 
provide an indicator of tissue damage associated with infection 
after day 60.

WBC counts. WBC comprise several cell types, the majority of 
which includes lymphocytes, heterophils, and monocytes. Total 
WBC counts in the saline-treated group increased significantly 
over time from prechallenge levels in response to infection, 
whereas the BCG-vaccinated group did not show a significant 
change (Figure 9 A) The saline-treated guinea pig response to 
infection was due to steady increases in both heterophils and 
lymphocytes (Figure 9 B and C) but not monocytes. In the BCG-
vaccinated group, cell numbers rarely varied from the naïve 
guinea pig value. However, determined as the number of het-
erophils or lymphocytes, WBC showed an effect of treatment 
over time when evaluated as a single parameter (Figure 9 D 
through F).

Table 2. Lung, spleen, and liver lesions in infected guinea pigs

BCG Saline

Animal no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 17 18 19 20
Lung Total involvement 0 2 0 1 0 0 0 3 2 1 3 4 3 3 0 1 3 3 3

Primary lesions 0 0 0 0 0 0 0 2 1 0 2 2 2 3 0 2 2 3 0
Secondary lesions 0 2 0 1 0 0 0 3 2 1 3 4 3 2 0 1 3 3 3
Necrosis 0 2 0 0 0 0 0 2 2 0 2 2 2 2 0 1 2 0 0
Mineralization 0 0 0 0 0 0 0 0 0 0 2 1 2 0 0 2 0 2 0
Fibrosis 0 2 0 0 0 0 0 2 2 0 2 2 2 2 0 2 2 2 2
Total score 0 8 0 2 0 0 0 12 9 2 14 15 14 12 0 9 12 13 8

Spleen Lesion severity 1 3 0 0 0 0 0 3 2 0 3 3 3 4 0 3 3 1 4
Extent 1 4 0 0 0 0 0 3 2 0 4 1 4 4 0 3 4 3 4
Total score 2 7 0 0 0 0 0 6 4 0 7 4 7 8 0 6 7 4 8

Liver Lesion severity 0 3 0 3 0 0 0 3 3 0 3 3 3 3 3 4 4 3 4
Extent 0 2 0 1 0 0 0 2 2 0 3 2 4 4 2 2 2 2 4
Total score 0 5 0 4 0 0 0 5 5 0 6 5 7 7 5 6 6 5 8

Lesions were scored by a veterinary pathologist who had no prior knowledge of the groups. Scale is from 0 to 15, with 0 being no lesions and 15 
having the most severe lesions.
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Discussion
The premise of this study was that a set of parameters could 

be identified and used as criteria for disease monitoring, to 
aid in establishing early indicators in guinea pigs experimen-
tally infected with M. tuberculosis. We aimed to identify bio-
markers that changed specifically due to shifting metabolic 
demands secondary to infection with M. tuberculosis, with 
or without systemic dysfunction. We conducted a thorough 
search and found that many commonly evaluated blood pa-
rameters did change, but many of these changes were not 
clinically relevant and, therefore may not have the potential 
as criteria for earlier intervention. WBC components showed 
the most appreciable differences between groups, and may 
be useful in tracking disease progression in the guinea pig 
model of tuberculosis.

In regard to body temperature, normal body temperature 
in guinea pigs ranges from 37.2 to 39.5 °C,25 however our lab 
typically uses 40 °C as the upper limit, due to historical data 
from normal guinea pigs housed under ABSL3 conditions at 
our institution.13 One animal had a transient increase in body 
temperature as high as 40.6 °C; however that value returned to a 
normal level within 4 d and was not correlated with impending 

mortality. We consistently see body temperatures rise within 
25 to 30 d of infection, and BCG prevents this rise. However, 
the value of this aberrant readout needs further investigation 
to determine whether it could be used as an endpoint criterion.

Our data corroborated earlier studies that indicated tuber-
culosis pathogenesis in guinea pigs is very similar to that in 
humans.4,10,17 In a previous study, human tuberculosis patients 
showed a slowly progressive, mild, nonregenerative anemia 
without prominent leukocytosis, but often with neutrophilia.14 
Although our guinea pigs were not anemic according to estab-
lished reference ranges, there was a decrease in Hct in animals 
classified as survivors. It is possible that in guinea pigs that suf-
ficiently control infection to survive, a form of anemia of chronic 
disease may be predictable and reproducible; further studies 
are needed to fully evaluate this. In addition, previous human 
tuberculosis patients had relatively normal liver function tests 
but increased serum immunoglobulins.14 Our animal data par-
allel these findings, with minimally changed serum liver en-
zyme values and an elevation in serum globulins. Interestingly, 
despite seemingly normal bloodwork, bone marrow and liver 
biopsies in humans often show abnormalities including granu-
lomatous inflammation without the presence of detectable or-
ganisms,14 which we also found to be true with regard to liver 
histopathology in guinea pigs.

M. tuberculosis disseminates to the liver of guinea pigs, but 
the degree is variable and somewhat dependent on immune 
status.10,17,20 BCG vaccination does not protect against the de-
velopment of disease in guinea pigs, as in humans, but it does 
provide some protection against acquiring very severe and dis-
seminated forms of disease.17,26 Measures to evaluate the liver 
include the evaluation of enzymes detectable in the blood. ALP, 
ALT, glucose, albumin, and globulin were measured parameters 
in the serum biochemistry assay used for this study. Briefly, ALP 
is an inducible enzyme where elevations can be due to changes 
in isoenzymes of the liver, bone or gastrointestinal tract.9,10 ALT 
is more indicative of hepatocellular damage but is not organ-
specific in guinea pigs.11 Glucose is highly variable and can be 
increased or decreased due to many factors including cirrhosis, 
stress, postprandial sampling, sepsis, chronic renal insufficiency, 
artifact of sample storage, and many others.11 Because changes 
in glucose can be affected by many variables other than the liver 
specifically, we did not evaluate glucose as a liver-function en-
zyme. Albumin and globulin are both serum proteins that are 
made by the liver. Albumin decreases as both a negative acute-
phase protein16 and is directly related to decreased production 
by the liver. Globulin, however, is not as specific, given that it is 
a measure of both liver function and immune function, involv-
ing the production of antibodies.

Guinea pigs differed in their preinfection ALT values, with 
the BCG-vaccinated group higher than the saline-treated group, 
perhaps reflecting vaccination status. Over time, the saline 
group had an increasing trend in serum ALT, but values stayed 
within the normal reference ranges, and differences were not 
significant. Histopathologically, guinea pigs in the saline-treated 
group had much more severe and disseminated lesions affect-
ing the hepatic parenchyma; these changes correlated with in-
creased serum ALT over time as a direct result of hepatocellular 
damage. These data also corresponded to what is observed in 
humans: relatively normal liver function tests but abnormal 
liver biopsies in 92% of patients.14

Although the saline-treated group had more severe liver le-
sions than the BCG-vaccinated group on gross necropsy and 
histopathology (Tables 1 and 2), neither group showed extreme 
changes in serum levels of liver enzymes.

Figure 5. Severe lung lesion from a saline-treated guinea pig. Presence 
of discrete granuloma with central necrosis, fibrosis, and mineraliza-
tion (arrows). Hematoxylin and eosin stain; magnification, 40×.

Figure 6. Liver granuloma from saline-treated guinea pig. Evidence 
of necrosis and fibrosis (arrows). Hematoxylin and eosin stain; mag-
nification, 100×.
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ALP at the preinfection time point was significantly higher 
in the saline-treated group compared with the BCG-vaccinated 
group, but postinfection, there was no significant difference 
between groups. This result could indicate either an eleva-
tion in serum ALP from physiologic levels in the saline-treated 
group, an effect of BCG vaccination, or a combination of both. 
Although ALP, ALT, albumin, and globulin are not used as 
evaluation of liver function specifically, perturbations in these 
parameters can be due to hepatocellular leakage and damage 
to the liver.11,23,25 Unfortunately, none of these parameters mea-
sured in the current study were significant enough to use as 
early endpoint criteria.

Infection caused a similar effect on serum albumin regard-
less of vaccination status, which was reflected as a predicted 
decrease due to the fact that albumin is a negative acute 
phase protein.23 Given that the serum albumin level over 
time in naïve guinea pigs was stable, we are confident that 
the changes in the infected groups are sequelae of infection. 
The saline-treated group started with a lower serum albumin 
concentration prior to infection, but these values were not 
significantly lower than for the BCG-vaccinated group and 
likely represent normal average albumin levels for this subset 
of animals.

Serum globulin measurements showed a significant effect 
due to infection over time in the saline-treated group but not 
the BCG-vaccinated group. Although statistically significant, 
this change was small and not a reliable means to evaluate 
disease status in guinea pigs. Further studies are required 

to validate the use of serum globulin as a marker of disease  
status.

Other parameters for evaluating liver-specific pathology in 
humans and other animals include GGT, AST, sorbitol dehy-
drogenase, LDH, and total bilirubin; these parameters may be 
worth evaluating in future studies. Because hepatic forms of 
extrapulmonary tuberculosis occur in both BCG-vaccinated 
and saline-treated guinea pigs, identifying a specific hepatic 
biomarker for early endpoint criteria would be beneficial but is 
beyond the scope of the current study.

Leukocytosis was observed in the saline-treated group but 
was not present in the BCG-vaccinated group or naïve guinea 
pigs, thus reflecting a systemic inflammatory response over 
time in the saline-treated group. The leukocytosis observed in 
the saline-treated animals was due to increases in all subsets of 
leukocytes; however it most closely mirrored changes in het-
erophils.

BCG-vaccinated and saline-treated animals showed similar 
peripheral blood heterophil counts at the preinfection time 
point; after infection, the saline-treated group had a signif-
icantly higher heterophil count only at some points during 
disease progression. Interestingly, the saline-treated group 
experienced greater tissue inflammation and more severe 
tuberculosis-associated lesions, but these differences did not 
correlate with similar severity in peripheral blood counts. To-
gether, these data suggest that heterophils in the saline-treated 
group may extravasate to the tissue in higher numbers and 
may become more aggressive and degranulated at a higher 

Figure 7. Comparison of serum total protein (A and E), albumin (B and F), and globulin (C and G) levels (mean ± SEM) in BCG-vaccinated, 
saline-treated, and negative control animals from prechallenge through the last scheduled blood draw. (D) In addition, individual naïve guinea 
pig blood draws taken at 5 different time point over 150 d are shown for each protein analyzed. For each serum component, significant (†, P < 
0.01) differences occurred between groups at the prechallenge time point. (A) For total protein, significant differences occurred within the saline-
treated group when comparing prechallenge values to all the following time points (^, P < 0.01) and within the BCG-vaccinated group when 
comparing prechallenge values with days 30, 60, 90, 120, 150, 300, 330, 390, and 420 (#, P < 0.01; day 330, P = 0.01). (B) For albumin, significant 
differences occurred within the saline-treated group when comparing prechallenge values with days 60 and 90 (^, P < 0.01) and within the BCG-
vaccinated group when comparing prechallenge values with all the following time points, except day 240 (#, P < 0.01; day 180, P = 0.03). (C) For 
globulin, significant differences occurred between groups at prechallenge and days 90, 120, and 150 (†, P < 0.01); within the saline-treated group 
when comparing prechallenge values with all following time points (^, P < 0.01; day 150, P = 0.02); and within the BCG-vaccinated group when 
comparing prechallenge values with days 60, 90, 120, 150, 180, and 390 (#, P < 0.01; day 120, P = 0.02; day 180, P = 0.03). (E) Comparison of serum 
total protein between BCG-vaccinated and saline-treated animals from prechallenge to the last scheduled blood draw. There was a significant 
effect of treatment over time between groups (†, P < 0.01). (F) Comparison of serum albumin between BCG-vaccinated and saline-treated ani-
mals from prechallenge to the last scheduled blood draw. There was a significant effect of treatment over time between groups (†, P < 0.01). (G) 
Comparison of serum globulin between BCG-vaccinated and saline-treated animals from prechallenge to the last scheduled blood draw. There 
was a significant effect of treatment over time (†, P < 0.01).
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rate than those in the BCG-vaccinated group, consequently 
causing greater tissue destruction and pathology.22,24 We know 
that heterophils are recruited to the pulmonary parenchyma 
and that a common route from the bone marrow to the tissue 
is through the vasculature; it may be that heterophils were in 
the vasculature only briefly before extravasating into tissue, 
thus further confirming that tuberculosis is a disease of tissues 
rather than blood.14,21 Another possibility is that heterophils 
travel more in the lymph fluid than in the vasculature (similar 
to lymphocytes), and once in tissues, they remain there until 
they function or die. More extensive evaluation of heterophil 
trafficking needs to be conducted to fully evaluate these pos-
sibilities, given that the structure and function of efferent lym-
phatics are less well understood compared with emigration 
into the vasculature.27

When comparing guinea pig lymphocytes to human 
lymphocytes and the response to infection, guinea pigs are 
unique in that daily lymphocyte production is much higher 
than in humans, and the thymus is a major contributor.28 In 
contrast to the situation in nearly every other mammalian 
species, including humans, lymphatic vessels are the main 
route of transfer of thymocytes to the general circulation in 
guinea pigs, largely due to an extensive efferent lymphatic 
network around the thymic artery.15,16 This effect could be 
occurring in our guinea pigs in the lymphocyte response 
over time between the 2 groups, because the BCG-vaccinated 

group did not show an exaggerated response. Even in the 
saline-treated group, lymphocytosis was not of the magni-
tude described in humans.14 With regard to peripheral blood 
lymphocytes, there were no significant differences between 
the groups of saline-treated and BCG-vaccinated guinea 
pigs at any time point. There was a significant elevation in 
both groups at 30 d, which indicated an initial increase in 
lymphocytes in the peripheral blood that remained constant 
throughout the disease process, independent of immune 
status. Again, this finding may not be due to an undetect-
able peripheral inflammation in guinea pigs but rather to a 
more severe tissue inflammatory component and lymphocyte 
travel through lymph fluid; additional studies might answer 
these questions.

Our data showed that although BCG-vaccinated guinea pigs 
developed classic tuberculosis lesions, the severity and dissemi-
nation was reduced when compared with the saline-treated ani-
mals, but slight differences were detectable in the hematologic 
readouts. These differences may be due to a synergistic effect 
caused by a decreased mycobacterial burden and the opposite 
in nonvaccinated animals. These trends correlated with a lon-
ger lifespan (Figure 2 A), decreased severity of pathology score 
(Table 1), and lower bacterial burden (Figure 2 B) in the BCG-
vaccinated group. However, the question remains as to why the 
BCG-vaccinated guinea pigs succumb to infection, given that 
they do it does not appear to develop severe and disseminated 
tuberculosis or show marked changes observed in serum bio-
chemical and hematologic analyses.

The overall inflammatory response in the peripheral blood 
of guinea pigs infected with M. tuberculosis showed few sta-
tistically significant differences between saline-treated and 
BCG-vaccinated guinea pigs. However, the histopathology 
score was more severe in the saline-treated group. This ap-
parent dichotomy may be due to the methods for detecting 
inflammation. Alternatively we may be seeing what has 
been described previously,15 briefly: that 1) guinea pigs do 
not have high levels of circulating inflammatory cells, 2) in-
flammatory cells may only circulate for a short period, and 
3) these cells may also travel through lymph fluid as well as 
blood. There may be other parameters of greater interest for 
evaluating inflammation, which will require further investi-
gation and may be used in conjunction with those used in the  
current study.

Our hypothesis was that one or more parameters would be 
associated with the progression of disseminated tuberculosis 
disease and have the potential to identify criteria for early 
predictive endpoints in guinea pigs experimentally infected 
with M. tuberculosis. After extensive data collection from 2 
groups of guinea pigs exposed to M. tuberculosis—one group 
vaccinated with BCG and the other treated with saline—and 
comparison with naïve guinea pigs, we found that of the bio-
markers we evaluated, only lymphocytes have potential to be 
used to monitor disease progression. However the majority 
of data fell within normal reference ranges for guinea pigs,9,17 
and therefore its utility may be limited. In general, our studies 
provide a starting point that can be used for further analy-
sis and a better understanding of M. tuberculosis infection in 
the guinea pig model. More research needs to be conducted 
in this area to better characterize biomarkers to detect liver 
function, tissue, and lymphatic inflammatory responses in the 
peripheral blood, which would aid considerably in tracking 
disease progression among guinea pigs with differing vaccine 
status.

Figure 8. (A) Comparison of serum ALT levels (mean ± SEM) in BCG-
vaccinated, saline-treated, and negative control animals from prechal-
lenge through the last scheduled blood draw. Significant differences 
occurred between groups at preinfection blood draw and day 150 (@, 
P = 0.03); within the saline-treated group when comparing preinfec-
tion blood draw with days 60, 90, and 150 (^, P < 0.01); and within 
the BCG-vaccinated group when comparing preinfection blood draw 
with days 30, 300, 330, and 420 (#, P < 0.01; days 300 and 420, P = 0.02). 
(B) Serum ALT values from individual naïve guinea pig blood draws 
taken at 5 time points over 150 d are shown also. (C) Comparison of 
serum ALT between BCG-vaccinated and saline-treated animals from 
preinfection blood draw to the postinfection final blood draw. There 
was a significant effect of treatment over time (†, P < 0.01).
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