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ABSTRACT 

Tuberculosis (TB) remains a major threat to public health that causes tremendous 

morbidity and mortality in developing countries. The diagnostic tests for TB have 

problems with sensitivity, specificity, and ability to measure treatment outcomes. Positron 

emission tomography/computed tomography (PET/CT) imaging techniques can provide 

a fast and sensitive way of diagnosing active TB and can be a valuable tool of studying 

TB-associated inflammation in tissues. The most common PET probe is FDG, a glucose 

analog that is taken up by metabolically active cells, but the factors driving FDG uptake 

and the cells responsible for this in granulomas remain unknown. Our study focused on 

expression of glucose transporters (Gluts), a diverse set of proteins involved in glucose 

metabolism, in granulomas from Mycobacterium tuberculosis-infected monkeys. Our 

objective was to measure Glut expression, localization, and cellular source. We used RT-

PCR and multi-color immunohistochemistry to accomplish this objective. We found that 

there was substantial variation in Glut expression between granulomas and uninfected 

lung, and that expression of individual Gluts did not correlate with FDG uptake in tissues. 

Our immunohistochemical studies demonstrated that Glut1 and 3 were strongly 

expressed by epithelioid macrophages, a cell type that exists in hypoxic environments 

and is likely to be using glycolysis to generate energy. We also identified a correlation 
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between neutrophils and FDG uptake, suggesting these cells may contribute to PET/CT-

measured inflammation in granulomas. Our results suggest that multiple factors, rather 

than a single Glut, drive FDG uptake in granulomas, but also indicate Glut expression on 

specific cell populations may strongly influence PET/CT detection of TB. Future work 

identifying the relationship between these cell populations and changes in FDG uptake 

over the course of disease may lead to important new information on pathogenesis in TB. 

Public health significance of our study may provide new insight and perspective of 

metabolic and physiological characteristics in granuloma and potentially improve the 

sensitivity and usefulness of existing PET/CT imaging technique. 
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1.0  INTRODUCTION 

1.1 TUBERCULOSIS 

1.1.1 Epidemiology 

Tuberculosis (TB) is caused by the intracellular pathogen Mycobacterium 

tuberculosis (Mtb). Mtb is an aerobic, acid-fast bacterium that has a thick cell walls and 

complex outer membrane that enable them to survive in harsh environmental condition 

and infect host cells (1). TB is one of the oldest human diseases and even with modern 

medicine humankind still suffers tremendous losses from this ancient disease. According 

to the WHO, it is estimated nearly 2 billion people, or one third of world’s populations is 

infected with Mtb. In 2015, TB killed 1.4 million people and there were 10.4 million develop 

active disease (2). HIV-infected individuals are as significant and there were 400,000 

deaths among the 1.2 million people who are co-infected. In this population, the risk of 

getting active TB disease increases from 10% lifetime risk to 10% each year, which is 20 

times higher than HIV non-infected people (3, 4). Besides those infected with HIV, people 

from all age groups are at risk of developing TB, but those who smoke or have medical 

conditions are at higher risk than others. (5) 



 2 

The greatest incidence of TB occurs in the developing countries in Asia and Africa. 

Six countries include India, Indonesia, China, Nigeria, Pakistan and South Africa account 

for 60% of total cases (2). Despite the considerable amount effort and resource spent to 

curb the spread of TB, many developing countries still face enormous disease burdens. 

Many reasons may contribute to this outcome including poor public health infrastructure, 

limited prevention measures, low socioeconomic status, and delayed diagnosis and 

treatment among others.  

Bacillus Calmette-Guérin (BCG) is the only vaccine developed through the serial 

in vitro passage of M. bovis and it was widely used in TB endemic areas. The vaccine 

has been shown to protect children from severe manifestations of TB such as TB 

meningitis or disseminated infection (6). However, in countries like India, the vaccine 

efficacy varied in different populations and some received no protection at all (7-9). The 

efficiency of BCG vaccine is still under investigation and new vaccine development is 

stumbled due to complex disease pathology within host and maintain efficacy from 

preclinical model to human challenge model (10). Therefore, there is still a long way to 

go in the battle between humans and Mtb.  

1.1.2 Pathogenesis and Clinical Manifestation 

The life cycle of Mtb starts when a person inhales air droplets that contain 

infectious bacteria. Once a bacterium gets into the lung, it is phagocytized by an alveolar 

macrophage. Mtb can resist macrophage killing by interfering the phagosome-lysosome 

acidification pathway and inhibit innate immune functions (11, 12). This allows it to persist 

and replicate intracellularly, eventually causing cell death and necrosis. Release of 
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bacterial products and cellular components leads to recruitment of additional Mtb host 

cells including macrophages, monocytes, and neutrophils, furthering the infection. 

Adaptive immunity is delayed in TB (13) and recruitment of lymphocytes to the site of 

infection take place at between weeks 3-5 post infection which initiates granuloma 

formation (14, 15). Granulomas are organized structures composed of cluster of immune 

cells which participate in bacteria killing and cytokine production to contain the bacteria 

from escaping (6, 16). The factors that lead to containment of infection or progression to 

disease are not fully understood, but it is believed a balance between bacteria killing and 

control of pathology is crucial to maintain the integrity and function of a granuloma (17, 

18)  

Macrophage polarization is a key factor that determines the fate of the granuloma. 

Once activated, macrophage can differentiate into either M1 (classically activated 

macrophages) or M2 (alternatively activated macrophage) (19, 20). Several factors may 

affect the balance of M1 and M2 polarization in granulomas including microbial factors, 

cell-to-cell contact with T cells, and others are currently under investigation (18). M1 

macrophages are pro-inflammatory and are required for killing bacteria. In response to 

interferon-γ (IFN-γ) from Th1 cells and toll-like receptor (TLR) ligands such as 

lipopolysaccharide (LPS), these cells produce proinflammatory cytokines including TNF 

and IL-12,  and chemokines that recruit and activate T cells and killing bacteria (11, 18, 

21, 22). M2 macrophages are anti-inflammatory in nature. In response to Th2 cytokines 

IL-13 and IL-4, they produce IL-10, TGF-βand IL-6 that downregulate Th1 response and 

prevent tissue damage (11, 18, 19, 22). Therefore, an extreme number of M1 

macrophages may cause too much inflammation and pathology, while too few may lead 
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to an ineffective killing of the bacteria. A similar balance needs to be achieved for M2 

macrophage where too many, or too few, will inhibit bacterial containment and protection.   

As for neutrophils, the role they play in early TB infection is still controversial.  

However, several studies have shown replicating bacteria in neutrophils derived from TB 

patients, and neutrophil-induced inflammation being associated with poorly control of TB,  

suggesting that neutrophils may contribute to increase disease pathology and bacteria 

dissemination at late stage of infection (6, 16, 23). Hence, the key factor in determining if 

a granuloma can function properly to effectively contain the bacteria may be the balance 

between inflammation and tissue repair at the granuloma site.  

Although the physical characteristics of granulomas occur over a spectrum, there 

are four commonly-found types. The most commonly considered granuloma is the 

necrotic (caseous) granuloma. This granuloma type has a distinct caseous center 

surround by macrophages and outer lymphocyte cuff. Other types of granuloma include 

non-necrotic granulomas that are like caseous granulomas but do not have the necrotic 

center, suppurative granuloma where the caseum is dominated by neutrophils and fibrotic 

granulomas, which are composed of calcified regions that are associated with successful 

immune response and fewer inflammatory cells (16, 18). Patients who have active TB 

may have more than one type of granuloma found in the lung (24) but condition of an 

individual granuloma won’t provide enough information about the disease condition and 

risk of dissemination. A system wide review of the pathology include the number and 

types of granulomas present and disease burden assessment may help determine the 

risk of disease dissemination for patient who have active disease or disease reactivation 

for patients who have latent infection.  
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TB is often classified as active or latent based on its clinical manifestation. Active 

disease is described as when a person experiences symptoms associated with TB 

include coughing, pain in the chest, fever, weight lost, fatigue and night sweat (25). People 

who develop active disease can transmit bacteria when they speak, breath or cough and 

healthy people can become infected when they inhale bacteria-containing droplet nuclei 

(26). Latently infected people are asymptotic and not do not transmit the bacteria. Usually, 

the immune system does a good job keeping the infection in check, and 90% of the people 

who become infected develop latent infections that never progress to symptomatic TB. 

However, there is 10% lifetime risk for developing reactivation TB, and the risk may 

increase if people are immunosuppressed, smoking, malnourished, alcohol abusers, in 

renal failure, or have diabetes and cancers (2, 27). There is a 45% chance of mortality for 

individuals with active TB if they don’t get proper treatment in time (27).  

1.1.3 Diagnosis and treatment 

The conventional method of detecting active TB is based on clinical signs and 

symptoms, sputum test and chest x-ray. However, these techniques suffer from poor 

sensitivity (40-80%) and this limitation can make diagnosing TB difficult, thereby delaying 

time to treatment. Chest x-ray is used to detect abnormal lung structure such as cavities 

and infiltrations but the results are operator dependent and sometimes give rise to 

nonspecific results that are not sufficient to generate a definite diagnosis. Culture-based 

sputum tests take 2-8 weeks for the results to be available and require multiple samples. 

Microscopy-based sputum tests are more rapid but the low sensitivity and efficiency of 

microscopic detection of acid-fast stained bacteria limit this technique. Moreover, it can 
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be difficult to get sputum from children, a population that is at high risk for TB. 

Immunological tests such as Tuberculin Skin Test (TST) and Interferon Gamma Release 

Assay (IGRA) may give rise to false positive and false negative results and neither of 

them can differentiate latent infection and active disease (3, 28-30). Hence, a new tool is 

strongly needed to improve the diagnosis efficiency. 

Treatment of active TB requires a rigorous six month multiple drug regimen which 

include rifampicin, isoniazid and others. However, drug resistance is an increasingly 

severe problem for curing TB due because many patients have difficulty adhering to the 

long-term therapy and poor outcomes are associated with treating MDR-TB (31). Most 

anti-TB drugs are decades old, and although several new drugs are under development, 

with lack of complete understanding of the complex disease pathology and effective 

means of assessing treatment responses have made developing successful new drug 

challenging.  

 

 

 

 

 

 

 



 7 

1.2 PET/CT IMAGING 

1.2.1 Application 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Lung granulomas are dynamic and independent 

(A). Changes of size and metabolic activity shown in yellow from two granulomas at right lower lobe (RLL) 
at different time post infection. (B). Change of granuloma size and metabolic activity shown as SUV from 
multiple granulomas at different time post infection. Lin et. al. 2013. Radiologic responses in cynomolgous 
macaques for assessing tuberculosis chemotherapy regimens. 
 

 

Positron emission tomography (PET) and computed tomography (CT) is well 

established as a tool for cancer diagnosis and research and recently it has been used for 

TB diagnosis and research (28). The principle of PET/CT is based on the detecting a 

radiolabeled probe and overlaying this image with a high-resolution x-ray image to show 

anatomic features (32). 18F-fluorodeoxyglucose (18F-FDG) is a glucose analog 
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radioactive tracer that’s commonly used to detect TB pathology and inflammation. It is 

taken up by metabolically active cells, and the amount of uptake can be quantified and 

described as a Standard Uptake Unit (SUV) (31). In TB, granulomas are indicated as ‘hot’ 

bright areas, where the higher the inflammation, the brighter the granuloma’s SUV (33) 

(Figure 1A). By reviewing the overall PET/CT signal and clinical test results, physicians 

can assess the extent of the disease and offer a more effective course of treatment.  

As for research, PET/CT provides another means for studying the complex 

pathophysiological response to TB over the full spectrum of disease. This is application, 

PET/CT studies of nonhuman primates are particularly valuable because monkeys 

infected with Mtb develop similar types of lesions, disease pathology and clinical 

manifestation as human (33-35). This model system has been of great value and has 

uncovered new aspects of TB, including how lesions are dynamic over time and 

independent from one another in the same host, possibly increasing in size and 

inflammation where other granulomas can go the opposite way (Figure 1B)  (24, 33). 

Moreover, when combined with other tests, PET/CT can be used to predict drug 

response, which can become a useful tool for monitoring the efficacy of new drugs (28, 

33).  
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1.3 FACTORS CONTRIBUTING TO PET/CT SIGNAL 

1.3.1 The Warburg effect as the basis of 18F-FDG PET  

The Warburg effect describes the phenomenon where cells shift to aerobic 

glycolysis rather than mitochondrial oxidative phosphorylation, and often occurs under 

hypoxic conditions (11). This metabolic strategy is commonly seen in cancer cells and 

activated immune cells in granuloma tissue that use glycolysis to produce ATP more 

rapidly than normal metabolic pathways would allow (11). This permits rapid cell growth, 

proliferation, and cellular biosynthetic capacity, and for immune cells this supports rapid 

inflammatory responses and effective immune functions (11, 36, 37). Since FDG uptake 

is influenced by the cell mediated inflammation and other factors, we may suggest there 

is a link between FDG uptake and successfully induced Warburg effect. The Warburg 

effect is mediated, in part, by hypoxia inducible factor (HIF-1) which can be induced by 

pro-inflammatory cytokines, growth factors, and infections (11, 36, 38-43). HIF-1 plays a 

variety of roles in the activation of genes (36, 44) important for maintaining tissue integrity 

and homeostasis under hypoxia environment, which is an induced environment with 

depleted oxygen and nutrients. While hypoxic environments can limit bacteria spread and 

infection, it may also cause tissue damage (11, 45). In addition, HIF-1 also play important 

roles in TH17 T cell differentiation (11, 46), activation, regulation of glycolytic capacity in 

myeloid cells (11, 44), and production of pro-inflammatory cytokines and Warburg-effect 

enzymes in dendritic cells (11, 47). Hence, this suggests that under the influence from 

Warburg effect, a number of genes and cells can be activated to play essential roles to 

promoting inflammation and immune response. This can lead to an increase in cellular 
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activity and energy demand for activated immune cells, which give rise to the high glucose 

uptake and PET/CT signal.  

Cell mediated inflammation is one important factor that may contribute to PET/CT 

signal change (48, 49), and the variation in the number of inflammatory cells including 

activated macrophages and neutrophils can be used as a criteria to measure the change. 

We therefore speculate that granulomas with a high SUV may contain a large number of 

inflammatory cells. 

1.3.2 Glucose Transporters 

Inflammatory cell 18F-FDG uptake is mediated by glucose transporters, and their 

expression level could be one important factor contributing to changes in PET/CT signal. 

The facilitative glucose transporter family (Glut) mediates glucose uptake in cells (50). 

There are 14 Glut isoforms and structurally they all have 12 transmembrane-spanning 

alpha helices and a single N-linked oligosaccharide (50). Based on their sequence 

similarity, GLUTs can be categorized into 3 classes. Briefly, Class I Gluts (Glut1-4 and 

Glut14, which is a gene duplication of Glut3) are well characterized classic glucose 

transporters that transport glucose but not fructose. Class II Gluts (Glut5, 7, 9 and 11) 

which mainly transport fructose but Glut7, 9 and 11 have high affinity for glucose but don’t 

not transporter 2-DG, a glucose analogue. Class III Gluts (Glut6, 8, 10, 12 and 13), which 

share structure similarities with their N-glycosylation side at the fifth extracellular loop 

rather than at first loop seen in Class I and II glucose transporters. In addition, class III 

Gluts contain intracellular localization signals that are not found in class I and II glucose 
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transporters and these Gluts are retained intracellularly under steady state conditions 

rather than localizing to membranes (50, 51).   

Every glucose transporter is different from each other in terms of their tissue-

specific distribution, affinity to glucose or fructose, and other featured functions. For 

example, Glut1 is the major glucose transporter responsible for most of the glucose 

metabolism in the body. It is ubiquitously expressed in erythrocyte membranes and in the 

blood tissue barrier, but can also be found at high levels in brain, eye, peripheral nerve, 

placenta, and certain cancer cells (50, 52). Glut 2 on the other hand is mainly found in 

liver, kidney and intestine epithelial cells located in the basolateral membrane. It is also 

found in the brain, pancreatic β-cells, and hypothalamus where it provides glucose-

sensing functions for insulin production (53, 54). Glut3 is a neuron specific glucose 

transporter, which is mainly expressed in brain and nerve cells but can also be found in 

testis, placenta, lymphocytes, monocytes/macrophages, and platelets (50, 51, 55). Glut4 

is an insulin-regulated transporter which play important role in glucose transport in insulin 

sensitive tissues such as brown and white adipose tissue, skeletal and cardiac muscle. 

Under insulin stimulation, Glut4 translocate from the intracellular location to the cell 

surface, result in dramatically increase of glucose transporter activity. Therefore, impaired 

Glut4 translocation is linked to insulin resistance and diabetes (50, 51, 56). Glut5 does 

not have transport ability for glucose but fructose. It is found in intestinal epithelial cells, 

kidney proximal tubules and germinal cells of testis (50, 57). As for Glut6, it predominately 

expressed in the brain, spleen, and peripheral leucocytes and may play major role of 

glucose transport in leucocyte (50, 58). The rest of the glucose transporters are less well 
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studies compared to the ones just listed. Detailed feature of all glucose transporters can 

be found on table 1.  

Several studies have shown that Gluts are upregulated in cancer cells, where the 

Warburg effect drives increased glycolytic activity (57, 59, 60). A similar behavior has 

been seen in Mtb infection where host metabolism switches to glycolysis to support 

immune cell activation and proliferation (11). Presumably, this also increases glucose 

transporters expression in granulomas as well. Shi et, al. (36) demonstrated Glut gene 

expression in a number of animal studies. In mice that were infected with TB, a 2-fold 

increase of Glut1 and 3, and a 6-fold increase in Glut6 transcript expression was noted, 

whereas in Mtb-infected rabbits only Glut4 gene expression was upregulated. They also 

measured Glut expression in lung granuloma from humans with active TB, and found 

upregulation of genes encoding Glut1, 3, 5 and 6, with Glut6 being the highest induced 

(11, 36). These data suggest there is increased Glut expression in TB granuloma and the 

level of those Gluts expressions may be one key factor give rise to different PET/CT 

signal.  

The immune-pathologic response is complex in granuloma tissue, we believe the 

study we do may provide more information of cellular and metabolic response in monkey 

lung TB granulomas and in addition of the links we found between glucose transporter 

expression pattern and PET/CT signal change which might shed light of finding new 

PET/CT tracer and improving the diagnosing technique. 
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Table 1. Summary of the properties of glucose transporter members 

GLUT 
Affinity Km2 

(mM) for 
glucose 

Site of expression Main feature 

Glut1 5 Erythrocyte and ubiquitous 
distribution in tissue an culture 
cells 

Basal glucose uptake 

Glut2 17 Kidney, pancreas, liver, intestine, 
brain and bronchus 

High capacity and low 
affinity transporter 

Glut3 1.4 Brain, nerve cells, testis, white 
blood cells 

Glucose transport between 
neurons 

Glut4 5 Adipose tissue, skeletal and 
cardiac muscles 

Insulin-regulated 
transporter in muscle and 
fat 

Glut5 No activity Intestine, kidney, testis Transporter of fructose 
Glut6 5 Brain, spleen and peripheral 

leucocytes 
Glucose transporter for 
leucocytes 

Glut7 0.3 Small intestine, colon, testis and 
prostate 

High affinity for both 
glucose and fructose 

Glut8 2 Testis, brain, adrenal gland, liver, 
spleen, brown adipose tissue and 
lung 

Fuel supply for mature 
spermatozoa, glucose 
uptake for milk synthesis in 
mammary gland 

Glut9 0.6 Kidney, placenta and liver May exchange glucose or 
fructose for urate 

Glut10 0.3 Heart, lung, brain, liver, skeletal 
muscle, pancreas, placenta and 
kidney 

Located at chromosomal 
region 20q12-13.1 and 
possible link to type 2 
diabetes 

Glut11 0.16 Heart, skeletal muscles, kidney, 
adipose tissue and pancreas 

Glucose and fructose 
transporter in muscle 

Glut12 Unknown Skeletal muscle, heart, small 
intestine, prostate and mammary 
gland 

Another insulin responsive 
glucose transporter in 
muscle 

Glut13 No activity Brain H+/myo-inositol co-
transporter 

Glut14 Unknown Testis 95% identical to Glut3, 
gene duplication of Glut3 
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2.0  STATEMENT OF THE PROJECT AND SPECIFIC AIMS 

PET/CT imaging provides a tool for studying inflammation and dynamic 

pathophysiological changes in the lungs of Mtb infected monkeys. Nevertheless, many 

questions are unanswered regarding mechanisms of FDG uptake by granulomas. We 

explored the molecular and cellular contribution glucose transporters play in FDG uptake 

and PET/CT analysis of TB. We hypothesized that inflammation and glucose transporter 

expression play cardinal roles in granuloma FDG avidity. This study may provide more 

information on pathologic inflammation in granulomas, and potentially improve current 

PET/CT imaging techniques. 

2.1 AIM 1: ASSESS GLUCOSE TRANSPORTERS EXPRESSION IN 

GRANULOMAS FROM MTB-INFECTED MONKEYS. 

A: Design primers specific for all 14 Glut isomers based on their mRNA sequences 

and test their effectiveness. 

B: Measure Glut expression in monkey granulomas by qRT-PCR 
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2.2 AIM 2: IDENTIFY THE CELL THAT EXPRESS GLUCOSE TRANSPORTERS 

AND THEIR LOCALIZATION IN GRANULOMAS. 

A: Stain glucose transporters and cellular makers in formalin-fixed paraffin-

embedded granuloma sections and identify their expression patterns by microscopy.  

B: Use image analysis software to count relevant cell populations and compare 

granulomas glucose transporters expression. 

C: Correlated glucose transporter expression patterns in different granulomas with 

their FDG uptake (known as SUV) from PET/CT data. 
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3.0  MATERIALS AND METHODS 

3.1 ANIMAL SAMPLES FOR STUDY 

The animals in this study were cynomolgus macaques (Macaca fascicularis) 

involved in studies performed by JoAnne Flynn’s laboratory at the University of Pittsburgh. 

Monkeys were infected with low dose of M. tuberculosis under BSL3 conditions and 

euthanized at predetermined time points. Preliminary pathologic analysis and tissue 

processing was done by Flynn Lab personnel. We used samples stored at -80C before 

RNA isolation and qRT-PCR analysis (listed in table 2).  
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Table 2. List of samples of studies 

Monkey, tissue ID Type Name 
JF11-5, 30 Granuloma  Active granuloma 
JF-13-15A, 18 Granuloma  Active granuloma 
JF10-63, 10 Granuloma, FFPE RML gran 2 
JF10-63, 12 Granuloma, FFPE  LUL gran 5 
JF10-63, 37 Granuloma, FFPE  LLL gran 13 
JF10-63, 40 Granuloma, FFPE  LLL gran 16 
JF11-1, 17 Granuloma, FFPE  RLL gran 7 
JF11-1, 28 Granuloma, FFPE  LUL gran 1 
JF11-1, 39 Granuloma, FFPE  LLL gran A 
JF11-1, 43 Granuloma, FFPE  LLL gran 6 
JF11-2, 16 Granuloma, FFPE  RLL gran 1 
JF11-2, 30 Granuloma, FFPE  LUL gran 3 
JF11-2 36 Granuloma, FFPE  LML gran 2 
JF11-2, 42 Granuloma, FFPE  LLL gran 4 
9711 FF2 Granuloma tissue, RNA LLL gran8 
9711 FF3 Normal tissue, RNA LLL 
9711 RL2 Granuloma tissue, RNA LLL gran16 
9811 RL1 Normal tissue, RNA RML 
14812 FF3 Normal tissue, RNA RML 
14812 FF7 Granuloma tissue, RNA LLL gr11 
17211 FF6 Granuloma tissue, RNA RLL7 
17211 FF7 Granuloma tissue, RNA RLL gran14 
17211 RL7 Granuloma tissue, RNA RLL gran25 
20212 FF7 Granuloma tissue, RNA RLL gran11 
20212 FF9 Normal tissue, RNA RML 
20912 FF6 Normal tissue, RNA LUL 
20912 RL5 Granuloma tissue, RNA LUL gr7 
22010 RL1 Granuloma tissue, RNA Access gr3 (drug 

treated) 
22010 RL3 Granuloma tissue, RNA Access gr1 consolidation 

(drug treated) 
22010 RL4 Normal tissue, RNA RLL 
22610 FF1 Normal tissue, RNA LUL 
22610 FF2 Normal tissue, RNA LLL grC 
22610 FF3 Normal tissue, RNA RML 
Pooled RNA stock Multiple granulomas, RNA NA 
 

3.2 SELECTION OF PRIMERS 

We started primer design by locating the glucose transporters mRNA sequences 

for Macaca fascicularis in GenBank. CLC Main Workbench (QIAGEN) was used to align 
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sequences from multiple variants and to generate consensus sequence for each glucose 

transporter genes. These consensus sequences were put into Integrated DNA 

Technologies (Coralville, IA) web primer design tool (available at idtdna.com) and two 

sets of primer sets with appropriate melting temperatures and predicted product size. A 

total of 28 forward and reverse primers (100uM) were purchased from Integrated DNA 

Technologies and 10X (10uM) and 100X (1uM) diluted working stocks were prepared for 

RT-PCR experiments. RNA was obtained from macaque granulomas by homogenizing 

the tissue in Trizol (ThermoFisher Scientific, Waltham, MA) with a BeadBeater in BSL3 

containment followed by phenol-chloroform isolation. Isolated RNA was treated with 

DNase (Turbo DNA-free Kit, Invitrogen) before testing the two forward and reverse primer 

sets by RT-PCR. Complete removal of DNA was confirmed by a no-reverse transcriptase 

(RT) control sample for each sample in parallel with a reverse transcriptase-positive 

sample. Initial studies were performed using the pooled RNA harvested from multiple Mtb 

infected monkey tissues and the primer set had higher performance by gel 

electrophoresis were selected for future use. HPRT1 primers (Realtimeprimers.com) 

were used as housekeeping control for expression analysis. A detailed list of the Glut 

primer information is found in table 7.  

3.3 REVERSE TRANSCRIPTION PCR  

Reagents for RT-PCR were prepared (Table 4) and standard RT-PCR reaction 

was conducted according to the protocol on the AccessQuick R, T-PCR product sheet 

(Promega, Madison, WI). Amplification was performed on a T100 Thermal Cycler (Bio-
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Rad, Hercules, CA) with the following program: 95 °C for 5 min, 35 cycles at (95 °C of 

denaturation for 30 seconds, 50 °C of annealing for 30 seconds and 72 °C for 20 

seconds). This is followed by final step of elongation at 72 °C for 3 min and held 

indefinitely at 12 degree. 

 

Table 3. Materials for RT PCR 

Reagents Volume 

AccessQuick TMMaster Mix, 2X 12.5ul 

Pooled RNA template 1ul 

Primer working stock (Forward and reverse) 

10uM 

1ul 

Nuclease-free water 10ul 

AMV Reverse Transcriptase 5U/ul 

(Promega) 

0.5ul 

Total 25ul 

 

3.4 GEL ELECTROPHORESIS 

PCR products were confirmed via agarose gel electrophoresis. A 2% gel was 

prepared started by dissolving 2 grams of UltraPure Agarose powder (Invitrogen, 

Waltham, MA) in a 100ml 0.5 X TBE buffer followed by 2 min microwave heating, cooling 

and adding 1ul of Gel red Gel Stain (10000x in water, Biotium, Hayward, CA). The gel 

was then set in a cast with comb and allowed to solidify. Next, the solidified gel was placed 
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into a gel electrophoresis tank and submerged by 0.5x TBE buffer. The DNA ladder (1ul 

5x diluted 50bp DNA ladder, (New England BioLabs, Ipswich, MA) with 1ul Cyan/Orange 

loading buffer, (Invitrogen, Carlsbad, CA) and 1ul nuclease-free water) and samples (5ul 

PCR products with 1ul Cyan/Orange loading buffer, (Invitrogen, Carlsbad, CA)) were then 

loaded into the gel wells and the reaction was set at 80 voltages for 2 hours. Finally, the 

DNA products were analyzed under the UV transilluminator (Alpha Innotech, San 

Leandro, CA) and images saved as TIFF files. Relative intensities for the product’s bands 

was measured with the FIJI build of ImageJ (http://fiji.sc/#download). 

3.5 RNA EXTRACTION 

Twenty tissue samples (see Table 5) contained granuloma were selected for RNA 

isolation using the RNeasy FFPE kit (QIAGEN, Hilden, Germany) and followed the 

manufacturer’s instruction. In general, the tissue in Trizol underwent centrifugation, 

incubation, supernatant transfer, mix with chloroform and once more centrifuge, 

incubation and supernatant transfer. Then at different time point, Glycoblue 

(ThermoFisher), isopropanol and 70% ETOH wash were added followed by spin, 

incubation and removal of supernatant. The sample pellet were left to dry and resuspened 

with nuclease free water. Then 1ul of RNasin was added and incubated for 1 hour but 

mixing every 15 min. It was then incubated at 65°C for 15 min. Lastly, the samples were 

treated with DNase as previously indicated according to the manufacturer’s protocol and 

kept at the -20C until use.  
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Table 4 Tissues selected for RNA isolation 
 
9711 FF2 Granuloma tissue, RNA LLL gran8 
9711 FF3 Normal tissue, RNA LLL 
9711 RL2 Granuloma tissue, RNA LLL gran16 
9811 RL1 Normal tissue, RNA RML 
14812 FF3 Normal tissue, RNA RML 
14812 FF7 Granuloma tissue, RNA LLL gr11 
17211 FF6 Granuloma tissue, RNA RLL7 
17211 FF7 Granuloma tissue, RNA RLL gran14 
17211 RL7 Granuloma tissue, RNA RLL gran25 
20212 FF7 Granuloma tissue, RNA RLL gran11 
20212 FF9 Normal tissue, RNA RML 
20912 FF6 Normal tissue, RNA LUL 
20912 RL5 Granuloma tissue, RNA LUL gr7 
22010 RL1 Granuloma tissue, RNA Access gr3 (drug 

treated) 
22010 RL3 Granuloma tissue, RNA Access gr1 consolidation 

(drug treated) 
22010 RL4 Normal tissue, RNA RLL 
22610 FF1 Normal tissue, RNA LUL 
22610 FF2 Normal tissue, RNA LLL grC 
22610 FF3 Normal tissue, RNA RML 

 
 

3.6 TWO-STEP QUANTITATIVE REAL TIME PCR 

The cDNA synthesis for 20 purified tissue RNA samples was carried out using the 

High-Capacity cDNA Reverse Transcription Kits (Applied Biosystems, Foster City, CA) 

according to the manufacturer’s protocol. (see Table 6) The T100 thermal cycler for PCR 

reaction was set at 25 °C for 10 min, 37 °C for 2 hours followed by 85 °C for 5 min and 

held at 4 °C indefinitely. The cDNA products were kept at -20C until use. 

The qPCR experiment was carried out in a 96-well plate with 8 tissues/plate. Each 

sample was tested for Glut1, 2, 3, 4, 5, 6, 7, 8, 11, 13, 14 expression with HPRT as a 

housekeeping control. The reagents were prepared (see Table 7) and loaded in an ABI 
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Prism 7000 Sequence Detection System thermal cycler (Applied Biosystems, Foster City, 

CA) by the manufacturer’s instruction (Thermo Scientific, Waltham, MA). The program 

was set at 95 °C for 10 min and then followed by 45 cycles at 95 °C for 15 seconds and 

50 °C for 30 seconds. The last dissociation step was set at 95 °C for 15 seconds, 50 °C 

for 20 seconds and 95 °C for 15 seconds. Data from samples with CT values <40 cycles 

and with one peak in the dissociation curve (indicating a single product) were used to 

calculate delta CT values. Delta CT values were obtained and relative expression of 

glucose transporters were normalized in compare to the expression of HPRT control.  

 

 

Table 5 cDNA synthesis in RT-PCR 

Reagents Volume 

RNA template 10ul (less than 2 µg of total RNA per 20-µL 

reaction) 

10X RT Buffer 2ul 

10X Random Primers 2ul 

25X dNTP Mix (100mM) 0.8ul 

MultiScribe Reverse Transcriptase 50U/ul 1ul 

Nuclease-free water 4.2ul 

Total 20ul 
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Table 6 Materials for qPCR 

Reagents Volume 

Maxima SYBR Green/ROX qPCR Master 

Mix (2X) 

12.5ul 

cDNA template 1ul 

Primer working stock (1uM) 1ul 

Nuclease-free water 10.5ul 

Total 25ul 

 

3.7 IMMUNOHISTOCHEMISTRY AND MICROSCOPIC IMAGING  

Formalin-fixed paraffin-embedded tissue sections were stained as previously 

described (9). Briefly, tissue sections were deparaffinized in xylene and ethanol and then 

heated for 30 min in a 2100 retriever (Prestige Medical, Los Angeles, California) 

contained antigen retrieve buffer. Tissue sections were blocked with 1% BSA-PBS for 30 

min and incubated with diluted primary antibodies cocktails for 1 hour in room 

temperature. The slides were washed 3 times and incubated with either a biotinylated 

secondary antibody or fluorochrome-conjugated secondary antibodies cocktails. After 3 

more washes, tertiary conjugates of either AlexaFluor594-conjugated Streptavidin or 

Zenon label-labeled antibodies (Life Technologies, Carlsbad, CA) were applied and 

incubated for an hour at room temperature or in the refrigerator overnight. Then, after 

another 3 washes, coverslips were mounted with ProLong Gold Mounting Medium with 

DAPI (Invitrogen, Carlsbad, CA) and cured for 12 hours at room temperature. Primary 
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antibodies used: Glut1 (Rabbit polyclonal, 1:100 dilution, ThermoFisher), Glut2 (Clone 

199017, 1:100 dilution, R&D System, Minneapolis, MN), Glut3 (Rabbit polyclonal, 1:100 

dilution, Novus Biological, Littleton, CO), Glut4 (Clone 3G10A3, 1:200 dilution, Novus 

Biological), CD11c (Clone 5D11, 1:30 dilution, Leica Biosystems, Wetzlar, Germany), 

CD163 (Clone 10D6, 1:30 dilution, ThermoFisher), CD20 (Rabbit polyclonal, 1:50 dilution, 

ThermoFisher), CD3 (Rabbit polyclonal, 1:100, Dako, Glostrup Municipality, Denmark), 

CD206 (Clone 685645, 1:50, R&D System), Negative control Mouse IgG1 (Mouse 

polyclonal, Dako), Negative Control Rabbit Immunoglobulin Fraction (Rabbit polyclonal, 

Dako). Secondary antibodies with Biotin Donkey anti-mouse or anti-rabbit antibodies and 

fluorochrome-labelled secondary antibodies were purchased from Jackson 

ImmunoResearch (West Grove, PA). Calprotectin was labelled by Zenon antibody-

labelling reagents as tertiary antibody. Streptavidin (ThermoFisher) was used in the end 

as tertiary or quaternary conjugate.  

Granulomas were viewed under 200X magnification with either an Olympus 

confocal microscope maintained by the University of Pittsburgh’s Center for Biologic 

Imaging or Nikon e1000 epifluorescent microscope with motorized stage in the University 

of Pittsburgh Department of Infectious Disease and Microbiology. DAPI, red, green and 

far red (pseudo-blue) channels were acquired for each image, and a different cell 

population was represented with each channel. All tissues were imaged at the same 

exposure and microscope settings and saved as ND2 files to ensure they could be 

compared at same level of equality.  
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3.8 DATA ANALYSIS 

Granuloma-containing areas of tissues were outlined with Nikon Elements (Nikon, 

Minato, Tokyo, Japan) image analysis to create a region of interest that excluded 

uninvolved lung tissue. Mean Fluorescent Intensity of TRITC channel in the region of 

interest was acquired using the measurement feature in the analysis software. The data 

were exported as Excel-format spreadsheets for analysis. The images saved as ND2 files 

were saved as either TIFF or JPEG format and exported. They underwent preliminary 

editing in Photoshop (Abode Systems, San Jose, CA) to help further analysis. Cells were 

quantified in the region of interest using Nikon Element’s measurement feature.  

Data of qRT-PCR in the ABI Prism 7000 Sequence Detection System Software 

were analyzed in 7000 system software exported as an Excel file and analyzed by Prism 

GraphPad. Statistical tests were performed in Prism, with Mann-Whitney for pairwise 

comparisons and linear regression for correlations.   
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4.0  RESULTS 

4.1 AIM 1: ASSESS GLUCOSE TRANSPORTERS EXPRESSIONS IN THE 

GRANULOMA TISSUE FROM MTB INFECTED MONKEYS. 

4.1.1 Selection of suitable primers for expression experiment 

To study the glucose transporters mRNA expression profile, we first selected two 

potential forward and reverse primer sets for each of the 14 glucose transporters based 

on monkey DNA sequences found on GenBank and sequence alignment. The primer 

sequence information can be found on Table 3. With the help from primer design tool, all 

primer sequences had 100 amplicon length and met their basic requirement in regard of 

their GC content, melting temperature and others.  
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Table 7 List of primer sequences used for RT-PCR analysis 

Glut Forward 1 Reverse 1 Forward 2 Reverse 2 Picked Set 
Glut1 CCAGTATGT

GGAGCAACT
ATGT 

GTCTCGG
GAACTTT
GAAGTAG
G 

GTGCTCCTG
GTTCTGTTCT
T 

CTCGGGTGT
CTTGTCACTT
T 

1 

Glut2 GAACTGCCC
ACAATTGCAT
AC 

GGGACCA
GAGCATA
GTGATTA
G 

ATCCTTCAGT
CTCTGCTACT
CT 

GCTTTGCTTT
GACTTCCTC
ATC 

1 

Glut3 AGGATGCAG
GTGTTGAAG
AG 

GCCCTTT
CCACCAG
AAATAGA 

CCTCTGCTG
CTCACTATTT
AGG 

GGTCTCAGG
GACTTTGAA
GAAG 

1 

Glut4 GGCTTCTTC
ATCTTCACCT
TCT 

GGTTTCA
CCTCCTG
CTCTAAA 

CCTCTGCTG
CTCACTATTT
AGG 

GGTCTCAGG
GACTTTGAA
GAAG 

2 

Glut5 GGCTTCTTC
ATCTTCACCT
TCT 

GGTTTCA
CCTCCTG
CTCTAAA 

GCCCTACGT
CTTCCTTCTA
TTT 

AGCTGAGAT
CTGGTCAAA
CG 

2 

Glut6 CCAAAGAGA
GAGGTGGAA
CTG 

ACGTCAC
CCAGGTA
GTAAGA 

CTTTGGGTAT
GCTCTGGTC
TAC 

ATGCCTGGG
ATTTGGTCA
G 

2 

Glut7 CATCGGTGC
CTACAGTTTC
A 

GCCCTTG
GTCTCAG
GAATAAC 

ACTGGCTCA
CCAACTTCAT
C 

GAGGCAGAT
TCCGGCAAA
TA 

1 

Glut8 GGCATCTAC
AAGCCCTTC
AT 

GTCCTTG
AACTTGG
CCTCTT 

CCAAGACGT
GTGGATGCT 

GGTAGGCGA
TTTCAGAGAT
GTAG 

1 

Glut9 CAGGTGAAG
TTGCCATGAT
CTA 

CCCTCCC
AGAACAC
CTTATTTC 

CTGCCATCTT
TATCTGCATT
GG 

TCGGGAAAC
ATCTGCCTTA
C 

1 

Glut10 GATCTACCCT
GTGGAGATA
CGA 

GGAGAGG
CTGATGA
AGAGATT
G 

ATAGGAGGC
TTCAGCTCTA
GT 

CTTGTCCAG
GCTTCCCATT
AT 

1 

Glut11 CTGCGGGAA
TGACTTGAT
GTA 

GATGGTG
GCATACT
GGACTTT 

GTTGGCAGC
GATTCTGTTT
G 

CAGGTACAT
GGGCTGGAT
ATT 

1 

Glut12 GACCTCAGC
ATCCTTGCTA
AA 

TGGCTAA
GGACAGC
CATTTC 

CATGAGCAG
GAAATGGTT
GTG 

TTGCGGTCC
TTCTTCCATA
C 

1 

Glut13 GGTACCACT
GTAGCACTC
ATTAT 

GTTCTGA
CCTGACG
GAGTTATT 

CCAGCAACT
CTCAGGCAT
TA 

CTGTAACTG
AAGCCAGCC
ATA 

1 

Glut 
14 

CCTCCGCTG
CTTACTATTT
AGG 

GTCTCAG
GGACTTT
GAAGAAG
G 

CCAAGACAT
CCAGGAGAT
GAAA 

TCGGTAGCT
GGACACTCT
AA 

1 

 

All primer sets were tested by RT-PCR and gel electrophoresis. (Figure 2) The 

primer set showed higher performance were selected for future use based on their band 
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clarity, intensity, and the presence of additional bands. Selected primer sets were listed 

on Table 7.  

 

 

Figure 2 Primer test resuts on agarose gel 

Two sets of primers were tested by RT-PCR. Left: Glut1-7. Right: Glut8-14 

 

4.1.2 Confirm glucose transporter expression on a gel 

Granulomas are highly variable in their avidity for FDG and we do not know how 

variable Glut expression is between monkeys or granulomas, and so we tested our 

primers by RT-PCR on RNA from a pool of granulomas from multiple monkeys to improve 

our chances of selecting primers and minimize our chances for false negatives. DNA 

products were visualized by 2% agarose gel electrophoresis (Figure 3), demonstrating all 

product sizes were around 100 bp, which were consistent with their predicted amplicon 

lengths. On the left, Glut1 and Glut 3 had relatively stronger expression than the others. 

Glut4, 5 and 6 were weaker and Glut2 and 7 showed to be the weakest. On the right, 

except Glut8 and 14 show relatively high expression, the rest have either very low or no 

expression. 

Glut1   Glut2   Glut3   Glut4   Glut5   Glut6   Glut7
Set      1   2     1    2    1    2     1     2   1    2     1    2    1    2

Glut8  Glut9  Glut10  Glut11 Glut12 Glut13 Glut14
Set       1   2    1    2    1    2     1    2   1    2     1    2    1    2

50
100
150

50
100
150
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Figure 3 Glucose transporter expressions by RT-PCR 

Expression of glucose transporter 1-14 and their no RT control next to them. First lane: DNA ladder. Lane 
2-15: expression of glucose transporter. Lane 16: Expression of HPRT2 reference gene.  
 

4.1.3 Quantification of Glucose transporter expression by qRT-PCR 

To further examine the glucose transporter expression and examine the diversity 

of expression across multiple granulomas, we isolated RNA from 9 pieces of 

cryopreserved normal lung and 10 cryopreserved granuloma-containing pieces of lung 

tissue with known SUV levels (Figure 4). The RNA was transcribed into cDNA and qPCR 

was performed to measure the glucose transporter mRNA expression. The result were 

presented as fold change glucose transporter expressions relative to HPRT1 expression 

(Figure 5) calculated with delta CT values and 2^(-delta CT).  

We found that, except Glut3, the rest of the glucose transporters had lower 

expression relatively to HPRT1 expression in granulomas than uninvolved normal tissues 

(Figure 6A-C). Glut3 was expressed at a higher level (lower Ct) than HPRT1. Expression 

of some glucose transporters in granuloma tissues were much lower than normal tissue 

which was opposite of our expected results. For instance, expression of Glut1, 2, 7 and 
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13 in granulomas was at least 5-fold lower than the expression in normal tissues. Others 

including Glut4, 6 and 11 also showed lower expression in granulomas than in normal 

tissue, whereas Glut3, 5, 8 and 14 had similar expression patterns in normal lung and 

granulomas (Figure 5A-5C). Despite some tissues that have high SUV values (red 

markers) there was considerable variation in Glut expression (Figure 5A-5C). This 

distribution suggest that glucose transporter expression is not directly related to FDG 

uptake and PET-CT measured SUV. Glut3 was the only glucose transporter showing 

higher expression relative to HPRT1 and was also expressed at significantly higher levels 

than Glut1, 2, 11 and 13. Besides Glut4 5, 6, 8 and 14 were their expression was 

moderately close to their HPRT1 expression, the other Gluts had much lower expressions 

relative to HPRT1 (Figure 5D).  
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Figure 4 SUVs of the 9 ranulomas used in this study 

Granulomas with known SUV, with 5 low SUV tissues on the left and 5 high SUV tissues on the right and 
name of the tissues at bottom.  
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Figure 5 Glucose transporter expression relative to HPRT1 

(A). Class I glucose transporter expression in normal tissues and granulomas. 
(B). Class II glucose transporter expression in normal tissues and granulomas. 
(C). Class III glucose transporter expression in normal tissues and granulomas. 
(D). All Glucose transporter expression in granulomas.  
Glucose transporter expression in normal tissues are shown in hollow points, tissues with high SUV level 
are shown in red, tissues with low SUV levels are shown in blue. Dash line represents median level. Asterisk 
represents significant differences between two groups. 
 

 

Then, we performed a correlation analysis to determine if expression of any of the 

glucose transporters were correlated with granuloma SUV levels.  None of our analyses 

demonstrated clear relationships or statistically-significant correlations between SUV and 

Glut expression (Figure 6A-K). Altogether, based on our small sample subset, the results 
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suggest there is not a clear link between individual glucose transporter expression and 

higher SUV levels in nonhuman primates.  
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Figure 6. SUV level correlation with glucose transporter expressions 

(A-K). Glucose transporter 1-14 expression and their correlation with SUV. Animal tissues from low SUV 
group shown as blue and high SUV group shown as red. R2 and P value were shown on the right. Dash 
line represents no expression. 
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4.2 AIM 2: IDENTIFY CELLS EXPRESSING GLUCOSE TRANSPORTERS AND 

THEIR PATTERN OF LOCALIZATION IN GRANULOMAS 

4.2.1 Fluorescent immunohistochemistry on granulomas 

Although our RT-PCR data did not demonstrate a relationship between individual 

Glut mRNA expression and SUV, we next tried to correlate Glut protein expression with 

SUV and localize expression in granulomas. To identify where glucose transporters might 

be expressed in granulomas and determine which cells are associated with glucose 

transporter expression, we performed fluorescent immunohistochemistry on two 

representative necrotic granulomas from different monkeys for Glut1, 2, and 3 (Figure 7). 

Glut1 staining was strong and Glut1-positive cells were most abundant near the necrotic 

center where macrophages and neutrophils were rich. Glut2 expressions was significantly 

weaker and scattered around the outer region of the granuloma and in the uninvolved 

lung. Glut3 had a similar expression pattern to Glut1 and was also expressed in the tissue 

adjacent to the granuloma in the first monkey. HIF1-α, a protein expressed under hypoxic 

conditions was restricted to the inner region of the two granuloma, confirming the hypoxic 

nature of these granulomas. Calprotectin-stained neutrophils were mostly concentrated 

in the center of the two granuloma but were also found scatter around the tissues. CD3+ 

T cells and CD20+ B cells were shown to be mostly present in the lymphocyte cuff. As for 

macrophage populations, CD11c+CD206- negative epithelioid macrophages were 

located near the center of the two granulomas, while CD11c-CD206+ alveolar 

macrophages were only seen at the granuloma’s outer rim. In summary, these results 
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suggest Glut1 and 3 are strongly expressed in the region occupied by epithelioid 

macrophages and neutrophils.  

 

 

A 
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Figure 7 Localization of glucose transporter and cell populations from IHC 

(A and B). First line: Expression of glucose transporter 1, 2 and 3 (red), nuclei (blue) and no-primary control. 
Second line: High magnification of glucose transporter expression from the white box. Third line: Hypoxic 
cells were stained with HIF1-a (red), Calprotectin stained neutrophils (green) and lymphocytes were stained 
with CD3 (green), CD20 (green). Macrophage-specific antibodies stained CD11c (red) for both epithelioid 
and alveolar macrophages, but CD206 (red) for alveolar macrophages only. Nuclei were shown in blue. 
 

4.2.2 Mean Fluorescent Intensity and correlation with SUV 

Our RT-PCR experiments examined mRNA expression, but to better understand 

glucose transporter protein expression, we performed immunohistochemistry on 

granulomas with high or low SUV levels. We analyzed the fluorescence as a metric for 

B 
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protein expression and compared the high and low groups for glucose transporter 

expression. We were limited to glucose transporters with antibodies that work in formalin-

fixed paraffin-embedded tissue sections, and so we examined Glut1-4 expression. We 

used 11 tissues in this study; 6 had high SUV levels and 5 had low SUV levels (Figure 8). 

Glucose transporter expression was measured as Mean Fluorescent Intensity in 

granulomas defined by regions of interest and quantified with Nikon Elements. We first 

counted the cell numbers in the regions of interest to see if there was a trend of higher 

cell numbers (indicative of more inflammation) in tissues with high SUV levels (Figure 9). 

Tissues used for Glut1 and 4 staining had slight higher numbers of cells/ROI in the High 

SUV tissue group than low SUV tissue group but the difference was not significantly 

different between groups. Glut2 had very similar cells/ROI in the two groups and Glut3 

had slight lower cell/ROI in the high SUV group than low SUV group. None of the group 

shown to have number of cells significantly different from each other in terms of cell 

number/region of interest suggesting that differences in SUV/granuloma are not 

associated with total numbers of cells per granuloma.   
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Figure 8 SUV level from granuloma tissues 

Granuloma tissues were separately in low SUV group shown in blue or high SUV group shown in red. 
Asterisk indicates a significant difference between the two groups (p<0.025).  
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Figure 9 Glucose transporter expression measured by Cells/ROI in low and high SUV group 

(A-D). Individual glucose transporter expression comparison between low and high SUV groups. Low SUV 
group shown as blue and high SUV group shown as red. Dash line represents median level of the 
expression. Not significant difference between the groups shown as ns. 
 

Next, we looked at the mean fluorescent intensity (MFI) of each glucose 

transporter (Figure 10A). We did not do statistical comparisons on glucose transporters 

because each antibody has its own level of background and avidity, but overall median 

MFI for glucose transporters were not substantially different from each other (Figures 

10A-E) in terms of overall expression (Figure 10A) or comparisons between low and high 

SUV groups (Figures 10B-E). Correlation analysis showed weak positive correlation 
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between their Glut MFI and SUV levels (Figure 11A-D), suggesting that expression of the 

glucose transporter we are examining here are poorly correlated with granuloma FDG 

uptake. 
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Figure 10 Glucose transporter expression measured by MFI in low and high SUV group 

(A). Glucose transporter expression from different animal tissues manifest as MFI. Animals with low SUV 
are shown in blue and high SUV animals are shown in red with the median expression indicated. Animal 
tissue numbers are shown on the right. 
(B-E). Individual glucose transporter expression comparison in MFI between low and high SUV groups. 
Low SUV group shown as blue and high SUV group shown as red. Dash line represents median level of 
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the expression. Not significant difference between the groups shown as ns. 
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Figure 11 SUV correlation with glucose transporter expression based on MFI levels 

(A-D). Expression of glucose transporter 1-4 measured by MFI and their correlation with SUV. Animal 
tissues from low SUV group shown as blue and high SUV group shown as red. R2 and P value are indicated 
in the graphs.   
 

We next calculated MFI/ROI (mm2) for each glucose transporter expression to 

determine how glucose transporter expression related to granulomas when normalized 

for size (Figure 12). This analysis was highly similar to the MFI data without normalization 

and we did not observe significant differences between the SUV high or low groups 

(Figure 12A-E), or correlation between MFI/Area and SUV (Figure 13A-D). These data 

suggest that our lack of correlation is independent of the size of the granulomas we 

examined in this study. 
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Figure 12 Glucose transporter expression measured by MFI/ROI 

(A). Glucose transporter expression from different animals was calculated as MFI/ROI to normalize for 
different-sized granulomas. Low SUV granulomas are shown in blue and high SUV granulomas in red with 
the median. Animal and tissue numbers are shown on the right. 
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(B-E). Individual glucose transporter expression comparison for MFI/ROI between low and high SUV groups. 
The low SUV group is shown as blue and high SUV group is shown as red with the median. Non-significant 
differences between the groups are indicated as ns. 
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Figure 13 SUV correlation with glucose transporter expression based on MFI/ROI levels 

(A-D). Expression of glucose transporter 1-4 measured by MFI/ROI and their correlation with SUV. Animal 
tissues from low SUV group shown as blue and high SUV group shown as red. R2 and P value are indicated 
in the graphs.   
 

Next, we measured MFI/Nucleus to determine the relationship between cell 

numbers and overall glut expression (Figure 14). As with previous analyses, there were 

variations between granulomas within each glucose transporter (Figure 14A), however 

we did not identify significant differences between cells per granuloma and glucose 

transporter signal (Figure 14 B-E). Similarly, we did not identify a correlative relationship 
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between SUV and MFI/nucleus (Figure 15A-D) suggesting that glucose transporter 

expression was independent of the total number of cells per granulomas.  
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Figure 14 Glucose transporter expression measured by MFI/Nucleus 



 45 

(A). Glucose transporter expression from different granulomas presented as MFI/Nucleus. Low SUV 
granulomas are shown in blue and high SUV are shown in red with lines indicating medians. Animal and 
tissue numbers are shown on the right. 
(B-E). Comparison of glucose transporter MFI/Nucleus between low and high SUV groups. The low SUV 
group shown as blue and high SUV group shown as red with dashed lines indicating medians. Non-
significant differences between the groups are indicated as ns. 
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Figure 15 Correlation of SUV and glucose transporter MFI/Nucleus 

(A-D). Gluts1-4 MFI/Nucleus and their correlation with SUV. Low SUV group granulomas are indicated in 
blue and high SUV group in red. R2 and P value are indicated in the graphs.   
 

These data suggest that gluts1-4 are not strongly correlated SUV when glucose 

transporter expression is measured in terms of MFI, MFI/area, or MFI/nuclei (a 

measurement of a granuloma’s inflammatory state). To further refine our analysis, we 

sought to compare the cell types within a granuloma with glucose transporter expression. 

We found our staining for macrophages and T cells was not sufficient for quantitative 

analyses of these cell types, and B cells were present in tight clusters that could not be 
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segmented into separate cells (Figure 7). Neutrophils were the most easily counted cell 

type in our images, and to determine if neutrophils are correlated with SUV levels, we 

counted their numbers with Nikon Elements and correlated neutrophil numbers with the 

granuloma’s SUV (Figure 16 A-B). There were more neutrophils in the high SUV group 

than low SUV group and the number of neutrophils present in the granuloma was strongly 

correlated with SUV levels which suggests higher neutrophils numbers are associated 

with higher SUVs in granulomas.  
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Figure 16 Neutrophil SUV correlation with neutrophil numbers 

(A). Comparison of neutrophil numbers between low and high SUV groups. (B). Neutrophils numbers were 
plotted against SUV/granuloma. Low SUV granulomas are indicated in blue and high SUV granulomas in 
red.  
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5.0  DISCUSSION 

Despite the enormous effort spent fighting against TB, this disease still poses a 

major threat to global health and surpassed HIV to become the leading cause of death 

from infectious disease in 2015 (61, 62). Delayed detection is a problem in diagnosing TB 

but PET/CT imaging technology offers a powerful tool of detecting active TB in a fast and 

efficient manner. Currently, most PET/CT imaging uses a glucose analog (FDG) to 

identify inflammation. However, inflammation in granulomas is an extreme complex 

process and the mechanism of inflammation, and metabolic changes associated with 

FDG uptake remains to be elucidated. We hypothesize that there are links between 

inflammation states in granulomas that can be associated with glucose transporter 

expression and inflammatory cell types. In our studies, we sought to characterize glucose 

transporter expression during FDG PET/CT-measured inflammation and identify the cell 

types responsible for FDG uptake.  

Our initial RT-PCR results on pooled RNA from multiple granulomas indicates 

expression of some glucose transporters, including Glut1 and Glut3, is higher than others. 

Upregulation of Glut1 and Glut3 have been previously reported in a study using the 

murine TB model (36) and high level of Glut1 and 3 have also been found in activated 

macrophages and lymphocytes (63) and our results appeared to confirm this in 

nonhuman primates. However, the results we obtained with qRT-PCR on RNA from 

individual granulomas with known SUVs were somewhat different. All glucose 

transporters except Glut3 had lower expression relatively to HPRT1 and there was 

considerable variation of Glut expression in normal tissues and granulomas. Correlation 
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analysis based on delta Ct values also didn’t indicate any significant positive relationship 

between glucose transporter expression and higher SUV levels. These data suggest that 

FDG uptake in granulomas is complex and cannot be explained by comparing individual 

glucose transporter expression with SUV. Using a more sophisticated statistical 

technique, such as Principle Component Analysis, that accounts for multiple factors in the 

analysis may help clarify this. 

We performed IHC on granulomas to localize glucose transporters in granulomas 

and to identify the cells that contribute to Glut expression. Initially, we identified strong 

expression of Glut1 and Glut3 in the rim of cells that surround the granuloma’s necrotic 

center, a region where epithelioid macrophages and neutrophils are abundant. The 

staining pattern indicated the strongest expression occurs on epithelioid macrophages, 

but some neutrophils also appeared to stain positively. We also observed strong HIF1α 

expression in this region. HIF1α’s expression is closely associated with induction of the 

Warburg effect and has been identified in the immune activation and responses to 

infection (11, 45-47) and future studies will determine if increased HIF1α expression and 

upregulation of glucose transporter expression occur during proliferation of epithelioid 

macrophages in granulomas. In contrast to epithelioid macrophages, lymphocyte-rich 

areas were not strongly Glut1 or Glut3 positive suggesting these cells are not major 

contributors to expression of these glucose transporters. That said, we cannot rule out 

the possibility that lymphocytes express high levels of other Gluts we could not examine 

by IHC, or interactions between lymphocytes and epithelioid macrophages play roles in 

inflammation and increases in granuloma FDG uptake. Glut2 had much lower expression 

in this region and, consistent with previous finding (64), and it was mostly seen on 
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epithelial surfaces. Then we used tissues with known SUVs to further characterize the 

relationship between expression of glucose transporters and FDG uptake. This time, the 

staining pattern showed the greatest expression of Glut4 in granulomas compared to the 

rest of the glucose transporters, although no significant differences were found between 

the groups. We examined both total cell numbers and MFI-related measurement to 

determine whether there were SUV-related differences in Glut expression, but found no 

significant differences or strong correlations between high and low SUV in any of the 

group. These data further suggest that no single Glut is responsible for FDG uptake. 

Alternatively, other factors may contribute to this lack of variation. Firstly, the tissues 

sections of the granulomas used for this study were small, were sometimes incomplete 

(lacking easily distinguished epithelioid macrophage populations), and had cutting-related 

artifacts (folds) that were difficult to compensate for. Variations in the type of granuloma 

(necrotic or non-necrotic) and our small sample size (5 granulomas for the low SUV group 

and 6 in the high SUV group) may also have contributed.  

So, taken together, initial RT-PCR and IHC results support elevated expression of 

Glut1 and Glut3 in granulomas but further characterization from the two systems with 

known SUV groups show large variation and discrepancy that could not be correlated 

with elevated SUV. There were also some inconsistencies between the RT-PCR and IHC 

results, including variation in Glut1 expression. It’s hard to determine the exact cause of 

these differences but we believe variables including small sample size, antibody affinity 

in IHC, background in images, variability in tissue quality influenced the IHC results, while 

qRT-PCR was affected by our choice of housekeeping gene and amplification  

efficiencies. On the other hand, neither of the two systems indicate any significant 
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correlation between individual glucose transporter expression and their SUV levels, which 

suggest either glucose transporters are not driving FDG uptake or that the system is more 

complex than we thought and current method we use for analysis might not be sufficient 

for this study. Furthermore, a correlation was found between neutrophil numbers and 

SUV. Large numbers of neutrophils are associated with poorly controlled disease (65-67) 

and these data suggest neutrophil numbers least partially contribute to FDG uptake and 

higher SUV in granulomas. However, no relationship was found between MFI/Nucleus 

and SUV suggesting in a complex structure like a granuloma where large numbers of 

cells are clustered together that cannot be differentiated as easily as neutrophils, a small 

population of cells might have a large contribution to SUV and our analysis might not be 

sensitive enough to measure this difference. Our evidence that epithelioid macrophages, 

a population we were not able to reliably count, express large amounts of Glut1 and Glut 

3 support this. A different approach, possibly focused on particular regions in granulomas 

(e.g. lymphocyte cuff vs epithelioid macrophages) with more detailed analysis of different 

cell types will be needed to confirm this.  

We believe our study may provide new insight and perspective of studying 

metabolic and physiological characteristics in granuloma. With better comprehension of 

glucose transporter expression profile in the granuloma, it may not only enhance our 

overall understanding of the complex and dynamic changes within granulomas, but may 

also open a new route of testing potential glucose tracers that may improve the sensitivity 

and usefulness of existing PET/CT imaging technology.  
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6.0  FUTURE DIRECTION 

Our study provided preliminary data for glucose transporter expression patterns in 

primate granulomas, but many questions remain unanswered, for instance, we believe 

epithelioid macrophages might play prominent roles in driving FDG uptake but we were 

unable to quantify their numbers and glucose transporter expression associate with them. 

Future experiment should focus on using approaches analyzing glucose transporter 

expression on epithelioid macrophages and other cell types in addition to neutrophils. 

Also, a more powerful analytic strategy such as Principle Component Analysis (PCA), 

which can identify correlations between multiple factors and determine the factors best 

explaining variation in a system, could be used more fully explore this data. We would 

use PCA to examine the relationship between different glucose transporters, cell types, 

and numbers of cells to more fully explore how glucose transporter relate to FDG uptake. 

Lastly, metabolic change and immune responses in granulomas are complex and related 

(11, 36, 44, 68). The earliest granulomas that can be identified by PET/CT occur at about 

3 week post infection, and this is approximately the time when anti-Mtb adaptive immune 

responses develop. This suggests that development of hypoxia and the Warburg effect 

may be related events where adaptive immune cells induce differentiation of epithelioid 

macrophages and upregulated glucose transporter expression, and eventually change 

the microenvironment of the granuloma. Future experiments should also include 

granulomas from early post-infection necropsies to determine how glucose transporter 

expression changes in early and late granulomas. By studying glucose transporter 
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expression we may improve our understanding of the other events taking place in 

granulomas and apply these findings to ways that benefit to TB treatment.  
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