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Summary

In rheumatoid arthritis (RA), breakdown of self-tolerance and onset of clinical disease are 

separated in time and space, supporting a multi-hit model in which emergence of autoreactive T 

cells is a pinnacle pathogenic event. Determining factors in T cell differentiation and survival 

include antigen recognition, but also the metabolic machinery that provides energy and 

biosynthetic molecules for cell building. Studies in patients with RA have yielded a disease-

specific metabolic signature, which enables naïve CD4 T cells to differentiate into pro-

inflammatory helper T cells that are prone to invade into tissue and elicit inflammation through 

immunogenic cell death. A typifying property of RA CD4 T cells is the shunting of glucose away 

from glycolytic breakdown and mitochondrial processing towards the pentose phosphate pathway, 

favoring anabolic over catabolic reactions. Key defects have been localized to the mitochondria 

and the lysosome; including instability of mitochondrial DNA due to the lack of the DNA repair 

nuclease MRE11A and inefficient lysosomal tethering of AMPK due to deficiency of N-

myristoyltransferase 1 (NMT1). The molecular taxonomy of the metabolically reprogrammed RA 

T cells includes glycolytic enzymes (glucose-6-phosphate dehydrogenase, phosphofructo-kinase), 

DNA repair molecules (MRE11A, ATM), regulators of protein trafficking (NMT1) and the 

membrane adaptor protein Tks5. As the mechanisms determining abnormal T cell behavior in RA 

are unraveled, opportunities will emerge to interject autoimmune T cells by targeting their 

metabolic checkpoints.
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Introduction

The classical theory of autoimmune disease holds that immunity designed to protect against 

“danger”, such as pathogens, foreign bodies, and dead tissues can deviate to attack healthy 

host cells. From a clinical perspective, autoimmune diseases differ in their at-risk 

populations, their preferred target organs, their age at onset, their course and their response 
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to immunosuppressive therapy. It is therefore unlikely that a single unifying hypothesis can 

explain the broad spectrum of autoimmune conditions. Rather, for each autoimmune disease, 

disease-specific immune abnormalities will need to be discovered and defined. In the case of 

rheumatoid arthritis (RA), several features of this autoimmune condition provide clues as to 

what initially goes wrong and which disease pathways mediate the final steps of tissue 

inflammation, rendering an individual susceptible to a symmetrical destructive polyarthritis. 

Two features of RA predict immune system abnormalities of critical importance in the 

pathogenesis: (1) autoantibody production, the proof of a tolerance defect, precedes 

clinically relevant disease by years to decades;1–6 and (2) drug-free remission is rare. 

Withdrawal of immunosuppressive therapy, even in patients with drug-induced remission, in 

most cases prompts recurrence of disease. These properties indicate a multi-hit disease 

process with the tolerance breakdown separated from induction of inflammation in time and 

space and permanent memorization of the abnormal behavior. Analysis of the inflammatory 

joint lesions will allow studying mediators and pathways of tissue inflammation but may not 

be informative in the search for the tolerance defect, which appears deeply engrained into 

the immune system, “memorized” by fundamental rewiring of the memory T cell 

compartment.

Work from the last 10 years has identified a series of molecules mechanistically involved in 

redirecting differentiating CD4 T cells away from transitioning into protective memory T 

cells and instead forcing such T cells to become cytokine-producing, tissue-invasive, 

hypermigratory effector T cells that that are highly efficient in driving synovial membrane 

inflammation.7–10 These molecules are presented in Figure 1. The common denominator of 

how these molecules affect CD4 T cell function lies in the regulation of the cell cycle and 

the programming of metabolic cascades. Here, we will review the evidence for how these 

molecules alter immunity to promote the emergence and persistence of auto-aggressive T 

cells.

How to examine the auto-aggressive potential of human CD4 T cells

Several inherent properties of T cells dictate their demand for energy and their utilization of 

different nutrient sources: (1) they are long-lived, persisting in the host many decades; (2) 

they have enormous proliferative capacity, requiring the ability to build millions of daughter 

cells; (3) they differentiate into either short-lived effector cells or long-lived memory cells; 

(4) they need to be highly mobile; (5) they access food sources in very different tissue 

microenvironments.11–13 For most of the experiments cited below, CD4 T cells were 

harvested from patients with RA and from age/gender-matched controls and separated into 

naïve and memory populations. To examine their responsiveness to antigenic stimulation, 

the T cell receptor was crosslinked with CD3/CD28-coated beads for 72–96 h, before the 

metabolic machinery and the functional behavior was analyzed.

Metabolic signatures defined in patient-derived T cells could be subject to the inflammatory 

environment in the donor patient. To control for this variable, studies have utilized CD4 T 

cells from patients with psoriatic arthritis (PsA) as an “inflammatory” control. PsA is a 

systemic polyarthritis with high inflammatory capacity, typically lacking the autoantibodies 

encountered in RA.14 In vivo T cell behavior has been assessed by adoptively transferring 
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human T cell populations into immunodeficient NSG mice. To examine the role of T cells in 

synovitis, the mice receive a graft of human synovial tissue prior to the adoptive transfer. 

This synovial tissue graft is then harvested and used for tissue transcriptome analysis, 

immunohistochemical staining or isolation of tissue-residing T cells.15

RA CD4 T cells shunt glucose towards the pentose phosphate pathway

Glucose is a critical energy carrier for proliferating T cells. Triggering of the TCR is coupled 

to the induction of a metabolic program that enhances mitochondrial function, but also 

upregulates extramitochondrial glycolysis to generate fast ATP and deliver glucose to the 

pentose phosphate pathway (PPP) for generation of biosynthetic precursor molecules. Naïve 

CD4 T cells from RA patients fundamentally change the assignment of glucose to the 

different pathways, minimizing breakdown into pyruvate and lactate and maximizing 

shunting into the PPP15–17 (Figure 2). The observation that RA T cells fail to upregulate the 

key glycolytic enzyme 6-Phosphofructo-2-Kinase/Fructose-2,6-Bisphosphatase 3 (PFKFB3) 

was one of the first hints that patient-derived cells utilize glucose differently.18 PFKFB3 is a 

bifunctional enzyme that catalyzes the synthesis and the degradation of fructose-2,6-

bisphosphate. PFKFB3 is recognized as a key metabolic driver in cancer cells and the 

molecule is considered a therapeutic target to inhibit cell proliferation and impair survival.
19, 20 CD4 T cells from healthy individuals upregulate PFKFB3 upon stimulation, with a 

maximum expression 72 h poststimulation. In activated T cells, the enzyme stays elevated 

for a prolonged period, supportive of its role in securing T cell survival during clonal 

expansion. The transcriptional repression of PFKFB3 transcripts in patient-derived T cells 

results in reduced production of ATP, pyruvate and lactate.

Expression of the GLUT-1 glucose transporter is intact in RA T cells; indicative for the 

intactness of the T cell receptor signaling machinery. Also, GLUT-1 expression will secure 

unrestricted access of RA T cells to glucose. Instead of breaking down the 6-carbon energy 

carrier into two 3-carbon pyruvate molecules, glucose is shifted towards the PPP. Glucose-6-

phophate dehydrogenase (G6PD) acts as gate keeper to the PPP and this enzyme is 

upregulated in protein expression and function in the patients’ CD4 T cells.15 G6PD’s major 

function lies in supplying NADPH, the key electron donor in the cytosol; required for 

reductive biosynthetic reactions, such as lipogenesis, but also as a counter agent to reactive 

oxygen species (ROS).21 NADPH reduces oxidized glutathione (GSSG), thus maintaining 

the cell’s reductive state.22

Under physiologic conditions, the expression of PFKFB3 and G6PD is balanced in CD4 T 

cells.15, 23 In RA patients, this balance is shifted towards G6PD and the ratio of the two 

enzymes is correlated to disease activity; strongly suggestive for a direct role of these two 

enzymes in regulating the pro-inflammatory propensity of T cells in RA.

Based on the biochemistry of glucose catabolism, several predictions can be made, if CD4 T 

cells preferentially supply carbon to the PPP; including, excess availability of NADPH, 

reductive pressure, lack of metabolites for mitochondria and preference for reductive 

biosynthetic reactions, such as fatty acid synthesis. All of these predictions hold for patient-
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derived CD4 T cells: they favor lipogenesis and disfavor mitochondrial activity23, 24 and 

they have low ROS concentrations, imposing reductive instead of oxidative stress.

The loss-of-function of PFKFB3 has in vivo relevance. In a human tissue-mouse chimera 

model, selective knockdown of PFKFB3 in adoptively transferred healthy T cells was 

sufficient to induce robust synovial inflammation, generating a transcriptome pattern similar 

to rheumatoid synovitis.25 Conversely, repair of PFKFB3 expression in adoptively 

transferred RA T cells was highly effective in dampening synovial tissue inflammation. In 

essence, by shifting the ratio of PFKFB3/G6PD, RA T cells divert glucose from ATP 

production towards biosynthesis, generating inflammation-inducing effector cells.

RA T cells bypass the G2/M cell cycle checkpoint

Redirecting glucose catabolism to the synthesis of NADPH and the synthesis of 

biomolecules prepares RA T cells to produce cellular offspring.26 Clonal expansion is a 

prerequisite in generating effector T cells that leave lymph nodes and bone marrow storage 

sites and enter peripheral tissues to orchestrate anti-cancer and anti-pathogen immunity. RA 

T cells have shortened telomeres and display a pre-aged phenotype;27–29 implying that they 

have entered a state of senescence, defined as an irreversible cell cycle block. However, 

senescence-imposed cell cycle block, well described for such cell types as fibroblasts, is not 

a feature of RA T cells.13, 30, 31 To the opposite, observations made almost 15 years ago 

indicated that cell cycle passage is accelerated in patient-derived T cells.32

With metabolic conditions favoring the effector state, accelerated cell building and clonal 

expansion, the question arises whether cell cycle control is intact in RA T cells. Studies have 

demonstrated that RA T cells spend less time in the G2/M phase of the cell cycle and 

passage through cell division at a higher speed than healthy control T cells.15 Cell cycle 

arrest in G2/M is required for double-strand break repair by homologous recombination, as 

chromosomal pairs are available during this period.33 Molecular analysis of RA T cells has 

identified the DNA damage sensing kinase ATM as being repressed.15, 34 ATMlow T cells 

bypass the G2/M cell cycle checkpoint and hyperproliferate. They also accumulate DNA 

double strand breaks and are highly susceptible to radiation-induced cell death.35 ATM 

deficiency is typical for the progeroid syndrome Ataxia telangiectasia, an inherited disease 

manifesting with neurodegeneration, premature aging, increased risk of malignancy and 

accelerated cardiovascular disease.36 In RA T cells, ATM-specific transcripts, ATM protein 

and phosphorylated ATM are all downregulated15 (Figure 3). ATM deficiency as a risk 

factor for autoimmune disease is shared between RA and other autoimmune diseases, such 

as colitis.37

The ATMlow phenotype, and the functional consequences of ATM deficiency are directly 

linked to the altered metabolic conditions in the cells (Figure 3). Specifically, ATM is a 

redox sensor and senses the cell’s entry into heightened metabolic activity associated with 

cellular proliferation. Redox sensing induces dimerization of ATM, a prerequisite for 

phosphorylation of the kinase.38 Surplus NADPH production and accumulation of reduced 

glutathione set the stage for impaired ROS sensing, thus interfering with ATM activation.
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The finding of cell cycle checkpoint failure as a direct consequence of glucose catabolism 

raises the possibility of redox manipulation as a means to modify the pro-inflammatory 

propensity of RA T cells. Opposite to the long-held paradigm that ROS induce the cell’s 

demise, ATM inactivation due to ROS deficiency redirects attention away from oxidative 

stress towards reductive stress.10, 23, 39 Accordingly, pro-oxidants have been tested as anti-

inflammatory reagents in T cell-induced synovitis.15 Both, menadione, a redox-cycling 

agent, and buthionine sulphoximine, an inhibitor of gamma-glutamyl cysteine synthase had 

powerful anti-inflammatory effects in human synovium NSG chimeric mice.

These data mechanistically link metabolic conditioning and redox homeostasis to ATM 

activation and cell checkpoint intactness, which ultimately determine the potential of a T cell 

to trigger synovial inflammation.

RA T cells lose the mitochondrial protector MRE11A

A cardinal feature of RA T cells is a state of premature aging. Original observations leading 

to the recognition of accelerated T cell aging in RA included the enrichment of CD28neg 

CD4 T cells in the synovial lesions.40 CD4+CD28neg T cells are end-differentiated effector T 

cells (TEMRA) with a prolonged proliferative history.41 Synovial CD4+CD28neg T cells are 

typically autoreactive and have a low threshold setting to produce pro-inflammatory effector 

cytokines.42 The accumulation of clonally expanded CD4+CD28neg T cells is shared 

between patients with RA and coronary artery disease43–45 and has been cited as a possible 

mechanism of enhanced cardiovascular risk in RA patient populations.

The aging phenotype of RA T cells is easily captured by the shortening of telomeres. Studies 

analyzing the lengths of T cell telomeres suggested that accelerated T cell aging begins 

during the second decade of life. Besides cellular turnover imposing the loss of telomeric 

sequences, chromosomal ends are also subject to DNA damage and a phenotype of telomeric 

fragility in RA T cells has been described.46 Structural instability of telomeres may well 

lead to a short-telomere presentation, which is unrelated to proliferative pressure.

In the case of RA T cells, telomeric shortening was related to the loss of the DNA repair 

nuclease MRE11A7, 46 (Figure 4). MRE11A has 3’ to 5’ exonuclease and endonuclease 

activity and is required for DNA double-strand break repair by homologous recombination.
47, 48 The nuclease partners with RAD50 and ATM to form the MRN complex and 

hypomorphic mutations of MRE11A cause ataxia-telangiectasia-like disorders.

The protein content of MRE11A in CD4 T cells declines with age and is low in T cells from 

RA patients even through the 2nd-5th decade of life. In the nucleus, MRE11A is 

predominantly localized at the chromosomal ends and genetic or pharmacologic inhibition 

of MRE11A induces telomeric instability and T cell aging7 (Figure 4). T cells with low 

MRE11A protein content have a propensity to induce synovial inflammation. Vice versa, 

correction of the MRE11Alow phenotype in RA T cells by forced overexpression is highly 

effective in suppressing synovitis.

MRE11A loss-of-function results in a metabolic phenotype, with marked reduction of 

mitochondrial oxygen consumption and ATP generation49 (Figure 4). How can the double-
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strand break repair nuclease interfere with metabolic competence of T cells? MRE11A is a 

nuclear protein but is also present in the cytoplasm and in the mitochondria.50 Cytoplasmic 

MRE11A has been implicated in DNA sensing.51 Mitochondrial MRE11A binds to 

mitochondrial DNA (mtDNA) and genetic or pharmacologic inhibition of MRE11A causes 

leakage of mtDNA into the cytoplasm.49 Leaked mtDNA is then recognized by the NLRP3 

and the AIM2 inflammasome to trigger procaspase-1 cleavage. MRE11A-dependent 

inflammasome assembly and caspase-1 activation lead to IL-1β release, but more 

importantly, give rise to pyroptotic T cell death.

These data place MRE11A at the pinnacle of a signaling cascade that connects genome 

stability to tissue inflammation (Figure 4); including fundamental biologic processes, such 

as DNA damage sensing, DNA repair, mitochondrial fidelity, ATP generation, mtDNA 

containment and inflammasome activation. The mechanistic link between genome stability, 

bioenergetic competence and tissue inflammation centers on pyroptotic T cell death, which 

is strongly pro-inflammatory. In in vivo experiments, MRE11Alow T cells are powerful 

inducers of synovial tissue inflammation. T cells death in the synovial tissue is associated 

with mtDNA deposition into the extracellular space. Two aspects of these studies will impact 

the conceptual understanding of RA immunopathology; (1) the association of synovial 

inflammation with dying T cells, emphasizing that functional studies of lesional T cells may 

miss the most important subset; and, (2) T cell death as a consequence of metabolic failure. 

Notably, unprovoked activation of caspase-1 activation is also a feature of CD4 T cells in 

patients with human immunodeficiency virus (HIV) infection.52 Indeed, immunostaining for 

cleaved caspase-1 in T cells was strongly positive in lymph node biopsies of patients with 

HIV but was equally prominent in lymph nodes harvested from RA patients.49 

Commonalities of T cell abnormalities in RA and HIV have been discussed as possible 

explanations for the shared immune aging phenotype53, 54 and the combination between 

insufficient adaptive immunity and chronic-smoldering inflammation seen in both RA and 

AIDS patients. Overall, recognizing lymph nodes as a site of T cell abnormalities provides 

opportunities to capture defects in immune tolerance that precede inflammation of the 

synovial tissue.

RA T cells favor lipogenesis and accumulate cytoplasmic lipid droplets

Suppression of mitochondrial activity due to insufficient repair of mtDNA has implications 

beyond the reduced generation of ATP and ROS; damaged mitochondria in RA T cells are 

no longer available for β-oxidation and catabolism of acetyl-CoA (Figure 5). Gene 

expression studies have revealed a bias for lipogenesis instead of lipolysis in patient-derived 

T cells.25 RA T cells, both from the circulation and within the synovial infiltrates, contain 

cytoplasmic lipid droplets.23, 55 Under physiologic conditions, cells utilize lipid droplets as a 

rapidly accessible source of fatty acids needed during periods of starvation. Recent work has 

identified lipid droplets as a sink for lipids released by autophagic breakdown of 

membranous organelles when cells are entering periods of prolong nutrient deprivation.56–58 

Thus, lipid droplets may predominantly be a sign of cellular stress and serve as a storage 

organelle to avoid lipotoxicity, especially derived from acylcarnitines, that threaten integrity 

of mitochondrial membranes. Notably, RA T cells, despite the low production of ATP, do not 

activate autophagic recycling of cellular content.59, 60 Mechanistic studies have identified 
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PFKFB3, the marker enzyme that is repressed in RA T cells, as an activator of autophagic 

flux.59 Just as they accumulate DNA damage, RA T cells also appear to accumulate 

damaged membranes, organelles etc. It is not surprising that such stressed and damaged T 

cells are culled by pyroptosis.

Cytoplasmic lipid droplets in RA T cells are not only an indicator of cellular stress. Rather, 

the availability of neutral lipids stored as cytoplasmic lipid droplets is a necessary element in 

a cell building program;61 e.g. during times of effector T cell differentiation. Thus, favoring 

lipogenesis over lipolysis supports the RA T cell’s switch from catabolism to anabolism and 

from ATP production to building cellular offspring. How membrane generation and 

organelle generation are affected by the shift in neutral lipid consumption versus storage is 

unknown. Also, it has not been examined whether the membrane quality is affected by 

metabolic rewiring.

Notably, no abnormalities in the mevalonic acid pathway have been described for patients 

with RA. Sterol regulatory element-binding proteins (SREBPs) are an essential element in 

generating protective CD8 T cell immunity, mostly so by supplying lipids to meet the 

requirements for membrane synthesis during clonal expansion.62 Modulating the cholesterol 

metabolism to enhance the cytotoxicity of CD8 T cells has been reported for anti-tumor 

immune responses.63 Whether metabolic interference with lipid utilization in membranes 

could be applied to weaken adaptive immunity in autoimmune disease is unexplored.

RA T cells assemble tissue-invasive membrane ruffles

The efficiency of pro-inflammatory effector T cells depends on priming of such cells by 

antigen-presenting cells, the journey of such cells from central lymphoid storage sites 

(lymph nodes, bone marrow etc) to peripheral tissue, the transmigration of T cells from the 

bloodstream to the perivascular space and the maneuvering of T cells through extra-cellular 

matrix. Migration of lymphocytes and fibroblasts within the tissue involves fundamentally 

different strategies. Fibroblasts and other mesenchymal cells employ proteolytic degradation 

of matrix proteins by serine proteases, matrix metalloproteinases, and cathepsins to 

overcome barriers in sites of tissue inflammation.64 T lymphocytes have to be fast and 

mobile to reach their goal, and rely on non-proteolytic migration, which does not require 

matrix proteolysis but rather involves a shape change to enable cells to glide and squeeze 

through preexisting matrix defects.65, 66 T cell locomotion generates high energy demands, 

but equally important are rearrangements of the cellular membranes to allow cells to slip 

through matrix gaps and trail through connective tissues.67

A key finding in the examination of abnormal T cell behavior was the recognition that RA T 

cells are prone to form invasive membrane structures25 (Figure 6), resembling podosomes 

and invadosomes utilized by cancer cells when they metastasize.68, 69 Membrane-proximal 

colocalization of cortactin and actin filaments identifies podosomal structures in T cells. 

Formation and motility of such membrane compartments imposes needs for biosynthetic 

activity; and, accordingly, podosome generation in RA T cells is under metabolic control. A 

cassette of motility genes appears to monitor the cell’s glycolytic flux. Transcription of the T 

cell motility genes is highly dependent on fatty acid synthesis.25 T cell motility, and the 
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propensity to function as arthritogenic effector cells, are mechanistically linked to the 

divergence of glucose away from glycolysis and the shunting towards the PPP. A critical 

element in permitting RA T cells to form invadasomes and penetrate synovial tissue is the 

adaptor protein, Tks5, encoded by the SH3PXD2A gene (Figure 6). Equipped with protein-

binding and lipid-binding modules, Tks5 is ideally suited to facilitate scaffolding and 

focalizing of actin polymerization.70 Tks5 transcripts are strongly induced in RA T cells, 

and, within a cohort of RA patients, amounts of SH3PXD2A transcripts correlated closely 

with the inflammatory burden in individual patients.25 Metabolically controlled 

abnormalities in T cell invasiveness appear to be disease-specific for RA. In a different 

autoimmune disease, giant cell arteritis, T cells invasion into the inflammatory lesions 

within the walls of large arteries is entirely dependent on MMP-9-producing macrophages, 

which first have to digest the basal membrane before T cells can leave the circulation and 

transmigrate into the tissue.71, 72

RA T cells misplace AMP-activated protein kinase (AMPK) to non-

lysosomal sites and unleash mTORC1

The metabolic signature of RA T cells favors biosynthetic activity over catabolic processes, 

diverting energy resources towards offspring building instead of supporting long-term 

persistence of memory T cells. The suppression of mitochondrial activity and glucose 

catabolism in favor of the PPP must expose these T cells to considerable stress. One would 

expect that upstream signals that misguide the cell into an energy crisis finally leading to 

lytic death should elicit countermeasures, protecting T cells from bioenergetic failure and 

pyroptosis. A critical mechanism directing cells towards appropriate adaptations lies in the 

continuous monitoring of cellular ATP availability through the kinase AMPK. AMPK, 

composed of a catalytic α subunit and regulatory βand γ subunits, functions as the cell’s 

fuel gauge that is activated when AMP:ATP or ADP:ATP ratios increase. AMPK activation 

modifies a series of target molecules, all aimed at stimulating energy production while 

reducing energy consumption. To promote energy production and coordinate nutrient supply 

with energy demand and consumption, AMPK plays a critical role in driving mitochondrial 

biogenesis, mitochondrial fusion and fission, autophagic flux and non-immunogenic cell 

death.73, 74 While mitochondrial oxygen consumption is markedly repressed in RA T cells, 

mitochondrial mass is maintained and is indistinguishable from that in healthy T cells. 

However, stability and containment of mtDNA is compromised in the patient-derived T 

cells.49

Despite the low ATP generation and the high AMP:ATP ratio in RA T cells, AMPK is not 

activated, crippling a fundamental pathway to secure energy homeostasis. The underlying 

molecular defect, namely dismantling of the cellular fuel gauge, has been unraveled75, 76 

(Figure 7). Specifically, for AMPK to sense ATP and glucose availability it needs to be 

placed on the cytoplasmic face of the lysosome. Here, AMPK colocalizes with mTORC1, an 

equally important sensor of energy sources required for all steps of cellular proliferation. If 

there is ample nutrient supply, mTORC1 promotes cell growth by stimulating biosynthetic 

pathways, including synthesis of proteins, lipids and nucleotides, and by inhibiting cellular 

catabolism through repression of the autophagic pathway.77, 78 Colocalization of AMPK and 
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mTORC1 on the lysosomal surface allows for direct cross-regulation of AMPK and 

mTORC1,79, 80 which share the lysosomal v-ATPase-Ragulator complex as an activator.

Analysis of AMPK recruitment to the lysosomal membrane has demonstrated low amounts 

of lysosomal AMPK in RA T cells, explaining the persistent mitochondrial 

underperformance despite energy deficiency (Figure 7). Lysosomal anchoring of AMPK 

requires the addition of the C14-fatty acid myristic acid to the kinase’s beta chain, 

accomplished by N-myristoyltransferase 1 (NMT1).81, 82 In RA T cells, transcription of the 

NMT1 gene is intact, but the enzyme functions insufficiently, leaving the cell with a 

myristoylation defect. Downstream consequences include mistrafficking of proteins, 

especially proteins en route to membrane sites. In vivo experiments have confirmed the 

necessity for AMPK routing to the lysosome to prevent unopposed mTORC1 activity. 

Experiments with forced overexpression of NMT1 could bring AMPK to the lysosomal 

membrane, avoid mTORC1 activation and suppress tissue inflammation.75 The anti-diabetic 

drug metformin functions as an AMPK activator.83 However, treating RA T cells with 

metformin failed to restore AMPK activation and left mTORC1 activation unaffected. 

A769662 is a small molecule that activates extra-lysosomal AMPK. Treatment of human 

synovium mouse chimeras with A769662 had strong anti-inflammatory effects, similar to 

the immunosuppressive action of rapamycin.75

These data support the notion that protein trafficking is a critical mechanism in determining 

the metabolic status of T cells and that lysosomal placement of AMPK is a key event in 

controlling the balance between pro- and anti-inflammatory signaling pathways.

Macrophages from RA patients are hypermetabolic

Many of the environmental cues and cell-intrinsic abnormalities that direct the metabolic 

machinery of RA T cells remain undefined. The preference of RA T cells for anabolic over 

catabolic metabolic settings appears to be cell-type specific, affecting naïve as well as 

memory T cell populations, but not monocytic cells. Thus, altered metabolic cascades in RA 

T cells do not reflect an organismal response to a change in nutrient supply. Macrophages, 

which colocalize with T cells in the synovial tissue lesions, have undergone a different set of 

metabolic adaptations. While their metabolic status is less well investigated, available data 

suggest that RA macrophages commit to a hypermetabolic state and that the metabolic 

imprinting is already present in undifferentiated monocytes8, 84 (Figure 8). Monocytes and 

macrophages derived from RA patients share their metabolic wiring with monocytes and 

macrophages isolated from patients with coronary artery disease.85 Molecular analysis has 

identified GSK-3β as an upstream regulator of highly active mitochondria. The protein 

kinase GSK-3β is constitutively active and is deactivated by serine-phosphorylation. 

Monocytes and macrophages from RA and CAD patients accumulate pGSK-3β-Ser9, both 

in tissue culture and in tissue lesions. The inactivated kinase is physically bound to 

mitochondria and mitochondrial respiration under resting and stressed deconditions is 

markedly higher than in healthy control cells.84 In patient-derived macrophages, 

mitochondria undergo structural changes, with formation of mitochondria-associated 

membranes and increased calcium transfer between endoplasmic reticulum and 

mitochondria. Heightened mitochondrial activity is linked to changes in effector functions; 
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specifically, the production of pro-inflammatory cytokines and cathepsin K (Figure 8). 

Indeed, the severity of RA and the number of affected coronary arteries in CAD are directly 

correlated to the activity of cathepsin K. Pharmacologic inhibition of GSK-3β reproduces 

the phenotype of highly activated cathepsin K in patient-derived macrophages.

The mechanism of how hypermetabolic macrophages sustain the production of the pro-

inflammatory cytokines IL-1β and IL-6 has been defined.85 Posttranslational modifications 

of the glycolytic enzyme pyruvate kinase M2 (PKM2), precisely the dimerization of the 

enzyme under oxidative stress conditions, causes cytoplasm-to-nucleus translocation. The 

enzyme is most active in glycolysis when in tetrameric formation.86 The ratio of dimeric/

tetrameric PKM2 depends on the cell’s ROS concentrations. Hyper-metabolic macrophages 

from CAD patients release more ROS, particularly in the peri-mitochondrial space; resulting 

in the translocation of the cytoplasmic enzyme into the nucleus. Nuclear PKM2 functions as 

a kinase activating STAT3. The result is the induction of IL-1β and IL-6 gene transcripts. 

This mechanism directly connects the cell’s metabolic status, precisely the activity of 

mitochondrial respiration, with pro-inflammatory effector functions.

Conclusions

The loss of self-tolerance in patients with RA precedes joint inflammation by decades and is 

firmly engraved into the innate and adaptive immune system. The early 

immunopathogenesis must include maldifferentiation of T cells, which provide help for 

autoantibody production. Naive CD4 T cells from RA patients have two fundamental 

abnormalities: they have accelerated aging and have reprogrammed their metabolic 

machinery. Upon stimulation, these RA T cells differentiate into hyperproliferative and 

tissue-invasive effector cells that initiate and sustain aggressive tissue inflammation in the 

synovium.

Molecular studies have identified defects in the DNA repair machinery and in the utilization 

of glucose, which are linked to changes in T cell behavior:

1. RA T cells fail to upregulate the glycolytic enzyme PFKFB3 and instead shunt 

glucose into the pentose phosphate pathway (PPP).

2. Overutilization of the PPP generates excess NADPH and biosynthetic precursor 

molecules; resulting in a reductive environment and in cell building.

3. Surplus of NADPH prevents the activation of ATM, enabling RA T cells to 

bypass the G2/M cell cycle checkpoint and hyperproliferate.

4. RA T cells underperform in ATP generation due to a mitochondrial defect.

5. Mitochondrial insufficiency results from failed repair of mitochondrial DNA, 

caused by the loss of the DNA repair nuclease MRE11A.

6. Damaged mitochondrial DNA leaks into the cytoplasm and triggers 

inflammasome activation. RA T cells are therefore highly pro-inflammatory.

7. Mitochondrial underperformance prevents fatty acid oxidation and promotes 

deposition of cytoplasmic lipid droplets.
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8. The bias to lipogenesis supplies membrane lipids for the cell building program 

and fosters the generation of front-end membrane protrusions, rendering the T 

cell tissue invasive.

9. RA T cells are maladaptive and fail to counterbalance the metabolic commitment 

towards anabolic pathways. Specifically, they fail to activate the energy sensor 

AMPK and continue to favor catabolic processes despite low ATP 

concentrations. In RA T cells, lysosomal recruitment of AMPK is insufficient, 

preventing AMPK activation and mTORC1 inactivation. The diminution of 

lysosomal AMPK leaves the T cell with lack of anabolic activity and unopposed 

activation of mTORC1. The underlying defect has been localized to the failure of 

NMT1, a transferase that adds a lipid tail to AMPK and thus determines its 

intracellular trafficking and distribution.

10. Metabolically rewired RA T cells partner with macrophages that have unleashed 

mitochondrial activity. Hypermetabolic RA macrophages respond to 

mitochondrial stress with translocation of the glycolytic enzyme PKM2 into the 

nucleus, where the kinase drives a STAT3-dependent gene program, promoting 

IL-1β and IL-6 production.
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Figure 1. Metabolic checkpoints in pro-inflammatory and auto-aggressive T cells.
Studies in CD4 T cells from patients with RA have identified a series of molecules that 

deviate T cell function towards pro-inflammatory capabilities. All molecules identified have 

in common that they regulate or are regulated by the cell’s metabolic machinery. PFKFB3, 

G6PD and FASN directly regulate cytosolic glycolysis and lipogenesis. The cell cycle kinase 

ATM senses metabolic activity through reactive oxygen species to coordinate cell cycle 

passage to nutrient supply. The DNA repair nuclease MRE11A maintains metabolic 

competence by protecting mitochondrial DNA. The transferase NMT1 enables trafficking of 

the energy sensor AMPK to the lysosomal surface. Metabolic intermediates regulate 

expression of the membrane adaptor molecule Tks5, thereby rendering T cells tissue-

invasive.
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Figure 2. Glucose shunting to the pentose phosphate pathway enables anabolic processes.
In RA CD4 T cells, glucose is shunted from glycolytic breakdown towards the pentose 

phosphate pathway (PPP). Transcriptional repression of phosphofructokinase/fructose 

biphosphatase 3 (PFKFB3) results in reduced ATP and pyruvate production. Upregulation of 

Glucose-6-phosphate dehydrogenase (G6PD) funnels glucose towards the PPP, supplying 

NADPH, reduced glutathione (GSH) and biosynthetic precursors. As an outcome, the cell’s 

redox status shifts towards reductive stress, impairing redox-dependent signaling. Also, the 

cell has access to biosynthetic precursors, enabling a cell building program.
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Figure 3. Dysfunctional cell cycle control results in T cell hyperproliferation.
In RA CD4 T cells, the DNA damage sensing kinase Ataxia telangiectasia mutated (ATM) is 

impaired. ATM is required for the initiation of double-strand break repair by homologous 

recombination and functions by slowing down the G2/M phase of the cell cycle. In patient-

derived CD4 T cells, ATM protein and activity are diminished. ATM function requires 

dimerization, which is dependent on redox signaling. Low abundance of reactive oxygen 

species in RA T cells results in insufficient ATM activation. The outcome includes a high 

DNA damage burden, bypassing of the G2/M cell cycle checkpoint and T cell 

hyperproliferation.
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Figure 4. DNA repair failure in the mitochondria and at the telomere causes metabolic 
maladaptation and premature T cell aging.
In RA CD4 T cells, the DNA repair is inefficient, affecting both the mitochondrial genome 

and the telomeric ends. The nuclease MRE11A is a limiting factor in double strand break 

repair and is transcriptionally repressed in RA CD4 T cells. Lack of MRE11A’s nucleolytic 

activity in the mitochondria leads to instability of mitochondrial DNA (mtDNA), leakage of 

mtDNA into the cytosol, activation of the inflammasome and induction of immunogenic T 

cell death (pyroptosis). Lack of mitochondrial MRE11A leads to diminished oxygen 

consumption and ATP generation. Insufficiency of MRE11A at the telomeric ends results in 

telomere fragility and T cell aging.
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Figure 5. Disproportional lipogenesis fuels tissue invasiveness of RA T cells.
RA CD4 T cells favor lipogenesis over lipolysis. The cytosol is rich in reducing equivalents 

(NADPH), mitochondrial b-oxidation is impaired and the lipogenic gene signature, e.g. fatty 

acid synthase (FASN) is upregulated; all supporting the synthesis and not the breakdown of 

fatty acids. Excess lipogenesis leads to the deposition of cytosolic lipid droplets, availability 

of lipid precursors to build membranes and the formation of invasive membranes structures 

resembling invadosomes. As a result, T cells enter a cell building program and become 

tissue-invasive.
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Figure 6. Membrane ruffling enables T cell tissue invasiveness.
CD4 T cells from RA patients have high abundance of Tks5 (encoded by the SH3PXD2A 

gene), a SH3- and PX-domain containing scaffolding protein. Tks5 localizes to the 

podosmal membrane extrusions on the frontal end of T cells. Formation of membrane ruffles 

is part of a metabolically-controlled T cell motility program, and high expression of Tks5 

renders T cells highly mobile, permitting transition from blood vessels into the extravascular 

space and fast maneuvering in extracellular matrix.
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Figure 7. Compromised myristoylation alters subcellular trafficking of AMP-activated protein 
kinase (AMPK).
In RA T cells, posttranslational lipidation modification of proteins is compromised due to 

impaired function of the N-myristoyltransferase 1 (NMT1). Lack of NMT1 function affects 

the subcellular distribution of the energy sensor AMPK, which is normally recruited to the 

cytosolic face of the lysosome to monitor the AMP/ATP ratio. Energy deficiency prompts 

AMPK activation, triggers a multitude of anabolic programs and inhibits energy-utilizing 

catabolic processes by inactivating mTORC1. In RA CD4 T cells, AMPK lacks a lipid tail, 

fails to relocate to the lysosomal surface and malfunctions as an mTORC1 inhibitor. AMPK 

deficiency promotes mitochondrial restraint and confers continuous mTORC1 activity.
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Figure 8. Hypermetabolic macrophages in rheumatoid arthritis.
In RA macrophages, Glycogen Synthase Kinase 3β (GSK-3β) is inactivated, enhancing the 

activity of the mitochondrial electron transport chain. GSK-3β is a constitutively active 

protein kinase that negatively regulates glucose homeostasis. Inactivation of GSK3β results 

in the activation of oxidative phosphorylation, enhanced ATP production and increased ROS 

release. Functional consequences include longevity of highly activated macrophages. ROS 

facilitate the dimerization of the cytosolic enzyme pyruvate kinase M2 (PKM2) and nuclear 

translocation of the enzyme, where it activates STAT3. Several pro-inflammatory activities 

of macrophages are dependent on GSK-3β inactivation and enhanced ROS release; such as 

the production of cathepsin K, IL-1β, and IL-6.
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