
 
 
 

 

 
 
 
 
 

 
 
 
 

Baker IDI Research Online 
http://library.bakeridi.edu.au 

 
 
 
 

This is the postprint version of the work. It is the manuscript that was accepted by the 
journal following peer review. It does not include the publisher’s layout and pagination. 

 
 
 
 
 

“Palmer CS, Ostrowski M, Gouillou M, Tsai L, Yu D, Zhou J, Henstridge DC, Maisa A, Hearps AC, 
Lewin SR, Landay A, Jaworowski A, McCune JM, Crowe SM. Increased glucose metabolic activity is 

associated with CD4+ T-cell activation and depletion during chronic HIV infection. AIDS 2014; 
28(3): 207 297-309” 

 
 
 
 
 

http://hdl.handle.net/11187/1986 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Copyright © Lippincott, Williams & Wilkins. This file is for personal use. Further distribution is not 

permitted. 

http://library.bakeridi.edu.au/
http://hdl.handle.net/11187/1986
http://www.lww.com/


1 

 

Increased glucose metabolic activity is associated with CD4+ T cell activation and depletion during 1 

chronic HIV infection 2 

 3 

Clovis S PALMER1, Matias OSTROWSKI2, Maelenn GOUILLOU3, Louis TSAI4, Di YU4, Jingling ZHOU1, 4 

Darren C HENSTRIDGE5, Anna MAISA1, Anna C HEARPS1,6, Sharon R LEWIN1,6,7, Alan LANDAY8, 5 

Anthony JAWOROWSKI1,6, Joseph M MCCUNE9, Suzanne M CROWE1,6,7 6 
 7 
1Centre for Biomedical Research, Burnet Institute, Melbourne, Australia 8 
2Instituto de Investigaciones Biomédicas en Retrovirus y SIDA. Facultad de Medicina, Buenos Aires, 9 

Argentina 10 
3Centre for Population Health, Burnet Institute, Melbourne, Australia 11 
4Department of Immunology (Clayton), School of Biomedical Sciences, Monash University, Clayton, 12 

Australia 13 
5Cellular and Molecular Metabolism Laboratory, Baker IDI Heart and Diabetes Institute, Melbourne, 14 

Australia 15 
6Department of Infectious Diseases, Monash University, Melbourne, Australia  16 
7Infectious Diseases Department, The Alfred hospital, Melbourne, Australia 17 
8Department of Immunology/Microbiology, Rush University Medical Center, Chicago, IL, USA 18 
9Division of Experimental Medicine, Department of Medicine, University of California, San Francisco, 19 

San Francisco, CA, USA 20 

 21 

Corresponding author: 22 

Clovis Palmer, Centre for Biomedical Research, Burnet Institute, 85 Commercial Road, Melbourne, 23 

Victoria, Australia 3004. Ph: +61 3 8506 2389, email: cpalmer@burnet.edu.au 24 

Short title: Glucose metabolism in CD4 cells in HIV+ subjects 25 

Manuscript body word count: 3495 26 

Sources of support: 27 

This research was funded by a 2010 developmental grant (CNIHR) from the University of Washington 28 

Center for AIDS Research (CFAR), an NIH funded program under award number AI027757 which is 29 

supported by the following NIH Institutes and Centers (NIAID, NCI, NIMH, NIDA, NICHD, NHLBI, NIA),  30 

and the Australian Centre for HIV and Hepatitis Virology Research (ACH2). C.S.P is a recipient of the 31 

CNIHR and ACH2 grant. SMC is a recipient of a National Health and Medical Research Council of 32 

Australia (NHMRC) Principal Research Fellowship. 33 

Conflict-of-interest disclosure: The authors declare no competing financial interest 34 

mailto:cpalmer@burnet.edu.au


2 

Abstract 35 

Objectives: Glucose metabolism plays a fundamental role in supporting the growth, proliferation 36 

and effector functions of T cells. We investigated the impact of HIV infection on key processes that 37 

regulate glucose uptake and metabolism in primary CD4+ and CD8+ T cells.  38 

 39 

Design and methods: 38 HIV- infected treatment naïve, 35 HIV+/cART, 7 HIV+ long-term non-40 

progressors and 25 HIV- control subjects were studied. Basal markers of glycolysis (e.g., Glucose 41 

transporter-1 expression, glucose uptake, intracellular glucose-6-phosphate, and L-lactate) were 42 

measured in T cells. The cellular markers of immune activation, CD38 and HLA-DR were measured by 43 

flow cytometry. 44 

  45 

Results: The surface expression of the glucose transporter 1 (Glut1) is upregulated in CD4+ T cells in 46 

HIV-infected subjects compared with uninfected controls. The percentage of circulating CD4+Glut1+ 47 

T cells was significantly increased in HIV-infected subjects and was not restored to normal levels 48 

following combination antiretroviral therapy (cART). Basal markers of glycolysis were significantly 49 

higher in CD4+Glut1+ T cells compared to CD4+Glut1- T cells. The proportion of CD4+Glut1+ T cells 50 

correlated positively with the expression of the cellular activation marker, HLA-DR, on total CD4+ T 51 

cells, but inversely with the absolute CD4+ T cell count irrespective of HIV treatment status.  52 

 53 

Conclusion: Our data suggest that Glut1 is a potentially novel and functional marker of CD4+ T cell 54 

activation during HIV infection. In addition, Glut1 expression on CD4+ T cells may be exploited as a 55 

prognostic marker for CD4+ T cell loss during HIV disease progression.  56 

 57 

Key words 58 

Combination antiretroviral therapy; glucose-transporter-1; Glut1; HIV; inflammation; immune 59 

activation; lymphocytes; CD4 cells; metabolism; glucose 60 
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Introduction 69 

Glucose is the major cellular fuel which supports T cell growth and survival [1]. Several immune 70 

functions with relevance to HIV infection depend on adequate glucose supply, including T cell  71 

activation [2], T cell-mediated antiviral responses, and other T cell effector functions [1, 3].  72 

 73 

The pathogenesis of HIV disease in vivo is characterized by chronic immune activation, inflammation, 74 

and increased oxidative stress [4-6]. Even in the presence of effective cART, evidence of chronic 75 

immune activation may be observed and is associated with and predictive of incomplete CD4+ T cell 76 

recovery as well as increased morbidity and mortality [7-12]. Immune activation is characterized by 77 

high levels of T cell activation, measured by CD38 and HLA-DR expression on peripheral CD4+ and 78 

CD8+ T cells [13, 14].   79 

 80 

Upon activation, the energy demands of T cells increase dramatically and they undergo a metabolic 81 

switch in glucose metabolism from oxidative phosphorylation to aerobic glycolysis so that growth, 82 

proliferation, and effector functions can be supported [15], (and as reviewed in references [16-19]). 83 

In peripheral tissues, glucose is transported into cells by glucose transporters (Gluts) that carry 84 

hexose sugars across the cell membrane. Gluts comprise a family of at least 13 members including 85 

the proton-myoinositol co-transporter, H+-coupled myoinositol co-transporter. Glucose transporter 86 

1 (Glut1) is a Class 1 glucose transporter that has high affinity for glucose and is the primary glucose 87 

transporter on T cells [20, 21].  88 

 89 

Few studies have evaluated the role of HIV infection on glucose metabolism in leukocytes and these 90 

have been conducted exclusively in vitro [22-24]. Given the sustained energy requirements of 91 

activated T cells (as reviewed in references [18] and [25]) we hypothesized that T cells would up-92 

regulate Glut1 expression and increase glucose transport in the context of HIV infection. In the 93 

present study, we analyzed key steps of glucose metabolism in T cells from HIV-infected individuals 94 

(both treatment naive and cART-treated), including cell surface expression of Glut1 on lymphocyte 95 

subpopulations, glucose uptake, and glycolytic flux analysis. Thus far, our study represents the most 96 

comprehensive glucose metabolic analysis in T cells from HIV infected individuals. Identification of 97 

metabolic dysregulation of the immune system during HIV infection could uncover novel 98 

mechanisms and potential drug targets to reduce immune activation and to support CD4+ T cell 99 

recovery in some patients. 100 

 101 

 102 
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Methods 103 

Study participants 104 

The study population included untreated HIV-infected individuals (progressors and long-term non-105 

progressors, LTNPs), HIV-infected subjects on cART, and HIV seronegative controls (see Table 1). 106 

Subjects were recruited from the community, the Infectious Diseases Unit at The Alfred Hospital in 107 

Melbourne Australia, and from the Clinical Research Core Repository at the University of 108 

Washington, Seattle, USA (UW). Informed consent was obtained from all participants and the study 109 

was approved by the ethics committee at the participating institutions. Fresh blood samples from 110 

subjects recruited in Melbourne (45, 51, and 100% of the total study population of HIV-111 

infected/treatment naive, HIV+/cART, and HIV- subjects, respectively), were collected in EDTA, 112 

citrate, or heparin anticoagulant tubes and processed within 1h of venipuncture; cryopreserved 113 

peripheral blood mononuclear cells (PBMCs) were shipped from UW to Melbourne in liquid phase 114 

nitrogen. The main exclusion criteria included self-reported co-infection with hepatitis C virus (HCV), 115 

active malignancy, vaccination, physical trauma, or surgery within three weeks prior to participation. 116 

In some experiments a representative sub-population was analyzed in which there were no 117 

statistically significant differences between the sub-population and the whole group in terms of 118 

gender, age, CD4 T cell count, and viral load. 119 

 120 

Peripheral blood mononuclear cell (PBMC) preparation 121 

PBMCs were isolated by density gradient centrifugation (Lymphoprep, Axis Shield), as previously 122 

described [26], and cryopreserved in 10% dimethyl sulfoxide (DMSO, Sigma-Aldrich) and 90% 123 

autologous plasma. 124 

 125 

Immunophenotyping 126 

Fresh PBMCs were prepared and stained on ice for 30 min as previously described [27], using the 127 

following pre-titrated antibodies: CD3-PE, CD4-PerCP, CD8-APC, CD27-APC, CD45-RA-PE, CD38-PE, 128 

and HLA-DR-FITC (BD Biosciences). Cells were acquired on a FACSCalibur (BD Biosciences) and 129 

analyzed using FlowJo software, version 8.8 (Tree Star Inc, USA). Cryopreserved PBMCs (>90% 130 

viability) were rested for 24h in supplemented RPMI-1640 medium [(10% human serum, 131 

penicillin/streptomycin (Invitrogen), 2 mM L-glutamine (Invitrogen)] prior to staining.  132 

 133 

Glucose transporter-1 (Glut1) detection 134 

Extracellular Glut1 expression was quantified on freshly isolated or cryopreserved PBMCs by flow 135 

cytometry using Glut1-antibody [MAB1418 clone (R&D Systems)] conjugated with FITC or APC to 136 
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detect cell surface Glut1 [28-30]. A pilot analysis of Glut1 expression on T cells revealed that the 137 

cryopreservation and thawing process did not affect its expression on T cells. Intracellular Glut1 138 

(Glut1c-term) was detected using an unconjugated monoclonal antibody against Glut1c-term (Abcam) 139 

and a goat anti-mouse FITC conjugated secondary antibody. Cells were surfaced stained as above 140 

and permeabilized using the Intra Stain kit (Dako). Cells were acquired on a FACSCalibur. 141 

 142 

Gene expression analysis 143 

Total CD4+ T Cells were isolated from cryopreserved PBMCs using magnetic bead-based negative 144 

selection (Stemcell Technologies). mRNA extraction and quantitative real-time PCR were performed 145 

as previously described [31], using the following primer sets,  146 

β-actin:  147 

Forward: 5 -̓3 ʼ:AGGCATCCTCACCCTGAAGT  148 

Reverse: 5 -̓3 ʼ:GCGTACAGGGATAGCACAGC  149 

Glut1: 150 

Forward: 5 -̓3 ʼ:TCTGGCATCAACGCTGTCTTC    151 

Reverse: 5 -̓3 ʼ:CGATACCGGAGCCAATGGT    152 

and  modified cycle conditions: 50°C for 2 min, 95°C for 10 min, and 40 cycles of (95°C, 30 sec; 60°C, 153 

1 min). 154 

  155 

Plasma cytokine and biochemical analysis 156 

Cytokines, 25-hydroxy Vitamin D, Insulin, high sensitivity C-reactive protein (CRP), D-dimer and 157 

biochemical analyses were conducted by Cardinal Bio-research Pty Ltd (Australia). 158 

 159 

Glucose uptake assay 160 

The fluorescently-labelled glucose analogue, 2-N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl) amino)-2 161 

deoxyglucose (2-NBDG) (Invitrogen), was used to measure glucose uptake. Cryopreserved PBMCs 162 

were thawed and recovered for 24h at 37˚C, 5% CO2 in supplemented RPMI-1640 medium. Cells 163 

were then treated with 2-NBDG, washed twice with 1×PBS, stained for cell surface markers, 164 

resuspended in 1×PBS, and analyzed within 15 min on a FACSCalibur. 165 

 166 

Glucose-6-phosphate (G-6-P) assay 167 

Briefly, 5 × 106 cryopreserved cells were rested in the supplemented RPMI-1640 medium with or 168 

without glucose (glucose-limiting media) for 4 h. The cells were then pelleted, washed once in ice-169 

cold 1×PBS, and resuspended in 50 µl of ice-cold 1×PBS. Cells were sonicated for 30 min on “high 170 
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setting” (Soniciean PTY Ltd). Cell lysates were centrifuged at 10,000 rpm at 4oC for 5 min and G-6-P 171 

levels were determined in the supernatant using a G-6-P assay kit (Biovision).  172 

 173 

L-lactate assay 174 

Secreted L-lactate concentrations in cell-free culture supernatants were determined by using the 175 

Glycolysis Cell-Based Assay Kit (Cayman Chemical). For intracellular L-lactate determination, 176 

cryopreserved cells were allowed to recover for 24h in supplemented RPMI-1640 medium and 177 

suspensions were stained using the Glycolysis Cell-Based Assay Kit (Cayman Chemical). The cells 178 

were washed once in wash buffer (0.5% FCS/1×PBS), stained with cell surface markers, and 179 

resuspended in 1×PBS prior to analysis. The highly colored intracellular formazan was detected in 180 

the FL3 channel on a FACSCalibur. 181 

 182 

Statistical analysis 183 

The non-parametric Mann Whitney test was used for comparison of unpaired data and the Wilcoxon 184 

matched-pairs signed rank test was used to analyse paired data. Measures of central tendency are 185 

expressed as median and inter-quartile range (IQR 25th, 75th percentile), unless otherwise stated. 186 

Linear regression was applied to assess the relationship between different covariates. Markers with 187 

a significant value of <0.05 in univariate analyses were entered in a multivariate linear regression 188 

model and the final model was derived through a process of backward elimination. Spearman Rank 189 

test was used for correlation analyses. P-values <0.05 were considered significant. All statistical 190 

analyses were performed using GraphPad Prism (version 6.0) or Stata (version 11). 191 

 192 

 193 

 194 

 195 

 196 

 197 

 198 

 199 

 200 

 201 

 202 

 203 

 204 
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Results 205 

Subject clinical characteristics 206 

Demographic and clinical characteristics of subjects are summarized in Table 1. A total of 105 207 

participants including 38 HIV-infected treatment naïve (HIV+/naïve), 7 HIV-infected treatment naïve 208 

LTNP, 35 HIV-infected cART-experienced (HIV+/cART), and 25 HIV seronegative (HIV-) control 209 

subjects were recruited. LTNPs were infected with HIV for >10 years, and were not on cART. The 210 

median CD4+ T cell count in the HIV+/naïve and HIV+/cART groups was 400 and 479 cells/µl, 211 

respectively (p=0.08). Plasma concentrations of TNF were significantly elevated in the HIV+/naïve  212 

(p=0.005) and HIV+/cART (p=0.02) groups relative to the HIV- group.  213 

 214 

HIV infection is associated with an increased percentage of circulating CD4+ T cells expressing 215 

Glut1  216 

Figure 1A-E illustrates the gating strategy used to evaluate Glut1 expression on T cells. The 217 

percentage of CD3+CD4+ T cells that expressed Glut1 (referred to as CD4+Glut1+ T cells) in 218 

HIV+/naïve subjects was significantly higher (median: 23.8%) than that found in HIV- controls 219 

(median: 5.2%; p<0.0001) and remained so after commencing cART (median: 11.7%; p=0.0002). The 220 

median percentage of CD4+Glut1+ T cells in LTNPs was only 11.6% (Fig 1F, left panel). The mean 221 

fluorescent intensity (MFI) of Glut1 on CD4+ T cells from HIV+/naïve subjects (median: 13.3, range: 222 

5.8-45.6) was also significantly higher than that found on CD4+ T cells from HIV- subjects (median: 223 

11.1, range: 5.0-15.3; p=0.02, data not shown). In a subgroup of 17 HIV+/naïve individuals recruited 224 

at UW, Seattle, USA) commencing cART and analyzed 2.1±1.3 years after initiation of therapy, the 225 

proportion of CD4+Glut1+ T cells decreased significantly from a median of 30.9 to 16.5% (p=0.002) 226 

(Fig. 1F, right panel). Over this time, their CD4+ T cell count increased from a median of 233 cells/µl 227 

(range: 11-488) to 433 cells/µl (range: 123-1090). Fig. 1G illustrates that Glut1 was expressed on 228 

virtually all CD8+ T, irrespective of HIV or treatment status; there were no significant differences in 229 

the levels of Glut1 expression on CD8+ T cells between the groups. 230 

 231 

In a subset of representative samples (based on CD4 cell count), we observed increased intracellular 232 

Glut1 in CD4+ T cells from HIV+ subjects irrespective of treatment status (Fig. 1H-I). Further, the level 233 

of Glut1 mRNA was also significantly higher in CD4+ T cells from HIV+/naïve compared to HIV- 234 

subjects (p=0.03, Fig. S1A). The Glut1 mRNA correlated significantly with the percentage of 235 

CD4+Glut1+ T cells (p=0.0007, Fig. S1B). 236 

 237 
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These data suggest that transcription, synthesis, and cell membrane trafficking of Glut1 in CD4+ T 238 

cells from HIV-infected individuals are higher compared with cells from uninfected controls. 239 

Additional data on intracellular Glut1 and mRNA expression in a larger sample size will be required 240 

to confirm this. Noteworthy, there was a weak inverse relationship between the percentage of 241 

CD4+Glut1+ T cells and time on cART (r=-0.40, p=0.02, Fig. S1C). Therefore, at least in some subjects 242 

on cART, Glut1 expression on CD4+ T cells might be a function of duration of viral suppression 243 

and/or CD4+ T cell count. 244 

 245 

The frequencies of Glut1+ T cells are higher in effector CD4+ T cell subpopulations 246 

In a subset of 10 HIV- controls, 12 HIV+/naïve and 8 HIV+/cART subjects, we measured Glut1 247 

expression on CD4+ effector, naïve, memory and effector-memory cells, as defined by their 248 

expression of CD45RA and CD27. Glut1 was expressed on a higher percentage of effector and 249 

effector-memory CD4+ T cells than of naive and memory CD4+ T cells, irrespective of HIV or 250 

treatment status. The CD4+ naïve and memory subpopulations in HIV- subjects showed only a small 251 

fraction of CD4+Glut1+ T cells (median: 5.2% , 10.3%, respectively); in HIV+/naïve individuals, by 252 

contrast, these populations showed significantly increased Glut1 expression (median: 13.3%, p=0.02 253 

and 25.5%; p=0.006, respectively). The expression of Glut1 on naïve and memory T cells remained 254 

significantly elevated (p=0.001 and p<0.0001, respectively) in HIV+/cART subjects (Fig. 1J). The 255 

fraction of Glut1+ cells was similar in each of the CD4+ subpopulations measured from the different 256 

subject groups (Fig.1K). The proportions of effector and effector-memory CD4+ T cells were higher in 257 

HIV+/naïve subjects than in HIV- controls and there was a positive correlation between the 258 

percentage of circulating CD4+Glut1+ T cells and the frequency of these subpopulations (Fig. S2, A-259 

C). Data were unavailable to determine the absolute number of CD4+Glut1+ T cells in HIV- subjects, 260 

but HIV+/naïve subjects had higher absolute CD4+Glut1+ T cells than did HIV+/cART subjects (Fig. S2, 261 

D). In sum, increased percentages of circulating CD4+Glut1+ T cells during HIV infection might not 262 

only be attributed to increased fractional representation of effector and effector-memory CD4+ T 263 

cells but may also reflect an absolute increase in the number of these cells in blood.  264 

 265 

The specificity of Glut1 detection 266 

Given published concerns about the specificity of the R&D Glut1 antibody [32], we conducted two 267 

independent Glut1 overexpression experiments and confirmed increased cell surface reactivity of 268 

the R&D Glut1 antibody on HEK293T cells overexpressing Glut1 (Fig. S3A-B). Using a different 269 

commercially available antibody, we confirmed by Western blot that the cells were indeed 270 

overexpressing Glut1 (Fig. S3C). Interestingly, the R&D Glut1 antibody showed strong reactivity to 271 
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permeabilized NIH3T3 cells transfected with Glut1-expressing lentivirus (Fig. S3D-E). However, no 272 

reactivity occurred using R&D Glut1 antibody on non-permeabilized NIH3T3 cells that were 273 

overexpressing Glut1, presumably due to defects in Glut1 trafficking in these cell lines. In addition 274 

we demonstrated significant cell surface reactivity of R&D Glut1 antibody on the highly metabolically 275 

active and paraformaldehyde-fixed Jurkat cell and N2a cells (positive control for cell surface 276 

Glut1[33]) (Fig. S4). 277 

 278 

CD4+Glut1+ T cells have high expression of activation and proliferation markers 279 

HIV infection is associated with immune activation [9, 11, 12], as is reflected in this study by elevated 280 

plasma concentrations of TNF (Table 1) and by an increased frequency of peripheral blood 281 

CD4+CD38+HLA-DR+ and CD8+CD38+HLA-DR+ cells in HIV+/naïve and HIV+/cART subjects compared 282 

with HIV- controls (Fig. 2A). In subgroup of 17 HIV+/naïve individuals commencing cART and 283 

analyzed 2.1±1.3 years after initiation of therapy, the proportion of CD4+ and CD8+ T cells co-284 

expressing CD38 and HLA-DR appeared to have more rapidly declined than the percentage of 285 

CD4+Glut1+ T cells (Fig. 2B vs Fig 1F, right panel). Fig. 2C-E shows that markers of T cell activation 286 

were significantly higher in the Glut1+ population than in the Glut1- population in all study groups. 287 

Time course experiments showed that Glut1 expression occurred early during the activation of CD4+ 288 

T cells (Fig. S5A). In contrast to the other activation markers and as expected [34], there was a rapid 289 

increase in percentage of CD4+Glut1+ T cells expressing CD69, followed by a time dependent 290 

decrease in expression of CD69 on these cells (Fig. S5B-C).  291 

 292 

HIV infection increases glucose uptake and glycolytic activity in CD4+ T cells  293 

To associate Glut1 expression with glucose metabolic activity in CD4 cells, we selected samples that 294 

were within 2 standard deviations of the mean value of Glut1+CD4+ T cell percentage from the 295 

respective groups. CD4+ T cells from HIV+/naïve subjects take up more glucose over time than do 296 

CD4+ T cells from HIV- and HIV+/cART subjects (Fig. 3A). After 60 min of incubation, the MFI of 297 

intracellular 2-NBDG was significantly higher in the CD4+ T cells from HIV+/naïve subjects than in 298 

cells from HIV- or HIV+/cART subjects (Fig. 3B), and this correlated significantly with Glut1 expression 299 

on CD4+ T cells (r=0.70, p=0.005, n=24, data not shown). Notably, CD4+Glut1+ T cells from 300 

HIV+/naïve and HIV+/cART subjects took up more glucose than CD4+Glut1+ T cells from HIV- 301 

subjects (Fig. 3C). Confirmatory activation experiments showed that the presumably blast cells that 302 

expressed more Glut1, were also highly positive for 2-NBDG (Fig. 3D-E).  303 

 304 
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Intracellular retention of glucose occurs by phosphorylation of glucose to glucose-6-phosphate (G-6-305 

P) and is catalysed by hexokinases. We therefore measured the intracellular concentrations of G-6-P 306 

in purified unstimulated CD4+ T cells. Jurkat cells were used as positive controls (Fig. 3F). The levels 307 

of intracellular G-6-P were significantly higher in CD4+ T cells from HIV+/naive subjects compared to 308 

HIV- (p=0.0009) and when compared to HIV+/cART (p=0.005) (Fig. 3G), consistent with an increased 309 

transport of glucose in these cells. 310 

 311 

We extended the above observations to show that CD4+ T cells from HIV+/naive subjects secreted 312 

significantly more L-lactate into the culture medium than HIV- subjects (Fig. 3H). Using Jurkat cells 313 

and anti-CD3/CD28-stimulated PBMCs as positive controls (Fig. 3I-J), we confirmed by flow 314 

cytometry that the intracellular concentration of L-lactate was significantly higher in Glut1+ 315 

compared with Glut1- cells from HIV+/naïve subjects (p=0.01) (Fig. 3K). 316 

 317 

A high frequency of Glut1-expressing CD4+ T cells is associated with markers of HIV disease 318 

progression  319 

A significant inverse correlation was found between the percentage of CD4+Glut1+ T cells and the 320 

percentage of CD4+ T cells (p<0.0001) and absolute CD4 count  (p=0.0002) in peripheral blood of 321 

HIV+/naïve subjects (Fig. 4A). This was also true when HIV+/cART subjects were analyzed 322 

separately(r=-0.53, p=0.001, n=35 for percentage CD4+ T cells and r=-0.50, p=0.004, n=27 for 323 

absolute CD4 count; data not shown). There were no significant correlations between plasma 324 

concentrations of glucose and insulin and the percentage of CD4+Glut1+ T cells, suggesting that 325 

peripheral glucose homeostasis is an unlikely factor influencing Glut1 expression on CD4+ T cells in 326 

this setting. 327 

 328 

Multivariate analysis was conducted to determine which covariates were associated with the 329 

percentage of circulating CD4+Glut1+ T cells. Only the total percentage of CD4+ T cells and MFI of 330 

HLA-DR on CD4+ T cells were independently associated with the percentage of circulating 331 

CD4+Glut1+ T cells in the peripheral blood of subjects (Supplement Table 1). In HIV+/naïve subjects, 332 

the percentage of CD4+Glut1+ T cells and known correlates of CD4+ T cell activation had a 333 

comparably inverse relationship with the percentage of CD4+ T cells (Fig. 4B), but the percentage of 334 

CD4+Glut1+ T cells in HIV+/cART subjects showed the strongest correlation with total CD4+ T cell 335 

percentage (Fig. 4C). On the other hand, the percentage of CD4+CD38+HLA-DR+ T cells had the 336 

strongest correlation with viral load in HIV+/naïve subjects (Fig. 4D). The relationship between CD8+ 337 

T cell activation and total CD4+ T cell percentage were relatively weak in HIV+/naïve and HIV+/cART 338 
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subjects (Fig. S6A-B). Conversely, there was a strong correlation between the levels of CD38 339 

expression on CD8+ T cells and viral load in HIV+/naïve subjects (Fig. S6C). 340 

 341 

Multivariate analysis (described in Supplemental methods) was used to compare the strength of 342 

CD4+Glut1+ percentage with established predictors in predicting the absolute number, and 343 

percentage of CD4+ T cells. Compared with known variables of T cell activation, the percentage of 344 

CD4+Glut1+ T cells, and the MFI of CD38 on CD4+ T cells were the only independent predictors of 345 

CD4 cell count in HIV+/treatment naïve subjects. However, the percentage of CD4+Glut1+ T cells was 346 

the only predictor of CD4 T cell count in subjects on cART (Supplemental Table 2A-B). Likewise, 347 

CD4+Glut1+ T cell percent was the only independent predictor of absolute CD4+ T cell percentage in 348 

both therapy naïve and cART treated subjects (Supplemental Table 2C-D).  In contrast, the 349 

percentage of CD8+CD38+HLA-DR+, the MFI of HLADR on CD4+ T cells, and the MFI of Glut1 on CD4+ 350 

T cells were independently associated with viral load in HIV+/naïve subjects.  351 

 352 

 353 

 354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 
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Discussion:  373 

We report here that HIV infection is associated with increased glucose metabolism in T cells. In 374 

HIV+/naïve subjects compared to uninfected controls, there is a substantial increase in the 375 

percentage of circulating CD4+ T cells that express the glucose transporter, Glut1, and this 376 

percentage remained elevated despite virologic suppression on cART. The percentage of CD4+Glut1+ 377 

T cells correlates inversely with the percent and absolute CD4+ T cell count, irrespective of 378 

treatment status. HIV+/naïve and HIV+/cART subjects have an increased proportion of Glut1-379 

expressing naive and memory CD4+ T cells compared with HIV- controls. The expression of Glut1 on 380 

total CD4+ T cells reflects their activation status as demonstrated by significantly higher expression 381 

levels of both CD38 and HLA-DR in the Glut1+ versus Glut1- population in all patient study groups, 382 

supporting a critical role for Glut1 in activated T cells, and confirming and extending in vitro reports 383 

[32, 35, 36]. Multivariate analysis indicates that the percentage of circulating CD4+Glut1+ T cells is 384 

independently associated with both the percentage and the levels of activation of CD4+ T cells. In 385 

HIV+/cART subjects, the percentage of CD4+Glut1+ cells has a broader dynamic range and correlates 386 

more strongly with CD4+ T cell loss than the percentage of CD4+ or CD8+ T cells co-expressing CD38 387 

and HLA-DR. Finally, CD4+Glut1+ T cells take up more glucose and have higher glycolytic activity than 388 

do CD4+Glut1- T cells, a metabolic phenomenon characteristic of other viral responses in different 389 

cell types [37]. In contrast to CD4+ T cells, there were no significant changes in the cell surface 390 

expression Glut1 and glucose uptake by CD8+ T cells in HIV infected subjects.  391 

 392 

Conflicting reports have been published concerning the specificity of the R&D antibody that was 393 

used in our experiments to detect Glut1 [32, 38]. In one case, that antibody failed to detect 394 

endogenous Glut1 in cells, including Jurkat cells known to express abundant levels of Glut1 [32]. 395 

However, we observed strong immune reactivity of the R&D Glut1 antibody on paraformaldehyde-396 

fixed Jurkat cells and on unfixed N2a cells, suggesting that in some situations the Glut1 epitope may 397 

be masked by post-transcriptional modifications [32, 39]. We also observed that, under the 398 

conditions of our experiments, this antibody detected a dramatic increase in Glut1 levels following T 399 

cell activation that was highly correlated with increased glucose uptake. Although we cannot fully 400 

explain the discrepancy between our observations and those reported in ref. 32, we speculate that 401 

they may be related to different protocols to achieve T cell activation (e.g., 24h versus 2 to 4 days) 402 

and/or to subtle differences in staining protocols. Interestingly, the R&D Glut1 antibody detected 403 

intracellular but not cell surface Glut1 in NIH3T3 cells that were over-expressing Glut1, an 404 

observation that is not consistent with the suggestion that the antibody interacts with a different 405 

cell surface protein that is associated with Glut-1 overexpression in transformed cells [32]. More 406 
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recently, this antibody has been shown by others to be specific for Glut1 [40] and has been used to 407 

evaluate Glut1 expression on cell surfaces [28, 29] including T cells in a cohort of HIV-infected 408 

individuals [30]. We have also clearly shown increased intracellular Glut1 (using a Glut-1cterm 409 

antibody), increased Glut1 mRNA and increased glucose uptake in CD4+ T cells in HIV+/naïve 410 

subjects, all of which is consistent with increased glucose metabolic activity. 411 

 412 

Recent metabolomics analyses of HIV-infected primary CD4+ T cells in vitro have shown a profound 413 

increase in intracellular levels of key glycolytic metabolites with a concomitant increase in glucose 414 

uptake when compared with HIV uninfected cells in the same culture [23], suggesting that direct HIV 415 

infection of CD4+Glut1+ T cells may contribute at least in part to the increased glycolytic activity in 416 

CD4+Glut1+ T cells in some HIV+ subjects. Remarkably, in HIV+ subjects, we observed a paradoxical 417 

increase in the frequency of Glut1+ T cells in the naïve and memory subpopulations. This could 418 

potentially allow these “resting” cells to be more permissive for productive infection, as shown 419 

directly by experiments demonstrating that IL-7-induced Glut1 expression enabled HIV infection in 420 

naïve CD4+ T cells in the absence of activating stimuli [24]. The origin of the heightened glucose 421 

metabolism in CD4+ T cells in HIV+ subjects is unknown but may be a result of elevated cytokines 422 

such as IFNᵧ, IL-2 and IL-7 [19, 41], and/or persistent inflammatory signals such as translocated 423 

microbial products [42]. However, direct HIV infection of CD4+ T cells may be an additional 424 

contributor of increased glucose metabolic activity, especially in untreated subjects, supporting the 425 

observation of increased glucose metabolic activity by HIV in vitro [23]. 426 

 427 

It has been suggested by several groups that Glut1 is a T cell activation marker based on its 428 

increased expression on T cells activated in vitro [32, 35, 36]. However, none of these investigators 429 

evaluated the expression of established activation markers on these cells nor did they examine co-430 

expression of activation markers with Glut1. Our data suggest that Glut1 is a potential marker of 431 

CD4+ T activation in the context of HIV infection, although it might be expressed in a small 432 

proportion of cells independently of the activation markers evaluated here. Interestingly, HIV/cART 433 

subjects with low CD4+ T cell count have elevated percentages of CD4+Glut1+ T cells even when 434 

their CD38 and HLA-DR levels on CD4+ T cells returned to almost normal. It is possible that CD4+ T 435 

cells may lose CD38 and HLA-DR with the suppression of HIV in cART treated subjects, but retain 436 

metabolic activation markers like Glut1. This may be interpreted as a homeostatic response to drive 437 

the increase of CD4+ T cell. Compared with the activation markers CD38 and HLA-DR, Glut1 is unique 438 

because it is upregulated on CD4 but not CD8+ T cells in HIV+ subjects.  It will also be interesting to 439 
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determine whether subpopulations of CD4+Glut1+ T cells preferentially contain HIV viral DNA, 440 

especially in those cells that lack the expression of the traditional activation markers. 441 

 442 

What are the biological consequences of increased glucose metabolic activity in CD4+ T cells in HIV+ 443 

subjects? Glut1-mediated glucose metabolic pathways are proposed as critical regulators of HIV 444 

infection in human primary CD4+ T cells and T cell lines in cell culture [22, 24]. In recent reviews, 445 

hyper-activation of aerobic glycolysis in CD4+ T cells during HIV infection has been hypothesized to 446 

foster the apoptosis and destruction of such cells [19, 43]. Indeed, a high rate of glycolysis in cells 447 

increases the concentrations of metabolites such as L-lactate which induce acidosis and can trigger 448 

apoptosis, either through the p53 pathway or by acid-induced collapse of the transmembrane H(+) 449 

gradient [44, 45]. In addition, Glut1 is recognized as a key transporter for vitamin C [46], and under 450 

oxidative stress, it can be oxidized to ascorbate free radical which may also contribute to cell death 451 

[47].  452 

 453 

In conclusion, our study identifies the glucose metabolic machinery as component of HIV-associated 454 

T cell activation and provides a rationale for exploratory approaches for therapeutic interventions. 455 

We also identified Glut1 as a potentially novel marker of CD4+ T cell activation of HIV disease 456 

progression. One limitation of this study is the small sample size and cross sectional analysis design. 457 

Longitudinal analysis using a larger sample size will shed more light on the role of glucose 458 

metabolism in HIV disease progression. Another limitation of the study is that we had access to cells 459 

from only a limited number of subjects within each group for several experiments, raising the 460 

possibility that some interpretations may be affected by subject selection bias. In addition, In vitro 461 

studies to assess the effects of targeted pharmacological and genetic inhibition of glycolysis in CD4+ 462 

T cells may help to clarify a mechanism and direct link between glucose metabolism and CD4+ T cell 463 

activation. The maturation of different functional subsets of T cells such as Tregs, Th1, Th2 and Th17 464 

are dependent on distinct metabolic programming [48]. It will be of interest to evaluate how 465 

changes in glucose metabolic activity affect the functions of these cells during HIV infection and the 466 

course of HIV disease progression. 467 

 468 

 469 

 470 

 471 

 472 

 473 
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Figure legends 474 

Figure 1. Glut1 expression is increased on CD4+ T cells from HIV+/naïve subjects and is not 475 

restored to baseline by cART. Within 1h of collection, samples of whole blood were analyzed by 476 

flow cytometry for Glut1 expression on CD4+ and CD8+ T cells. (A) Lymphocytes (circled) were 477 

defined using side scatter (SSC) and forward scatter (FSC) characteristics. (B-C) Gating strategy 478 

showing CD3+ T cells within the lymphocyte-gated population which were then further defined 479 

based on CD4 and CD8 surface expression. (D-E) Representative flow cytometric dot plot of Glut1 480 

expression on CD4+ T and CD8+ T cells in peripheral blood from HIV+/naïve subjects. (F) Percentage 481 

of CD4+Glut1+ T cells in peripheral blood from HIV-, HIV+/naïve, HIV+/cART and LTNP subjects (left 482 

panel), and percentage of CD4+ T cells in peripheral blood of HIV+/naïve subjects before and during 483 

cART that express Glut1 (right panel). (G) Percentage of CD8+ T cells that are Glut1+ (left panel) and 484 

MFI of Glut1 on CD8+ T cells (right panel). (H) Percentage of CD4+ T cells that are Glut1c-term+ and (I) 485 

MFI of Glut1c-term on CD4+ T cells. (J) Median percentage of each CD4+ T cell subpopulation that is 486 

Glut1+. (K) Median percentage of CD4+Glut1+ T cells expressing markers of functional 487 

subpopulations. Subpopulations were defined by their expression of CD45RA and CD27 to identify 488 

effector (E, CD45RA+CD27-), naïve (N, CD45RA+CD27+), memory (M, CD45RA-CD27+) and effector-489 

memory (EM, CD45RA-CD27-) cells. The non-parametric Mann-Whitney T test was used to evaluate 490 

significant differences between the median values of each group. Wilcoxon matched-pairs sign rank 491 

T test was used to analyse changes between paired data sets. Horizontal lines within histograms 492 

represent median value. Whiskers represent minimum and maximum values. 493 

 494 

Figure 2. Evaluation of T cell activation and expression of activation markers on CD4+Glut1+ T 495 

cells. (A) The percentage of CD4+ (left panel) and CD8+ (right panel) T cells that co-express CD38 and 496 

HLA-DR was measured in whole blood from HIV-, HIV+/naïve, and HIV+/cART subjects using flow 497 

cytometry. (B) The percentage of CD4+ (left panel) and CD8+ (right panel) T cells that co-express 498 

CD38 and HLA-DR subjects before and during cART. (C) Flow cytometric dot plot showing the 499 

expression of CD38 and HLA-DR on CD4+Glut1- and CD4+Glut1+ T cells from a representative 500 

HIV+/naïve subject. (D) The percentage of CD4+Glut1+ and CD4+Glut1- cells that co-express CD38 501 

and HLA-DR was measured by flow cytometry on whole blood. (E) MFI of HLA-DR (left panel), and 502 

CD38 (right panel) expressed on CD4+Glut1+ and CD4+Glut1- T cells from the subjects analyzed in 503 

(D). White histograms: HIV- (n=14); red histograms: HIV+/naïve (n=20); and blue histograms: 504 

HIV+/cART subjects (n=11). The non-parametric Mann-Whitney T test was used to evaluate 505 

significant differences between the median values of each group while significant differences 506 

between Glut1+ and Glut1- subsets were evaluated using the Wilcoxon matched-pairs sign rank T 507 
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test. Horizontal lines within histograms represent median value. Whiskers represent minimum and 508 

maximum values. 509 

 510 

Figure 3. Effects of HIV status on glucose uptake and glycolysis in CD4+ T cells. (A) The kinetics of 511 

glucose uptake were compared using three representative HIV-, HIV+/naïve, and HIV+/cART subjects 512 

who had low (3.6 ± 1.6, black symbols), high (55.8 ± 17.1, red symbols), and moderate (15.6 ± 2.2, 513 

blue symbols) percentages of CD4+Glut1+ T cells, respectively. PBMCs were treated with 15 µM 2-514 

NBDG for the indicated times (n=3 per group). Cells were washed and internalised 2-NBDG was 515 

detected by flow cytometry, as described in Methods. (B) Uptake of 2-NBDG in CD4+ T cells present 516 

in PBMCs incubated for 60 min with 15 µM 2-NBDG (n=8 per group). (C) Uptake of 2-NBDG by CD4+ 517 

T cells in the same donors analyzed in (B), stratified for Glut1 expression. (D) Dot plot of cells gated 518 

within the CD4+ T population to identify Glut1-expressing CD4+ T cells present in unstimulated (left 519 

panel) or anti-CD3/CD28 stimulated (right panel) PBMCs from a representative HIV- subject. (E) 520 

CD4+ blast cells (red) and CD4+ cells (black) present within PBMCs stimulated with anti-CD3/CD28 521 

beads and incubated for 60 min with 2-NBDG were overlayed onto the SSC versus 2-NBDG dot plot. 522 

Data are from PBMCs from the same representative HIV-uninfected donor sample used in D. (F) 523 

Concentrations of intracellular glucose-6-phosphate (G-6-P) in Jurkat cells cultured in glucose-524 

containing (11 mM) and glucose-deprived (0 mM) RPMI-1640 medium for 4h. (G) Basal 525 

concentrations of intracellular G-6-P in purified CD4+ T cells incubated in glucose containing RPMI-526 

1640 for 4h. (H) Basal secretion of L-lactate into culture medium by 1 × 106 purified viable CD4+ T 527 

cells incubated for 24h in glucose (11 mM) containing RPMI-1640. (I) Representative histogram 528 

showing intracellular L-lactate levels determined by flow cytometry in Jurkat cells cultured for 24h in 529 

the absence (blue) or presence (brown) of 11 mM glucose. (J) Representative histogram showing 530 

intracellular L-lactate levels in CD4+Glut1+ (red) and CD4+Glut1- T (black) cells in PBMCs from a 531 

representative HIV- control subject and stimulated for 24h with anti-CD3/CD28 microbeads. (K) 532 

Intracellular L-lactate staining in Glut1- (black) and Glut1+ (red) cells present in CD4+ T cells purified 533 

from a representative HIV+/naïve subject. Horizontal lines within histograms represent median value 534 

and whiskers represent minimum and maximum values. The non-parametric Mann-Whitney T test 535 

was used to evaluate significant differences between the median values of each group while 536 

significant differences between Glut1+ and Glut1- subsets were evaluated using the Wilcoxon 537 

matched-pairs sign rank T test. 538 

 539 

Figure 4. Relationship between percentage CD4+Glut1+ T cells and total CD4+ T cell percentage, 540 

CD4+ T cell count and HIV viral load in HIV-infected subjects. (A) Spearman’s correlations between 541 
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the percentage (left panel) and absolute number (right panel) of CD3+CD4+ T cells and the 542 

percentage of CD4+Glut1+ T cells in the peripheral blood of HIV+/naïve and HIV+/cART subjects. (B 543 

and C) Comparative relationship between the percentage of CD4+Glut1+ T cells and markers of CD4+ 544 

T cell activation, and the percentage of CD3+CD4+ T cells in (B) HIV+/naïve and (C) HIV+/cART 545 

subjects. (D) Comparative relationship between the percentage of CD4+Glut1+ T cells and markers of 546 

CD4+ T cell activation, and HIV viral load in HIV+/naïve subjects. 547 

 548 
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