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Abstract

Tuberculosis (TB) pathologic lesions in rhesus macaques resemble those in humans. The 

expression levels of several host TB candidate genes in the peripheral blood mononuclear cells 

(PBMCs) of six rhesus macaques experimentally infected with Mycobacterium tuberculosis 
were quantified pre-infection and at several dates post-infection. Quantitative measures of TB 

histopathology in the lungs including: granuloma count, granuloma size, volume of granulomatous 

and non-granulomatous lesions, and direct bacterial load, were used as the outcomes of a multi-

level Bayesian regression model in which expression levels of host genes at various dates were 

used as predictors. The results indicate that the expression levels of TR4, CD40, CD40L, FAS 
(CD95) and TNF in PBMC were associated with quantitative measures of the severity of TB 

histopathologic lesions in the lungs of the study animals. Moreover, no reliable association 

between the expression levels of IFNE in PBMCs and the severity of TB lesions in the lungs of the 

study animals was found. In conclusion, PBMC expression profiles derived from the above-listed 

host genes might be appropriate biomarkers for probabilistic diagnosis and/or prognosis of TB 

severity in rhesus macaques.
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1. Introduction

Tuberculosis (TB) is a zoonotic disease in primates caused by Mycobacterium tuberculosis 
(MTB). TB can exist in vivo in either active or latent form. Approximately 30% of the 

human population worldwide is latently infected with Mycobacterium tuberculosis (MTB), 

5-10% of whom progress to active TB [1]. Nonhuman primates (NHPs), particularly rhesus 

and cynomolgus macaques infected by TB, exhibit clinical symptoms and histopathologic 

lesions similar to those of humans, making them more appropriate animal models for the 

study of human TB pathogenesis than other laboratory animals, such as mice [2, 3, 4]. 

However, since NHPs are not genetically homogenous, unlike the mice used in biomedical 

research, the results of case-control studies of TB in NHPs might be confounded by the 

genetic heterogeneity of the study animals [5, 6].

This genetic heterogeniety in NHP study populations, which may lead to variation in 

clinical and histopathologic outcomes for TB, could, however, facilitate the identification 

of host genes (e.g. inducible nitric oxide synthase [iNOS] and nuclear factor kappa-light-

chain-enhancer of activated B cells [NFKB]) that play key roles in various immune response 

against MTB in NHPs [7, 8]. Genes with altered expression levels as a result of TB exposure 

may be useful as host markers for probabilistic TB diagnosis in both humans and NHPs. 

Previous studies in human populations, in vivo mouse model experiments, and in vitro 
experiments, have identified several host candidate genes associated with susceptibility to 

TB [9]. Most of these genes encode key components in the innate immune response against 

MTB. These genes are represented in the following four categories: 1) genes encoding 

receptors that detect MTB (e.g. Toll-like receptor 2 [TLR2] and peroxisome proliferator-

activated receptor gamma [PPARG]), 2) genes encoding proinflammatory cytokines and 

chemokines (e.g. interferon gamma [IFNG] and chemokine C-C motif ligand 2 [CCL2]), 

3) genes encoding anti-inflammatory cytokines (e.g. interleukin-10 [IL10]), and 4) genes 

encoding enzymes that play key roles in intracellular immunity and the elimination of 

MTB inside macrophages (e.g. iNOS) [8, 10]. Current TB tests such as the tuberculin skin 

test (TST) and IFNG based assays lack sensitivity and/or specificity, and are logistically 

difficult for patients and/or laboratories involved. For example, rhesus macaques with 

several consecutive negative TST results are sometimes found to be TB positive following 

pathologic investigations at necropsy [11, 12].

The goal of this study is to investigate the associations between the expression levels of a 

selected group of host innate immune response genes in the peripheral blood mononuclear 

cells (PBMC) of rhesus macaques (pre-and post-MTB infection) and the severity of TB 

pathogenesis. The selection of the host candidate genes in the present study was based on 

a comprehensive literature review and includes: PPARG [13], nuclear receptor subfamily 

2 group C member 2 (NR2C2) also known as testicular receptor 4 (TR4) [13], IFNE 
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[14, 15, 16], CD40 [17, 18], chemokine C-X-C motif ligand 10 (CXCL10) also known as 

IFNG-inducible protein 10 (IP10) [19], CSF2 [20, 21], CD40L [22, 23, 24], IL7 [25, 26, 

27], IL15 [28, 29], FAS (CD95) [30], IL23A [31, 32], IL12A [33, 34, 35, 36, 24], IL13 
[37], IL4 [38, 39, 40, 36], IL5, solute carrier family 11 member 1 (SLC11A1) also known as 

natural resistance-associated macrophage protein (NRAMP1) [41, 42, 43, 44, 45, 46], TLR2 
[47, 48], FASL [49], IL17A [50, 51], CCL2 [52, 53, 54, 55], tumor necrosis factor-α (TNF) 

[34, 56], nitric oxide synthase 2A (NOS2A) also known as iNOS [57, 58, 10, 59, 60], and 

dendritic cell-specific intercellular adhesion molecule-3-Grabbing non-integrin (DCSIGN) 

also known as CD209 [61, 62].

Previous studies involving human subjects, in vivo mouse model experiments, and in 
vitro cell cultures have shown that the expression of these genes may be associated with 

TB pathogenesis. For instance, it has been recently shown through in vitro experiments 

that PPARG and TR4 play key roles in the pathogenesis and survival of MTB within 

macrophages [13]. However, few in vivo studies have demonstrated the role of these new 

candidate genes in MTB pathogenesis. The role of some other genes in the above list have 

been described in in vitro and in vivo model experiments.

Since the course of TB infection in rhesus macaques is similar to that in humans, and it is 

possible to perform controlled MTB experimental infection in rhesus macaques, the change 

in expression levels of various genes in the PBMCs of the laboratory animals can be assayed 

at different dates pre-and post-infection. The genes with highly divergent expression levels 

(pre- and post-infection) as a function of the presence and severity of TB lesions in lungs 

may be useful as host biomarkers in probabilistic TB diagnostic methods, especially for the 

diagnosis of latent TB cases in which direct isolation of MTB can not be easily conducted.

In this study, six rhesus macaques were experimentally infected with MTB [63]. Blood 

samples from the infected animals were obtained pre-infection and at different dates 

(every 1-2 months) after MTB infection. The study animals were euthanized approximately 

six months post-infection and gross necropsy and histopathological investigations were 

conducted. A quantitative assessment of the severity of lesions in the lungs and other organs 

was determined using several measures of TB pathogenesis: 1) number of granulomas, 2) 

size of the largest granuloma, 3) volume of the lung tissue exhibiting granulomatous lesions, 

4) volume of the lung tissue exhibiting non-granulomatous lesions, and 5) a direct count of 

bacterial load in the lungs, in colony forming units (CFUs). A comprehensive morphometric/

quantitative description of the histopathologic lesions of MTB in the lungs of all study 

animals was previously reported in detail [63].

We identify several host TB candidate genes whose upregulation or downregulation in 

the PBMCs of the study animals is associated with the severity of lesions in the lung 

tissues of the study animals, as discussed below. Similar approaches for identification of the 

expression profiles of candidate genes have been previously used for prognosis of cancer and 

autoimmune diseases [64].
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2. Results

2.1. Model Results

We find consistent secular trends across animals in the expression levels of CCL2, FASL, 
IL10, and TNF as TB infection develops over time (Figure 1). This provides evidence that 

experimental infection with TB can lead to changes in the expression levels of these genes. 

As such, a multi-gene panel which assays expression levels of these genes might be useful 

for distinguishing non-infected macaques from infected ones. However, these results are not 

sufficient to comment on the relationship between gene expression levels and TB severity; to 

do that, we must explicitly model the relationship between gene expression and TB severity 

at time of euthanasia, as in Figure 2.

Elevated expression levels of IP10 (CXCL10), TLR2, TR4, and TNF in the PBMCs of the 

study animals before MTB infection are reliably associated with the severity of TB lesions 

and the bacterial count of MTB in the lungs of the study animals months later (Figure 2). 

These genes can be categorized as the group of genes whose expression levels pre-infection 

in this sample are associated with susceptibility to TB.

Further, we find that the relationship between expression levels of CD40, CD40L, CD95, 
TNF, and especially TR4 changes from the pre-infection state to the post-infection state 

(Figure 2). These genes can be categorized as the group of genes whose expression levels 

may be indicative of TB severity.

PPARG, CSF2, IL23A, IL12A, IL13, IL4, IL5, IL17A, and iNOS, could not be quantified 

in all animals (we could not distinguish between a true lack of expression and problems in 

quantification), so these genes were excluded from the study.

To visually represent the strength and direction of the relationship between gene expression 

levels and TB pathogenesis, we plot the values of the regression coefficient estimates 

in Figure 2. The numerical values and posterior confidence intervals of these parameter 

estimates are included in the Supplementary Materials.

2.2. Information Theoretic Model Comparison

The sample size of animals in this study is small (N = 6); however, independent assessments 

of TB severity were conducted in each of (L = 6) lung lobes (left caudal, left cranial, 

right accessory, right cranial, right caudal, and right middle), allowing for the relationship 

between gene expression and TB pathogenesis to be assessed in six semi-independent tissues 

per animal, meaning the actual sample size of outcome data is 36. Prior to the development 

of mutli-level models and Bayesian analysis, issues of pseudoreplication would rendered 

nuanced analysis of such data unfeasible [65]. However, by developing a custom multi-level 

statistical model, we can analyze the data using methods designed specifically for cases 

where observations (eg. granuloma counts, max granuloma size, and granuloma volume per 

lung lobe) are clustered into higher-level units (animals), which may introduce correlations 

in outcomes at the lower level.
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To test if use of gene expression data actually improve predictive inference relative to a null 

intercept-only model, we use information theoretic model comparison [66]. These methods 

allow us to demonstrate that models using gene expression information have significantly 

better predictive ability than the null model (Figure 3). This analysis provides evidence that 

although our sample size is small in terms of animals, there is strong enough signal in our 

data to make model-based predictive inference possible.

We use information theoretic model comparison to assess the relative utility of gene 

expression levels at each date, in each measure of TB pathogenesis. The results of model 

comparison are represented visually in Figure 3, and numerically in the Supplementary 

Materials. Across all measures and time periods, the null model has almost no information 

theoretic support, which provides strong evidence that use of gene expression levels 

improves predictive inference concerning TB severity. There is some variation in which 

genes have the most predictive ability at each date (for example, TNF expression levels 

shortly after infection are among the best predictors of TB severity, but TR4 and CD40 
expression levels at later dates are better predictors of TB severity). There are also genes 

which are consistently of little use in predicting TB severity (e.g. IFNE, IL10, and IL15).

2.3. Gene by Gene Profiles

Elevated expression levels of TNF in the PBMCs of the study animals pre-infection is 

associated with increased severity of TB infection at time of the euthanasia of the study 

animals 5-6 month post-infection (Figure 2j). However at the date of 4-01-2009 and at 

necropsy, TNF expression levels were inversely associated with TB severity (Figure 2j).

A similar pattern was observed for CD40 and CD40L, whose expression levels become 

inversely associated with TB severity at euthanasia around 02-03-2009 or 03-02-2009 

(Figures 2b and 2c). CD95 expression levels become inversely associated with TB severity 

at 02-03-2009 (Figure 2d). As such, the expression levels of these four genes may 

contain information on the underlying severity of TB infection, and may be useful in 

probabilistically estimating TB severity from PBMC-based expression assays.

Elevated expression levels of CCL2 pre-infection (11-05-2008) and (to some extent) one 

month post-infection (01-05-2009) show a weak but positive association with TB severity at 

time of the euthanasia; however, no reliable association between CCL2 expression and TB 

severity after 01-05-2009 was observed (Figure 2a).

The expression levels of IP10 both pre-infection (11-05-2008) and post-infection 

(01-05-2009 to 03-02-2009) show a strong positive association with TB severity at 

euthanasia (Figure 2g).

The expression levels of IL7 and IL15 show no reliable signs of association with TB severity 

at euthanasia (Figures 2f and 2l).

The expression levels of IL10 and IFNE show no relationship to TB severity at euthanasia 

(Figure 3).
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The pre-infection (11-05-2008) expression levels of TR4 are positively associated with the 

severity of TB infection 5-6 months later. Furthermore, the expression levels of TR4 become 

strongly inversely associated with TB severity by 02-03-2009, and remain this way until the 

animals were euthanized (Figure 2k).

Likewise, pre-infection (11-05-2008) expression levels of TLR2 are positively associated 

with the severity of TB infection 5-6 months later (Figure 2i). However, the relationship 

remains positive until 03-02-2009, and thereafter shows no relationship with TB severity.

NRAMP1 expression levels pre-infection show no reliable association with TB severity 

(Figure 2h); however, expression levels of NRAMP1 post-infection show a marginally 

reliable positive association with TB severity, especially in the months immediately prior to 

euthanization (04-01-2009 to euthanization).

Finally, expression levels of DC-SIGN failed to show signs of association with TB severity 

(Figure 3).

2.4. Histopathology

Figures 4 and 5 present the histopathology of granulomatous lesions in right caudal lobe of 

lungs in the study animals using hematoxylin and eosin and then trichrome blue staining, 

respectively. In general, granulomas with central area of necrosis and/or mineralized cavities 

are observed. Additionally, the margins of macrophages, lymphocytes, and rare multinuclear 

giant cells are surrounded by fibrous connective tissue. Smaller granulomas are noticed 

within and outside of the capsules. These results indicate that the encapsulation seems to 

be breached. The areas of necrosis were extensive in two animals that exhibited severe TB, 

necessitating euthanasia before scheduled termination of the study.

3. Discussion

The results of this study indicate that the expression levels of some host candidate genes 

both pre- and post-infection are associated with the severity of TB outcomes. Moreover, 

histopatholgical investigations found presence of TB lesions in organs other than the 

lungs (in brain and eye tissue). Quantitative morphometric measures of the histopathologic 

changes in the lungs of the study animals and other quantitative measures of severity of 

TB infection (e.g. bacterial load in lungs) were used as the outcomes of a statistical model 

in which the expression levels of the candidate genes in PBMCs were predictors. We have 

identified several genes (including the previously unverified TR4) whose expression levels 

in PBMCs post-infection are indicative of the severity of TB pathogenesis. These genes 

may thus be of use in a multi-gene expression panel for the probabilistic estimation of the 

likelihood of TB infection. No reliable association between the expression level of IFNE in 

PBMCs and the severity of TB lesions in the lungs of the study animals was found.

3.1. Gene Expression Levels as Biomarkers for TB Infection

Our results suggest that the genes TR4, CD40, CD40L, CD95, IL10, and TNF may be of 

use in the creation of a gene-expression panel for probabilistic estimation of TB infection. 
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The information on some of the genes such as lipid sensing nuclear receptors (e.g. TR4) and 

IFN-ε are novel in an in vivo setting.

The study of TB pathogenesis in cynomolgus macaques may be better suited to study of 

human TB than the rhesus macaques used herein. Uniquely, cynomolgus macaques can 

progress to latent tuberculosis if infected with a low dose of MTB. This animal model has 

been utilized to investigate and categorize latent and active MTB infections at the molecular 

and histopathologic levels [67, 5, 2]. We did not have access to samples from TB infected 

cynomolgus macaques, however. It would be beneficial to compare and contrast our results 

to studies in which cynomolgus macaques are experimentally infected with TB, possibly 

using varying doses MTB at inoculation.

Studies similar to ours can not be conducted in human subjects due to ethical limitations; 

studies of gene expression in NHPs experimentally infected with TB are thus one of the 

best models for human TB [68]. However, findings in studies of gene expression and TB 

in NHPs can be compared to similar studies of human TB cases using other available (yet 

lower resolution) measures of TB severity (e.g. chest X-ray etc).

In this paper, we have not provided any evidence that the pattern of change in gene 

expression levels observed in this study is unique to TB infection as opposed to infection 

with a different pathogen. We recognize the necessity of future studies to investigate the 

uniqueness of gene expression changes in the above listed genes. However, we suspect that 

although the expression levels of any one gene are unlikely to be diagnostic of TB infection 

to the exclusion of other pathogens, an expression panel that includes many genes may be 

able to make such distinctions. Below we place our findings in the context of gene-specific 

research programs.

3.1.1. TR4 and PPARG—Previous in vitro studies have shown that LSNRs (e.g. PPARG 
and TR4) play a key role in the survival of MTB in macrophages [13, 69]. In this study, we 

evaluated whether the expression levels of two LSNR genes (TR4 and PPARG) in PBMCs 

of MTB infected rhesus macaques are associated with the severity of TB infection in the 

lungs. To the best of our knowledge, there have been no previous in vivo studies of these 

genes as predictive host markers of TB severity in NHPs or humans. Although we could 

not successfully quantify PPARG expression in the PBMCs of all the study animals, we did 

successfully quantify the expression levels of TR4 in the PBMCs of all study animals.

We observe that elevated pre-infection expression levels of TR4 are reliably associated with 

increased severity of TB at time of euthanasia; however, as infection develops over time, 

we observe an inverse relationship develop between TR4 expression and TB severity. These 

results suggest that upregulation of TR4 post-infection may play a role in attenuating TB 

pathogenesis. Furthermore, our results suggest that TR4 may have a significant role as a new 

host biomarker/gene for inclusion in a diagnostic gene expression panel for TB infection.

3.1.2. CD40, CD40L, and CD95—It has been previously reported that CD40 plays a 

key role in immune response against MTB and host genetic mutations can increase TB 

susceptibility by imparing CD40 production [24]. Recent findings show that MTB infection 
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induces expression of CD40 in macrophages [70] and that the expression level of CD40 in 

PBMCs increases with age in human infants, as the innate response against MTB develops 

[18].

Some in vitro and in vivo experiments indicate that CD40L induces an antimicrobial 

response to MTB infection [22, 23]; the results of the present study also suggest that 

the expression levels of CD40L in the PBMCs of the TB infected animals are inversely 

associated with the severity of tuberculosis, agreeing with the results from some previous 

studies in the mouse model [71, 17].

Additionally, MTB-reactive γδ-T cells have been shown to express high levels of FAS 
(CD95) [72]. Our findings are thus in concordance with those from other studies of TB 

pathogenesis in animal models, which reported the importance of FAS (CD95) in a robust 

immune response against MTB [73, 74, 75, 76].

The inverse associations we observe develop between the expression levels of CD40, 

CD40L, and FAS (CD95) in PBMCs and the severity of TB in the study animals suggests 

that they might be appropriate host biomarkers for inclusion in an expression profile for the 

prediction of MTB infection in rhesus macaques.

3.1.3. iNOS—Previous studies have indicated that the expression level of iNOS at the 

site of granulomatous lesions in lung tissue, alveolar epithelial cells, and macrophages is 

relatively high in TB-infected individuals; specifically, the expression level of iNOS in 

the lungs of mice infected with MTB is high in the early phases of TB infection, during 

the formation of granulomas, and low in the late phases [10]. Since previous studies have 

shown that the expression levels of iNOS in the lung tissue of TB-infected/Bcg vaccinated 

macaques is significantly elevated, and since iNOS is thought to play an important role in 

intra-celluar immunity and the elimination of MTB in macrophages through the production 

of peroxynitrite, its expression levels in the PBMCs of study animals was also evaluated 

through the use of two (human and rhesus macaque) NOS2A probes [77, 78, 79, 80]. 

Unfortunately, the expression levels of iNOS could not be successfully quantitfied in the 

PBMCs of all rhesus macaques included in the present study. As such, future research is 

needed in order to evaluate the relationship between the expression level of iNOS in PBMCs 

of TB infected rhesus macaques and the severity of TB. Alternatively, research could focus 

on the development of methods that detect iNOS and/or nitric oxide (NO) metabolites [81].

3.1.4. IP10—It has been previously shown that polymorphisms in the promoter of IP10 
are associated with susceptibility to TB [82]. Moreover, IP10 has been previously considered 

as a host candidate gene for TB susceptibility and a key marker for TB diagnosis [83, 84]. 

The results of this study indicate that the expression level of IP10 (CXCL10) in PBMCs of 

TB infected rhesus macaques both pre- and shortly post-infection may be associated with 

increased TB severity.

3.1.5. NRAMP1—The occurrence of mutations in the NRAMP1 gene and resultant 

susceptibility to TB has been extensively studied over the last 20 years. It was originally 

shown that mutations in the coding region of NRAMP1 caused susceptibility to some 
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Mycobacterial infections but not to Mycobacterium tuberculosis [42, 43, 44, 46, 45]. Recent 

studies, however, indicate an important role of NRAMP1 in susceptibility to MTB [85, 

86, 87], but there are not many studies that validate the predictive value of NRAMP1 
expression for estimating TB severity. The results of our study indicate that expression levels 

of NRAMP1 post-infection show some positive association with TB severity, especially in 

the months immediately prior to euthanasia. The expression profile of NRAMP1, together 

with other genes that show an association with severity of TB lesions in the lung, might be 

valuable for prognosis of TB in NHPs and humans.

3.1.6. IFNE—Although IFNG has been extensively used as one of the most important 

host immune genes for TB pathogenesis, to the best of our knowledge there is not much 

information on the predictive role of IFNE for TB diagnosis and/or prognosis purposes. 

While the expression of IFNG has been previously shown to have predictive value in the 

diagnosis of TB in both humans and macaques, this study failed to find a relationship 

between the expression levels of the recently identified IFNE in the PBMCs of the study 

animals and severity of TB infection, suggesting that IFNE may not be an appropriate host 

gene/biomarker for the diagnosis of TB. Our study animals all exhibited the active form 

of TB and it would be useful to investigate the predictive value of IFNE in cynomolgus 

macaque that can develop latent TB when infected with low dose of MTB [5]. This will help 

us better understand the predictive value of this gene in latent TB cases.

3.1.7. Other Genes—Although several other host genes investigated in this study have 

been found to be functionally important genes or biomarkers in predicting severity of disease 

progression [see 88, 54] and expression levels of some of them in human samples (e.g. in 

Bronchioalveolar lavage and sputum) have been shown to correlate with the status of TB 

infection [36], we did not find associations between the expression levels of these genes in 

PBMCs and severity of TB in rhesus macaques.

There are several other immune-related candidate genes that could be included in a study 

with a larger sample size to assess the predictive ability of gene expression for TB diagnosis 

and prognosis. Killer immunoglobulin-like receptor (KIR) genes are one of many genes 

that could be included in a more comprehensive study [89]. Although some of the genes 

investigated in our study do not show reliable bivariate associations with the severity of 

TB in NHPs, they might have significant roles in predicting TB outcomes when used in 

combination with other genes or when considering gene-gene interactions in the model. 

A larger sample size is required to investigate whether considering gene-gene interactions 

improves the predictive ability of gene expression for diagnosis and/or prognosis of TB in 

NHPs.

In conclusion, while the expression levels of the recently identified member of the interferon 

family, IFNE, was not reliably associated with severity of TB infection, the results of 

this study indicate that expression levels of TR4, CD40, CD40L, FASC (D95), and TNF, 

in the PBMCs of MTB-infected rhesus macaques are associated with severity of disease 

progression, and, as such, exhibit substantial potential as host biomarkers for inclusion in a 

diagnostic and/or prognostic expression profile for TB infection.
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4. Methods

4.1. Study Subjects

Tissue samples remaining from a study of NHPs experimentally infected with TB at the 

California National Primate Research Center (CNPRC) for other purposes were used for this 

study [63]. The study subjects were six male rhesus macaques that were simian retrovirus 

D-negative and SIV-negative (four of pure Indian ancestry, two of mixed Indian-Chinese 

ancestry) and were colony-bred from the California National Primate Research Center 

(CNPRC) at the University of California, Davis [63, 90]. All study animals were housed 

and cared for according to the standards detailed in the Guide for the Care and Use of 

Laboratory Animals (National Research Council 1996). Protocols for the maintenance of 

animals were approved by the UC Davis Institutional Animal Care and Use Committee 

(IACUC). Animals were handled in accordance with Association for Assessment and 

Accreditation of Laboratory Animal Care (AAALAC) Standards [63].

4.2. MTB inoculation, blood sampling, and necropsy

As was explained previously [63], the study animals were inoculated with 500 CFU of 

MTB (Erdman strain, lot K01) in 3 ml of sterile saline through bronchospcopic inoculation 

using a BF-XP60 fiberoptic bronchoscope (Olympus, Tokyo, Japan) [63]. Blood samples 

from the study animals were drawn before MTB inoculation, as well as after inoculation at 

approximately one month intervals. PBMCs were isolated from whole blood immediately 

after blood samples were taken, and were stored in a −80°C freezer. PBMCs were isolated 

from blood samples one month before MTB inoculation (11-05-2008), at several dates 

post-inoculation (01-05-2009, 02-03-2009, 03-02-2009, 04-01-2009, and at the time of each 

animal’s euthanasia). These PBMCs were used for the gene expression analysis in this study. 

However, since two of the six study animals progressed to severe TB and exhibited extreme 

clinical symptoms, they were euthanized for ethical reasons 9 weeks prior to the euthanasia 

of the other four study animals.

4.3. PBMC isolation and total RNA extraction

The PBMCs were isolated using Ficoll following standard methods. Frozen PBMCs isolated 

from the blood samples of the study animals were processed at the Biological Safety Level 3 

laboratory at the Center for Comparative Medicine (CCM) at UC Davis. Each vial of frozen 

PBMC contained approximately 107 cells. These cells were defrosted and rapidly subjected 

to RNA extraction. The freezing buffer was washed off the PBMCs using 15 ml of Classical 

Gibco media (RPMI 1640, Life Technologies, NY), for each sample. Lysis buffer was added 

to the tubes containing PBMCs and the RNA was was extracted following the RNeasy Mini 

Kit protocol (Qiagen Inc., Valencia, CA). The extracted RNA was stored overnight in a 

−20°C freezer after adding 10 μL of NaOH and 250 μL of 100% ethanol for precipitation.

4.4. cDNA synthesis and real-time polymerase chain reaction (q-PCR)

The extracted RNA samples were quantified prior to cDNA synthesis following 

the manufacturers’ guidelines. Normalized concentrations of RNA samples were 

used for cDNA synthesis and q-PCR reactions. The primers for IFNE (Hs00703565-
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s1), IL10 (Hs00174086 m1), CD40 (Rh02621776-m1), CXCL10 (Rh02788357-m1), 

IL17A (Hs00174383-m1), CD40L (Rh02787995-m1), IL12A (Hs00168405-m1), TLR2 
(Rh02787279-s1), CSF2 (Rh02621728-m1), IL7 (Rh02621732-m1), IL15 (Rh02621777-

m1), PPARG (Rh02787676-m1), TR4 (Hs00991824-m1), IL23A (Rh02872166-m1), FAS 
(CD95) (Rh02787979-m1), IFNG (Hs00989291-m1), NRAMP1 (Rh02829150-mH), IL13 
(Rh03043053-m1), IL4 (Rh02789319-m1), IL5 (Rh03456659-u1), FASL (Rh02621724-

m1), CCL2 ( Rh02787889-mH), CD209 (Rh02788045-m1), TNF (Rh02789783-m1), 

and two different primers (Hs00167257-m1) and (Rh02829281-m1) for NOS2A were 

obtained from Applied Biosystems (Foster City, CA). The primers for GAPDH 
(forward, GCACCACCAACTGCTTAGCACC; reverse, TCTTCTGGGTGGCAGTGATG; 

probe, TCGTGGGAAGGACTCATGACCACAGTCC) were designed, optimized, and 

validated by the Lucy Whittier Molecular Core Lab at the University of California Davis. 

The reaction was performed on the ABI ViiA 7 sequence detector (Applied Biosystems, CA) 

in tubes containing RT-qPCR master mix. Expression levels of all samples were normalized 

to that of a housekeeping gene, GAPDH (glycealdehyde-3-phosphate dehydrogenase), and 

expressed as the relative difference.

4.5. Histopathology

Paraffin embedded blocks containing tissue samples from the right caudal lobe of the lungs 

of all the study animals were used to prepare histopathology slides using hemtoxyline and 

eosin or trichrome blue staining at the Anatomic Pathology Service of the William R. 

Pritchard Veterinary Medical Teaching Hospital, University of California, Davis.

The Supplementary Material contains the raw data on TB outcomes for each animal, in each 

lung lobe, for each measure of TB severity; see GranulomaCount.csv, GranulomaSize.csv, 
GranulomaVolume.csv, NonGranulomaVolume.csv, and CellCount.csv. Definitions for the 

values in these data sets are provided below.

4.6. Statistical Analysis

4.6.1. Model Definition—We have five outcome variables per animal, n ∈ {1, …, N}, 

per lung lobe, l ∈ {1 … L}, which are: 1) a semiquantitative granuloma count, G[n,l] ∈ {0, 

1}, where a value of 1 indicates more than 10 granulomas per sample or a miliary pattern, 

and 0 indicates 10 or fewer granulomas; 2) a semiquantitative characterization of the size 

of the largest granuloma, S [n,l] ∈ {0, 1}, where a value of 1 indicates a granuloma size 

of 3mm or greater, and a value of 0 indicates a size of less than 3mm; 3) the log of the 

volume of granuloma lesions V [n, l] ∈ ℝ; 4) the log of the volume of non-granuloma lesions 

W [n, l] ∈ ℝ; and 5) the log of Mycobacterium tuberculosis load (CFU), M[n, l] ∈ ℝ. A small 

constant was added to volume data to ensure that the log of 0 was not taken. Each of these 

outcome variables is taken directly from previously published work [63].

As is the case with the non-independence of TB pathogenesis across lung lobes within 

animals, our outcome variables within lung lobes are non-independent. Each of these 

outcome variables, however, contain slightly different information, in that differing genetic 

factors might have implications for the count versus size of granulomas, or implications 

for the nature of lesions as granulomatous versus non-granulomatous. We model these 

Roodgar et al. Page 11

Infect Genet Evol. Author manuscript; available in PMC 2023 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



outcomes jointly using a multi-level hybrid Gaussian-Bernoulli regression model, so that 

the correlations, if any, between the regression parameters for each outcome variable can 

be estimated and used to improve inference within each sub-model. We use Hamiltonian 

Marcov Chain Monte Carlo (MCMC) simulation, implemented using the Stan v2.2 C++ 

library, to fit our model [91].

At each MCMC iteration we model:

G n, l ∼ Bernoulli logistic λ n, l (1)

S n, l ∼ Bernoulli logistic θ n, l (2)

M n, l ∼ Normal ψ n, l , σM (3)

V n, l ∼ Normal ϕ n, l , σv (4)

W n, l ∼ Normal κ n, l , σw (5)

where λ[n,l], θ[n,l], ψ[n,l], ϕ[n,l], and κ[n,l] are defined as functions of the expression levels, 

X[n,t], of a given gene, in a given animal, n, at a given point in time, t:

λ n, l =β 1, l + β 2, l X n, t (6)

θ n, l =β 3, l + β 4, l X n, t (7)

ψ n, l =β 5, l + β 6, l X n, t (8)

ϕ n, l =β 7, l + β 8, l X n, t (9)

κ n, l =β 9, l + β 10, l X n, t (10)

It should be noted that a single predictor in animal n, the gene expression level, X[n,t] in 

PBMCs, is used to predict each outcome variable in each lung lobe. It should also be noted 

that the intercept (β[1,l], β[3,l], …, β[9,l]) and slope (β[2,l], β[4,l], …, β[10,l]) coefficients have 

unique values for each lobe, l. This allows for the relationship between gene expression and 

presence of granuloma to vary by lung lobe (an effect which is clearly visible in the raw 

data distributions). Finally, we note that we refit the model iteratively for each combination 

of gene and time, t, to yield an estimation of the usefulness of the expression levels of a 

given gene at a given time to predict the severity and form of M. tuberculosis infection at 

post-mortem analysis.
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At each model iteration, we use a hierarchical model structure to estimate the value of the 

coefficient vector, β[l], while simultaneously pooling information across lung lobes, to yield 

coefficient estimates that describe the average relationship between gene expression levels 

and pathogenesis across lung lobe types, μβ. We model:

β l ∼ Multivariate Normal μβ Σ (11)

where Σ is a variance-covariance matrix which allows for partial pooling of information 

across the parameters within and between each of the sub-models included in our analysis.

To complete the fully Bayesian model definition, we define weakly informative priors on 

each cell of the mean parameter vector, μβ:

μβ ∼ Normal 0, 10 (12)

We define a prior on the variance-covariance matrix Σ, using a correlation matrix, ρ, 

multiplied on both sides by diagonal matrices of value ξ to scale the size of the variance 

terms:

Σ = Diag ξ ρDiag ξ (13)

We use weakly regularizing (half) Cauchy priors on the elements of ξ:

ξ ∼ Cauchy 0, 2.5 T 0, ∞ (14)

and the correlation matrix is given a prior of:

ρ ∼ LKJcorr 2 (15)

which places an approximately uniform density across the off diagonal of the matrix. The 

LKJcorr distribution is describe by [92], and is used in the Stan programming language as an 

alternative to Wishart-based variance-covariance matrix parameterizations, which Gelman 

and colleagues argue are often too restrictive for general use [93].

The standard deviation parameters for the Gaussian models are given weakly regularizing 

(half) Cauchy distributions as priors:

σM ∼ Cauchy 0, 2.5 T 0, ∞ (16)

σV ∼ Cauchy 0, 2.5 T 0, ∞ (17)

σW ∼ Cauchy 0, 2.5 T 0, ∞ (18)

4.6.2. Model Comparison—We compare models using the Watanabe-Akaike 

information criterion (WAIC) [66], which is a more fully-Bayesian generalization of the 

standard Akaike information theoretic criteria, AIC. Computed WAIC is defined as:

Roodgar et al. Page 13

Infect Genet Evol. Author manuscript; available in PMC 2023 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



WAIC = − 2 lppd − pE (19)

The computed log pointwise posterior predictive density, lppd, is defined as:

lppd =
n = 1

N
log 1

Q q = 1

Q
Pr Y n, l Ψ n, l, q (20)

where q ∈ {1, …, Q} references the index of simulations from the posterior distribution, 

with Q being the total number of saved simulations. The effective number of parameters, pE 

is computed as:

pE =
n = 1

N
Varq = 1

Q log Y n, l Ψ n, l, q (21)

where the symbol Varq = 1
Q  represents the function to calculate the sample variance over the 

posterior simulations. The symbol Ψ[n,l,q] represents the model predictions (eg. λ[n,l], θ[n,l], 

etc …), and the symbol Y[n,l] represents the model data (eg. G[n,l], S[n,l], etc …).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The expression levels of NR2C2(TR4), CD40, CD40L, Fas (CD95) and TNF-α in PBMC 

were associated with quantitative measures of the severity of TB histopathologic lesions 

in the lungs of the study animals.

No reliable association between the expression levels of IFN-ε in PBMCs and the 

severity of TB lesions in the lungs of the study animals was found.

In conclusion, PBMC expression profiles derived from the above-listed host genes might 

be appropriate biomarkers for probabilistic diagnosis and/or prognosis of TB severity in 

rhesus macaques.
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Figure 1: 
Quantified expression levels (Y-axis) of several of the genes investigated in this study, 

pre-infection (11-05-2008), at several dates post-infection (01-05-2009, 02-03-2009, 

03-02-2009, 04-01-2009), and at time of euthanasia. Each animal’s gene expression over 

time is represented by a unique color. Quantification could not be completed for all animals 

at all dates, leading to some cases of missing data. Across these sub-figures, we note 

that some genes (e.g. TNF) show consistent temporal trends across animals; other genes, 

however, show no overall temporal pattern in expression, even though their expression levels 

may be indicative of the severity TB infection (See Figure 2).
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Figure 2: 
Caterpillar plots representing the associations between gene expression levels at various 

dates and quantitative measures of TB severity at euthanasia. Each subfigure is unique to a 

given gene, and each subplot within each subfigure is unique to a given quantitative measure 

of TB severity at euthanasia (vertical axis) for a given date of gene expression quantification 

(horizontal axis). The black points represent the posterior mean and the vertical grey bars 

indicate the central 95% posterior credibility intervals. The horizontal black lines represent 

the value of zero, or no effect. Null effects are typically close to zero, with confidence 
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intervals that overlap zero. Reliable effects have confidence intervals that don’t overlap zero, 

or do so only slightly. To be confident that an effect is actually non-zero, it is also useful 

to see if the effect is observed across the majority of the five outcome variables, and if the 

effect is part of a temporal trend.

Roodgar et al. Page 28

Infect Genet Evol. Author manuscript; available in PMC 2023 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: 
Results of formal model comparison using WAIC. Each block represents a date when 

gene expression levels were quantified: A) 11/05/2008, B) 01/05/2009, C) 02/03/2009, D) 

03/02/2009, E) 04/01/2009, F) Time of euthanasia. Each vertical column illustrates the 

information theoretic support that the specified gene (on the vertical axis) is the gene 

whose expression levels best predict a proxy of TB severity (on the horizontal axis). The 

column labels: G, S, M, V, and W, correspond to granuloma count in sections of lung, max 

granuloma size, granulomatous lesion volume, non-granulomatous lesion volume, and TB 
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cell count, respectively. Increasing intensity of the red color indicates increasing information 

theoretic support. The quantitative results of the information theoretic model comparison 

used to generate this figure are included as Supplementary Materials. The “-” symbol 

indicates the performance of the null model, which does not include gene expression levels 

as a predictor; it should be noted that the null model has almost no information theoretic 

support in any of the model comparisons, meaning that use of gene expression levels to 

predict TB severity almost universally improves predictive inference. Consistent support for 

a given gene across proxies for TB severity and time periods provides good evidence that 

there exists a relationship between TB pathogensis and gene expression levels.
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Figure 4: 
Multifocally in the lung, there were individual and coalescing granulomas which ranged 

from approximately 200 to greater than 1000 um in diameter. Granulomas were 

characterized by central areas which varied from having closely apposed epithelioid 

macrophages to necrosis consisting of intense eosinophilia, karyorrhexis, and karyolysis 

with basophilic hyalinized foci of mineralization (35446, b) or without basophilic hyalinized 

foci of mineralization (35414, a). The central region of granulomas were surrounded by 

areas of necrosis in animals that exhibited severe and active TB (c) or fibrosis in animals that 
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exhibitted less severe disease and more successfully controlled the infection (d). Mainly 

at the periphery of granulomas there was a primarily mononuclear inflammatory cell 

infiltrate composed of varying numbers of lymphocytes, plasma cells, histiocytes and rare 

multinucleated giant cells which were more sparsely distributed. An outer rim of fibrosis 

(encapsulation) delineated the granulomas from pulmonary parenchyma. Degree of severity 

was based on the percent of pulmonary parenchyma affected by this chronic inflammatory 

process, size and number of granuloma. 35710 was least affected; granulomas for this case 

were also smaller, see [63]. 36727 was most extensively affected with granulomas also in 

eyes and brain.
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Figure 5: 
a) 35414 central area of caseous necrosis with margin of macrophages, multinucleated 

giant cells, and lymphocytes surrounded by fibrous connective tissue. b) 35446 central area 

of necrosis surrounded by fibrous connective tissue. c) 35603 central cavity containing 

mineralized material with margin of necrotic cells, surrounded by macrophages, distinct 

multinucleated giant cells and lymphocytes surrounded by patchy multifocal areas of fibrous 

connective tissue. d) 35710 central cavity containing mineralized material surrounded by 

macrophages, distinct multinucleated giant cells and lymphocytes surrounded by distinct 

area of fibrous connective tissue. e) 36365 central area of extensive necrosis surrounded by 

macrophages, lymphocyte, and distinct multinucleated giant cells surrounded by distinct 

fibrous connective tissue. f) 36727 central area of extensive necrosis with margine 

of macrophages, lymphocytes multinucleated giant cells surrounded by distinct fibrous 

connective tissue.
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