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In response to an immune challenge, naive T cells undergo a transition from a quiescent
to an activated state acquiring the effector function. Concurrently, these T cells repro-
gram cellular metabolism, which is regulated by iron. We and others have shown that
iron homeostasis controls proliferation and mitochondrial function, but the underly-
ing mechanisms are poorly understood. Given that iron derived from heme makes up
a large portion of the cellular iron pool, we investigated iron homeostasis in T cells
using mice with a T cell-specific deletion of the heme exporter, FLVCR1 [referred to as
knockout (KO)]. Our finding revealed that maintaining heme and iron homeostasis is
essential to keep naive T cells in a quiescent state. KO naive CD4 T cells exhibited an
iron-overloaded phenotype, with increased spontaneous proliferation and hyperactive
mitochondria. This was evidenced by reduced IL-7R and IL-15R levels but increased
CD5 and Nur77 expression. Upon activation, however, KO CD4 T cells have defects
in proliferation, IL-2 production, and mitochondrial functions. Iron-overloaded CD4
T cells failed to induce mitochondrial iron and exhibited more fragmented mitochon-
dria after activation, making them susceptible to ferroptosis. Iron overload also led
to inefficient glycolysis and glutaminolysis but heightened activity in the hexosamine
biosynthetic pathway. Overall, these findings highlight the essential role of iron in con-
trolling mitochondrial function and cellular metabolism in naive CD4 T cells, critical
for maintaining their quiescent state.
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Activated CD4 T cells proliferate and differentiate into effector cells capable of producing
cytokines to combat the tumor or pathogen-infected cells. Naive CD4 T cells receive
T cell receptor (TCR) signaling through interactions with self-major histocompatibility
complexes (MHC) presenting peptides (pMHC). While scanning the peripheral lymphoid
organs, the TCRs of naive T cells briefly engage with self-pMHC (1, 2), providing sub-
threshold impulses for the survival of naive T cells, as opposed to traditional TCR signaling
and T cell activation. Upon activation, T cells undergo metabolic reprogramming accom-
panied by dynamic changes in cellular properties, including iron regulation. We have
shown that tight control of iron homeostasis machinery is critical for T cell proliferation
and mitochondrial functions (3). In addition, iron plays a role in the differentiation of
proinflammatory CD4 T cells and is closely linked to glucose metabolism (4). Alterations
in iron metabolism impact mitochondrial characteristics in T cells (4, 5), suggesting a
significant interplay between iron homeostasis and T cell metabolism.

Iron plays a crucial role in many essential cellular functions, but its reactive nature makes
it potentially cause oxidative damage if not properly regulated. To maintain the delicate
balance between iron supply and demand, various regulatory mechanisms come into play,
including iron uptake, usage, storage, and export (6). Dietary iron is absorbed in the intes-
tine and transferred into the bloodstream via transferrin (Tf) molecules. Tf-bound iron
enters the cell by binding to Tf receptor 1 (TfR1) on clathrin-coated pits (6). T cells increase
surface expression of TfR1 (7) and take up non-Tf-bound iron after activation (8, 9).
Missense mutations in the TfR1 gene 7FRC result in immunodeficiency (10) and faulty
T cell proliferation (11), underlining the importance of iron flux and TfR1 expression in
T cell biology. Free iron within the cytosol is known as the labile iron pool (LIP), which is
available for use in cellular processes. However, excess amounts of unbound labile iron cause
cellular damage through oxidative stress, mitochondrial damage, and ferroptosis. To prevent
iron-induced damage, cells store excess iron in ferritin, a protein complex that sequesters
iron within its core, and export excess iron through ferroportin (Fpn) (12).

In addition to free iron, a significant portion of iron is recycled from heme (13). Heme,
an iron-containing porphyrin functions as a cofactor in a wide array of cellular processes
(14). Heme is critical for mitochondrial oxidative phosphorylation, and heme deficiency
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Significance

Iron plays a crucial role in several
physiological processes, including
oxygen transport, DNA synthesis,
mitochondrial function, and redox
reactions. We have previously
demonstrated that iron plays a
critical role in the activation and
proliferation of CD4 T cells. Iron
overload leads to numerous
immunological abnormalities,
such as T cell dysfunction, but the
mechanisms remain unclear.
Here, our findings reveal that
proper iron regulation is crucial
for maintaining the quiescence
and subsequent activation-
induced proliferation of naive, but
not effector, CD4 T cells. Using an
iron-overloaded mouse model,
we demonstrate that iron controls
mitochondrial integrity and
function in these cells. Moreover,
the metabolic pathways are
disrupted in iron-overloaded CD4
T cells, favoring the hexosamine
biosynthetic pathway over
glycolysis and glutaminolysis.
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impairs the assembly of the electron transport chain subunits (15,
16). Heme synthesis is regarded as a generic housekeeping func-
tion that occurs in all cells, including T cells (17). Cells produce
heme endogenously from de novo synthesis or take up exogenous
heme through Feline Leukemia Virus subgroup C Receptor 2 (18).
Heme production is tightly controlled by heme synthesis, degra-
dation, and export (19). Alteration of these pathways leads to an
imbalance in heme as well as iron homeostasis. The only known
physiological mechanism of heme degradation in vertebrates is
performed by heme oxygenase 1 (HO-1) (20). Once internalized,
heme is catabolized by HO-1 to produce iron, biliverdin, and
carbon monoxide or exported via FLVCR1, a known heme
exporter (21). The role of heme in CD4 T cells is not well under-
stood except that the levels of heme control T cell development
and maintenance as demonstrated in FLVCR1 deficient mice (22).
T cell-specific deletion of FLVCR1 showed normal development
of T cells but their maintenance in the periphery is severely
impaired.

Mitochondria is a hub of several metabolic processes beyond ATP
generation. This includes the biosynthesis of iron-sulfur clusters and
the regulation of heme and iron balance (16, 23). Iron is trafficked
into mitochondria when required for metabolic purposes. Transport
of iron across the inner mitochondrial membrane is known to be
facilitated by the proteins mitoferrin 1 (MFRN1) and mitoferrin 2
(MFRN2), which are expressed in sites of erythropoiesis and ubig-
uitously, respectively (24). Importantly, optimal mitochondrial
activity is critical for T cell activation and proliferation (25, 26).
Mitochondrial function and its morphology, also known as mito-
chondrial dynamics, are closely connected. Mitochondria change
their morphology to regulate and optimize the functionality (27, 28).
These morphological changes involve fission and fusion, forming a
dynamic network to maintain mitochondrial abundance, mor-
phology, and cell function (29-31).

In this study, we report that naive CD4 T cells from FLVCRI-
deficient mice exhibit elevated heme and iron, which resulted in
spontaneous activation of naive but not effector/memory CD4
T cells. Upon activation, FLVCR1-deficient naive CD4 T cells

showed poor proliferation and increased ferroptosis. These defects
were correlated with dysfunctional mitochondria and remodeling of
cellular metabolism.

Results

Increased Intracellular Iron Stores in Knockout (KO) Naive
CD4 T Cells. We previously reported that iron plays an essential
role in T cell activation and proliferation (3). Given that heme
contributes to 95% of the iron in the human body, it strongly
suggests that heme is closely involved in T cell responses. To gain a
better understanding of how T cells regulate heme homeostasis, we
first measured the heme contents of CD4 T cells during activation.
‘The heme levels were decreased upon stimulation (Fig. 1A4), which
is similar to the reduction of iron in activated T cells (3). Our
findings revealed that the mRNA expression of heme export
protein FLVCRI1 increased in activated CD4 T cells, peaking 1 d
after activation and gradually declining thereafter (Fig. 1B). Loss
of heme could be due to the export of heme or degradation by
HO-1, as HO-1 levels were induced in activated T cells (Fig. 1C
and SI Appendix, Fig. S1A).

To study the role of FLVCR1 in T cells in depth, we used mice
with T cell-specific deletion of FLVCR1 (FLVCR1"# CD4“",
referred to as KO) as previously reported (22). Consistent with
the previous study, the frequencies of T cells in the spleen were
reduced in the KO mice (SI Appendix, Fig. S1B). The decrease in
the T cell numbers was specific to naive T cells (CD62LI“CD44I°)
as the numbers of effector T cells (CD62"°CD44™) remained com-
parable to WT (8] Appendix, Fig. S1C). We hypothesized that
FLVCRI deletion disrupts the iron or heme homeostasis of naive
T cells. To test the hypothesis, we measured the levels of heme
and HO-1 in WT and KO naive CD4 T cells. Heme and HO-1
levels were comparable between WT and KO cells (Fig. 1D and
SI Appendix, Fig. S1D). However, KO naive CD4 T cells had
greater amounts of total iron compared to WT naive CD4 T cells,
suggesting that release of heme-bound iron drove iron accumula-
tion (Fig. 1E). The cytosolic free iron was similar between WT
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Fig. 1. Increased intracellular iron in FLVCR1 KO naive CD4 T cells. (A-C) Enriched naive CD4 T cells from C57BL/6 mice were activated with anti-CD3 and anti-
CD28 antibodies as described in Materials and Methods. (A) Total cell lysate at indicated time points after stimulation and unstimulated (DO) cells were used to
measure intracellular heme levels (n = 3). (B) RNA was isolated from naive CD4 T cells at indicated time points and used for gene expression analysis using qPCR.
Abar graph represents the relative gene expression of FLVCR1 (n = 3). (C) HO-1 protein expression was measured by flow cytometry, and the mean fluorescence
intensity (MFI) was shown (n = 3). (D and E) Naive CD4 T cells from WT and KO mice were sorted and analyzed for the indicated parameters. (D) Graphs show the
heme (Left) and HO-1 levels (Right) in naive CD4 T cells (n = 4 to 5). (F) Total cell lysate was prepared from naive CD4 T cells and subjected to ICP-MS analysis. The
graph shows the total iron level (reported in parts per billion per 1 x 10° cells) (n = 2). (Fand G) Naive CD4 T cells (CD62L"CD44°) in total splenocytes were analyzed
for the indicated parameters. (F) Graphs show the LIP measured using Calcein staining (Left) (n = 5) and ferrous iron with FerrroOrange (Right) (n = 5). (G) Levels
of TfR1, ferritin, and Fpn were compared by flow cytometry. Graphs show MFI of TfR1 (n = 4), ferritin (n = 6), and Fpn (n = 5) in naive CD4 T cells. The data are
the cumulative result of at least three independent experiments. Error bars represent the mean + SEM. *P < 0.05, **P < 0.01, ****P < 0.0001, ns: not significant.
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and KO naive CD4 T cells (Fig. 1F and SI Appendix, Fig. S1E).
The expression of iron import protein (TfR1) and export (Fpn)
proteins were maintained at comparable levels, whereas ferritin
expression was higher in KO compared to WT CD4 T cells (Fig. 1
Fand G and SI Appendix, Fig. S1F). Together, KO naive CD4
T cells exhibited an iron-overload phenotype with the excess
amount of iron stored in ferritin to avoid iron-mediated
toxicity.

FLVCR1 Deletion Alters the Homeostasis of Naive CD4 T Cells. As
FLVCRI deletion primarily affects the naive T cell population, we
asked whether FLVCRI regulates naive T cell homeostasis in vivo.
It is well established that the number of peripheral naive T cells
remains constant through a balance of cell loss and regeneration
(32). Therefore, we asked whether the loss of CD4 T cells in KO
mice was due to the increased apoptosis of naive CD4 T cells. We
found that naive CD4 T cells from the KO mice showed similar
frequencies of apoptosis-mediated cell death compared to WT
mice (Fig. 2A4). Instead, KO naive CD4 T cells showed enhanced
cell proliferation as measured by Ki-67" cells (Fig. 2 B, Left and
SI Appendix, Fig. S2A). BrdU labeling data further supported the
increased proliferation of naive CD4 T cells in KO mice compared
to WT (S Appendix, Fig. S2B). However, no significant differences

in cell proliferation were observed in splenic effector CD4 T cells
and also in thymic CD4 single-positive cells (Fig. 2 B, Middle and
Right), suggesting extrinsic signals from the periphery control KO
naive CD4 T cell responses.

Without antigen challenges, naive T cell homeostasis is tightly
controlled by TCR signaling. In addition, cytokine signaling
through the IL-7 receptor (CD127) and IL-15 receptor (CD122)
is crucial for not only the development but also the survival of
T cells (33, 34). Therefore, we measured CD122 and CD127
expressions on both WT and KO naive splenic and thymic CD4
T cells. The expression of CD122 and CD127 was decreased on
KO splenic naive CD4 T cells but not in thymic CD4
single-positive cells (Fig. 2C and ST Appendix, Fig. S2C), suggest-
ing that naive CD4 T cells are not getting enough survival signal
in the periphery. Naive T cells constitutively experience weak TCR
stimulation in response to pMHC in the periphery, termed tonic
signaling, which promotes T cell survival and maintenance (35).
The expression of CD5 and Nur77 is directly proportional to
self-ligand reactivity and TCR signaling strength (36, 37). We
observed increased expression of CD5 and Nur77 in KO com-
pared to WT CD4 T cells in the spleen but not in the thymus
(Fig. 2D and SI Appendix, Fig. S2D). The expression of down-
stream signaling molecules including pERK, NF-kB, pSTATS,
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and pS6 was comparable between KO and WT naive CD4 T cells
(Fig. 2F and SI Appendix, Fig. S2E). Together, it seems that, in
KO mice, naive CD4 T cells that received stronger tonic signaling
survived while those weak signaling died in vivo.

To further investigate whether tonic signaling is responsible for
poor survival of KO naive CD4 T cells, we utilized the TCR trans-
genic OT-II system. CD4 T cells in OT-II mice express Va2 and
VP5 TCR transgenes and recognize ovalbumin (Ova) in the con-
text of MHC class 11 I-A® (38). Unlike polyclonal naive CD4
T cells with a range of tonic signaling, monoclonal naive CD4
T cells have the same affinity to self-antigens, in turn generating
the same strength of tonic signaling. We hypothesized that
FLVCRI deletion would not affect OT-II naive T cells due to the
same tonic signaling. We crossed KO mice with OT-II mice, gen-
erating FLVCR1-deficient OT-II mice (OT-II KO). The thymic
selection of TCR transgenic cells is leaky, producing a CD4 T cell
population expressing monoclonal OT-II TCR and polyclonal
non-OT-II TCR (39). This allowed us to examine the potential
differences in tonic signaling between two naive CD4 T cell pop-
ulations in the same mouse. We found that the frequencies of
OT-II KO naive CD4 T cells identified with Va2 and V5" TCR
were similar to W, whereas non-OT-II naive CD4 T cells (Va2~
and VP57) were decreased in OT-II KO mice (Fig. 2F).
Furthermore, OT-II KO naive CD4 T cells showed little difference
in proliferation compared to WT naive OT-II T cells (Fig. 2G).
In line with this finding, there was no difference in CD122 and
CD127 expression levels between OT-II WT and KO naive CD4
T cells (81 Appendix, Fig. S2F). Together, FLVCR1 controls naive
T cell homeostasis through TCR and IL-7/IL-15 signaling.

Iron Overload Is Detrimental to Naive CD4 T Cells in Response
to TCR Stimulation. As we observed that KO naive CD4 T cells
show hyperproliferation in vivo, we then investigated how KO
naive T cells respond to subsequent in vitro activation. Activated
KO CD4 T cells exhibited higher heme but not HO-1 levels
than WT CD4 T cells (Fig. 3A4). In addition, KO CD4 T cells
had more LIP and ferrous iron than WT, which was accompanied
by reduced iron import through TfR1 and increased storage in
ferritin (Fig. 3 Band Cand SI Appendix, Fig. S3 A and B). Similar
levels of Fpn suggested that iron export was not affected in KO
CD4 T cells (Fig. 3C and SI Appendix, Fig. S3B). These findings
collectively indicated that KO CD4 T cells failed to regulate iron
or heme homeostasis upon stimulation. Increased iron resulted in
more cell death by apoptosis as the proportion of Annexin V* cells
was increased in KO CD4 T cells (Fig. 3D). Excessive labile iron
and heme can potentially lead to ferroptosis, an iron-dependent
form of cell death (40, 41). Indeed, we found that KO CD4 T cells
are more prone to ferroptosis than WT, as indicated by the ratio
of green to red fluorescence measuring the lipid peroxidation in
ferroptosis (Fig. 3£ and S Appendix, Fig. S3C). Ferroptosis of KO
cells was reduced when a pharmacological inhibitor of ferroptosis
was provided (S Appendix, Fig. S3 D, Lef?), but the inhibition was
inefficient compared to WT cells (S Appendix, Fig. S3 D, Righ).
Opverall, upon activation, iron-overloaded CD4 T cells undergo
elevated cell death by apoptosis and ferroptosis.

Next, we assessed the proliferative responses of naive CD4 T cells
from WT and KO mice in vitro. Although KO naive CD4 T cells
displayed hyperproliferation in vivo, they had significant defects in
proliferation when subjected to stimulation (Fig. 3F). In contrast,
effector CD4 T cells activated in vitro showed no measurable dif-
ference in their proliferation (87 Appendix, Fig. S3E). The reduced
cell proliferation was associated with decreased IL-2 production,
measured by both intracellular IL-2 expression and secreted IL-2

in the media (Fig. 3G). Although the naive OT-II cell population

https://doi.org/10.1073/pnas.2318420121

remained intact in OT-II KO mice, these cells proliferated poorly
with lower frequencies of IL-2-expressing cells when stimulated
(Fig. 3 h and /). Similar to polyclonal naive CD4 T cells in KO
mice shown in Fig. 3B, activated OT-II KO CD4 T cells displayed
higher LIP levels (S Appendix, Fig. S3F). Together, while the fre-
quency of naive cells in OT-II KO mice was not affected in vivo,
iron-overloaded OT-II CD4 T cells exhibited poor responses upon
activation, separating the distinctive effect of high iron on the main-
tenance of naive cells and the proliferative capacity.

Poor IL-2 production prompted us to examine IL-2R (CD25)
signaling. The expression levels of CD25 were not different
between the WT and KO cells (Fig. 3/), but phosphorylation of
STATS (pSTATS) (Fig. 3 K, Upper) was reduced in KO CD4
T cells after activation, suggesting weak IL-2R signaling in KO
CDA4 T cells. n”TORCI activation was not compromised, as evi-
denced by similar levels of pS6 in KO compared to WT CD4
T cells (Fig. 3 K, Lower). KO cells also had comparable size and
granularity to WT cells. (S Appendix, Fig. S3G). We also observed
a similar induction of pERK between WT and KO (87 Appendix,
Fig S3H), suggesting that the defect seems to be specific to
IL-2R-mediated, not global signaling pathways. This was further
supported since supplementing exogenous IL-2 did not rescue
the defects (SI Appendix, Fig. S31). Together, iron overload by
FLVCRI deletion impairs CD4 T cell proliferation by reducing
IL-2/IL-2R signaling.

Mitochondrial Fitness and Function Are Compromised in
Iron-Overloaded CD4 T Cells. Iron is actively involved in heme
biogenesis and iron-sulfur protein assembly, which is essential for
mitochondrial fitness and function (23). As we observed an iron
overload phenotype of KO CD4 T cells, we asked how FLVCR1
deletion affects mitochondrial fitness and function. First, we
measured the amount of iron in the mitochondria of WT and
KO CD4 T cells using the fluorescent dye MitoFerroGreen
(MFG), which specifically detects iron in mitochondria (42). In
contrast to LIP, which is downregulated (3), mitochondrial iron
increased after activation, suggesting that iron is translocated
from the cytoplasm and/or generated in mitochondria upon
TCR stimulation (Fig. 44 and SI Appendix, Fig. S4A). This was
not due to the activation-induced increase in mitochondrial mass
(MM) as the ratio of mitochondrial iron over mass was also
increased (S Appendix, Fig. S4B). KO naive CD4 T cells before
activation had higher levels of mitochondrial iron than WT, but
the levels were not induced in activated KO cells (Fig. 4B and
SI Appendix, Fig. S4C). The mitochondrial protein mitoNEET
(mtNEET) (gene cisdl1) is a redox-sensitive iron-sulfur protein
that helps export iron-sulfur molecules out of mitochondria into
the cytosol, thus a powerful regulator of mitochondrial iron
content (43). We found that levels of mtNEET in KO cells
were lower before activation (DO0), but higher after activation
(D2) than in WT cells (Fig. 4C). The results may explain that
lower levels of mtNEET in KO CD4 T cells facilitate the
retention of mitochondrial iron before activation, while higher
levels of mtNEET after activation release more iron from
the mitochondria, inducing inefficient mitochondrial iron
accumulation in activated KO CD4 T cells.

Mitochondria are highly dynamic organelles and maintain their
morphology via constant processes of fission and fusion (44). As
reported, iron homeostasis is closely associated with mitochondrial
morphology and size (45). A study has shown that mitochondrial
dynamics are different between effector and memory CD8 T cells
(46) but how naive CD4 T cells control mitochondrial biogenesis
upon activation has not been studied. To investigate this, we per-
formed microscopy to compare the morphology and size of
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Fig. 3. Iron overload is detrimental to naive CD4 T cells in response to TCR stimulation. Sorted naive CD4 T cells from the spleens of WT and KO mice were
labeled with CellTrace™ Violet (CTV) and then activated with anti-CD3 and anti-CD28 antibodies for 3 d as described in Materials and Methods. (A) Graphs show
levels of heme (Left) and HO-1 (Right) in activated CD4 T cells (n = 4 to 5). (B and () The graphs show the expression of the indicated parameters (n = 3 to 5).
(D) The representative histograms and the summary graph show the percentages of Annexin V' in activated CD4 T cells from WT and KO mice (n = 4). (£) Cells
were stained with a lipid-peroxidation reagent. The graph shows the ratio of fluorescence intensity of FITC over PE. (F) The representative histograms and the
summary graph show cell proliferation (n = 5). (G) Cells were stimulated with PMA and ionomycin for 4 h and then analyzed for intracellular IL-2 expression.
Representative dot plots show the percentage of IL-2" CD4 T cells (n = 3). The summary graph shows the amount of IL-2 secreted into the media at indicated
time points as measured by ELISA (n = 9). (H) Enriched naive CD4 T cells from OT-Il and OT-Il KO mice were stimulated with dendritic cells in the presence of
100 mg/mL of Ova protein for 3 d. Cells were also activated with anti-CD3 and anti-CD28 antibodies. The representative histograms depict cell proliferation
(n =4). (/) Cells in (H) were restimulated with PMA and ionomycin for 4 h and then assessed for the expression of IL-2 cytokine. Representative dot plots and the
summary graph show the percentages of IL-2" OT-Il CD4 T cells (n = 3). (/) The graph shows CD25 expression in activated CD4 T cells (n = 4). (K) Activated CD4
cells were subjected to intracellular staining of pSTATS and pS6. The data are representative of three independent experiments. Error bars represent the mean
+ SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant.

mitochondria. We found that total mitochondrial volume  activated CD4 T cells. pDrp1(S616) levels were elevated in KO

increased in both WT and KO CD4 T cells after activation
(Fig. 4D and SI Appendix, Fig. S4D). However, each mitochon-
drion in activated KO CD4 T cells was smaller and shorter than
WT (Fig. 4E). This suggests that KO cells have more fragmented
mitochondria, likely due to a higher fission rate than WT cells
after activation. One of the proteins regulating the fission process
is Drp1 and activated Drpl by phosphorylation at serine 616 is
brought from the cytosol to the mitochondrial surface to catalyze
the fission process (47). We found that T cell activation induced
the accumulation of activated pDrp1(S616) in WT cells (Fig. 4
F, Left and SI Appendix, Fig. SAE), which promotes fission in

PNAS 2024 Vol.121 No.17 2318420121

CD4 T cells compared to WT cells (Fig. 4 F, Right), explaining
higher mitochondrial fission of activated KO CD4 T cells.
Studies have shown that T cell effector functions are directly
regulated by mitochondria (48), and iron deficiency has been
strongly linked to mitochondrial dysfunction in T cells (3).
Having observed the changes in mitochondrial iron in KO CD4
T cells, we asked whether iron overload affects mitochondrial
functions. To answer this, we measured MM, membrane potential
(MP), and reactive oxygen species produced in mitochondria
(mROS). Our data revealed that KO naive CD4 T cells had higher
levels of MM, MP, and mROS before stimulation (D0) (Fig. 4G
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and S/ Appendix, Fig. S4F). In contrast to naive cells before acti-
vation, these mitochondrial parameters were significantly reduced
after activation (D2), which would contribute to poor prolifera-
tion (Fig. 4G and S/ Appendix, Fig. S4F). However, there was little
difference in effector CD4 T cells for these mitochondrial param-
eters (8] Appendix, Fig. S4G), suggesting different roles of FLVCR1
on naive vs. effector CD4 T cells. To explore whether these
observed phenotypes are a result of in vitro culture conditions
differing from those in vivo, we studied T cell activation in vivo

https://doi.org/10.1073/pnas.2318420121

by administering anti-CD3 antibodies for a duration of 1 d. In
line with our in vitro results, CD4 T cells in KO mice exhibited
an activation defect, as evidenced by reduced CDG69 expression
and compromised mitochondrial MP (8] Appendix, Fig. S4 H
and /). KO mice also showed lower mitochondrial iron in activated
CD4 T cells compared to the WT group (8] Appendix, Fig. S4)).
We also examined mitochondria in OT-II and OT-II KO CD4
T cells. Unlike KO mice, CD4 T cells from OT-II KO mice did

not show a measurable defect in mitochondrial functions before
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activation (87 Appendix, Fig. S4K). However, OT-II KO cells
showed increased LIP and poor mitochondrial responses upon
activation (Fig. 4H), mirroring the observations in polyclonal KO
CDA4 T cells. To further study mitochondrial responses, cells were
subjected to the mitochondria stress test using the Seahorse assay.
The data showed that basal respiration (BR), maximum respira-
tion, and spare respiratory capacity were enhanced upon activation
of WT cells, but KO cells failed to show induction. Furthermore,
KO cells did not show a significant elevation of mitochondrial
function upon activation (Fig. 4/). In conclusion, these findings
highlight the detrimental effects of high iron levels on mitochon-
drial dynamics and function in CD4 T cells.

Iron Controls Glucose and Glutamine Metabolism in CD4 T Cells.
A recent study revealing the impact of iron deprivation on glucose
metabolism in CD4 T cells (4) prompted us to investigate the role
of FLVCR1 in CD4 T cell glucose metabolism. When assessing
glucose uptake using a fluorescent glucose analog (2-NBDG) and
the expression of glucose transporter 1 (Glutl), we found that both
were similar between activated WT and KO CD4 T cells (Fig. 54).
However, when cells were subjected to be examined for glucose
metabolism using the Seahorse assay, we found that the extracellular
acidification rate (ECAR) was greatly lower in KO than WT CD4
T cells, suggesting that iron overload compromised glycolysis in
CD4 T cells (Fig. 5B). Given that glycolysis is critical for CD4
T cell proliferation, we explored whether inefficient glycolysis
contributed to the observed reductions in cell proliferation and
mitochondrial function. To test this, we supplemented KO
naive CD4 T cells with sodium-lactate to fuel glycolysis during
activation. We found that cell proliferation, IL-2 production,
and mitochondrial MP were partially rescued in the presence of
sodium-lactate (Fig. 5 C-E). These results support the hypothesis
that iron overload drives inefficient glycolysis, ultimately leading
to impaired proliferation and compromised mitochondrial
functions. Together, our study underscores the pivotal role of iron
in modulating glycolysis programs in CD4 T cells in response to
TCR stimulation.

When glucose becomes limited, T cells have been shown to
increase glutamine metabolism as a compensatory mechanism
(49). Therefore, it is possible that T cells with iron overload
attempt to meet their metabolic needs by elevating glutaminolysis.
To test this, we measured the levels of amino acid transporter
CD98 and found higher levels in activated KO CD4 T cells, which
was correlated with increased amounts of glutamine compared to
WT CDA4T cells (Fig. 5Fand SI Appendix, Fig. S5A). Surprisingly,
however, levels of glutamate and a-ketoglutarate (aKG), down-
stream metabolites of glutamine, were significantly lower in KO
CD4T cells than WT cells (Fig. 5F). Glutathione (GSH) did not
show a significant difference (Fig. 5F). We asked whether supple-
menting &KG to the culture medium could restore the prolifera-
tion of KO CD4 T cells. We found that additional aKG failed to
rescue proliferation of KO CD4 T cells (S7 Appendix, Fig. S5B),
indicating KO cells suffer from other metabolic deficits in addition
to glutaminolysis. As increased glutamine by KO CD4 T cells did
not accumulate glutamate and aKG, we hypothesized that glu-
tamine was being metabolized through an alternative pathway,
such as the hexamine biosynthesis pathway (HBP), which is essen-
tial for modifying protein glycosylation. To test this, we evaluated
the overall glycosylation of proteins by measuring uridine diphos-
phate N-acetylglucosamine (O-GlcNAc) expression and observed
increased glycosylation in KO cells (Fig. 5 G, Left and SI Appendix,
Fig. S5 C, Left). Additionally, the expression of ICAM-1, which
relies on glycosylation for cell surface expression (50), was elevated

in KO cells (Fig. 5 G, Middle and SI Appendix, Fig. S5 C, Middle).
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L-PHA, a glycosylation marker, was also upregulated in KO cells
(51, 52) (Fig. 5 G, Right and SI Appendix, Fig. S5 C, Right).
Moreover, in vivo activation of CD4 T cells in KO mice also
showed higher ICAM-1 expression after activation (S/ Appendix,
Fig. S5D) supporting the in vitro observations. Enhanced HBP
in KO CD4 T cells prompted us to investigate whether iron
directly regulates HBP by adding an iron chelator, deferoxamine
(DFO), to WT cells during activation. DFO treatment did not
affect mitochondrial iron, O-GlcNAc, or L-PHA (8] Appendix,
Fig. S5E). Together, iron overload reduces glutaminolysis and does
not seem to directly regulate HBP.

Because supplementing sodium-lactate to KO cells restored
proliferation and IL-2 production, we asked whether glutamine
and HBP metabolism would be corrected in these cells. We found
that KO cells stimulated in the presence of sodium-lactate reduced
the levels of CD98 to that of WT cells, but glutamine levels
remained high (S/ Appendix, Fig. S5 F, Left and Middle).
Furthermore, glycosylation was further increased in the presence
of sodium-lactate (SI Appendix, Fig. S5 F, Right). Together,
sodium-lactate showed different effects on metabolism and did
not restore glutamine or HBP metabolism in KO cells.

Iron Overload Remodels Metabolic Programming in Naive CD4
T Cells. Since we identified a key role of FLVCRI in regulating
metabolic pathways, we sought to identify broader metabolic
effects of iron overload. To this end, we performed a targeted
metabolomics study to identify FLIVCRI-dependent changes
in metabolite levels. We observed distinct metabolic profiles,
particularly related to central carbon metabolism, of KO naive
CD4 T cells from WT cells before (D0) and after (D1) activation
(SI Appendix, Fig. S6A). Pathway enrichment analyses revealed
that the pathways uniquely presented by KO cells compared
to WT cells are pyruvate metabolism, glycolysis, the pentose
phosphate pathway, and nicotinate and nicotinamide metabolism
(SI Appendix, Fig. S6 B, Lefi). After activation, KO CD4 T cells
were enriched in purine metabolism and amino acid metabolism
(SI Appendix, Fig. S6 B, Right).

Hierarchical clustering analysis showed increased amounts of
several glycolytic metabolites, such as lactate and pyruvate, with
FLVCRI deficiency prior to activation (Fig. 6 A, Lef?). This indi-
cates enhanced anabolic activities in the KO naive CD4 T cells.
Furthermore, HBP metabolites, such as N-acetyl glucosamine
1-phosphate and Uridine 5-triphosphate, were lower in KO CD4
T cells, which suggests that HBP is dampened by elevated glycolysis
in KO naive CD4 T cells. When cells were activated, glutamine
and its derivative metabolites, such as tryptophan, as well as the
oxidized form of glucose (gluconic acid), were increased in KO
CD4 T cells, while oxidized glutathione and ATP were decreased
(Fig. 6 A, Right). The data suggests that, in iron-overloaded CD4
T cells, glucose might not be efficiently metabolized to produce
lactate or AT,

Glucose-fueled metabolites such as dihydroxyacetone phosphate,
phosphoenolpyruvate, and nicotinamide adenine dinucleotide
(NAD) were significantly lower in activated KO CD4 T cells, while
pyruvate was not significantly different (Fig. 6 B, 7op). The pentose
phosphate pathway metabolite, D-Ribose 5-phosphate pathway
(PPP), was higher in KO cells, suggesting glucose might be fueling
PPP in these cells. Glutamine, a critical component required for
activation and proliferation of T cells, was higher in activated KO
cells but was not efficiently metabolized to produce aspartate or
supported HBP, despite producing higher ATP in KO cells (Fig. 6 B,
Bottom). Together, iron overload in CD4 T cells through FLVCR1
deletion results in dysregulation of metabolic pathways, which have
been previously demonstrated to govern activation.
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7 of 11


http://www.pnas.org/lookup/doi/10.1073/pnas.2318420121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318420121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318420121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318420121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318420121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318420121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318420121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318420121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318420121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318420121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318420121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318420121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318420121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318420121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318420121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318420121#supplementary-materials

8 of 11

o WT

A B Glucos;)Iigomycin O KO ns D
ns ns ; . 2-DG 40 | d = 8000 ** *
%3000 I = 80007 — = 40 ; '. E n§: s000d
> 1 1
Z 2000 ©%% & O £ 3 ; ' =301 ns 4000
N “5 4000 T I g ] 5
G 1000 T = : 5 20 i 2000
o < 2000 5(: 20 : E = o
= ol LL oLl be !
WT KO WTKo ) 107 S0 WT 040 mM
i mw KO
0+ _
0 1
Time (min)
o N
C mM O D807 sk *
= £ 60 E Do, Xk *
hs 2
WT OJ/\/L z < 40 8 80
o & & 60
0 A S * 20 < - i
ol 1| sg 3. )| 2 o
40w R E " C4 g2 4 425 708 | O %
CTV WT040 mM H g e e Pl 2R 0
KO IL-2 > WT040 mM
KO
F CD98 Glutamine Glutamate oKG GSH
_ ns
o0 300007 ® D1s00) 5 @ 2500, 4 % 50, % L 80007 [
o3} 290 ’—‘ L9 40 n
S 20000 'E o: 1000 gg fggg '-—I <) é 2 L_l @ 6000
Y — T — = ‘S
= 10000 >3 soof - 3 35 1000 T = 20 S o
< o= O = s00 S 10 < 2000
= c c 1S
0 = 0 = o £ o 0
WT KO WTKO WTKO WTKO WT KO
G 0-GlcNAc ICAM-1 L-PHA
*
£ 5000 ’—‘O g 800007 % Ts0000; [
% 4000 <C 60000 ’—c‘) 060000
3000 Q ° 4
G 2000 5 40 540000 °
T 1000 T 20000 ﬁ‘} {20000 ﬁ
0 = ol =
WTKO WT KO WTKO

Fig.5. Iron controls glucose and glutamine metabolism in CD4 T cells. (A) Sorted naive CD4 T cells from WT and KO mice were activated for 3 d and compared for
2-NBDG uptake (Left) and expression of Glut1 (n = 4). (B) Sorted naive CD4 T cells were activated for 1 d and subjected to the Seahorse assay. The representative
graph on the Left side shows ECAR using the glycolytic stress test from unstimulated (D0) and stimulated cells (D1). The bar graph on the Right side shows glycolytic
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*P <0.05, **P < 0.01, ***P < 0.001, ns: not significant.

To further understand the effect of FLVCRI on glucose metab-
olism, we performed glucose tracing experiments (highlighted by
black circles in S Appendix). KO cells showed reduced oxidation
of 13C—glucose through the TCA cycle into pyruvate and lactate
(Fig. 6 C, Top). This reduced pyruvate production also led to inef-
ficient entry of glycolytic pyruvate into the TCA cycle in KO
cells, as indicated by the reduced production of various °C TCA
cycle metabolites such as citrate, fumarate and malate (Fig. 6 C,
Middle). We also observed, in KO cells, a reduced trend for
glucose-derived carbon oxidation into glutamate and GSH but
fueled more to UDP-GIcNAc (Fig. 6 C, Lower). These results are
consistent with the findings shown in Fig. 5 that FLVCRI defi-
ciency affects glucose oxidation and that it’s fueling glutamine
metabolism to some extent.

Discussion

‘The control of iron homeostasis links metabolic pathway activity
to cell activation, proliferation, and survival, especially in T cells.
A recent study highlighted the potential of altering iron

https://doi.org/10.1073/pnas.2318420121

metabolism in T cells to mitigate the clinical symptoms of systemic
lupus erythematosus (53). Therefore, it is crucial to understand
how CD4 T cells use iron to proliferate and function in response
to immunological challenges. In this study, we found that an excess
of iron in naive CD4 T cells amplifies their sensitivity to tonic
signaling, which in turn results in the hyperactivation of mito-
chondria and spontaneous proliferation. However, in response to
activation, these naive CD4 T cells exhibited considerable defects
in activation and proliferation, accompanied by an increase in
ferroptosis and alterations in cellular metabolism. Additionally,
we showed that the amount of iron in mitochondria accumulates
during activation, which is compromised in CD4 T cells with iron
overload.

Integration of several factors, including TCR signaling, costim-
ulation, and cytokine guidance, is required for CD4 T cell acti-
vation. Naive T cells survey MHC presenting self-peptides and
receive low-intensity tonic signaling in the absence of an immu-
nological challenge (54). Such tonic signaling, while insufficient
for actual activation, influences essential processes including basal
signaling, gene expression, and metabolic activity (55). Iron
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overload seems to change the sensitivity of naive CD4 T cells to
these tonic signals, causing the cells to exit the quiescent state or
die. The majority of naive CD4 T cells disappear in KO mice,
which suggests that iron levels control tonic signaling and high
iron leads to weak signaling driving death. Besides the degree of
self-reactivity of naive T cells, cytokine signaling regulates CD4
T cell metabolism (56). Therefore, in addition to weak tonic sig-
naling, the lack of adequate survival signaling is likely the under-
lying reason for the reduction of naive T cells in KO mice. A prior

PNAS 2024 Vol.121 No.17 2318420121

work described that Foxol is essential for maintaining naive CD4
T cells by controlling the expression of IL-7R (57). While we
cannot rule out the possibility that iron controls Foxol, our data
suggest that changes in mitochondrial properties due to excess
iron led to poor survival.

A previous study suggests an inverse correlation between the
degree of self-reactivity and T cell metabolism (58). In contrast
to this, we observed that iron-overloaded CD4 T cells exhibited
increased glycolysis before activation, followed by a substantial
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decrease after stimulation. We observed that although supplement-
ing lactate partially rescued the defects in KO CD4 T cells, it did
not restore glutamine or HBP metabolism, indicating cell prolif-
eration is likely associated with improved glycolysis. Furthermore,
providing aKG did not rescue the defects in KO CD4 T cells,
suggesting other factors may also be involved. In line with this
notion, the expression of the glycolytic enzymes hexokinase 2 and
glyceraldehyde-3-phosphate dehydrogenase, along with the pyru-
vate dehydrogenase activity, is regulated by the transcription factor
BTB and CNC homology 1 (BACH1) (59). Furthermore, heme
is known to regulate the expression of both BACH1 and BACH2
(60, 61). BACH2 also is important for maintaining naive T cells
in the periphery (62). Therefore, it is possible that changes to
BACH?2 expression in the absence of heme export could lead to
the loss of naive T cells in KO mice.

It has been previously reported that the reduction in heme
export leads to an increase in TCA-cycle fueling (63), which
contrasts with our observations. The discrepancy could be
attributed to at least two factors. First, we used primary naive
CD4 T cells from KO mice, while the reported study utilized
a siRNA approach with cancer cell lines. Second, the difference
could be due to the targeted deletion of one isoform vs. both
isoforms of FLVCRI. FLVCRI has two isoforms: FLVCR1a
and FLVCR1b. FLVCR1a is an exporter at the cell membrane
(64), and FLVCRI1b is responsible for heme export from the
mitochondria (65). In our study, we employed a KO system
where both isoforms were deleted, whereas the aforementioned
study targeted only FLVCR1a. We hypothesize that blocking
heme export from the mitochondria leads to severe defects in
mitochondrial functionality and metabolic programming, as we
demonstrated. However, T cells deficient in each isoform are
currently unavailable, warranting further investigation to have
a better understanding of the role of heme and iron in different
compartments in T cells.

Iron metabolism is a tightly regulated process. Heme, as the
main source of iron, is actively involved in the regulation of iron
metabolism. The breakdown of heme by HO-1 releases free iron
into the cytosol, as the induction of HO-1 elevates intracellular
iron levels and modulates cytokine responses (66). It is reported
that cells lacking FLVCR1a isoform attempt to downregulate
heme synthetic pathways and upregulate heme degradation to
prevent excess heme accumulation, resulting in increased iron
levels with iron storage and export (64). Consequently, the met-
abolic pathways of iron and heme are intricately interconnected
to regulate immune responses.

Iron-overloaded CD4 T cells attempt to reduce iron imports
and store iron in ferritin to counteract the detrimental effects
of excess iron. Although iron is essential for mitochondrial activ-
ity and mitochondria contribute to cellular iron metabolism,
the mechanisms by which mitochondria obtain iron are still
poorly understood. It is believed that several mechanisms exist,
including the uptake of cytosolic iron (67) and the direct trans-
fer of extracellular iron from endosomes to the mitochondria
(68). Iron also plays a key role in producing iron-sulfur (Fe-S)
clusters, which is one of the essential functions of mitochondria
(69). These Fe-S molecules are exported via mtNEET, a Fe-S
protein found on the outer mitochondrial membrane (69).
Typically, mtNEET remains inactive when the Fe-S cluster is
in a reduced state but is activated when a signal induces the
cluster to oxidize (69, 70). Our findings showed enhanced
mtNEET expression in iron-overloaded CD4 T cells after acti-
vation, suggesting an increase in the export of Fe-S molecules
via mtNEET and a subsequent decrease in mitochondrial free

https://doi.org/10.1073/pnas.2318420121

iron in these cells. Taken together, our findings underscore that
both iron overload and iron deprivation conditions appear to
inhibit mitochondrial respiration (4), thereby emphasizing the
critical role of iron homeostasis in maintaining optimal mito-
chondrial functionality.

Metabolic dysregulation is widely known to increase the risk
of developing both cancer and immune-related diseases (71). For
example, in rheumatoid arthritis, the invasiveness of T cells within
tissues has been linked to dysregulated mitochondrial activity and
fatty acid metabolism (72). Conversely, heightened glycolysis and
mitochondrial respiration have been observed in CD4 T cells from
lupus patients (4). Our findings highlight the role of iron in main-
taining mitochondrial integrity and metabolic balance in CD4
T cells. It would be valuable to investigate whether disruptions to
iron homeostasis are present in patients suffering from cancer or
autoimmune diseases.

Conclusions

The deficiency of FLVCRI results in iron overload, which con-
sequently modifies the function and dynamics of mitochondria
in naive CD4 T cells. Iron-overloaded naive, but not effector,
CD4 T cells receive heightened tonic signaling, triggering an
increased rate of spontaneous proliferation. However, iron-
overloaded naive CD4 T cells respond poorly to activation stim-
uli and die of ferroptosis. This is at least partly contributed to
dysregulated iron accumulation in the mitochondria and meta-
bolic programming. Together, iron homeostasis is an essential
player for maintaining quiescence and the survival of naive CD4
T cells. A more comprehensive understanding of the mechanisms
of iron metabolism can potentially facilitate the development of
innovative therapeutic treatments for patients suffering from
iron overload.

Materials and Methods

Complete experimental methods are described in S/ Appendix, Materials and
Methods.

FLVCR1™ CD4“"® mice were generated in Abkowitz's laboratory. Flow cytometry
analysis of murine tissues was undertaken on a BDFACSCanto or an LSRFortessa
cell analyzer, and FACS data were analyzed using FlowJo v10. Sample prepara-
tion and antibody staining are detailed in S/ Appendix, Materials and Methods.
Metabolomics and glucose tracing experiments were performed at the
Metabolomics Core at the University of Michigan and the sample preparation
and procedures are detailed in S/ Appendix, Materials and Methods.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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