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Abstract

T cells must shift their metabolism to respond to infections and tumors, and to undergo

memory formation. The ATP-binding cassette transporter ABCB10 localizes to the mitochondrial
inner membrane, where it is thought to export a substrate important in heme biosynthesis

and metabolism, but its role in T cell development and activation is unknown. Here, we use

a combination of methods to study the effect of ABCB10 loss in primary and malignantly
transformed T cells. Although Abcb10is dispensable for development of both CD4* and CD8* T
cells, it is required for expression of specific cytokines in CD4" but not CD8* T cells activated in
vitro. These defects in cytokine expression are magnified upon repeated stimulation. In vivo,
CD8™ cells lacking ABCB10 expand more in response to viral infection than their control
counterparts, while CD4* cells show reductions both in number and percentage. CD4* cells
lacking ABCB10 show impairment in antigen-specific memory formation and recall responses
that become more severe with time. In malignant human CD4* Jurkat T cells, we find that
CRISPR-mediated ABCBI10disruption recapitulates the same cytokine expression defects upon
activation as observed in primary mouse T cells. Mechanistically, ABCB10dgeletion in Jurkat T
cells disrupts the ability to switch to aerobic glycolysis upon activation. Cumulatively, these results
show that ABCB10 is selectively required for specific cytokine responses and memory formation
in CD4™ T cells, suggesting that targeting this molecule could be used to mitigate aberrant T cell
activation.

Introduction

T cells require significant metabolic remodeling during activation, proliferation and
differentiation. Mitochondria play a key role both in actuating and sensing these changes
via their role in synthesizing and transporting metabolites. Quiescent T cells predominantly
use mitochondrial oxidative phosphorylation (OXPHOS) to supply their energetic demand.
Upon activation, T cells shift their metabolism from OXPHOS to increase glycolysis. The
increased glycolytic flux supports cell growth and proliferation as well as T cell lineage
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commitment (1). At the end of the immune response, many responding T cells undergo
apoptosis, but a small subset shift metabolism back to a poised/quiescent state and survive as
long-lived memory T cells.

The metabolic shifts that occur upon T cell activation increase nutrient consumption. These
nutrients need to be either taken up from exogenous sources or synthesized intracellularly.
Nutrient transport into cells and transport into and out of the mitochondria has been

shown to affect these processes (2-5). Several mitochondrial membrane transporters

have been identified that are involved in metabolite import and export. ABCB10 is a
mitochondrial ATP-binding cassette (ABC) transporter, which hydrolyzes ATP to transport
substrates across membranes (6-9). Its topology suggests that ABCB10 exports one or more
mitochondrial substrates into the cytoplasm. Abcbl0 is essential for proper erythropoiesis
and its loss is embryonic lethal due to increased apoptosis of erythroid precursor cells (6,
10). Recent work using ABCB10 reconstituted into liposomes indicates that biliverdin is
one substrate that ABCB10 transports, and that hepatocytes lacking ABCB10 accumulate
biliverdin inside mitochondria (11).

Here, we employed conditional knockout and CRISPR/Cas9 approaches to examine the
effect of Abcb10deletion on T cell development, activation, proliferation and cytokine
response in vitro and in vivo. We show that ABCB10 loss negatively impacts expression
of TNFa and IL-2 in CD4* but not CD8* cells activated in vitro. In contrast, IFNy

is unaffected. Loss of ABCB10 progressively attenuates antiviral immune responses over
time, with the largest effects observed during CD4* memory T cell formation and

recall response. Malignant transformation frequently alters metabolism and metabolic
requirements, suggesting that the effects of ABCB10 loss could differ in malignantly
transformed cells. We used lentiviral CRISPR/Cas9 to ablate Abcb20in mouse EL4 cells,
observing decreased proliferation in polyclonal knockout cells, and an inability to isolate
knockout clones in standard media. In contrast, Abcb10knockout human Jurkat T cell
clones could be derived, and these also showed severe deficiencies in TNFa and IL-2 but
not IFNy expression in response to activation. Metabolic profiling of these cells revealed
a significant loss of mitochondrial oxidative capacity, coupled with a complete inability to
switch to aerobic glycolysis upon stimulation. These results identify a selective requirement
for ABCB10 in CD4* T cells to maintain stable memory T cell pools over time, and
identify a strong ABCB10 requirement in malignantly transformed CD4" T cells. These
findings have implications for halting overactive immune responses, and for treating T cell
malignancies.

Materials and Methods

Mice

All animals were C57BL/6 background. Animal experiments were approved by the
University of Utah Institutional Animal Care and Use Committee (IACUC approval
20-03002). The Abcb10 conditional (floxed) allele has been described previously (11).
Conditional mice were crossed to CD4-Cre (12) to delete Abcb10in the double-positive
thymic compartment and their more mature progeny. Deletion was confirmed by TagMan
gRT-PCR using established methods (13).
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Culture of primary T cells and cell lines

Primary T cells were cultured in RPMI 1640 medium supplemented with 10% FCS and 50
Units/mL penicillin, 50 ug/mL streptomycin, 2 mM L-glutamine, ImM sodium pyruvate,
1X MEM non-essential amino acids, 55 mM 2-mercaptoethanol and 20 IU/mL recombinant
IL-2. All components were from ThermoFisher with the exception of IL-2 which was
supplied by R&D Systems. WT and Abcb10 CRISPR/RNP CD4* T cells were cultured

in RPMI11640 medium as described above with supplemental recombinant mouse IL-7
(Shenandoah Biotechnology) at 5 ng/mL. EL4 and Jurkat cells (ATCC) were cultured in
RPMI 1640 with 15% FBS, 1X glutamax (Sigma) and pen/strep.

CRISPR/Cas9 mediated Abcb10 knockout in primary CD4* T cells

CRISPR guide RNAs were chosen targeting the 5’ exons of the Abcb10gene using

the IDT predesigned CRISPR guide RNA database (https://www.idtdna.com/site/order/
designtool/index/CRISPR_PREDESIGN): Abcb10. GAGGTAGACACGAATGCCGTtyg;
CCCAAGGTCTCGCACACCGGtgy; GGTCCACGCGCGTACGAGCGggg. Lower-case
letters represent the PAM site. CRISPR/Cas9 negative control crRNA (IDT, 1072544) was
used as a control for transfection. Nonspecific or Abcb10-specific CRISPR/Cas9 RNPs
were generated from tracrRNA-ATTO550 (IDT), crRNA (IDT) and Cas9 protein (QB3
MacroLab, UC Berkeley) using commercial guidelines (IDT), and transfected into CD4*
T cells purified from mouse spleens using a negative selection CD4* T cell isolation

kit (Miltenyi Biotec). Transfection was accomplished by electroporation using the Neon
transfection system 10 pL kit (ThermoFisher Scientific). Electroporation parameters were
2050V, 10 ms pulse width, 3 pulses. Transfection efficiency was measured by flow
cytometry two days post-transfection to detect the tracrRNA-ATTO550 positive cells.
Approximately 95% transfection efficiency was obtained. Viable, ATTO550 positive cells
were sorted on the following day and adoptively transferred into recipient mice. Remaining
cells were cultured for >5 days to confirm stable ablation of AbcbZ0 mRNA by TagMan
RT-qPCR.

LCMVA™ |nfection and Lm-GP61 re-challenge

Armstrong strain lymphocytic choriomeningitis virus (LCMVA™) infection and Lm-GP61
rechallenge were performed as described previously (14).

CRISPR/Cas9 mediated Abcb10 knockout in mouse EL4 T cells and human Jurkat cells

CRISPR lentiviral constructs were generated by the University of Utah Mutation Generation
and Detection Core (http://cihd.cores.utah.edu/mgd/#1472062761315-b8a8c4eh-1a00).
CRISPR expression lentiviral with GFP, BFP or mCherry were packaged in HEK293T cells
using a three-plasmid packaging system. The supernatant containing retroviruses was passed
through 0.45 pm filter and stored in aliquots at —80°C. EL4 mouse T cells were transduced
with CRISPR lentiviruses that targeted exon 1 (E1S2) CTCGTACGCGCGTGGACCTC

or exon 3 (E3S9) TCGGATACCGCACTCC of the mouse Abcb10gene and 8 ug/mL of
polybrene, and grown for two days in growth media. Transduced cells were sorted by flow
cytometry for GFP-positive cells (Abcb10) or mCherry (Control) and single cells seeded
into 96-well plates for development of clones that were mutated at the Abcb10locus. (No
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EL4 GFP positive clones were able to be isolated). Human Jurkat E6.1 cells were transduced
with CRISPR lentiviruses that targeted exon 1 (E1S1) GTCGCACGCAGCGCCATGCG,
sorted for BFP (human ABCBI10) or mCherry (Control) and single cells seeded and clones
isolated.

mMRNA was extracted using the RNeasy kit (Qiagen). 2 ug of total RNA was used to
synthesize cDNA using the High Capacity cDNA reverse transcription kit (AB Biosystems).
Power SYBR Green Master Mix (Life Technologies) was used on a Realplex2 real-time
thermal cycler (Eppendorf). B-actin AC7B was used as a control housekeeping gene. The
AACt method was used to compare the variation of transcripts among samples. Primers were
validated by cloning and sequencing the PCR products.

RT-gPCR for human genes (ABCB10, ACTB, IL-2, INFG and TNF) and mouse genes (/L-2,
TNFa, INFg, Abcb10and B-actin) was performed using PowerUp SYBR Green Master mix
(Life Technologies) and primers are listed in Supplementary Table 1.

T cell activation and IL-2 ELISA

T cells were activated with PMA and ionomycin Cell Activation Cocktail (Biolegend)

or using 10 pg/mL plate-bound CD3e (Invitrogen) and 2 pg/mL soluble CD28 antibody
(Invitrogen). Control and ABCB10mutant Jurkat cells were grown in growth medium +25
pl/mL anti-CD3/CD28 for 24—72 hr according to the manufacturer’s instructions. Media
were harvested and secreted mouse IL-2 levels determined using an ELISA kit (Life
Technologies) according to the manufacturer’s instructions.

Immunoblotting

To isolate membranes, cell pellets were suspended in 0.25 M sucrose, 150 mM Nacl,

10 mM Tris-HCI pH 7.2, 0.5 mM EDTA 0°C and homogenized using a ball-bearing
homogenizer. Homogenates were centrifuged at 400x g for 5 min, and supernatants
centrifuged at 12,000x g for 30 min. Obtained membranes were lysed in 1% Triton X-100,
150 mM NaCl, 10 mM Tris-HCI pH 7.2, 0.5 mM EDTA with 2X Roche protease inhibitor
tablets at 0°C for 30 min, and centrifuged at 15,000x g for 30 min at 4°C. Mitochondria
were isolated from Abcb10fl/fland Abchb10fl/fICD4-Cre primary T cells using a kit from
ThermoFisher (89874). For primary T cell Abcb10 Western blots, T cells from three
genotypically matched mice were pooled to permit for mitochondrial isolation and Abcb10
detection. Protein determinations were performed on membrane lysates using BCA assays
(Pierce). Samples were resolved by electrophoresis through 4-20% Tris-glycine SDS-PAGE
gels, transferred to nitrocellulose and probed using primary antibodies against Abcb10
(1:500 ThermoFisher), VDAC1 (1:1000, Abcam) and Horseradish peroxidase conjugated
goat anti-rabbit or mouse IgG was used as a secondary (1:5000, Jackson ImmunoResearch).
Western blots were developed using Western Lightening Reagent (PerkinElmer Life
Sciences), and blots were quantified using Fiji Image J software. Statistical analyses were
performed using Student’s t test unless otherwise stated. Significance of p < 0.05 is shown as
an asterisk.
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Seahorse Analysis

Control (mCherry) and ABCBI10disrupted Jurkat cells were activated as described (12
biological replicates) and 2x10° cells per well seeded, centrifuged at 1500x g for 10 min
and incubated for 20-60 min 37°C in a non-CO, incubator. Following initial incubation,

XF Running Media (XF assay media with 5% FCS and 10 mM D-glucose) were dispensed
into each well. OCR and ECAR were measured by an XF96 Seahorse Extracellular Flux
Analyzer following the manufacturer’s instructions. Cells were treated with oligomycin (1.0
uM), FCCP (1.5 uM), rotenone (100 nM) and antimycin A (1.0 uM) as per manufacturer’s
instructions. Each condition was performed in 2-3 technical replicates. Subsequent protein
determinations were performed to normalize the results to protein levels (ug/mL). Because
the DAPI staining procedure and washes to count cells within the Seahorse plate can make
Jurkat cells detach and thus underestimate real cell count by imaging, the safest procedure to
get the most accurate cell counts is to aspirate the media after the assay and add lysis buffer
directly to the well, to measure total protein content per well.

Statistical Analysis

For animal studies a minimum of 3 mice per group were used. The number of experimental
replicates is stated in the figure legends. All in vitro experiments and cell culture
experiments were performed with a minimum of three biologic replicates. Statistical
analyses were performed using Student’s t test unless otherwise stated. Significance of p

< 0.05 is shown as an asterisk.

Results

Conditional Abcb10 deletion in T cells is compatible with development and short-term in
vitro responses

Previous work showed that an Abcb10 conditional (floxed) mouse allele could be efficiently
deleted using Albumin-Cre, resulting in the accumulation of biliverdin inside mitochondria
and the elevation of mitochondrial OXPHOS in livers from diet-induced obese mice (11).
To delete Abcb10in T cells, we crossed Abcb10floxed mice to CD4-Cre (12), which
express Cre in developing T cells starting at the CD4/CD8 double-positive stage. Using
TagMan gRT-PCR with total splenic T cells and either of two different intron-spanning
primer-pairs specific to Abcb10, we observed significant decreases in Abcb10relative to
B-actin mRNA in total Abcb10™"/".CDA4-Cre splenic T cells (Fig. 1A). Using preparations

of mitochondria purified from primary T cells, we also observed a corresponding loss of
Abcb10 protein (Fig. 1B). Inspection of the thymocytes from Abcb10".CD4-Cre mice
revealed no differences in either percentages or absolute numbers of double-negative,
double-positive or single-positive cells relative to Abcb10% controls lacking CD4-Cre
(Supp. Fig. 1A-C). In the periphery, total splenic and inguinal lymph node CD4* and

CD8™ cells were also present in normal numbers in specific pathogen-free mice (Supp.

Fig. 1D-E). Isolating these cells and stimulating them in vitro using PMA and ionomycin
resulted in equivalent expression of the cytokine IFN-y, but significantly reduced levels of
TNFa and IL-2 specifically in CD4* cells. Interestingly, no diminution was observed in
CD8* cells, or for IFN+y in CD4™ cells (Fig. 1C). Similar results were obtained by RT-gPCR
(Supp. Fig. 1F). In specific pathogen-free mice, the purified cells were mostly (80%) naive
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phenotype (CD62LNCD44°) regardless of genotype (data not shown). We also stimulated
total splenic T cells in vitro for two days using plate-bound CD3e and soluble CD28
antibodies, and measured proliferation using cell trace violet (CTV). Both CD8* and CD4*
Abcb10"7.CD4-Cre T cell populations proliferated equivalently to controls (Supp. Fig.
1G). These results indicate that ABCB10 is dispensable for thymocyte development past
the double-positive stage and for peripheral T cell survival in vivo, as well as for survival
and proliferation following in vitro stimulation. However, ABCB10 is required for robust
expression of a subset of cytokines in CD4* T cells in vitro.

To study T cell antigen response in a physiological situation, we infected Abcb10"7:CD4-
Cre mice with LCMVA™ and studied their T cell responses to virus and viral titers. Normal
infected mice activate CD4* and CD8* T cells, clear the pathogen within 10 days, and
generate stable memory T cell populations (15). At peak (D8) LCMV response, we noted
decreased percentages of CD4* populations relative to CD8" in Abch10™™.CD4-Cre mice
(Fig. 1D). Similar findings were made gating specifically on activated CD44* cells (Fig.
1D). Quantifying absolute numbers of cells indicated both a trend toward decreased total
CD4" cell numbers, and significant increases in CD8* cell numbers induced by ABCB10
deletion (p=0.0022, Fig. 1E). To study antigen-specific antiviral responses, we used MHC
class I and Il tetramers corresponding to LCMYV immunodominant epitopes at D8. Using
either class Il and class | tetramers, we observed few differences in the percentage of
virus-specific responding T cells (Fig. 1F). Quantification of total tetramer-positive cells also
showed few differences, however, there was a trend toward increased numbers of CD8* cells
compared to controls (Fig. 1G). We also determined viral titers during the infection time
course, identifying no changes due to ABCB10 loss (Fig. 1H). In addition, the expression

of specific activation markers (CD44, CD62L, ICOS, PD-1, Ly6C) was unchanged (data not
shown).

Impairment of in vivo memory responses in the absence of Abcb10

The formation of CD4 memory requires dynamic changes in metabolism, including a shift
from proliferative, glycolytic metabolism to a metabolic state dominated by fatty acid
oxidation (1, 16). We allowed mice to clear LCMV and monitored their resting splenic
memory T cells 45 days post-infection. As expected, there were no differences in total
CD4" and CD8™ T cells, most of which are not antigen-specific (Fig. 2A). Antigen-specific
(tetramer-positive) CD4* and CD8* memory T cells were slightly fewer in number in

the absence of ABCB10, though this was not statistically significant (Fig. 2B). We then
rechallenged the mice with recombinant Listeria monocytogenes expressing a fragment of
the LCMV glycoprotein (GPg1_gg) that elicits a strong CD4* response (Lmgp61). Following
rechallenge (day 45+7), we observed no differences in total CD4* and CD8* T cells but a
robust decline in antigen-specific CD4" numbers, both as a percentage of total T cells and
in terms of absolute numbers (Fig. 2C, D). Cumulatively, these results indicate a progressive
loss of CD4* T cell potential over time.
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Acute and conditional Abcb10 knockout in T cells reduces production of specific
cytokines and decreases memory CD4 responses

Recent advances in CRISPR/Cas9 technology, T cell transfection, and fluorophore-
conjugated trcrRNAs allow for rapid gene knockout generation in mouse and human
primary T cells (17). We employed a system with Cas9 enzyme, CRISPR RNA (“crRNA”,
which contains the DNA-binding “protospacer” sequence), and fluorescently-conjugated
trans-activating CRISPR RNA (“trcrRNA”, which binds Cas9). In this system, the three
reagents are transfected as a ribonucleoprotein (RNP) complex into T cells. No prior T

cell activation is required and this transfection method shows 90-95% efficiency in primary
mouse T cells. After 24 hr of treatment with recombinant IL-7, transfected cells were sorted
using the fluorescent trcrRNA conjugate. Following sorting, cells were tested for knockout
efficiency in culture or adoptively transferred into recipient mice. We successfully used
these methods to knockout Cd90 ( ThyZ) in primary T cells (Supp. Fig. 2A/B). We then
adapted this strategy to target Abcb10and examine cells subjected to repeated stimulation
in vitro. Cells transfected with Abcb10-specific but not control gRNAs showed significant
decreases in Abcb10 mRNA expression, as measured by TagMan RT-gPCR using two
different primer-pairs (Fig. 3A). Stimulation of primary CD4"* T cells in culture with
plate-bound CD3e and soluble CD28 antibodies, followed by resting in the presence of
IL-2 and restimulation, results in stronger and broader cytokine responses (14, 18, 19). We
stimulated primary T CD4" cells (CD8a™9CD11b"®9CD11c"®9CD19"9CD45RIDX 5N
CD105"9MHCII"®9Ter-119"9TCR~y/6"®9) that had been transfected with Abcb10-specific
or control gRNAs for two days, rested them for 8 additional days before restimulating

the cells for 12 hr. Restimulated Abcb10-deficient T cells showed significantly decreased
IL-2 but not IFN~y expression (Fig. 3B). Stronger effects were found with Cre-mediated
conditional knockout using the same stimulate-rest-restimulate conditions (Fig. 3C).

To test effects of Abcb10 deficiency in vivo, we performed similar CRISPR-mediated

gene knockouts using SMARTA TCR transgenic T cells, adoptively transferred them

into recipient mice, and measured their responses to acute infection with lymphocytic
choriomeningitis virus (LCMV), an arenavirus and widely used model pathogen. SMARTA
cells recognize a CD4 immunodominant epitope of LCMV, undergoing multiple rounds

of division while gaining Th1 effector functionality normally characterized by IFN-y and
IL-2 expression (20). We transfected Ly5.1* (CD45.1*) CD4* T cells with Abcb10-specific
crRNAs, and and Ly5.1*/Ly5.2* control T cells with crRNAs, combined them 1:1, and
transferred them into Ly5.2" recipient animals. Recipients were then infected with the
Armstrong strain of LCMV. Prior to transfer at DO, equivalent numbers of nonspecific and
Abcb10RNP cells were present as measured by flow cytometry (Fig. 3D). After transfer and
at peak response to LCMV (D8), the ratio of cells transfected with Abcb10to nonspecific
RNPs (lower right vs. upper right quadrants) remained close to 1:1. Following antigen
re-exposure using infection with Lmgp61 expressing the same LCMV immunodominant
epitope (D42+7), the Abcb10control RNP ratio dropped significantly (Fig. 3D, E). This
result indicates that CD4™ T cell memory recall responses are reduced in the absence of
ABCBI10.

J Immunol. Author manuscript; available in PMC 2023 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sunetal.

Page 8

We also crossed Abcb10™f and CD4-Cre mice to the SMARTA transgene and to the

Ly5.1 congenic marker, allowing us to discriminate experimental and control SMARTA
cells from each other and from Ly5.1 recipient T cells. Ly5.2 Abcb10™.CD4-Cre cells
were combined 1:1 with control Ly5.1/5.2 Abcb10™# cells, and verified by flow cytometry
prior to T cell transfer (Fig. 3F,G). Following infection with LCMV, the ratio of Splenic
SMARTA cells at peak response showed a slight skewing toward control at the expense of
Abcb10 deficient T cells (D8). Strikingly, both resting memory cells in mice 42 days after
infection, and cells mounting a recall response in mice rechallenged with Lmgp61 showed
~10-fold diminution in experimental relative to control cells (D42 and D42+7). Unlike the
polyclonal response (Fig. 2), the SMARTA transgenic recognizes a single immunodominant
LCMV CD4 epitope. The increased severity of the phenotype relative to polyclonal Abcb10
conditional mice (Fig. 2) likely explains the effects on resting memory cells as well as cells
undergoing recall responses. These results are consistent with the progressive attrition in
the ability of T cells lacking Abcb10 to respond to LCMV, form memory and mount recall
responses.

Loss of Abcb10 in human Jurkat cells reduces activation and blocks activation-induced
metabolic switching

To determine if loss of ABCB10 affected malignant T cell growth or activation, we
transduced mouse EL4 T cells or human Jurkat cells with Abcb10/ABCBI1(-specific or
control CRISPR/Cas9 lentiviruses expressing fluorescent markers. Cells were sorted by
flow cytometry and pools of control lentivirus-infected (mCherry*) or Abcb10 CRISPR
lentivirus-infected (GFP™*) cells were grown in normal tissue culture medium for 48 hr to
assess proliferative capacity. Pooled Abcb10 CRISPR ELA4 cells showed a marked reduction
in proliferation (Fig. 4A). Pools of cells were single cell sorted into 96-well plates to isolate
control and Abcb10/ABCBI10 mutant clones. We successfully isolated Jurkat clones (control
and ABCB10mutants) as well as EL4 control clones, however, we were unable to isolate
EL4 Abcbh10mutant clones (Supp. Table 2) limiting our ability to further assess loss of
ABCBJ10 in these cells. We therefore focused on two independent Jurkat clones (Al and
AZ3) that showed dramatic reductions in ABCB10 protein (Fig. 4B). There was no difference
in cell proliferation in ABCB10mutants compared to control cells (Fig. 4C). When Jurkat
cells were activated by anti-CD3/CD28, ABCB10 mutants showed reduced IL-2 secretion
compared to control Jurkat cells (Fig. 4D). The ABCB10mutant line A3 showed the most
dramatic reduction in IL-2 secretion upon activation. This reduction in IL-2 secretion was

a result of diminished activation and not a reduction in secretion, as shown by the decrease
in /L-2transcripts. Loss of ABCB10 also resulted in a significant reduction in 7AVFA
transcripts and a trend toward reduced /NFG transcripts (Fig. 4E) supporting a role for
human ABCB10 in T cell activation in malignant cells.

As malignant cells rely heavily on OXPHOS, which requires efficient Fe-S cluster (ISC)
and heme synthesis, we hypothesized that loss of ABCB10 would affect mitochondrial
metabolism. We measured mitochondrial OXPHQOS using resting and activated (anti-CD3/
CD28) WT and ABCB10 mutant Jurkat cells (A3) monitoring oxygen consumption using
the Seahorse Extracellular Analyzer. WT cells (C1) showed a marked reduction in oxygen
consumption rate (OCR) upon activation (Fig. 5A circles), as well as in extracellular
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acidification rate (ECAR, Fig. 5B, circles). When primary T cells are activated, OXPHOS is
known to go down and glycolysis increase (21). This concurrent decrease in ECAR in Jurkat
cells is expected when CO5, production from the mitochondrial TCA cycle is the major
contributor to ECAR. Despite inducing a mild reduction in respiration before activation,

loss of ABCB10 (A3) resulted in an inability to reduce oxygen consumption in response

to activation (Fig. 5A triangles). Accordingly, basal respiration was markedly reduced in
activated WT Jurkat cells (Fig. 5C, C1), while cells lacking Abch10 showed little diminution
upon activation (Fig. 5C, A3). ATP-linked respiration, proton leak, maximal respiratory
capacity and spare respiratory reserve showed similar trends with significant reductions
upon activation in WT cells and minimal shifts in these parameters in ABCB10 mutant cells.
These results support the interpretation that ABCB10 promotes the ability to shift oxidative
metabolism during malignant T cell activation.

Discussion

Here we show that loss of the mitochondrial ATP binding cassette transporter ABCB10 in
mouse T cells has no effect on T cell development, or on peripheral T cell survival/stability
in resting mice, but results in CD4*-selective defects in peripheral T cell functionality.
CD4* T cells also become depleted at later timepoints associated with immune memory.
Metabolic profiling of human Jurkat T cell clones deficient in ABCB10 reveals defects in
metabolic remodeling induced by activation, supporting an interpretation that these defects
are metabolic in nature. The metabolic states of effector and memory T cells are known

to differ from one another, and from T cell development (1, 16). For example, during an
immune response memory precursor cells must shift their metabolism from a predominantly
glycolytic profile used to sustain proliferative and effector functions, to a profile highly
reliant on fatty acid oxidation that more efficiently generates ATP per mol of nutrient. Our
results suggest that substrates transported by ABCB10 may be required for these shifts.

Primary ABCB10 KO T cell stimulation in vitro revealed no changes in proliferation or
the production of cytokines in CD8" cells, but did result in cytokine production defects
in ABCB10 KO CD4* cells. Interestingly, the defects in cytokine production were also
selective in nature. TNFa and IL-2 were significantly decreased, whereas IFNy was
unaltered. These results were recapitulated and magnified in human Jurkat cells with
CRISPR-mediated ABCBI10knockout.

We found few changes in ABCB10 deficient polyclonal T cells at peak response to

LCMYV, but using a heterologous rechallenge system we observed large differences. Using a
SMARTA transgenic system, we also observed significant decreases in CD4™ T cell numbers
at memory and memory recall response. CD4* T cells are known to undergo a series of
metabolic alterations as they transition from naive to effector or memory cells (22). Overall
these findings indicate a decline in the fitness of ABCB10-deficient T cells over time in
vivo, and suggest that this observation may be linked to failure of T cells to undergo
metabolic adaptation.

Recent advances in CRISPR/Cas9 technologies enable efficient ablation of specific target
genes in primary lymphocytes using transfected ribonucleoproteins (17, 23, 24). We
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employed this system to acutely delete Abcbl10 in primary CD4* T cells. We observed
significant decreases in cytokine expression in response to secondary stimulation as
observed in conditional mice. CRISPR methods also allow for the rapid deployment of
Abch10 knockouts into genetically modified T cells, such as SMARTA transgenic T cells.
Using these cells allows for easy monitoring of their responses to LCMV. Using T cell
adoptive transfer and congenic markers, we showed that Abcb10 loss selectively depletes
antigen-specific T cell memory recall responses. These findings support those made using

a conditional Abcb10allele, and indicate that they are not due to development in an Abcbh10-
deficient environment.

We employed CRISPR/Cas9 methods to delete Abcb10/ABCBI10in malignant mouse EL4
and human Jurkat T cells. Abcb10-targeted EL4 cells showed a marked reduction in
proliferation, which limited our ability to establish deletion clones for further analysis.
However, we were able to establish ABCB10null Jurkat clones that proliferated normally.
We observed that upon in vitro stimulation, the loss of Abcb10 limited transcriptional
induction of both /L2and TAFa mRNA even more so than in nonmalignant T cells.
Mitochondrial functional analyses revealed significant limitations for the metabolic
remodeling known to occur upon T cell activation in the absence of ABCB10. Jurkat cells
have disrupted PI3K pathway signaling due to the loss of PTEN expression, which may
result in a persistent activated state (25). The potent effects of PI3K signaling on metabolism
may provide an explanation for the observation that Jurkat cells activated for extended
amounts of time (72hr) with anti-CD3/CD28 show an inability to increase glycolysis due to
exhaustion. It is also possible that Jurkat cells do not rely on an increase in glycolysis for
activation and cytokine production. Previous studies support that the blockage of OXPHOS
can induce the accumulation of TCA intermediates (reviewed in (26)). These intermediates
can then translocate to the cytosol, to cause changes in histone acetylation, as well as direct
actions on transcriptional regulators, to elevate cytokine expression. Thus, our findings
support that ABCB10 activity might be specifically needed to induce the accumulation of
TCA cycle intermediates to increase the expression of cytokines. Importantly, WT Jurkat
reduced OXPHOS upon stimulation, whereas the loss of ABCB10 prevented this reduction
in OXPHOS suggesting that ABCB10 loss alters mitochondrial metabolism. ABCB10
exports biliverdin to the cytosol, which results in increased bilirubin synthesis and decreased
OXPHOS in hepatocytes (11). Based upon these observations and our results in CD4* T
cells, we speculate that ABCB10 decreases OXPHOS by increasing bilirubin levels. Thus,
a lack of bilirubin synthesis stimulation after T cell activation due to loss of ABCB10 may
explain the observation that defects manifest subsequent but not prior to T cell activation.

In summary, our results show that ABCB10 is dispensable for T cell development

and activation, but required for expression of specific cytokines with the CD4* T cell
compartment. Further, loss of ABCB10 affects CD4* T cell memory formation and recall
responses and it is critical to metabolic reprogramming. The phenotypes tend to be more
dramatic in some malignant T cells, suggesting that ABCB10 may be a targetable node

to modulate T cell metabolism in malignant cells while sparing at least some baseline T
cell functions. Future studies will focus on determining the defects in memory formation in
CDA4* T cells in the absence of ABCB10.

J Immunol. Author manuscript; available in PMC 2023 January 15.
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Key Points:

ABCBI10null CD4 T but not CD8 T cells produce less IL-2 and TNFa upon
activation.

CD4*-specific loss of AbcbI0results in poor memory formation and recall
responses.

ABCBI10null Jurkat T cells do not switch to glycolysis upon activation.
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FIGURE 1.

Abcb10T cell conditional knockout results in normal resting T cell pools but defective
expression of select cytokines following stimulation of CD4* cells in vitro. (A) Total

RNA from purified total CD4* T cells from Abcb10™ and Abcb10™ CD4-Cre mice

was subjected to Abcb10RT-gPCR using TagMan primers. Expression levels are shown
relative to B-actin internal standard. Error bars depict +SEM. (n=3 biologic replicates). This
experiment was repeated once with similar results. (B) Mitochondrial were isolated from
Abcb10"f and Abcb10™7 CD4-Cre mouse T cells, a pool of n=3 from each genotype, and
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Abch10 and VDAC levels determined by Western blot. A representative blot is shown. The
arrowhead denotes the band that is lost in Abcb10™" CD4-Cre mouse T cells. (C) Total

T cells were purified with pan T cell purification Kit, cells were stimulated with a PMA/
lonomycin cell activation cocktail for 8 hr, and tested by flow cytometry for intracellular
IL-2, TNFa and IFNvy, gating on CD4* or CD8* (data not shown). The percentage of IL-2*,
TNFa* and IFNy™ of CD4" and CD8" T cells are summarized in bar graphs at right. Each
symbol represents a biological replicate (n=4). Error bars depict +SEM. (D) Abcb 10" and
Abcb10™ CD4-Cre mice were infected i.p. with 2x10° pfu LCMVA™, At peak response
(D8), splenic CD4* and CD8* were quantified by flow cytometry. Quantification of total
CD8*/CD4* and activated CD8*CD44*/CD4*/CD44™ are shown as bar graphs. Each symbol
represents a mouse (n=3-7 biologic replicates). (E) Total CD4* and CD8* numbers from
(D) were quantified. Each symbol represents a mouse (n=5-6 biologic replicates). Error bars
depict £SEM. (F) Splenocytes from mice in (D) were stained with MHCII-peptide (GPgg_77
DIYKGVYQFKSV) or MHCI-peptide (GP var C41M 33-41 KAVYNFATM) tetramers to
detect antigen-specific CD4* and CD8* T cells at D8 peak response. Total tetramer-positive
CD4* and CD8™ T cells per spleen are quantified at right. Each symbol represents one
mouse and error bars depict +SEM. (n=4-6 biologic replicates). (G) Total tetramer-positive
CD4" and CD8* numbers from (F) were quantified. Error bars depict £SEM. Each symbol
represents a mouse (n=5-6 biologic replicates). (H) Serum viral titers were measured at

D3, D5, D8 and D27 post-infection by plague assay. Titers from 5 (Abcb10%f and 6
(Abcb10™ CD4-Cre) mice were averaged and error bars depict +SEM.
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FIGURE 2.

Abcb10T cell conditional knockout results in reduced T cell recall response. (A-D) Three or
four mice in each group indicated were challenged with LCMV (Armstrong) and rested for
45 days, then challenge with Lm-GP 61 for 7 days. (A, C) CD4 and CD8 cell populations

of splenocytes at day 45 and day 45+7 were showed by flow. CD8*/CD4* T cells ratio

was summarized as bar graph on the right. (B, D) Splenocytes were used for MHCII or
MHCI tetramer staining for flow analysis. On the right side, MHCII tetramer + CD4*T

cells numbers and percentage, MHCI tetramer + CD8*T cells numbers are summarized as
bar graphs. Each symbol represents one mouse. Error bars depict £SEM. (n=3-4 biologic
replicates).
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FIGURE 3.
Loss of Abch10 affected IL-2 production after restimulation of previously activated primary

CDA4 T cells in vitro. (A) CD4 T cell purified from spleen of C57BL/6J were electroporated
with Non-specific RNP or Abcb10 CRISPR RNP and cells were sorted on ATTO550+
transfected cell on the following day. After 5 days of electroporation, total RNA was purified
for the Abcb10gPCR using TagMan primers. This experiment was repeated once with
similar results. (n=3 biologic replicates). (B) Cells indicated in A were stimulated with
anti-CD3/CD28 antibody for 2 days, cells washed with PBS and rested in culture medium
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for 8 days (Rested) or restimulated with anti-CD3/CD28 antibodies overnight after resting
(Restimulated). Immunofluorescent intracellularly staining for IL2 and IFNy cytokines was
performed and I1L2+ and IFN-y+ cells were gated and cell percentages were summarized

on the right. Each symbol represents a biological replicate (n=3). (C) Pan T cells were
purified from spleens of Abcb10™" and Abcb10™ CD4-Cre mice and treated same as

in B. IL-2, TNFa and IFN+y cytokines on CD4 and CD8 T cells were detected by flow.
Each symbol represents a biological replicate (n=3). (D) CD4 T cells purified from spleens
of Ly5.1/5.2 SMARTA mice and Ly5.1/5.1 SMARTA mice were electroporated with Non-
specific RNP or Abcb10 CRISPR RNP and live and ATTO550 positive cells were sorted
and the congenic marker different CD4 T cells were mixed at a 1:1 ratio. Before transferring
into C57BL/6J recipient mice, real cell ratio was measured with flow on day 0. On the
second day after transferring the recipient mice were infected with LCMV Armstrong at
2X10° pfu per mouse through ip injection. At day 8 peak response of LCMV infection

and day 42 days rechallenge the mice with LM-GP61 for 7 days, congenic marker Ly5.1
and Ly5.2 were showed by flow on CD4 + T cells. (E) The bar graph showed the ratio of
donor cells transfected with Abcb10 CRISPR RNP and non-specific CRISPR RNP. Each
symbol represents one mouse. (n=7-8 biologic replicates). (F) CD4 T cells were purified
from Ly5.1/5.2 Abcb10"" SMARTA and Ly5.2 Abcb1 " CD4-Cre SMARTA mice and
mixed at a 1:1 ratio and transferred into B6 Ly5.1 recipient mice with 20K for each cell.
Then the recipient mice were received LCMV infection and LM-GP61 re-challenge with the
same method as in (D). (G) Bar graph of the ratio of donor SMARTA CD4 T cells. Each
symbol represents one mouse. (n=4-5 biologic replicates).
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Loss of Abch10 in human Jurkat cells affected CD3/CD28-mediated activation. (A) EL4
mouse T cells were transduced with either control lentivirus (mCherry) or Abcb10-targeted

CRISPR/Ca9 lentivirus (GFP). 48 hr post transfection cells were sorted by flow cytometry
to obtain mCherry+ and GFP+ pools. Pools (1 x 102, time 0 hr) were grown in normal
growth medium for 48 hr and proliferation assessed. Error bars represent SEM (n=4 biologic

replicates). (B) Jurkat cells were transduced with either control lentivirus (mCherry) or
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for fluorescence and single cell seeded clones isolated and expanded. Mitochondria were
purified from control cells (C1) and ABCB10mutants clones Al and A3 and ABCB10 and
VDAC levels measured by Western blot. A representative blot is shown of three biologic
replicates. Western blots were quantified as describe in Materials and Methods. Error bars
represent SEM. (n>4 biologic replicates). (C) Cell proliferation was determined for C1, Al
and A3 cell lines at 0-96 hr. (n=4 biologic replicates). (D) C1, Al and A3 were incubated
with 25 pl/ml anti-CD3/CD28 for 72 hr (hatched bars) and IL-2 secretion measured by
ELISA. (n=3 biologic replicates). RNA was isolated from four biologic replicates of C1 and
A3 cells stimulated with CD3/CD28 for 72 hr and /L-2and ACTB transcripts determined
using RT-gPCR. (E). Transcripts levels for TAVFa and /NFG were determined from samples
asinD.
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Loss of ABCB10 resulted in altered metabolic activity in Jurkat cells. (A) Control C1
and ABCB10null A3 cells were incubated +/- anti-CD3/CD28 for 72 hr and then plated
onto Seahorse 96 well plates precoated with CellTek (Corning). Cells were centrifuge
onto plates at 1500 x g for 20 minutes and oxygen consumption (OCR) determined by
Seahorse as described in Materials and Methods. (B) External acidification (ECAR) was
determined on cells as in A. (C) Basal respiration, ATP-linked respiration, Proton leak,
Maximal respiratory capacity and Respiratory reserve were determined as described (27). A
representative analysis is shown. Error bars represent SEM of 12 biologic replicates.
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