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Original research question

| am researching T-cell exhaustion. Please compile a comprehensive report on this topic for me,
based on publicly available literature published before July 2023. The report needs to include
the following core sections:

1. Definition and Characteristics: First, clearly explain what T-cell exhaustion is. Then,
describe in detail the characteristics of Exhausted T cells (Tex) from four key dimensions:
transcription factors, inhibitory receptors, effector functions, and metabolic activity. For
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each dimension, please list the key molecules or states and explain their specific changes
and roles in the exhaustion process.

2. Comparison of Transcription Factor Expression Profiles: Please create a table comparing
the expression levels of key transcription factors in Effector T cells, Progenitor exhausted T
cells, and Terminally exhausted T cells. The table needs to include the following
transcription factors: TCF-1, T-bet to EOMES ratio, BATF, NFAT, PRDM1, NR4A, and TOX.
Please fill in the table content with 'High', 'Low", 'Unclear’, or more specific descriptions
(e.g., 'forms NFAT homodimers').

3. Comparison of Research Methods: Currently, there are two main approaches to studying T-
cell exhaustion: direct isolation from mouse models/human tissues, and in vitro
induction/generation. Please also create a table comparing these two methods from the
following aspects:

e Method of isolation/generation

o Time to isolate/generate Tex cells

Cell yields for future testing
¢ Access to samples

e Mechanistic studies

» Assigning cause-effect

4. Comprehensive Analysis: Finally, based on the above information, analyze the advantages
and limitations of generating exhausted T cells in vitro for research, particularly what
challenges in vitro models face in simulating real physiological processes compared to
direct in vivo isolation?

importantThe following is a rule of highest priority that you must not violate. Please put this rule
in your task plan and keep it in your memory: During the research process, you are not allowed
to view the following article and urls: {'title': 'The current state and future of T-cell
exhaustion research’, 'authors': ['Edward Jenkins', 'Toby Whitehead', 'Martin Fellermeyer’,
'Simon J Davis', 'Sumana Sharma'], 'urls': ['https://pubmed.ncbi.nlm.nih.gov/37554723/",
'https://www.semanticscholar.org/paper/The-current-state-and-future-of-T-cell-
exhaustion-Jenkins-Whitehead/f209feb9ba3a097a6fb26d781ch6dec6e33a5787',
'https://academic.oup.com/ooim/article-pdf/4/1/iqad006/50906849/igad006.pdf']}. Even if
you accidentally read it, please ignore the content of the article and do not quote it.

Comprehensive Report on T-Cell Exhaustion:
Mechanisms, Characteristics, and Research
Approaches
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Executive Summary

T-cell exhaustion is a distinct, epigenetically stable state of CD8+ (and CD4+*) T-cell dysfunction
that arises under conditions of chronic antigen stimulation—most prominently in chronic viral
infections and cancer. First described during lymphocytic choriomeningitis virus (LCMV)
infection in mice, it is now recognized as a conserved adaptive response that prevents
immunopathology while maintaining partial immune control at the cost of sterilizing immunity [1]
[2]1[33]. Exhausted T cells (Tex) are defined by four cardinal features: progressive, hierarchical
loss of effector functions; sustained co-expression of multiple inhibitory receptors; remodeled
transcription factor networks; and profound metabolic dysfunction. The Tex pool is
heterogeneous, organized into a developmental hierarchy from progenitor exhausted T cells
(Tpex, stem-like, TCF-1*) to terminally exhausted T cells (Tex-term, TCF-1-, high inhibitory
receptor burden), with key therapeutic implications—Tpex are the principal responders to
checkpoint blockade [13][28][32].

Two principal research paradigms exist: direct isolation of Tex from chronic infection models
(e.g., LCMV clone 13) or human tumor/blood samples, and in vitro induction through chronic
antigen stimulation. Each has distinct advantages and limitations. In vitro models excel in
scalability, throughput, and mechanistic tractability—enabling genome-wide CRISPR screens—
but incompletely recapitulate the full epigenetic, metabolic, and cellular complexity of in vivo
exhaustion, particularly the monomeric NFAT-driven chromatin remodeling and the progenitor
Tpex compartment [8][9][30]. Understanding these trade-offs is essential for translating basic
exhaustion biology into effective immunotherapies.

Section 1: Definition and Characteristics of T-Cell Exhaustion

1.1 Definition and Historical Context

T-cell exhaustion was first described as "clonal deletion" of virus-specific CD8* T cells during
high-grade chronic infections, but is now understood as functional inactivation rather than
physical deletion [2]. The term was coined in the context of chronic LCMV infection in mice,
where antigen-specific CD8* T cells persisted with activation markers yet were unable to kill
virally infected cells or produce IFN-y [33][35]. Subsequent work established that exhaustion is
a broadly conserved phenomenon occurring in hepatitis B virus (HBV), hepatitis C virus (HCV),
HIV, and in tumor settings [21[71[43].

Formally, T-cell exhaustion is defined as a dysfunctional differentiation state caused by
persistent antigenic stimulation, in which T cells persist but progressively lose effector
capacity through stepwise functional and epigenetic changes [9][12]. Three critical
distinctions demarcate exhaustion from related dysfunctional states:

» Versus anergy: Anergy occurs in naive T cells receiving suboptimal or co-stimulation-
deficient signals, develops rapidly, and is not driven by repeated antigen encounter.
Exhaustion develops gradually from previously activated effector T cells under chronic
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stimulation [6][10][20]. Molecularly, GRAIL (an E3 ubiquitin ligase prominent in anergy) is not
markedly upregulated in exhausted LCMV-specific CD8* T cells [2]. In anergy, NFAT
homodimer formation (without AP-1) programs anergy-inducing genes; in exhaustion,
persistent NFAT activation with diminished AP-1 drives a distinct exhaustion transcriptional
program [20][3].

» Versus senescence: Senescent T cells downregulate CD27 and CD28, upregulate CD57
and KLRG1, but do not upregulate PD-1and TIM-3 as exhausted T cells do [10]. Senescence
is characterized by irreversible cell cycle arrest due to telomere shortening; exhaustion, by
contrast, can be partially reversed by checkpoint blockade [101[20].

o Versus effector/memory T cells: Exhausted T cells are transcriptionally, epigenetically, and
functionally distinct from both—TEX cells differ from effector and memory T cells by
approximately 6,000 open chromatin regions, similar in magnitude to differences between
major hematopoietic lineages [41[33].

The exhausted T-cell pool is heterogeneous, organized into at least two functionally and
phenotypically distinct subpopulations: progenitor exhausted T cells (Tpex) and terminally
exhausted T cells (Tex-term), with some studies identifying an intermediate transitional subset
[10][23]1[40].

1.2 Characteristic Dimension I: Transcription Factors

The transcriptional landscape of Tex is fundamentally reorganized relative to functional effector
and memory T cells, governed by a network of pro-exhaustion and anti-exhaustion factors.

TCF-1(T-cell Factor 1, encoded by Tcf7)

TCF-1is a pioneer transcription factor downstream of WNT/B-catenin signaling and is highly
expressed in Tpex cells, where it maintains stem-like self-renewal and proliferative capacity [6]
[371[38]. TCF-1initiates a program with BCL-6 to suppress terminal exhaustion [1][35]. It inhibits
Blimp-1, TIM-3, and CISH while promoting BCL-6, thereby preserving the progenitor-like state
[10]. Critically, TCF-1expression is absent or severely reduced in terminally exhausted T cells
[4][8]. TCF-1* CD8* T cells lack TIM-3 expression and are the principal responders to PD-1
checkpoint blockade [371[13]. TCF-1 deletion in exhausted T cells leads to profound reductions
in cytokine production, degranulation, and granzyme B expression, while increasing PD-1 and
TIM-3 co-expression and promoting apoptosis [38].

T-bet and EOMES Ratio

T-bet and EOMES are T-box transcription factors that show characteristic reciprocal expression
changes during exhaustion. In functional effector T cells, T-bet is high relative to EOMES,
actively repressing PD-1 transcription and supporting effector functions [9][12]. As exhaustion
progresses—particularly in the context of HIV, HCV, and tumor settings—the ratio shifts toward
Eomes dominance (T-bet*dim"EOMES"hi*) [5][36]. This T-bet*dim"EOMES"hi* phenotype
defines a highly exhausted state with high inhibitory receptor co-expression (PD-1, CD160, 2B4)
and poor polyfunctionality [36]1[42]. EOMES directly binds the PD-1 promoter and a -23.8 kb
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exhaustion-specific enhancer of Pdcd7, maintaining persistently high PD-1 expression [14].
Conversely, reducing Eomes dosage (even one allele) in tumor-infiltrating T cells increases
TCF-1, reduces TOX, and improves IFN-y, TNF-a, and IL-2 production [14]. In progenitor Tex,
TCF-1fosters Eomes expression to blunt T-bet activity at early stages of chronic stimulation
[23][34].

BATF (Basic Leucine Zipper ATF-like Transcription Factor)

BATF has a complex, context-dependent role. During chronic TCR stimulation, elevated BATF
signaling antagonizes the classical AP-1complex, increasing the NFAT:AP-1 ratio and thereby
permitting NFAT-driven exhaustion gene programs [23][35]. BATF dimerizes with JunB to inhibit
other AP-1family members, promoting exhaustion [1][35]. However, BATF is also essential for
the generation of CX3CR1* effector-like cells from Tpex during the late phase of chronic
infection; BATF haplodeficiency causes a profound reduction in this effector transition, shunting
T cells toward the terminally exhausted subset [25][15]. In progenitor Tex (Ly108+) but not
terminally exhausted cells, BATF binding motifs are enriched in accessible enhancer regions
[25]. BATF overexpression in CAR-T cells reduces exhaustion markers (TOX, NR4A, EOMES)
and extends anti-tumor survival [15]. Thus, BATF occupies a bifurcative position: promoting
exhaustion through NFAT interaction while also enabling the progenitor-to-effector transition at
later stages.

NFAT (Nuclear Factor of Activated T Cells)

During productive acute responses, NFAT cooperates with AP-1 transcription factors to drive
effector gene programs. Under chronic TCR stimulation, persistent NFAT activation with
declining AP-1 co-activation leads NFAT to bind monomeric NFAT elements (without AP-1
cooperation), directly activating exhaustion-associated genes including Pdcd7(PD-1), Havcr2
(TIM-3), Lag3, and transcription factors Tox, NR4A family members, Prdm7, and /rf4 [3]1[61[23].
All three NFAT family members (NFAT1, NFAT2, NFAT4) contribute redundantly to exhaustion
programming [3]. In terminally exhausted T cells, NFAT operates principally as NFAT
homodimers driving the exhaustion program; this contrasts with effector T cells where NFAT-
AP-1 heterodimers predominate [43][20]. The NFAT - TOX - exhaustion axis is a critical feed-
forward loop: NFAT2 induces TOX, which then becomes calcineurin-independent, sustaining the
exhaustion program [4].

PRDM1 (Blimp-1)

Blimp-1, encoded by Prdm, is a transcriptional repressor that promotes terminal differentiation
and is highly expressed in terminally exhausted T cells, where it reinforces the exhausted
phenotype and represses memory-associated genes including Tcf7, Ccr7, and /17r [2][16].
BLIMP-1 deficiency in T cells during chronic infection prevents development of classical
exhaustion sighatures—cells retain CD127, maintain IFN-y and IL-2 production, and express
fewer inhibitory receptors—but infection is not controlled, emphasizing the role of exhaustion in
limiting immunopathology [2]. Blimp-1 levels (not merely presence) critically determine infection
outcome and T-cell quality [2]. In progenitor Tex, Blimp-1 expression is low [10][1].
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NR4A Family (NR4A1/Nur77, NR4A2/Nurr1, NR4A3/Nor-1)

The NR4A orphan nuclear receptors are immediate-early genes induced by TCR signaling,
functioning as ligand-independent transcription factors [24]. They are highly expressed in
exhausted T cells (both Tpex and Tex-term) and act downstream of NFAT to promote inhibitory
receptor expression and suppress effector functions [1][6][24]. NFAT is required for NR4A3 (but
not NR4A1) induction in peripheral T cells during exhaustion [24]. NR4A1 ablation produces
increased effector function and decreased exhaustion features [6]. Triple knockout of all three
NR4A members in CAR-T cells inhibited exhaustion, promoted tumor regression, and prolonged
survival in tumor-bearing mice [1]. In terminally exhausted cells, NR4A transcription factor
regulons show particularly high activity [25][40].

TOX (Thymocyte Selection-Associated High Mobility Group Box)

TOX is the most critical transcription factor for exhaustion programming, functioning as a
master epigenetic and transcriptional programmer of the exhausted fate [4][12]. TOX is
specifically induced during chronic infection by NFAT2 and calcineurin signaling, then operates
in a calcineurin-independent feed-forward loop to become stably expressed in >95% of Tex
cells [4]. TOX is dispensable for effector and memory T-cell formation, but without it, exhausted
T cells do not form [4][10]. TOX enforces exhaustion by: (1) directly upregulating inhibitory
receptors (Pdcd1, Lag3, Ctla4) and exhaustion-associated transcription factors (Nr4a2, kzf3,
Tox2); (2) repressing memory-associated genes (Ccr7, II7r, Sell); and (3) remodeling chromatin
via interaction with the HBO1 histone acetyltransferase complex [4]. TOX expression is highin
both Tpex and Tex-term, though the downstream consequences differ by cellular context [23]
[43]. Reduction of TOX improves tumor control and T-cell function in preclinical models [4][32].

1.3 Characteristic Dimension Il: Inhibitory Receptors

Persistent co-expression of multiple inhibitory receptors (IRs) is the most visible hallmark of T-
cell exhaustion, and the number of co-expressed IRs directly correlates with the severity of
exhaustion [1][2][17].

PD-1(Programmed Death-1)

PD-1is the canonical exhaustion marker and "master inhibitory regulator" of T-cell function
[42]. It is markedly upregulated on exhausted T cells but only transiently expressed on effector
T cells during acute infections and absent on functional memory cells [2][19]. Mechanistically,
PD-1 clusters near TCRs upon PD-L1/PD-L2 binding, becomes phosphorylated on ITIM and
ITSM motifs, and recruits SHP1/SHP2 phosphatases that dephosphorylate TCR signaling
components (Lck, ZAP-70, PLC-y1), impairing PIBK-AKT-mTOR signaling [33][42]. This drives
metabolic impairment (suppressed glycolysis, reduced mTOR activity) and functional defects [1]
[7]. A TEX-specific enhancer at -23.8 kb upstream of Pdcd7is required for persistent, high-level
PD-1 expression and is accessible only in exhausted, not functional, CD8* T cells [19][14][23].
Progenitor Tex express intermediate PD-1; terminally exhausted T cells express the highest
levels [10][34].
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TIM-3 (T-cell Inmunoglobulin and Mucin Domain-3)

TIM-3 is highly expressed on terminally exhausted T cells and is often used to identify the most
dysfunctional Tex-term subset [33]. It is frequently co-expressed with PD-1, with PD-1+TIM-3+
cells representing the most severely exhausted tumor-infiltrating lymphocytes [43]. TIM-3's
ligands include galectin-9 (which induces Th1 cell death), HMGB1, and CEACAM-1. BAT3, which
binds the TIM-3 cytoplasmic tail, permits T-cell proliferation and IFN-y production that is lost
upon galectin-9 engagement [20]. Combined PD-1 and TIM-3 blockade significantly enhances
antitumor responses compared to single blockade [43].

LAG-3 (Lymphocyte Activation Gene-3, CD223)

LAG-3 is constitutively expressed on exhausted T cells and is a marker of both CD4+ and CD8+
T-cell exhaustion [41]. Its canonical ligand is MHC-II, bound with higher affinity than CD4;
additional ligands include galectin-3 (Gal-3), LSECtin, and fibrinogen-like protein 1 (FGL1—a
liver-secreted protein upregulated in multiple cancers and associated with anti-PD-1 resistance)
[41][33]. Mechanistically, LAG-3 associates with the TCR:CD3 complex and negatively regulates
TCR signal transduction through its cytoplasmic KIEELE and EP-repeat motifs, suppressing
calcium flux, proliferation, and cytokine secretion [41]. LAG-3 blockade alone modestly
improves T-cell function, but combined PD-1/LAG-3 blockade synergistically reduces viral load
and improves dual functional (CD107a*IFN-y+) T-cell responses in chronic LCMV infection [17].

CTLA-4

CTLA-4 mediates inhibitory effects by competing with CD28 for B7-1/B7-2 (CD80/CD86)
ligands on antigen-presenting cells, primarily suppressing T-cell priming in secondary lymphoid
organs [33]. In chronic HBV infection, CTLA-4 is upregulated on both CD8* and CD4+* T cells;
combined PD-1and CTLA-4 blockade can enhance IFN-y production beyond single blockade
alone [27]. Like PD-1, CTLA-4 inhibits glycolysis through AKT/mTOR suppression [7].

TIGIT (T-cell Immunoreceptor with Ig and ITIM Domains)

TIGIT is expressed on NK cells, Tregs, and activated/exhausted T cells, and functions in part by
disrupting the costimulatory receptor CD226 [33]. TIGIT co-expression with PD-1 correlates
with disease progression in HIV-infected patients and SIV models [42]. TIGIT+ exhausted V&2+
T cells in non-M3 AML are linked to poor prognosis [9].

2B4 (CD244), CD160

These receptors are progressively co-expressed with PD-1and LAG-3 as exhaustion severity
increases. In HCV infection, the combination of PD-1, 2B4, CD160, and KLRG1 co-expression
characterizes the most exhausted HCV-specific CD8* T cells with impaired proliferative
capacity [18][26]. CD160 is expressed by the lowest percentage of exhausted cells in LCMV
chronic infection but is associated with co-expression of other inhibitory receptors (PD-1, LAG-
3, 2B4) [17]. In HIV infection, simultaneous expression of PD-1, CD160, 2B4, and LAG3
correlates directly with viral load and inversely with HIV-specific CD8* T-cell functional outputs
[42].

Co-expression Hierarchy
During chronic LCMV infection, PD-1is expressed by the vast majority of exhausted virus-
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specific CD8* T cells, followed by LAG-3 and 2B4, with CD160 expressed by the lowest
percentage and only in the context of co-expressed other inhibitory receptors [17]. Exhausted
CD8* T cells can express up to 7 distinct inhibitory receptors simultaneously [17]. More severely
exhausted cells express greater numbers of inhibitory receptors, and this co-expression pattern
reflects infection severity and functional impairment [1][2][17]. Newly identified exhaustion
markers include CD39, CD101, CD38, and CD73 [10][23]1[40].

1.4 Characteristic Dimension lll: Effector Functions

T-cell exhaustion is characterized by hierarchical, stepwise loss of effector functions, a
temporal order that has been confirmed across multiple chronic infection models and human
diseases [2][17]1[33][38]:

1. First lost (early exhaustion): IL-2 production, high proliferative capacity, and in vitro
cytotoxic function [2][10][17][38]. IL-2 is an essential cytokine for T-cell survival and
activation of effective cell-mediated immune responses; its loss early in exhaustion
profoundly impairs the ability of T cells to sustain autocrine support for proliferation [1].

2. Lost at intermediate exhaustion: TNF-a production [21[171[381[42]. The ability to produce
TNF persists longer than IL-2 but is lost before IFN-y in advancing exhaustion.

3. Lost late (severe exhaustion): IFN-y production and degranulation capacity (CD107a/b,
granzyme B, perforin) [2][10]1[17]1[38]. In the most severely exhausted cells, even IFN-y
production is extinguished. The loss of IFN-y at the locus level is enforced epigenetically—
H3K27me3 (a repressive histone modification) is uniquely acquired at the /fng locus in
terminally exhausted T cells, and TEX cells lack the open chromatin at the /fng locus present
in functional effector and memory cells [25][40].

4. Terminal stage: Physical deletion of T cells due to pro-apoptotic factor imbalance and
inability to respond to homeostatic cytokines IL-7 and IL-15 [2].

Importantly, even the most terminally exhausted CD8* T cells retain some cytolytic activity
and can produce granzyme B upon stimulation, providing partial immune control [33].
Terminally exhausted cells actually express relatively higher granzyme B and IFN-y on a per-cell
basis compared to progenitor Tex cells, but have severely diminished proliferative potential [10].

Progenitor Tex cells show comparatively low effector function (low granzyme B, impaired IFN-
y and TNF production) but retain high proliferative capacity and longevity. They are more
polyfunctional upon stimulation (co-producing IFN-y, TNF-q, and IL-2) compared to terminally
exhausted cells [37][10]. This paradox—Tpex having /ower cytolytic granule content but more
response potential—explains why they are the primary mediators of anti-tumor immune
responses following checkpoint blockade [28][32].

1.5 Characteristic Dimension IV: Metabolic Activity
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Metabolic dysfunction in exhausted T cells is both a consequence and a driver of the exhausted
state, and occurs early—even before functional defects become apparent—during chronic
stimulation [7].

Glycolytic Impairment

Naive T cells rely on OXPHQOS via the TCA cycle; effector T cells shift dramatically to aerobic
glycolysis to meet the demands of rapid proliferation [6][29]. In exhausted T cells, glycolytic
capacity is severely suppressed. PD-1 ligation attenuates PISK/AKT/mTORC1 signaling,
downregulating glucose transporter GLUT1 and hexokinase 2 (HK2), reducing glucose uptake
and glycolytic flux [7]1[1]. CTLA-4 inhibits glycolysis through similar mechanisms [7]. Multiple
glycolytic and TCA cycle-associated genes are transcriptionally downregulated in exhausted
CD8* T cells [7][33]. PD-1and CTLA-4 also reduce expression of glutamine transporters
SNAT1/SNAT2, impairing glutamine utilization [7].

Shift to Fatty Acid Oxidation (FAO)

Inhibitory receptor ligation on exhausted T cells induces a metabolic switch from glycolysis to
fatty acid oxidation (FAO) as a survival mechanism, particularly under nutrient-restricted
conditions in the tumor microenvironment [6]. PD-1 promotes CPT1A (carnitine palmitoy!
transferase 1A) expression, a key regulator of mitochondrial FAQ, to sustain energy generation in
early exhaustion [7]. However, chronic stimulation eventually impairs mitochondrial beta-
oxidation as well—isotope tracing studies show reduced contribution of palmitate to TCA cycle
metabolites, indicating generalized mitochondrial oxidative defects [22].

Mitochondrial Dysfunction
Mitochondrial impairment is a defining metabolic feature of terminal exhaustion. Key findings
include:

« Reduced mitochondrial biogenesis: PD-1reduces PGC1la (peroxisome proliferator-
activated receptor gamma coactivator 1-alpha) and mitochondrial transcription factor A
(MtTFA/TFAM) expression, promoting mitochondrial depolarization [7][13]. TFAM is highly
expressed in Tpex cells but almost completely lost in terminally exhausted T cells [13].

» Mitochondrial OXPHOS impairment: Persistent antigen stimulation impairs ADP-coupled
OXPHOS, limiting nucleotide triphosphate synthesis and blocking proliferation [22]. By day
14 of chronic stimulation in vitro, mitochondrial oxygen consumption is nearly absent [22].

« Uncoupled electron transport chain: Increased NADH/NAD+ ratio and decreased ATP/AMP
ratio indicate uncoupling of mitochondrial NADH generation from ATP synthesis [22].

» Impaired mitochondrial respiration as driver of exhaustion: Genetic evidence
demonstrates that impaired mitochondrial respiration is sufficient to elicit transcriptional,
phenotypic, and functional hallmarks of exhaustion [13][28]. mPiC (mitochondrial phosphate
carrier)-deficient T cells recapitulate exhaustion features including PD-1, Tim-3, LAG-3
upregulation and reduced IFN-y/IL-2 production [13][28].
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» Metabolic heterogeneity between subsets: Tpex cells have higher basal and maximal
oxygen consumption rates (OCR), greater mitochondrial content, and greater spare
respiratory capacity compared to Tex-term cells. Terminally exhausted T cells compensate
mitochondrial insufficiency with ~2.5-fold greater dependence on aerobic glycolysis for ATP
production [13][28].

Reactive Oxygen Species (ROS)

Chronically stimulated T cells accumulate high levels of cellular and mitochondrial ROS,
resulting in increased lipid peroxidation [22][29]. Electron leakage from complexes | and Il of
the ETC generates superoxide and hydrogen peroxide [29]. Mitochondrial dysfunction causes
redox stress, which inhibits prolyl hydroxylase-mediated degradation of HIF-1q, stabilizing HIF-
1o protein even under normoxic conditions [13][28]. Stabilized HIF-1a then drives glycolytic
reprogramming and promotes the transcriptional and phenotypic transition of Tpex cells to
terminally exhausted T cells [13][28]. ROS also activates NFAT nuclear translocation, boosting
TOX and exhaustion-related gene transcription [34]. N-acetylcysteine (NAC) supplementation
can normalize ROS levels, restore ATP/AMP ratios, rescue T-cell proliferation, and partially
reverse terminal exhaustion to a progenitor-like phenotype (TCF-1recovery while retaining TOX
expression) [22][13].

Tumor Microenvironment Metabolic Competition

In tumor settings, T cells face additional metabolic competition from rapidly proliferating tumor
cells that consume glucose, oxygen, and other nutrients [1][21]. Tumor glucose consumption
metabolically restricts T cells, reducing mTOR activity, glycolytic capacity, and IFN-y production
even when antigen is recognized [21]. Checkpoint blockade antibodies (anti-CTLA-4, anti-PD-1,
anti-PD-L1) restore glucose availability in tumors, permitting T-cell glycolysis and IFN-y
production [21]. Tumor-infiltrating T cells also face arginine and tryptophan depletion by tumor-
associated macrophages, MDSCs, and dendritic cells [43].

Lipid/Cholesterol Dysregulation

Exhausted T cells show decreased glucose uptake but excessive accumulation of lipid and
cholesterol. Cholesterol accumulation promotes PD-1 expression via endoplasmic reticulum
stress [71[34]. Accumulated depolarized mitochondria with disrupted membrane, cristae
structure, and abnormal membrane potential are characteristic of terminally exhausted T cells
[34].

Section 2: Comparison of Transcription Factor Expression
Profiles
The following table synthesizes expression levels of seven key transcription factors across the

three principal T-cell states discussed in the exhaustion literature. Descriptors draw directly
from multiple primary sources [43][231[10][4][3]1[25][15][6]1[14][40][42].
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Transcription
Factor

TCF-1

T-bet : EOMES
ratio

BATF

NFAT

PRDM1 (Blimp-
1)

NR4A
(NR4A1/2/3)

Effector T Cells (Teff)

High (supports effector
differentiation; declines with
terminal effector fate)

More T-bet (T-
bet*hi*EOMES"lo - int*; T-
bet represses PD-1
transcription, supports
effector functions)

Complexed with IRF4;
promotes effector function
via AP-1target genes (/fng,
Gzmb, Prfi)

Heterodimer with AP-1
(cooperative NFAT-AP-1
binding drives effector gene
programs: IL-2, IFN-y)

High (upregulated in ~80%
of effector CD8* T cells;
promotes terminal effector
differentiation; represses
memory genes Tcf7, Ccr7,
Bcl6)

Low (transiently induced by
TCR signaling but not
sustained)
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Progenitor Exhausted T
Cells (Tpex)

High (defines the subset;
essential for self-renewal
and stemness; activates
BCL-6, suppresses Blimp-
1and TIM-3)

More T-bet (T-bet"int"
with moderate EOMES;
TCF-1fosters Eomes to
blunt T-bet at early stage;
transitional)

High (required for
maintenance of
permissive chromatin for
Tpex - effector transition;
enriched in TPRO and
TEFF enhancers)

Unclear (NFAT activity
present but intermediate;
AP-1 engagement still
partially maintained)

Low (characteristic of
progenitor/memory-like
cells; low Blimp-1
associated with TCF-1*+
progenitor state)

High (induced
downstream of persistent
TCR/NFAT signaling;
promotes IR expression;
NR4A regulons active in
Tpex)

Terminally Exhausted T
Cells (Tex-term)

Low / Absent (epigenetically
silenced; Tcf7 locus
acquires de novo DNA
methylation)

More EOMES (T-
bet*dim"EOMES"hi*; Eomes
binds PD-1 enhancer at
-23.8 kb; synergizes with
TOX to promote severe
exhaustion)

High (elevated but context
shifts; drives exhaustion
through NFAT:AP-1
imbalance; most AP-1 family
members—except BATF—
are downregulated in
terminal Tex)

NFAT homodimers
(monomeric NFAT binding at
exhaustion-specific NFAT
elements, without AP-1;
drives PD-1, TIM-3, LAG-3,
TOX, NR4A transcription)

High (promotes terminal
exhaustion differentiation;
correlates with inhibitory
receptor expression levels;
represses PGCla)

High (NR4A and EOMES
motif enrichment is highest
in terminal Tex; NR4A
binding motif at -22.4 kb of
PdcdTlocus becomes
accessible; NR4A regulon
highly active in TEXH cells)
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T it
ranseription Effector T Cells (Teff)
Factor Cells (Tpex)

High (induced by NFAT2;

Low (transiently expressed
in €25% of effector T cells

TOX during acute infection, peaks
at days 5-6 and declines; not
sustained)

essential for Tpex

formation; maintains Tpex
by upregulating Tcf7,
Bcl6, Bach2, Foxo1, Id3;
suppresses ll2ra and Irf4)

Sources: [43][23][10][4][3][25][15][6][14][40][42][1][34]

Key interpretive notes:

Progenitor Exhausted T Terminally Exhausted T

Cells (Tex-term)

High (sustained in >95% of
cells; highest activity in
terminal Tex; promotes
chromatin remodeling via
HBO1 complex; upregulates
all inhibitory receptors;
represses memory genes)

o The BATF distinction between Tpex and Tex-term is largely functional (promoting
Tpex - effector transition in Tpex, driving NFAT imbalance in terminal cells) rather than a
simple expression dichotomy; both subsets show high BATF [43][15][25].

e NFAT homodimer formation in terminal exhaustion (versus heterodimer with AP-1in
effectors) is a mechanistically critical distinction that drives qualitatively different gene

programs [3][20][43].

» TOX is high in both exhaustion subsets but functionally differentiated: in Tpex it maintains
stemness genes; in Tex-term it drives terminal differentiation in conjunction with Eomes,

NR4A, and BLIMP1 [23][34][4].

Section 3: Comparison of Research Methods

The two principal approaches to studying T-cell exhaustion—direct isolation from in vivo
models or human tissues (ex vivo) versus in vitro induction—differ substantially in their logistical

properties, biological fidelity, and research utility [8][9].

Direct Isolation from Mouse Models / Human

Dimension . . .
Tissues (In Vivo / Ex Vivo)
Mouse: Chronic LCMV clone 13 infection (CD4-
depleted or standard), adoptive transfer of
antigen-specific T cells (e.g., P14 cells); harvest
of splenic or tumor-infiltrating lymphocytes.

Method of P . . g Y .p y

) . Human: Isolation of tumor-infiltrating

isolation / . . .

. lymphocytes (TILs) from biopsies/resections, or
generation

peripheral blood mononuclear cells (PBMCs)
from chronically infected patients (HIV, HCV,
HBV). Tetramer-based sorting for antigen-
specific populations [8][9].

TinyResearch Sample Report: T-Cell Exhaustion

In Vitro Induction / Generation

Repeated antigen stimulation (e.qg.,
peptide + IL-2 every 2 days for
chronic P14 protocol) [8]; persistent
stimulation with plate-bound or bead-
conjugated anti-CD3/anti-CD28 [9];
two-phase protocol (2 days anti-
CD3/CD28 beads with IL-2 - 8 days
anti-CD3 antibody-coated beads with
IL-2) [9]; incorporation of hypoxic
conditions (1.5% 02) to mimic TME
[9]; soluble anti-CD3/anti-CD28
repeated stimulation for human T
cells [30].

12



Dimension

Time to isolate /
generate Tex
cells

Cell yields for
future testing

Access to
samples

Mechanistic
studies

Assigning
cause-effect

Direct Isolation from Mouse Models / Human
Tissues (In Vivo / Ex Vivo)

Mouse LCMV model: 15-30+ days post-
infection for established exhaustion (>200 days
for long-term persistence studies). Human TIL
isolation: Dependent on surgical scheduling and
tissue availability; biopsy to analysis often takes
several weeks with processing [8][9].

Low to moderate. Mouse models often
generate small numbers of exhausted antigen-
specific T cells, making high-throughput
experimental assays challenging due to
differences in scale between cells required and
cells available [8]. Human TIL yields are limited
by tumor size, heterogeneity, and biopsy
accessibility; low cell yield is a key limitation of
ex vivo approaches [9].

Restricted. Mouse models require animal
facilities, ethical approval, specific pathogen-
free conditions, and time. Human samples
require clinical partnerships, patient consent,
tumor availability, and institutional
infrastructure. Tumor variability and inherent
cell heterogeneity complicate interpretation [9].

Strong for identifying in vivo-relevant biology:
epigenetic landscapes, transcription factor
networks, and metabolic states faithfully reflect
physiological exhaustion. CRISPR screens can
be done with in vivo transfer strategies but at
lower throughput. Enables study of tissue-
specific exhaustion, clonal dynamics, and TCR
repertoire evolution [8][9].

Challenging for causal inference in humans
(observational/correlational data dominate). In
mice, genetic perturbations (conditional
knockouts, bone marrow chimeras) allow
causal inference, but require months of
experimental setup. Confounding factors
(infection severity, host genetics, TME
heterogeneity) complicate interpretation [9].

Sources: [8][9][30]

TinyResearch Sample Report: T-Cell Exhaustion

In Vitro Induction / Generation

Typically 7-14 days of in vitro culture
under chronic stimulation conditions;
some protocols producing
measurable exhaustion phenotype
within 7 days [81[9]. Markedly faster
than in vivo approaches.

High. In vitro models produce large
numbers of cells for high-throughput
testing and are highly customizable
[9]. Scalable to genome-wide CRISPR
screens and other large-scale assays
(8l.

Flexible / accessible. Can begin from
commercially available cell lines or
donor PBMCs. No animal facility
required for human cell studies.
Protocols are broadly reproducible in
standard cell biology laboratories [8]
[9l.

Excellent for high-throughput
mechanistic interrogation: genome-
wide CRISPR screens for genetic
regulators of exhaustion are feasible
(e.g., Belk 2022 model enabling
identification of BHLHE40 as a
differentiation checkpoint regulator
[8]). Allows controlled perturbation of
specific pathways. Limited by
inability to fully recapitulate in vivo
complexity [8].

Well-suited for causal inference in
defined cellular settings: gene
deletions, overexpression, and
pharmacological perturbations can
be applied acutely with controlled
conditions and time-resolved
analysis. However, causal findings
must be validated in vivo to confirm
physiological relevance [8][30].
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Section 4: Comprehensive Analysis — Advantages and
Limitations of In Vitro Exhaustion Models

4.1 Advantages of In Vitro Models

Scalability and Throughput

The most significant practical advantage of in vitro exhaustion models is their ability to generate
large numbers of cells quickly and reproducibly [8][9]. This enables applications that are
impossible with in vivo approaches—particularly genome-wide CRISPR screens. The Belk et al.
(2022) model [8], for example, used chronic antigen stimulation of antigen-specific P14 T cells
with repeated peptide/IL-2 administration every two days to generate in vitro Tex populations
sufficient for pooled CRISPR library screening. This approach identified BHLHE40 as a regulator
of a differentiation checkpoint between progenitor and terminal/intermediate Tex subsets—a
finding that would have been extremely difficult to discover using in vivo approaches alone due
to cell number limitations [8]. Similarly, the Wu et al. model using repeated soluble anti-
CD3/anti-CD28 stimulation enabled dissection of differential roles of RASA2 in T-cell
dysfunction reversal [30].

Experimental Control and Causal Inference

In vitro models allow precise, time-controlled perturbation of individual molecular components.
Investigators can apply specific genetic deletions (via CRISPR-Cas9), overexpressions (via
retroviral/lentiviral vectors), or pharmacological agents (e.g., checkpoint inhibitors, metabolic
modulators) in fully controlled conditions. This greatly simplifies causal attribution compared to
in vivo systems where confounding factors—infection severity, host genetics, microbiome,
tumor heterogeneity—are difficult to disentangle [8][9].

Phenotypic Recapitulation

Modern in vitro chronic stimulation protocols successfully recapitulate many cardinal features
of in vivo exhaustion: sustained high expression of multiple IRs (PD-1, TIM-3, LAG-3, TIGIT,
CD39, CD244, 2B4); reduced production of TNF and IFN-y; reduced proliferative expansion
(plateauing at fewer than 3 population doublings under chronic vs. >4 under acute stimulation);
increased BIM/BCL-2 ratio indicating sensitivity to cell death; and high PD-1/EOMES co-
expression consistent with a terminally exhausted phenotype [81[9].

Human Translatability

In vitro human T-cell exhaustion models using patient PBMCs or primary human T cells allow
direct study of disease-relevant exhaustion biology without the species-specific differences

inherent in murine models. This is particularly relevant for yé T-cell exhaustion, where murine
models lack Vy9Vé2 T cells entirely [9].

4.2 Limitations of In Vitro Models and Challenges in Simulating Physiological
Processes

TinyResearch Sample Report: T-Cell Exhaustion
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Incomplete Epigenetic Recapitulation: The NFAT-TOX Axis Gap

Perhaps the most fundamental limitation of in vitro models is their failure to fully replicate the
monomeric NFAT-driven chromatin remodeling that is the epigenetic signature of in vivo
exhaustion. ATAC-seq analysis of in vitro chronically stimulated P14 cells versus in vivo Tex
cells reveals that monomeric NFAT binding motifs predominate in accessible chromatin regions
(ACRs) unique to in vivo Tex, while in vitro chronically stimulated cells instead show enrichment
for Fli1 and RUNX family member binding motifs [8]. The relative paucity of monomeric NFAT
binding sites in in vitro models suggests that chronic antigen stimulation in culture conditions
may not be sufficient to remodel chromatin in a manner that accurately mirrors physiological
exhaustion [8].

Correspondingly, TOX protein expression is only modestly induced by in vitro chronic
stimulation relative to in vivo Tex—where >95% of cells express high TOX—suggesting that
additional stimuli present in vivo (cytokine milieu, persistent antigen density, cell-cell
interactions, tissue microenvironment) are necessary to fully induce and sustain the TOX/NFAT
feed-forward axis [8].

Failure to Generate Progenitor Tex (Tpex) Population

In vitro chronic stimulation generates a transcriptional profile with characteristics of terminally
differentiated exhausted T cells, not the clinically critical progenitor Tpex subset. In vitro
chronically stimulated P14 cells enriched for a signature of terminal Tex and lacked enrichment
for progenitor Tex signatures; they lacked expression of stem/progenitor biology genes
including Tcf7, Lefl, Slamf6, and Cxcr5 [8]. This is corroborated by the near-complete absence
of TCF-1 protein in in vitro chronically stimulated cells, contrasting with bulk in vivo Tex that
contain both TCF-1+ progenitor and TCF-1- terminal populations [8]. Since Tpex are the
principal responders to checkpoint blockade and the mediators of durable antitumor immunity
[13][28][32], their absence from in vitro models is a significant gap for therapeutic
development.

Inability to Replicate the Tumor Microenvironment (TME)

The TME is a complex ecosystem involving immunosuppressive cytokines (TGF-B, IL-10, IL-35),
metabolic competition (glucose depletion, oxygen limitation, lactic acid accumulation), pro-
exhaustion cell types (regulatory T cells, tumor-associated macrophages, MDSCs), physical
barriers, and tissue-specific signals [9][43]. In vitro models "struggle to replicate the full
complexity of the tumor microenvironment" [9]. While incorporating hypoxic conditions (1.5%
0:z) improves phenotypic similarity to terminally exhausted TILs in melanoma models [9], these
modifications capture only individual TME parameters in isolation. The metabolic competition
from tumor cells that restricts glucose availability and impairs mTOR signaling in TILs [21], the
arginine and tryptophan depletion by TAMs and MDSCs [43], and the cholesterol accumulation
driven by TME lipids [7][34] are difficult to simultaneously and realistically model in vitro.

Quantitative Functional Discrepancy
Even where in vitro models achieve qualitative phenotypic recapitulation, they do so to a lesser
degree than in vivo exhaustion. In vitro chronically stimulated P14 cells show reduced TNF and

TinyResearch Sample Report: T-Cell Exhaustion
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IFN-y production, but not as severely as in vivo Tex; the multifunctional effector cytokine-
producing population is ~10% in vitro versus nearly absent in in vivo Tex [8]. This quantitative
gap may lead to underestimation of exhaustion severity and potentially different therapeutic
response profiles.

Absence of Systemic and Tissue-Specific Context

In vivo exhaustion is shaped by systemic factors including CD4+ T-cell help (which produces IL-
21 to sustain CD8* T-cell responses [2]), lymph node architecture, tissue-specific antigen
presentation dynamics, and the TCR repertoire clonal dynamics that evolve over months [11].
These cannot be faithfully replicated in isolated T-cell cultures. Moreover, the early epigenetic
imprinting of exhaustion—which in vivo occurs in TCF-1* early precursor T cells within the first
days of chronic infection and propagates to the broader T-cell pool [11]—may not be initiated
through the same molecular mechanisms in vitro.

Protocol Optimization Challenges

Current in vitro exhaustion protocols have been optimized primarily for murine o T cells and
human Tconv T cells. Extension to other T-cell subsets (e.g., Vy9V62 yd T cells) is problematic
because these cells appear to have higher sensitivity to persistent stimulation and may not
tolerate protocols designed for o T cells [9]. Lack of detailed transcriptomic characterization
of in vivo exhausted Vy9V&2 T cells further complicates efforts to validate in vitro recapitulation
[9].

4.3 Synthesis: Strategic Position of In Vitro Models

In vitro exhaustion models occupy an essential but bounded role in the research ecosystem.
They are indispensable for high-throughput genetic and pharmacological screening—
identifying novel regulators of exhaustion that would be prohibitively slow and expensive to
discover through in vivo experiments alone. The Belk 2022 CRISPR in vitro model [8] and the
Wu 2023 RASA2 model [30] exemplify this utility. However, in vitro findings require validation in
in vivo systems to confirm physiological relevance, particularly regarding: the progenitor Tex
compartment and its response to checkpoint blockade; the full epigenetic landscape (especially
monomeric NFAT-driven chromatin remodeling and TOX-mediated epigenetic programming);
and the metabolic adaptations driven by TME competition [8][9].

A productive research strategy treats these two approaches as complementary rather than
interchangeable: in vitro models for discovery and mechanistic dissection; in vivo and ex vivo
models for biological validation and translational relevance. Continued refinement of in vitro
protocols—incorporating physiological cytokine milieu, stromal co-cultures, metabolic
stressors, and hypoxia—will narrow the gap between in vitro and in vivo exhaustion biology,
while never fully replacing the complexity of the living tumor or chronic infection
microenvironment.

Summary Table: Key Exhaustion Features Across Tex Subsets

TinyResearch Sample Report: T-Cell Exhaustion
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Feature
Defining markers

Proliferative capacity

Effector function

Checkpoint blockade
response

Metabolic state

TFAM expression
Key TFs

Progenitor Tex (Tpex)

TCF-1+, PD-1"int", TIM-3-, CXCR5*,
SLAMF6+, CD62L*, ICOS*

High (self-renewing)

Comparatively low (low GZMB,
impaired cytokines) but
polyfunctional

Primary responders

Higher OXPHOS, higher
mitochondrial mass, greater SRC

High
TCF-1, TOX, T-bet (higher), BACH2

Sources: [10][13][23][28][34][40]

References

Terminally Exhausted Tex (Tex-term)

TCF-1-, PD-1hiA TIM-3+, CXCR5-,
SLAMF6-, LAG-3+, 2B4+, CD38*, CD101+

Low / absent

Comparatively high GZMB; single-function;
severely impaired IL-2, TNF

Largely refractory

Higher aerobic glycolysis (~2.5x
dependency), low mitochondrial mass,
high mROS

Near absent

TOX, EOMES, NR4A, BLIMP1, BATF

All claims above are supported by the following cited sources from the evidence base: [1][2][3]
[4]1[5][6][71(81[9][10]1[11][121[131[141[15]1[16]1[17][18][19][201[21][22][23][24][25][26]1[27][28][29]
[30][31][32][33][34][351[361[37][38][39][40][41][42][43].

Sources

. https://pmc.ncbi.nim.nih.gov/articles/PMC9986432/
. https://pmc.ncbi.nim.nih.gov/articles/PMC2842494/

. https://pmc.ncbi.nim.nih.gov/articles/PMC4346317/

. https://pmc.ncbi.nim.nih.gov/articles/PMC6713202/
. https://pmc.ncbi.nim.nih.gov/articles/PMC4102564/

>

>

ttps://pmc.ncbi.nim.nih.gov/articles/PMC8080584/

ps://pmc.ncbi.nim.nih.gov/articles/PMC11975459/

© ® N O 0o K~ W N B

ttps://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2022.843242/full

htt
. https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2025.1556982/full

10. https://www.cancerbiomed.org/content/cbm/17/4/923.full.pdf
11. https://www.nature.com/articles/s41590-020-0760-z
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https://pmc.ncbi.nlm.nih.gov/articles/PMC6713202/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4102564/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8080584/
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2022.843242/full
https://pmc.ncbi.nlm.nih.gov/articles/PMC11975459/
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2025.1556982/full
https://www.cancerbiomed.org/content/cbm/17/4/923.full.pdf
https://www.nature.com/articles/s41590-020-0760-z

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2022.977394/full

https://pmc.ncbi.nim.nih.gov/articles/PMC10611730/

https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2018.02981/full

https://pmc.ncbi.nim.nih.gov/articles/PMC9885898/
https://pmc.ncbi.nim.nih.gov/articles/PMC2783637/
https://pmc.ncbi.nim.nih.gov/articles/PMC2605166/

https://pmc.ncbi.nim.nih.gov/articles/PMC2883597/

https://pmc.ncbi.nim.nih.gov/articles/PMC5497589/

https://pmc.ncbi.nim.nih.gov/articles/PMC3636159/

https://pmc.ncbi.nim.nih.gov/articles/PMC4864363/

https://pmc.ncbi.nim.nih.gov/articles/PMC7442749/

https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2023.1198551/full
https://www.frontiersin.org/journals/endocrinology/articles/10.3389/fendo.2020.624122/full
https://pmc.ncbi.nim.nih.gov/articles/PMC9258987/

https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1000947

https://www.mdpi.com/1999-4915/15/5/1141

https://www.nature.com/articles/s41467-023-42634-3

https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2021.652687/full

https://pmc.ncbi.nim.nih.gov/articles/PMC12975928/
https://pmc.ncbi.nim.nih.gov/articles/PMC3653769/

https://pmc.ncbi.nim.nih.gov/articles/PMC7048139/

https://www.annualreviews.org/doi/pdf/10.1146/annurev-immunol-090222-110914

https://pmc.ncbi.nim.nih.gov/articles/PMC10311918/

https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2023.1104771/full

https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1004251

https://www.mdpi.com/1422-0067/21/18/6497

https://pmc.ncbi.nim.nih.gov/articles/PMC6381939/
https://pmc.ncbi.nim.nih.gov/articles/PMC4889009/

https://pmc.ncbi.nlm.nih.gov/articles/PMC10439681/

https://pmc.ncbi.nim.nih.gov/articles/PMC8156499/

TinyResearch Sample Report: T-Cell Exhaustion

18


https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2022.977394/full
https://pmc.ncbi.nlm.nih.gov/articles/PMC10611730/
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2018.02981/full
https://pmc.ncbi.nlm.nih.gov/articles/PMC9885898/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2783637/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2605166/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2883597/
https://pmc.ncbi.nlm.nih.gov/articles/PMC5497589/
https://pmc.ncbi.nlm.nih.gov/articles/PMC3636159/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4864363/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7442749/
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2023.1198551/full
https://www.frontiersin.org/journals/endocrinology/articles/10.3389/fendo.2020.624122/full
https://pmc.ncbi.nlm.nih.gov/articles/PMC9258987/
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1000947
https://www.mdpi.com/1999-4915/15/5/1141
https://www.nature.com/articles/s41467-023-42634-3
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2021.652687/full
https://pmc.ncbi.nlm.nih.gov/articles/PMC12975928/
https://pmc.ncbi.nlm.nih.gov/articles/PMC3653769/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7048139/
https://www.annualreviews.org/doi/pdf/10.1146/annurev-immunol-090222-110914
https://pmc.ncbi.nlm.nih.gov/articles/PMC10311918/
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2023.1104771/full
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1004251
https://www.mdpi.com/1422-0067/21/18/6497
https://pmc.ncbi.nlm.nih.gov/articles/PMC6381939/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4889009/
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