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Abstract: Metabolic function plays a key role in immune cell activation, destruction of foreign
pathogens, and memory cell generation. As T cells are activated, their metabolic profile is significantly
changed due to signaling cascades mediated by the T cell receptor (TCR) and co-receptors found
on their surface. CD5 is a T cell co-receptor that regulates thymocyte selection and peripheral
T cell activation. The removal of CD5 enhances T cell activation and proliferation, but how this
is accomplished is not well understood. We examined how CD5 specifically affects CD4+ T cell
metabolic function and systemic metabolome by analyzing serum and T cell metabolites from CD5WT
and CD5KO mice. We found that CD5 removal depletes certain serum metabolites, and CD5KO T
cells have higher levels of several metabolites. Transcriptomic analysis identified several upregulated
metabolic genes in CD5KO T cells. Bioinformatic analysis identified glycolysis and the TCA cycle as
metabolic pathways promoted by CD5 removal. Functional metabolic analysis demonstrated that
CD5KO T cells have higher oxygen consumption rates (OCR) and higher extracellular acidification
rates (ECAR). Together, these findings suggest that the loss of CD5 is linked to CD4+ T cell metabolism
changes in metabolic gene expression and metabolite concentration.

Keywords: T cell co-receptor; CD5; T cell metabolism; metabolomics; helper T cell; RNA-Seq;
bioinformatics

1. Introduction

CD4+ helper T cells (Th) are a vital component of the immune system responsible for
directing other immune cells to eliminate pathogens and cancer [1–3]. Specifically, Th cells
facilitate CD8+ killer T cell recruitment and enhance killer T cell function against cancer
and infectious diseases [4,5]. Th cells also activate B cells via cytokines, which provide
antibodies that can target cells and foreign pathogens for destruction. Th cells are a valuable
resource for improving killer T cell response in cancer treatment and have become a focus
of immunotherapeutic research [6]. While it is increasingly clear that helper T cells serve an
important role, the exact details about which entities produce an effective Th cell response
remain unclear.

During an immune response, activated T cells undergo metabolic changes by tran-
sitioning from mitochondrial respiration to glycolysis. This significant metabolic shift
affects T cell activation, proliferation, and function [7–9]. Naïve T cells remain relatively
quiescent and rely predominantly on mitochondrial respiration to meet basal metabolic
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needs [10,11]. As T cells become activated, the glycolytic switch causes ATP to be less
efficiently produced; however, critical intermediates are produced via glycolysis, such as
the pentose phosphate pathway that provides ribose for cellular growth [10,12]. T cell
activation requires signals mediated by the T cell receptor (TCR) and co-receptors on the T
cell membrane [13,14]. These signaling proteins determine the magnitude of the glycolytic
switch and affect gene expression, controlling cell proliferation and cytokine production,
all of which are required for a strong immune response [15–17]. Co-receptors on the sur-
face of T cells also play a vital role in T cell activation by regulating the T cell response
through stimulation or inhibition [18]. Co-receptors such as PD-1 and CTLA-4 inhibit the
TCR-peptide-MHC signal, making them instrumental targets for antibody-blockade cancer
immunotherapies [19–21]. The removal of PD-1 alters T cell metabolism, which also results
in altered systemic metabolite levels and potential consequences, such as altered animal
behavior [8,22]. Together, this suggests that T cell co-receptor signaling not only changes T
cell function but can also result in significant changes outside the immune system.

CD5 is a T cell co-receptor that negatively regulates T cell activation during T cell de-
velopment in the thymus. It belongs to the group B scavenger-receptor cysteine-rich (SRCR)
superfamily and is associated with the TCR/CD3 complex [23,24]. CD5 expression levels
correlate with the strength of the signal between the TCR-self-pMHC and help fine-tune the
TCR repertoire by altering TCR signaling strength during the selection process in the thy-
mus [25,26]. Evidence suggests that CD5 can bind to CD5 on other cells, CD5 ligand (CD5L)
that is transiently found on activated splenocytes, and CD72 found on B cells [27–29]. CD5
appears to regulate T cell signaling by recruiting a signaling complex composed of adaptor
proteins, as well as positive and negative regulators of TCR signaling [30]. This is initiated
by phosphorylation of residue 429 on CD5, which serves as a docking station for these
adaptor proteins and leads to context-dependent positive or negative TCR signals [30–32].
CD5 has been shown to alter basal NF-κB signaling based on self-peptide-induced TCR
signaling strength [33]. CD5-deficient T cells and anti-CD5 antibodies have been shown
to increase T cell proliferation, cytokine production, activation-induced cell death (AICD),
and modulate calcium mobilization [19,26,34]. These inhibitory functions often cause or
result in changes to T cell metabolism, suggesting that CD5 may play a role in regulating
metabolism and, like PD-1 and CTLA-4, be a potential immunotherapeutic target.

Here, we investigated whether the removal of CD5 alters T cell metabolic function and
potential systemic consequences. We measured serum and Th cell metabolomics in CD5
wild type (CD5WT) and CD5 knockout mice (CD5KO). We found that certain metabolites
were reduced in the serum of CD5KO mice and were increased inside CD5KO T cells.
Specifically, we observed that several metabolites important for glycolysis and mitochon-
drial respiration were upregulated in CD5KO Th cells. We performed RNA-Seq on CD5WT
and CD5KO Th cells and identified 1442 genes that were differentially expressed. We
found 774 differentially expressed genes in CD5KO Th cells involved in metabolic function,
including genes for five metabolite transporters. Bioinformatic analysis of metabolomic
and RNA-Seq data revealed that CD5 might promote specific metabolic pathways, which
consequently affects metabolite concentration and usage. We tested the metabolic func-
tion of CD5WT and CD5KO Th cells and found that the removal of CD5 promoted T cell
metabolic function by increasing their glycolytic rate and mitochondrial spare respiratory
capacity. Together, these findings suggest that the loss of CD5 is linked to Th cell metabolic
changes on a transcriptional level and has systemic metabolic consequences.

2. Materials and Methods
2.1. Mice

C57BL/6 mice (CD5WT) and C57BL/6 mice deficient in CD5 (CD5KO) were used
in this study and housed in a pathogen-free facility and fed Purina Rodent Chow #5001
(LabDiet, St. Louis, MO, USA). T cells for these assays were acquired from mice aged
7–12 weeks old. Mice were euthanized before spleen removal. All animal studies were
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approved by and performed in accordance with the BYU Institutional Animal Care and
Use Committee (protocol numbers 21-0308 and 18-0708).

2.2. T Cell Isolation

Spleens were isolated from CD5WT and CD5KO mice and homogenized into a single
cell suspension. Unstimulated CD4+ T cells were selected using positive selection CD4+
(L3T4) microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany; kit #130-117-043) accord-
ing to manufacturer instructions. Naïve CD4+ T cells were isolated using the Naïve CD4+
T cell kit (Miltenyi Biotec, Bergisch Gladbach, Germany; kit #130-104-453) according to
manufacturer instructions.

2.3. Serum and T Cell Metabolomics

T cells were isolated as described above, centrifuged, and media removed, then flash-
frozen and stored at −80 ◦C. Approximately 3 × 106–5 × 106 T cells were used in each
sample (each derived from a single mouse), and cell count was reported so experiments
could be adjusted accordingly. Blood (150–200 µL) was collected from CD5WT and CD5KO
mice and allowed to coagulate at room temperature for 30 min, followed by centrifugation
for ten minutes at 4 ◦C. Serum was aliquoted into 50 µL and stored at −80 ◦C.

Cold 90% methanol (MeOH) solution was added to each sample to give a final con-
centration of 80% MeOH for each cell pellet. Samples were then incubated at −20 ◦C for
1 h. After incubation, the samples were centrifuged at 20,000× g for 10 min at 4 ◦C. The
supernatant was then transferred from each sample tube into a labeled, fresh microcen-
trifuge tube. Pooled quality control samples were made by removing a fraction of collected
supernatant from each sample, and process blanks were made using only extraction solvent
and no cell culture. The samples were then dried en vacuo.

All GC-MS analyses were performed with an Agilent 7200 GC-QTOF and an Agilent
7693A automatic liquid sampler (Agilent Technologies, Santa Clara, CA, USA). Dried
samples were suspended in 40 µL of a 40 mg/mL O-methoxylamine hydrochloride (MOX)
(MP Biomedicals, Irvine, CA, USA; #155405) in dry pyridine (MilliporeSigma, Burlington,
MA, USA; #PX2012-7) and incubated for one hour at 37 ◦C in a sand bath. Twenty-
five microliters of this solution were added to autosampler vials; 60 µL of N-methyl-N-
trimethylsilyltrifluoracetamide (MSTFA with 1% TMCS, Thermo Fisher Scientific, Waltham,
MA, USA; #TS48913) were added automatically via the autosampler and incubated for
30 min at 37 ◦C. After incubation, samples were vortexed, and 1 µL of the prepared sample
was injected into the gas chromatograph inlet in the split mode with the inlet temperature
held at 250 ◦C. A 5:1 split ratio was used for analysis for most metabolites. Any metabolites
that saturated the instrument at the 5:1 split were analyzed at a 50:1 split ratio. The gas
chromatograph had an initial temperature of 60 ◦C for one minute, followed by a 10 ◦C/min
ramp to 325 ◦C and a hold time of 10 min. A 30 m Agilent Zorbax DB-5MS with a 10 m
Duraguard capillary column was employed for chromatographic separation. Helium was
used as the carrier gas at a rate of 1 mL/min. Below is a description of the two-step
derivatization process used to convert non-volatile metabolites to a volatile form amenable
to GC-MS. Data was collected using MassHunter software (Agilent Technologies, Santa
Clara, CA, USA).

For metabolomics analysis, metabolites were identified, and their peak area was
recorded using MassHunter Quant. This data was transferred to an Excel spreadsheet
(Microsoft, Redmond, WA, USA). The Metabolite identity was established using a com-
bination of an in-house metabolite library at the University of Utah. The Metabolomics
Core was developed using pure pre-purchased standards, the NIST library, and the Fiehn
library. Analysis was performed using MetaboAnalyst (www.metaboanalyst.ca, accessed
on 1 March 2022) with the following parameters: samples were analyzed based on peak
intensity, normalized by sum, log transformation, and Pareto scaling. Altered metabolites
were identified using a p-value below 0.05 and a fold change of 1.5 [35]. MetaboAnalyst
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was also used to perform pathway analysis using the metabolites upregulated in CD5KO T
cells and downregulated in CD5KO serum as input.

2.4. RNA-Seq and qPCR

Three CD5WT and three CD5KO RNA samples (each derived from a single mouse)
were isolated for CD4+ T cells. After T cell isolation, cells were centrifuged, supernatant
removed, flash-frozen in liquid nitrogen, and stored at −80 ◦C. Each sample had less than
1 × 107 T cells; the smallest number of cells used was 1 × 106 T cells. Total RNA was isolated
using the RNeasy Mini Kit (Qiagen, Hilden, Germany) and sequenced at the University
of Colorado at the Genetics Microarray Core. Cell number and RNA concentration were
reported to the University of Colorado so that experimental adjustments could be made
accordingly. RNA-Seq data were analyzed using the BYU high-performance computing
environment and processed using the ARMOR Snakemake-based automated workflow
within a dedicated Conda environment [36]. The Database for Annotation, Visualization,
and Integrated Discovery (DAVID) was used to categorize genes and perform pathway
analysis. qPCR primers were designed to amplify 21 metabolic genes (Table S1). Beta-actin
was used as an internal control. RNA for qPCR was isolated using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) and converted to cDNA using the High-Capacity RNA-to-
cDNA Kit (Applied Biosystems, Waltham, MA, USA). qPCR was performed using the
Power SYBRTM Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) on
the StepOnePlus thermocycler (Applied Biosystems, Waltham, MA, USA). Conditions were
as follows: 50 ◦C for 2 min, 95 ◦C for 10 min, 40 cycles of 95 ◦C for 15 s followed by 60 ◦C
for 1 min, and melt curve analysis at 95 ◦C for 15 s, 60 ◦C for 15 s, and 95 ◦C for 15 s. ∆∆Cт
values were calculated using the StepOne software v2.3 (Applied Biosystems, Waltham,
MA, USA).

2.5. T Cell Metabolic Assays

The extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were
measured using an Extracellular Flux Analyzer XFp (Agilent Technologies, Santa Clara,
CA, USA). Seahorse XF RPMI Base Medium (Agilent Technologies, Santa Clara, CA, USA;
Cat#103336-100) replaced culture media; 200,000 T cells were seeded onto a Poly-D-Lysine
(Gibco, Waltham, MA, USA; #A3890401) coated Seahorse 8-well plate and pre-incubated
at 37 ◦C for 60 min in the absence of CO2. To measure mitochondrial respiration and
glycolysis, we used the XFp Mito Stress Test kit (Agilent Technologies, Santa Clara, CA,
USA; #103010-100). Cells were resuspended in XF assay media supplemented with 25 mM
glucose, 2 mM L-glutamine, and 1 mM sodium pyruvate. The OCR rate (pmoles/min) and
ECAR (mpH/min) were measured at baseline and in response to 1 µM oligomycin, 1.5 µM
fluorocarbonyl cyanide phenylhydrazone (FCCP), and 0.5 µM rotenone/antimycin A. All
chemicals were purchased from Seahorse Bioscience (Agilent Technologies, Santa Clara,
CA, USA). Cell counts between wild type and knockout T cells acquired by an Olympus
automated cell counter were used to normalize the data. Calculations for individual
parameters represent the average of individuals for each assay group. Error bars were
calculated based on the individual well calculation for each parameter.

2.6. Flow Cytometry

2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG) (Cayman
Chemical Company, Ann Arbor, MI, USA; #11046) glucose uptake was measured using
flow cytometry. Briefly, 500,000 CD4+ T cells were incubated with 2-NBDG for 20 min at
37 ◦C, 5% CO2 in R10 media consisting of 1640 RPMI, 10% fetal bovine serum (Hyclone
Laboratories Inc., Logan, UT, USA), 1% Glutamax (Gibco), and 0.5% gentamycin (Life
Technologies, Waltham, MA, USA). Fifty thousand events were recorded using the BD
Accuri flow cytometer. Mitochondrial mass and membrane potential were measured using
MitoTracker Green (Thermo Fisher Scientific, Waltham, MA, USA) and MitoProbe DilC1(5)
(Thermo Fisher Scientific, Waltham, MA, USA), respectively, and stained according to the
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manufacturer’s instructions. Propidium Iodide (PI) was used to gate out dead cells. T
cells (5 × 106 CD4+) were isolated, and 50,000 events were recorded using the BD Accuri
flow cytometer. FlowJo was used to analyze the data and calculate the mean fluorescence
intensity (MFI).

To measure activation state, 500,000 CD4+ T cells were labeled with the following panel:
anti-mouse CD4 FITC (eBioscience, Waltham, MA, USA; clone GK1.5), anti-mouse/human
CD44 APC (Biolegend, San Diego, CA, USA; clone IM7), and anti-mouse CD62L PE
(Miltenyi Biotec, Bergisch Gladbach, Germany). To measure subset polarization, 500,000
CD4+ T cells were labeled with the following panel: anti-mouse CD4 FITC (eBioscience,
clone GK1.5) and anti-mouse CD25 (eBioscience, clone PC61.5). Fifty thousand events were
recorded using the Beckman-Coulter Cytoflex flow cytometer.

2.7. Statistical Analysis

Statistical analyses were performed in Graphpad PRISM version 7.0 (San Diego, CA,
USA). Analyses included unpaired Student’s t-test (metabolomics), paired t-test (functional
metabolic assays), or analysis of variance (ANOVA) for metabolomics.

3. Results
3.1. Removal of CD5 Decreases Serum Amino Acid Levels in CD5KO Mice

We wanted to quantify any changes in metabolite concentration in the serum of wild-
type and CD5 knockout mice. To do so, we performed non-targeted GC-MS of the serum
metabolome of CD5WT and CD5KO mice. Subsequent data analysis revealed the detection
of 125 different metabolites in the serum comprised of amino acids, fatty acids, sugars,
nucleic acid products, and glycolysis/TCA cycle products (Figure 1A).

Of the 125 metabolites detected, 65 were confirmed after calculating the coefficient
of variance to determine each metabolite’s reliability (Figure 1B). Partial least-squares
discriminant analysis (PLS-DA) demonstrated that the serum metabolome of CD5KO
mice was considerably different in comparison to CD5WT mice (Figure 1C). Heatmap
analysis of the top 25 deregulated metabolites (as determined by t-test and ANOVA)
also indicated clear differences in the serum metabolome composition between CD5WT
and CD5KO mice (Figure 1D). To determine metabolite enrichment between groups, we
analyzed which metabolites had a fold change > ±1.5 or a p-value < 0.05 (Figure 1E).
Of these metabolites, 15 metabolites had lower concentrations in CD5KO serum, while
12 had higher concentrations in CD5KO serum. A volcano plot analysis determined
which metabolites met both requirements of fold change and p-value (Figure 1F). The
volcano plot analysis identified 10 metabolites that had both a 1.5-fold change and a
p-value below 0.05 (Figure 1G). Of these metabolites, six had lower concentrations in
CD5KO serum (L-glutamic acid, L-aspartic acid, L-phenylalanine, glycine, L-serine, and
pyroglutamic acid), while four had higher concentrations in CD5KO serum (hypoxanthine,
3-hydroxybutyric acid, gluconic acid, and inosine). Together, these results suggest that CD5
systemically affects the serum metabolome.
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Figure 1. The serum metabolome of CD5KO mice is significantly different than CD5WT mice. Serum 
metabolites were measured using GC-MS and characterized using MassHunter software (Agilent) 
and analyzed with the MetaboAnalyst software tool. Samples were normalized to assume a Gauss-
ian distribution (n = 3). (A) One hundred twenty-five different metabolites were measured, com-
prising 37 amino acids, 31 fatty acids, 15 sugars, 14 nucleic acids and byproducts, and 18 metabolites 
involved in glycolysis or the TCA cycle. (B) Reliability of metabolites was measured using the coef-
ficient of variance and revealed 65 reliable metabolites. (C) Partial least-squares discriminant anal-
ysis of CD5WT and CD5KO serum metabolome. (D) Heat map representing the 25 metabolites with 
the greatest relative intensity between three samples of CD5WT and CD5KO mice, as determined 
by student t-tests. Blue indicates lower metabolite concentrations, while red indicates higher meta-
bolic concentrations. (E) Twenty-seven metabolites were substantially different, either by fold 
change (±1.5) or p-value (<0.05). Of these 27 metabolites, 15 metabolites were diminished in CD5KO 
serum, while 12 metabolites were increased in CD5KO serum. Ten metabolites that were not statis-
tically different (p > 0.05) had a fold change of ± 1.5 (L-lysine, ornithine, 2-hydroxybenzoic acid, uric 

Figure 1. The serum metabolome of CD5KO mice is significantly different than CD5WT mice. Serum
metabolites were measured using GC-MS and characterized using MassHunter software (Agilent)
and analyzed with the MetaboAnalyst software tool. Samples were normalized to assume a Gaussian
distribution (n = 3). (A) One hundred twenty-five different metabolites were measured, comprising
37 amino acids, 31 fatty acids, 15 sugars, 14 nucleic acids and byproducts, and 18 metabolites involved
in glycolysis or the TCA cycle. (B) Reliability of metabolites was measured using the coefficient
of variance and revealed 65 reliable metabolites. (C) Partial least-squares discriminant analysis of
CD5WT and CD5KO serum metabolome. (D) Heat map representing the 25 metabolites with the
greatest relative intensity between three samples of CD5WT and CD5KO mice, as determined by
student t-tests. Blue indicates lower metabolite concentrations, while red indicates higher metabolic
concentrations. (E) Twenty-seven metabolites were substantially different, either by fold change (±1.5)
or p-value (<0.05). Of these 27 metabolites, 15 metabolites were diminished in CD5KO serum, while
12 metabolites were increased in CD5KO serum. Ten metabolites that were not statistically different
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(p > 0.05) had a fold change of ±1.5 (L-lysine, ornithine, 2-hydroxybenzoic acid, uric acid, uracil, L-
proline, L-alanine, D-mannose, palmitoleic acid, and D-fructose). Eight metabolites were significantly
different (p ≤ 0.05) but not 1.5-fold different (nonanoic acid, myo-inositol, benzoic acid, fumaric acid,
D-malic acid, capric acid, and urea). (F) Volcano graph highlighting significant metabolites based on
p-value (y-axis) and fold change (x-axis) on a logarithmic scale. Parameters for significance in the
Volcano graph were set at a p-value < 0.05 and a fold change of ±1.5 or higher. (G) Analysis identified
ten metabolites that are significantly different between CD5WT and CD5KO mouse serum. Of these
ten metabolites, six metabolites (L-glutamic acid, L-aspartic acid, glycine, L-serine, pyroglutamic
acid, and L-phenylalanine) were significantly decreased in the serum of CD5KO mice in comparison
to CD5WT. Four metabolites (Hypoxanthine, 3-hydroxybutric acid, gluconic acid, and inosine) were
significantly increased in the serum of CD5KO mice in comparison to CD5WT. Metabolites with a
negative fold change were lower in CD5KO serum, while metabolites with a positive fold change
were higher in CD5KO serum.

3.2. CD5KO Th Cells Have Elevated Levels of Many Metabolites

To determine whether serum metabolome differences were reflective of the metabolome
in unstimulated Th cells, we performed non-targeted GC-MS on T cells from CD5WT and
CD5KO mice. Data analysis revealed that 108 different metabolites were detected in Th
cells (Figure 2A).

Of the 108 metabolites detected, 60 were confirmed after calculating the coefficient
of variance to determine each metabolite’s reliability (Figure 2B). Partial least-squares dis-
criminant analysis (PLS-DA) demonstrated that the T cell metabolome of CD5KO mice was
considerably different from CD5WT mice (Figure 2C). Heatmap analysis of the top 25 dereg-
ulated metabolites (as determined by t-test and ANOVA) also indicated that CD5KO T
cells had higher levels of several metabolites (Figure 2D). To determine metabolite enrich-
ment between groups, we analyzed which metabolites had a fold change greater than
±1.5 or a p-value ≤ 0.05. This analysis revealed 44 metabolites that had a substantial fold
change and/or a p-value below 0.05 (Figure 2E). Of these metabolites, 30 metabolites had
higher concentrations in CD5KO T cells, while 14 had lower concentrations in CD5KO
T cells. Twenty-nine metabolites had both a ±1.5-fold change and a p-value below 0.05
and included nine amino acids (Figure 2F), seven fatty acids (Figure 2G), and thirteen
other metabolites (Figure 2H), many of which are important metabolites in glycolysis and
the TCA cycle. Of the nine significantly different amino acids, eight had higher concen-
trations in CD5KO T cells (L-glutamic acid, L-phenylalanine, L-aspartic acid, asparagine,
2-aminoadipic acid, L-threonine, L-proline, and ornithine), while one (taurine) was lower
in CD5KO T cells. Of the seven significantly different fatty acids, two had higher concen-
trations in CD5KO T cells (O-phosphoethanolamine and glycerol-3 phosphate), while five
had lower concentrations in CD5KO T cells (lauric acid, nonanoic acid, 1-monomyristin,
1-palmitoylglycerol, and 1-steroylglycerol), illustrating that fatty acid oxidation may be
lower in CD5KO T cells. Of the thirteen other significant metabolites, two had lower con-
centrations in CD5KO T cells (phosphate and oxalic acid). The other eleven metabolites that
had higher concentrations in CD5KO T cells included fumaric acid, uracil, nicotinamide,
glucose-6-phosphate, citric acid, ribitol, D-glucose, hypoxanthine, 3-hydroxybutric acid,
D-malic acid, and myo-inositol.
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Figure 2. Increased intracellular metabolites were found in CD5KO unstimulated Th cells. T cell
metabolites were measured using GC-MS and characterized using MassHunter software (Agilent)
and analyzed with the MetaboAnalyst software tool. Samples were normalized to assume a Gaussian
distribution (n = 4). (A) Metabolites measured (n = 108), comprising 33 amino acids, 26 fatty acids,
14 sugars, 12 nucleic acids and byproducts, and 16 metabolites involved in glycolysis or the TCA
cycle. (B) Reliability of metabolites was measured using the coefficient of variance and revealed
60 reliable metabolites. (C) Partial least-squares discriminant analysis of CD5WT and CD5KO T
cell metabolome. (D) Heat map representing the 25 metabolites with the greatest relative intensity
between four samples of CD5WT and CD5KO T cells, as determined by student t-tests. Blue indicates
lower metabolite concentrations, while red indicates higher metabolic concentrations. (E) Forty-
four metabolites were significantly different, either by fold change (±1.5) or p-value (<0.05); thirty
metabolites were upregulated in CD5KO T cells, while fourteen metabolites were downregulated in
CD5KO T cells. (F–H) Twenty-nine metabolites were statistically different in both fold change (±1.5)
and p-value (<0.05). This included (F) nine amino acids (eight upregulated and one downregulated),
(G) seven fatty acids (two upregulated and five downregulated), and (H) thirteen other metabolites
(eleven upregulated and two downregulated). Metabolites with a negative fold change were lower in
CD5KO T cells, while metabolites with a positive fold change were higher in CD5KO T cells.
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3.3. RNA-Seq Identified Several Genes Involved in Metabolism That Are Upregulated in CD5KO
Th Cells

To understand how the loss of CD5 is linked to metabolic gene expression in unstimu-
lated Th cells, we performed RNA-sequencing to analyze the transcriptome of CD5WT and
CD5KO Th cells. Of the 13,977 genes identified, 1442 genes were shown to be differentially
expressed in CD5WT and CD5KO Th cells (Figure 3A).Biomedicines 2022, 10, x FOR PEER REVIEW 10 of 25 

 

 

 
Figure 3. RNA-Seq illustrated several metabolic genes that may be regulated by CD5 in unstimu-
lated Th cells. (A) Volcano plot illustrating differentially expressed genes. Of the 1442 differentially 
expressed genes, we identified 936 genes that were upregulated in CD5KO T cells, while 506 genes 
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were downregulated in CD5KO T cells (bar graph). (B) Using the Functional Annotation Tool in
DAVID, all differentially expressed genes were mapped into broad categories, 14 of which were
statistically significant (Benjamini value < 0.05). Three categories of interest are highlighted in red
text. (C–E) Genes were classified into three metabolic categories: glycolysis, fatty acid oxidation,
and amino acid metabolism. Transcripts with a negative fold change had decreased expression in
CD5KO T cells, while transcripts with a positive fold change had higher expression in CD5KO T cells.
(C) Of the eleven transcripts assigned to glycolysis, nine were upregulated in CD5KO T cells and
two were downregulated. (D) Of the seven transcripts assigned to fatty acid oxidation, four were
upregulated in CD5KO T cells and three were downregulated. (E) Of the ten transcripts assigned
to amino acid metabolism, nine were upregulated in CD5KO T cells and one was downregulated.
(F) Five metabolite transporters were significantly upregulated in CD5KO T cells: Slc1a4 (ASCT1),
Slc5a3 (SMIT), Slc7a10 (ASC1), Slc43a1 (LAT3), and Slc25a13 (CITRIN). Log2 fold change (FC) is
shown next to each transporter.

Of those 1442 genes, 936 genes were upregulated in CD5KO Th cells, while 506 genes
were downregulated in CD5KO Th cells. Using the Functional Annotation Tool on DAVID,
all genes were organized into different functional categories (Figure 3B). Of the 14 pathways
listed, three categories were of interest: signaling, metabolic process, and immune system
process. Of the 774 genes in the metabolic process category, 501 genes were upregulated in
CD5KO Th cells. Of these genes, we categorized metabolic genes of interest into three cate-
gories: glycolysis, fatty acid oxidation, and amino acid metabolism (Figure 3C–E, Table S2).
Of the eleven transcripts assigned to glycolysis, nine (ENO1b, GAPDH, GALM, PDK3,
TPI1, PGAM1, GCG, PGK1, and ALDOC) were upregulated in CD5KO T cells. Of the seven
transcripts assigned to fatty acid oxidation, four (ECHDC2, DECR1, PPA1, and ACLY) were
upregulated in CD5KO T cells, while three transcripts (ACSF2, ACSS1, and ACSS2) were
downregulated in CD5KO T cells. Of the ten transcripts assigned to amino acid metabolism,
nine (ODC1, ASNS, BCAT1, GSTT3, GOT1, GOT2, FAH, GLDC, and SCCPDH) were up-
regulated in CD5KO T cells. In addition, five metabolite transporters were significantly
upregulated in CD5KO Th cells (Figure 3F). Four metabolite transporters are expressed
on the cell surface—SLC1a4 (glutamate/neutral amino acid), SLC5a3 (inositol), SLC7a10
(D-serine/neutral amino acid), and SLC43a1 (phenylalanine/large neutral amino acid).
One is expressed on the mitochondrial surface—SLC25a13 (glutamate). All the transporters
in metabolites that we found were elevated in CD5KO Th cells (Figure 2F) or depleted in
CD5KO serum (Figure 1G). These results suggest that CD5 is linked to Th cell metabolism
changes through the transcriptional expression of metabolic genes and transporters.

3.4. Metabolomic and Transcriptomic Pathway Analysis Revealed That CD5 May Be Linked to
Specific Metabolic Pathways

To determine if the loss of CD5 involves specific metabolic pathways on a metabolomic
and/or transcriptomic level, we performed bioinformatic analysis of all significant metabo-
lites using MetaboAnalyst 5.0 (www.metaboanalyst.ca, accessed on 1 March 2022). We
included metabolites that are decreased in CD5KO serum, given that intracellular metabo-
lite increase may be caused by metabolite removal from the serum [22]. Using the Path-
way Analysis tool, we found eight pathways that were statistically significant with a
p-value < 0.05 (Figure 4A,B).

www.metaboanalyst.ca
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Figure 4. Bioinformatic pathway analysis demonstrated that CD5 affects important metabolic
pathways in unstimulated Th cells. (A–E) Pathway analysis was performed using MetaboAnalyst 5.0
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to determine pathway impact and significance based on our metabolomics data. (A) Significant
pathways were plotted against p-value (−log10) and pathway impact factor. (B) Eight pathways were
statistically significant by p-value (<0.05), while four pathways were statistically significant by false
discovery rate (FDR, <0.05). (C–E) Based on FDR significance, we selected and mapped the top three
pathways using KEGG as reference. Metabolites highlighted in orange represent metabolites that
were decreased in CD5KO T cells or higher in CD5KO mouse serum, metabolites highlighted in
green represent metabolites that were increased in CD5KO T cells or lower in CD5KO mouse serum,
and metabolites highlighted in blue represent intermediate metabolites. (C) In the aminoacyl-tRNA
biosynthesis pathway, 13 significant metabolites were involved. (D) In the arginine biosynthesis
pathway, five significant metabolites were linked to this pathway. (E) In the alanine, aspartate,
and glutamine metabolism pathway, five significant metabolites were included (glutamate, citrate,
fumarate, aspartate, and asparagine). (F,G) DAVID was used to analyze pathway enrichment based
on our RNA-Seq data. Sixteen KEGG pathways were statistically significant. Of these 16 pathways,
we focused on three pathways directly involved in metabolism (biosynthesis of amino acids, gly-
colysis/gluconeogenesis, and carbon metabolism). Based on these three pathways, we combined
our metabolomic and RNA-Seq data to demonstrate metabolite and gene involvement in glycolysis
(F) and the TCA cycle (G). Metabolites highlighted in orange represent metabolites downregulated
in CD5KO T cells, metabolites highlighted in green represent metabolites upregulated in CD5KO
T cells or downregulated in CD5KO mouse serum, and metabolites highlighted in blue represent
intermediate metabolites. Metabolic enzymes that were significantly upregulated in CD5KO T cells
are highlighted in yellow. Bright blue boxes indicate upregulated metabolite transporters in CD5KO
T cells. Dark blue boxes indicate other pathways that may be involved.

Of these eight pathways, four were statistically significant with an FDR < 0.05 (Figure 4B).
Given these results, we analyzed the top three metabolic pathways and mapped where
our significant metabolites were involved in these pathways using KEGG as the refer-
ence. The top three pathways included the alanine, aspartate, and glutamate pathway,
the arginine biosynthesis pathway, and the aminoacyl-tRNA biosynthesis pathway. In the
aminoacyl-tRNA biosynthesis pathway, we found ten upregulated metabolites and three
downregulated metabolites that could be used for tRNA synthesis (Figure 4C). This sug-
gests that CD5 may be linked to DNA translation and amino acid sensing. In the arginine
biosynthesis pathway, four upregulated metabolites were involved: ornithine, glutamate,
aspartate, and fumarate (Figure 4D). Four of these metabolites feed directly into the urea
cycle (ornithine and aspartate) or are a byproduct (fumarate and urea) of the urea cycle.
Glutamate affects the urea cycle more indirectly as it is used to produce ammonia, from
which is formed L-citrulline, which enters the urea cycle. In the alanine, aspartate, and
glutamate pathway, upregulated metabolites included aspartate, L-asparagine, fumarate,
and glutamate (Figure 4E). Interestingly, four of the five metabolites feed into the TCA cycle.
These results suggest that CD5 may be linked to metabolic pathways that are significant for
T cell activation and function.

We also desired to determine whether our RNA-Seq data could help us understand
how CD5 may be linked to metabolism on a transcriptomic level. To do this, we used the
Functional Annotation Tool in DAVID to map pathways involved with significant genes
from our RNA-Seq data. Sixteen pathways were statistically significant (Table S3). Of
these 16 pathways, three were directly involved with metabolism: biosynthesis of amino
acids, carbon metabolism, and glycolysis/gluconeogenesis. Using KEGG as a reference, we
found that many of the upregulated genes were involved in glycolysis and mitochondrial
respiration. In glycolysis, eight genes for glycolytic enzymes were upregulated (Figure 4F).
Interestingly, every enzyme involved in the conversion of fructose-1-6-bisphosphate to
phosphoenolpyruvate was upregulated in CD5KO Th cells. We also found that the enzyme
that converts galactose to glucose-6-phosphate (galactose mutarotase) was upregulated.
Of genes involved in mitochondrial respiration or amino acid metabolism, six genes were
upregulated (Figure 4G). Glutamic-oxaloacetic transaminase 1 and 2 (GOT1 and GOT2) are
primarily responsible for the reversible conversion of glutamate to aspartate, glutamate to α-
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ketoglutarate, and aspartate to oxaloacetate; together, this is known as the malate-aspartate
shuttle [37]. Given that we saw an upregulation of aspartate, glutamate, and malate
in CD5KO Th cells, this suggests that CD5 may influence the malate-aspartate shuttle
on a transcriptomic level. We also saw an upregulation of branched-chain amino acid
transaminase 1 (BCAT1), which converts leucine, isoleucine, and valine into substrates that
produce glutamate as a byproduct. Interestingly, we saw decreased amounts of isoleucine
and valine in CD5KO T cells (Figure 2E), suggesting that increased transcription of BCAT1
may provide increased amounts of glutamate available for use in CD5KO CD4+ T cell
metabolism. We also saw an upregulation in succinate dehydrogenase complex iron sulfur
subunit B (SDHB), which is a subunit of succinate dehydrogenase that converts succinate
to fumarate and is part of Complex II in the electron transport chain [38]. We also saw
an upregulation of the aldehyde dehydrogenase 7 family member A1 gene (ALDH7A1),
which converts acetaldehyde to acetate, which can be converted to acetyl-CoA and be used
in the TCA cycle. Together, this pathway analysis suggests that the loss of CD5 is linked to
metabolic gene expression, which, in turn, may modulate metabolite availability.

3.5. Quantitative PCR Validates That CD5 Removal Is Linked to Transcriptional Upregulation of
Metabolic Genes

To validate the results of our RNA-Seq data, we performed quantitative PCR to
calculate the expression of metabolism-related genes between CD5WT and CD5KO unstim-
ulated Th cells. We analyzed 21 candidate genes based on our RNA-Seq and bioinformatic
pathway data analysis (Figure 5).

Of the 21 metabolic genes measured, only 4 genes (Eno1b, Pgk1, Sdhb, and GOT2) did
not conclusively show substantially higher fold change in CD5KO T cells in comparison to
CD5WT. Interestingly, of the nine genes involved in glycolysis (Figure 5A), GCG (glucagon)
had the highest fold change and corresponded to our RNA-Seq data (Figure 5D). Many
of the significant genes involved in glycolysis were validated (ALDOA, ALDOC, GALM,
GAPDH, PGAM1, and TPI1), indicating that CD5 plays a transcriptional role in regulating
unstimulated Th cell glycolysis (Figure 4F). Of the seven genes involved in amino acid
metabolism or the TCA cycle (Figure 5B), ASNS (asparagine synthetase) had the highest
fold change and mirrored results seen in RNA-Seq (Figure 5E). Surprisingly, only one of
the three metabolic genes involved in the TCA cycle, ALDH7a1, was validated. However,
we observed that all genes involved with amino acid metabolism (BCAT1, FAH, GOT1and
ASNS) were upregulated. These results indicate that CD5 is involved in the transcriptional
regulation of genes involved with L-glutamic acid (BCAT1, GOT1, and ASNS) [39,40],
phenylalanine (FAH) [41], and asparagine (ASNS) [39], which we saw upregulated in
CD5KO T cells (Figure 2F). FAH is also responsible for forming fumaric acid (which was
upregulated in CD5KO T cells), which is used in the TCA cycle [42]. Therefore, this
suggests that CD5 may be involved in regulating the TCA cycle by controlling metabolite
concentration mediated by other genes. Of the metabolite transporters we validated, all
but SLC25a13 had an average 2-fold increase in transcription or more (Figure 5C). Similar
changes in fold change were seen in our RNA-Seq data (Figure 5F). Given that many fold
change measurements seen in RNA-Seq in comparison to qPCR were not the same, this is
likely due to sample processing differences between the two methods. These results indicate
that CD5 is linked to the upregulation of T cell metabolic genes involved in metabolite
transporters, glycolysis, the TCA cycle, and amino acid metabolism.
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Th cells. (A–C) Twenty-one metabolic genes were selected for validation. Fold change was measured
using CD5WT as reference and β-actin as the endogenous control (n = 3). Fold changes were calculated
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using the formula 2−∆∆Cт. (A) Of the nine genes involved in glycolysis, all but two (Eno1b and
Pgk1) exhibited an average fold change of 1.5 or higher. (B) Of the seven genes involved in the
TCA cycle or amino acid metabolism, all but two genes (Got2 and Sdhb) demonstrated an average
fold change above 1.5. (C) Of the five metabolite transporters we measured, all but SLC25a13
(mitochondrial glutamate) had at least an average 2-fold change. Pale yellow = average less than
1.0-fold change, yellow = average 1.0-fold change or higher, pale orange = average 1.5-fold change
or higher, dark orange = average 2.0-fold change or higher, red = average 3.0-fold change or higher,
dark red = average 5.0 = fold change or higher. (D–F) Comparison of qPCR average fold change and
RNA-Seq fold change of metabolic genes involved in glycolysis (D), amino acid metabolism or the
TCA cycle (E), and metabolite transporters (F). Red patterned bars represent qPCR fold change, dark
blue patterned bars represent RNA-Seq fold change. Only two genes (Gcg and Eno1b) had drastically
different fold changes.

3.6. CD5KO Th Cells Have Different Metabolic Profiles Compared to CD5WT Th Cells

To determine if CD5 functionally affects T cell metabolism, we measured the glycolytic
profile and mitochondrial respiration of unstimulated CD5WT and CD5KO Th cells using
the Mito Stress Test (Agilent, Figure 6A–G).

Unstimulated CD5KO T cells had an increased oxygen consumption rate (OCR) in
comparison to CD5WT T cells (Figure 6A). The basal rate of CD5KO T cells, the last
measurement before the addition of oligomycin, was significantly higher than CD5WT T
cells (Figure 6B), as well as the maximal rate, the first measurement after FCCP injection
(Figure 6C). The spare respiratory capacity (SRC), which is the OCR difference between the
maximal and basal rates, was also significantly higher in CD5KO T cells than CD5WT T
cells (Figure 6D). Similar differences were seen in published work described by Milam et al.,
where CD5lo cells had higher basal and maximal rates, as well as higher SRC [43]. Together,
these results suggest that the removal of CD5 is linked to increases in Th cell mitochondrial
respiration. We also measured mitochondrial mass and membrane potential to see if
mitochondrial structure or physiology played a major role in these metabolic changes. We
saw no statistical difference between CD5WT and CD5KO T cells, suggesting mitochondrial
dynamics may not play a significant role in regulating CD5KO T cell metabolism (Figure S1).
Unstimulated CD5KO T cells also had an increased extracellular acidification rate in
comparison to CD5WT T cells (Figure 6E). The basal rate and maximal rate were also
significantly higher in CD5KO T cells (Figure 6F,G). We also performed flow cytometric
analysis of glucose uptake in unstimulated Th cells using the fluorescent glucose analog
2-NBDG (Figure 6H). CD5KO T cells have a slightly higher uptake of glucose in comparison
to CD5WT T cells. These results suggest that the removal of CD5 on unstimulated Th cells
is linked to glycolysis and mitochondrial respiration and may alter the metabolic profile of
unstimulated Th cells.
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Figure 6. Removal of CD5 functionally increased glycolysis and mitochondrial respiration in un-
stimulated Th cells. (A,E) Using a standard Seahorse protocol, approximately 200,000 CD4+ T cells
were seeded into a poly-d-lysine coated 8-well XFp plate and analyzed for metabolic function using
stepwise injections of oligomycin, carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP),
and rotenone plus antimycin A. Three wells were plated for each mouse, and the average was taken for
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each analysis. Both measurements for glycolysis and mitochondrial respiration were acquired from
each individual sample. (A–D) Oxygen consumption rate (OCR) was used as a readout to measure
mitochondrial respiration via the Agilent Seahorse Mito Stress Test (n = 6). (B) Basal OCR, the readout
before the oligomycin injection, was measured. Each plot point represents the average of three
wells; p = 0.0088 by paired student t-test. (C) Maximal OCR, the first readout after FCCP injection,
was measured. Each plot point represents the average of three wells; p = 0.004 by paired student
t-test. (D) Spare respiratory capacity (SRC), the difference between maximal and basal rate, was
measured. Each plot point represents the average of three wells; p = 0.0047 by paired student t-test.
(E–G) Extracellular acidification rate (ECAR) was used as a readout to measure the glycolytic rate
via the Agilent Seahorse Mito Stress Test (n = 6). (E) Basal ECAR, the readout before the oligomycin
injection, was measured. Each plot point represents the average of three wells; p = 0.0163 by paired
student t-test. (G) Maximal ECAR, the first readout after FCCP injection, was measured. Each
plot point represents the average of three wells; p = 0.0203 by paired student t-test. (H) 2-NBDG, a
fluorescent glucose analog, was used to monitor glucose uptake in CD5WT and CD5KO unstimulated
Th cells (n = 5); p = 0.0184 by paired student t-test. (* p < 0.05; ** p < 0.01).

3.7. Unstimulated CD5KO CD4+ T Cells Have Phenotypic Differences in Comparison to CD5WT
CD4+ T Cells

We used flow cytometry to phenotype CD5WT and CD5KO CD4+ T cells to see if there
were any phenotypic differences in activation state or Th subset polarization (Figure 7).

We found that unstimulated CD5KO CD4+ T cells had higher levels of CD44 in
comparison to CD5WT CD4+ T cells (Figure 7A). We also found that there were higher
numbers of naïve T cells within the CD5WT CD4+ T cell population; however, we saw
higher numbers of memory T cells in the CD5KO CD4+ T cell population (Figure 7B,C).
While we did not see a significant increase in CD4+CD25+ T cells in the CD5KO T cell
population, the CD5KO CD4+ T cells may have altered T cell subset phenotypes. To
determine if our results suggest metabolic differences based on activation state or subset
phenotype, we measured naïve T cell metabolism using the Mito Stress Test (Figure S2a).
We also measured gene expression of naïve CD5WT and CD5KO CD4+ T cells using qPCR
(Figure S2b). Both experiments demonstrated similar trends seen in unstimulated CD4+ T
cells, but there was no statistical significance between naïve CD5WT and CD5KO CD4+
T cells.
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Figure 7. Unstimulated CD5KO CD4+ T cells were phenotypically different from CD5WT CD4+ T
cells. (A) CD4+ T cells were stained with CD44, CD62L, and CD25 to determine activation state and
subset polarization. (B) Gating strategy to determine naïve and memory populations between CD5WT
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and CD5KO CD4+ T cells. (C) Naïve (CD44 low, CD62L high) and memory (CD44 high, CD62L low)
populations were measured within CD4+ T cells. ** p-value < 0.01.

4. Discussion

CD5 is a T cell co-receptor that plays a critical role during early T cell development
by negatively regulating TCR signaling strength with the self-peptide-MHC complex.
Evidence of CD5 importance in T cell signaling was evident in CD5KO thymocytes and
CD5KO naïve T cells, which are hyperresponsive to TCR stimulation and produce higher
cytokine levels [26,44]. Given how T cell signaling and metabolism are intricately connected,
we hypothesized that the negative regulation of CD5 alters T cell metabolism. In this
report, we have shown that the removal of CD5 drastically changes T cell metabolism
through transcriptional mechanisms. We found that the serum metabolome composition
in CD5KO mice was significantly different compared to CD5WT mice. Specifically, we
saw a significant decrease in the levels of six different amino acids or derivatives and a
significant increase in four metabolites. We have also shown that Th cells lacking CD5 had
increased levels of several key metabolites. In analyzing T cell and serum metabolomics,
we found 17 metabolites that were differentially regulated in both T cell and CD5KO mouse
serum. Eleven metabolites were higher in CD5KO T cells but lower in CD5KO mouse
serum (fumaric acid, uracil, ornithine, L-phenylalanine, L-proline, L-serine, L-aspartic acid,
L-glutamic acid, pyroglutamic acid, D-malic acid, and myo-inositol). Two metabolites,
capric acid and nonanoic acid, were lower in CD5KO T cells but higher in CD5KO mouse
serum. Interestingly, three metabolites, D-fructose, 3-hydroxybutric acid, and inosine, were
both higher in CD5KO T cells and CD5KO serum. These results suggest that CD5KO Th
cells take up more of certain metabolites and utilize them for metabolic function [22]. Given
these drastic changes involved in both CD5KO mouse serum and CD4+ T cell metabolome,
these results suggest that removal of CD5 may mediate changes in the serum metabolome
via Th cell metabolism.

However, we cannot firmly conclude this as our CD5KO mouse model is completely
devoid of CD5 expression, and given that other immune cells, such as B1 B cells and
dendritic cells, also normally express CD5. Recent findings have shown that CD5 expression
on B1 B cells drastically changes their ability to fight infection [45]. Dendritic cells that lack
CD5 expression have also been shown to enhance CD4+ and CD8+ T cell activation and
produce better anti-tumor responses [46]. These factors necessitate further examination
in establishing the cause of CD5KO mouse serum changes. Further studies involving a
T cell-specific CD5KO mouse or adoptive T cell transfer into T cell-deficient mice would
provide further insight in determining if this phenotype is T cell-dependent.

Of the significant metabolites found differentially regulated in CD5KO Th cells and
serum, we found eight significant pathways that these metabolites may affect. Of the
20 amino acids that are used for tRNA synthesis, we found that 13 of these amino acids are
differentially regulated in CD5KO CD4+ T cells. Five metabolites (ornithine, L-glutamic
acid, L-aspartic acid, fumaric acid, and urea) are involved in the arginine biosynthesis
pathway. While we did not see increased levels of arginine, two metabolites involved
in this pathway, (L-glutamic acid and ornithine) are particularly critical for the synthesis
of polyamines needed in active T cells for differentiation and proliferation [47]. Five
metabolites (L-glutamic acid, L-aspartic acid, L-asparagine, citric acid, and fumaric acid)
were significant in the alanine, aspartate, and glutamate metabolism pathway. Since we
have also seen increases in glucose-6-phosphate, myo-inositol, and D-fructose, these results
suggest that CD5 may be linked to glucose breakdown and TCA cycle regulation [48].
Together, this evidence suggests that the removal of CD5 increases metabolite concentration
that could be used for specific metabolic pathways important for T cell function.

We performed bioinformatic pathway analysis using our RNA-Seq data and found
16 significant pathways that may be affected by the loss of CD5. We showed that CD5 might
directly impact glycolysis and the TCA cycle via increased metabolite concentration or
transcriptionally regulated metabolic genes. Specifically, we saw an increase of glucose-6-
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phosphate and an increase in the transcription of galactose mutarotase (GALM), suggesting
that CD5 may be linked to galactose usage in CD4+ T cells. As we did not find upregulation
of other enzymes involved in the galactose-to-glucose pathway, future functional validation
of this conclusion would require measuring T cell metabolism in the presence of galactose
to assure that the increased presence of glucose-6-phosphate is due to increased galactose
conversion.

While we primarily focused on three metabolic pathways in our bioinformatic analysis,
we also noticed that the MAPK pathway was significantly involved in CD4+ CD5KO T
cells. Previous studies have shown that there may be a connection between CD5 and the
PI3K/AKT/mTOR pathway [49], and our study also suggests this. Briefly, we found that
PKC (protein kinase C) and CamK (calmodulin-dependent kinase) were upregulated in
CD5KO CD4+ T cells (data not shown). PKC affects calcium signaling, which plays a
role in regulating metabolism, suggesting that the loss of CD5 may be linked to increased
metabolism through calcium modulation. CamK indirectly affects the transcription of
other genes, such as GAPDH, PGK1, ALDOA, which we found were also upregulated.
Given that these genes are involved in glycolysis, this suggests that the increase of CamK
transcription may be linked to the loss of CD5 and the subsequent changes in metabolism.
Further studies involving MAPK signaling and CD5 metabolism would be beneficial to
validate these conclusions.

While we did not find a significant pathway that involved fatty acid oxidation, it is
important to note that in CD4+ T cells, we found that many fatty acid metabolites and fatty
acid oxidation metabolic genes are lower in CD5KO mice, suggesting that CD5 may be
linked to decreases in fatty acid oxidation. This is especially interesting given that PD-1
knockout T cells rely more on fatty acid oxidation [8]. Future studies investigating fatty
acid oxidation in CD5KO CD4+ T cells are necessary to determine the role of fatty acids in
Th cells.

Validation of metabolic gene expression revealed that several metabolic genes involved
in glycolysis, the TCA cycle, amino acid metabolism, and metabolite transportation were
upregulated in CD5KO unstimulated Th cells. Of the 21 metabolic genes analyzed, all but
four genes demonstrated at least an average 1.5-fold increase in CD5KO T cells in compari-
son to CD5WT T cells. Seven genes involved in glycolysis were validated; however, only
one directly involved in the TCA cycle was validated. Despite this, we saw upregulation in
four genes involved with amino acid metabolism, which confirmed some of our previous
metabolomics results. Of these genes, BCAT1 has also been shown to convert glutamate to
α-ketoglutarate [40] and FAH converts fumaroacetate to fumaric acid [42], indicating that
CD5 is linked to transcriptional regulation of amino acid production needed for the TCA
cycle. We also validated that all significant metabolite transporters were upregulated in
CD5KO T cells using qPCR, indicating that CD5 is also linked to transcriptional regulation
of metabolite transporters to increase the uptake of metabolites. Further confirmation of
surface-expressed metabolite transporters is important for future studies on CD5KO CD4+
T cells.

Metabolic profiling of CD5KO T cells revealed that unstimulated Th cells have an
increased glycolytic rate and increased mitochondrial spare respiratory capacity. CD5KO
Th cells also had a slight increase in glucose uptake, indicating that CD5 is linked to
functional metabolic changes in Th cells. Increased metabolic regulation has the potential
to metabolically prime the T cell to function better under stressful conditions, such as a
nutrient-deprived tumor microenvironment [50]. However, it is possible that the metabolic
differences we have seen may also be due to activation state or subset polarization in
unstimulated CD4+ T cells. We saw a significant difference in naïve and memory subsets
between CD5WT and CD5KO CD4+ T cells. Previous studies have suggested that the
removal of CD5 polarizes CD4+ T cells toward a Treg phenotype; while we did not see
a significant CD4+CD25+ T cell difference between CD5WT and CD5KO unstimulated T
cells, others have seen an increased presence of Tregs among CD5KO CD4+ T cells [51].
While performing metabolic assays and qPCR illustrated a similar trend between naïve and
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unstimulated CD5KO CD4+ T cells, further studies would be necessary to determine how
the removal of CD5 changes for naïve, activated, Treg, and memory subsets.

Because of these T cell metabolic changes, CD5 has the potential to impact health and
disease, such as chronic infection and cancer immunotherapy [52]. Inhibitory signaling
from co-receptors such as PD-1 has been shown to aggravate T cell exhaustion during
infection because of metabolic changes initiated by the co-receptor [53]. CD5 has also been
shown to promote infection by the hepatitis C virus, indicating that the blockade of CD5
may be beneficial in treating certain chronic infections [54]. Inhibitory co-receptors such
as PD-1 and CTLA-4 have become prominent targets for immune checkpoint inhibition in
cancer immunotherapy, allowing for T cells to be activated in cancerous environments [55].
Effects of PD-1 blockade have demonstrated changes in amino acid concentration in T cells,
much like we have demonstrated with the removal of CD5 [22]. Blockade of CD5 also
demonstrated increases in both CD4+ and CD8+ T cell responses to cancer, indicating that
its inhibitory effects can be halted by antibody blockade [27,34]. Together, this evidence
suggests that CD5 may be a potential immunotherapeutic target for antibody blockade
to increase T cell activation and allow T cells a better metabolic advantage in a glucose-
depleted tumor microenvironment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomedicines10030704/s1, Figure S1: Mitochondrial mass and membrane potential were
not significantly different between CD5WT and CD5KO CD4+ unstimulated T cells, Figure S2:
Naïve CD5KO CD4+ T cells demonstrate somewhat similar metabolic profiles in comparison to
unstimulated CD5KO CD4+ T cells, Table S1: qPCR primers used for RNA-Sequencing validation,
Table S2: Metabolic gene abbreviations, Table S3: Functional Analysis of RNA-Seq Hits using DAVID.

Author Contributions: Conceptualization, K.S.W., C.M.T.F., C.M. and K.V.W.; software, C.M., B.E.P.;
formal analysis, C.M.T.F., K.V.W., J.C.H., C.H. and C.M.; investigation, C.M.T.F., K.V.W., J.C.H., C.H.,
T.D.C. and J.B.; writing—original draft preparation, K.V.W. and C.M.T.F.; writing—review and editing,
all; visualization, C.M.T.F., K.V.W., C.M. and C.H.; project administration, K.S.W.; funding acquisition,
K.S.W., K.V.W., C.M.T.F., C.H. and C.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by an external R15 grant to KSW (R0102063) provided by the
National Institutes of Health (Bethesda, MD, USA), as well as internal summer fellowships provided
to KVW, CTF, CH, and CM and a year-round fellowship to KVW by the Simmons Center for Cancer
Research at Brigham Young University (Provo, UT, USA).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Guide for the Care and Use of Laboratory Animals and approved by the BYU Institutional Animal
Care and Use Committee (IACUC) under protocols 18-0708 and 21-0308.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We would like to thank Sarah Coffin O’Laughlin, Lindsey Edwards, Russ
Matheson, Sandy Garrett, and all staff at BYU’s Laboratory Animal Resource Center for their excellent
care and management of the mice used in this study. We would like to thank Tyler Van Ry and James
Cox of the Metabolomics Core Facility at the University of Utah for their metabolomics expertise and
advice. Metabolomics analysis was performed at the Metabolomics Core Facility at the University of
Utah. Mass spectrometry equipment was obtained through NCRR Shared Instrumentation Grant
1S10OD016232-01, 1S10OD018210-01A1, and 1S10OD021505-01. We would like to thank Sandra
Hope and the Research Instrumentation Core (RIC) for the use of the BD Accuri flow cytometer, the
Beckman-Coulter Cytoflex flow cytometer, and machine maintenance. We would also like to thank
Jeralyn Jones Franson for her critical reviews of this manuscript.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

https://www.mdpi.com/article/10.3390/biomedicines10030704/s1
https://www.mdpi.com/article/10.3390/biomedicines10030704/s1


Biomedicines 2022, 10, 704 22 of 24

References
1. Zhu, J.; Paul, W.E. CD4 T cells: Fates, functions, and faults. Blood 2008, 112, 1557–1569. [CrossRef]
2. Bennett, S.R.; Carbone, F.R.; Karamalis, F.; Miller, J.F.; Heath, W.R. Induction of a CD8+ Cytotoxic T Lymphocyte Response by

Cross-priming Requires Cognate CD4+ T Cell Help. J. Exp. Med. 1997, 186, 65–70. [CrossRef]
3. Schoenberger, S.P.; Toes, R.; Van Der Voort, E.I.H.; Offringa, R.; Melief, C.J.M. T-cell help for cytotoxic T lymphocytes is mediated

by CD40–CD40L interactions. Nature 1998, 393, 480–483. [CrossRef] [PubMed]
4. Friedman, K.M.; Prieto, P.A.; Devillier, L.E.; Gross, C.; Yang, J.C.; Wunderlich, J.R.; Rosenberg, S.A.; Dudley, M.E. Tumor-specific

CD4+ Melanoma Tumor-infiltrating Lymphocytes. J. Immunother. 2012, 35, 400–408. [CrossRef]
5. Quezada, S.; Simpson, T.R.; Peggs, K.S.; Merghoub, T.; Vider, J.; Fan, X.; Blasberg, R.; Yagita, H.; Muranski, P.; Antony, P.A.;

et al. Tumor-reactive CD4(+) T cells develop cytotoxic activity and eradicate large established melanoma after transfer into
lymphopenic hosts. J. Exp. Med. 2010, 207, 637–650. [CrossRef] [PubMed]

6. Inderberg, E.M.; Wälchli, S. Long-term surviving cancer patients as a source of therapeutic TCR. Cancer Immunol. Immunother.
2020, 69, 859–865. [CrossRef]

7. Buck, M.D.; O’Sullivan, D.; Pearce, E.L. T cell metabolism drives immunity. J. Exp. Med. 2015, 212, 1345–1360. [CrossRef]
8. Patsoukis, N.; Bardhan, K.; Chatterjee, P.; Sari, D.; Liu, B.; Bell, L.N.; Karoly, E.D.; Freeman, G.J.; Petkova, V.; Seth, P.; et al. PD-1

alters T-cell metabolic reprogramming by inhibiting glycolysis and promoting lipolysis and fatty acid oxidation. Nat. Commun.
2015, 6, 6692. [CrossRef]

9. Pearce, E.L.; Pearce, E.J. Metabolic Pathways in Immune Cell Activation and Quiescence. Immunity 2013, 38, 633–643. [CrossRef]
[PubMed]

10. Almeida, L.; Lochner, M.; Berod, L.; Sparwasser, T. Metabolic pathways in T cell activation and lineage differentiation. Semin.
Immunol. 2016, 28, 514–524. [CrossRef]

11. Bantug, G.R.; Galluzzi, L.; Kroemer, G.; Hess, C. The spectrum of T cell metabolism in health and disease. Nat. Rev. Immunol.
2018, 18, 19–34. [CrossRef] [PubMed]

12. Delgoffe, G.M.; Powell, J.D. Sugar, fat, and protein: New insights into what T cells crave. Curr. Opin. Immunol. 2015, 33, 49–54.
[CrossRef] [PubMed]

13. Weng, N.-P.; Araki, Y.; Subedi, K. The molecular basis of the memory T cell response: Differential gene expression and its
epigenetic regulation. Nat. Rev. Immunol. 2012, 12, 306–315. [CrossRef] [PubMed]

14. van der Merwe, P.A.; Davis, S.J. Molecular Interactions Mediating T Cell Antigen Recognition. Annu. Rev. Immunol. 2003, 21,
659–684. [CrossRef] [PubMed]

15. Viganò, S.; Utzschneider, D.T.; Perreau, M.; Pantaleo, G.; Zehn, D.; Harari, A. Functional Avidity: A Measure to Predict the
Efficacy of Effector T Cells? Clin. Dev. Immunol. 2012, 2012, 153863. [CrossRef]

16. Zhong, S.; Malecek, K.; Johnson, L.A.; Yu, Z.; de Miera, E.V.-S.; Darvishian, F.; McGary, K.; Huang, K.; Boyer, J.; Corse, E.; et al.
T-cell receptor affinity and avidity defines antitumor response and autoimmunity in T-cell immunotherapy. Proc. Natl. Acad. Sci.
USA 2013, 110, 6973–6978. [CrossRef]

17. Menk, A.V.; Scharping, N.; Moreci, R.S.; Zeng, X.; Guy, C.; Salvatore, S.; Bae, H.; Xie, J.; Young, H.A.; Wendell, S.G.; et al. Early
TCR Signaling Induces Rapid Aerobic Glycolysis Enabling Distinct Acute T Cell Effector Functions. Cell Rep. 2018, 22, 1509–1521.
[CrossRef]

18. Chen, J.-L.; Morgan, A.J.; Stewart-Jones, G.; Shepherd, D.; Bossi, G.; Wooldridge, L.; Hutchinson, S.L.; Sewell, A.K.; Griffiths, G.M.;
van der Merwe, P.A.; et al. Ca2+ Release from the Endoplasmic Reticulum of NY-ESO-1–Specific T Cells Is Modulated by the
Affinity of TCR and by the Use of the CD8 Coreceptor. J. Immunol. 2010, 184, 1829–1839. [CrossRef] [PubMed]

19. Freitas, C.M.T.; Johnson, D.K.; Weber, K.S. T Cell Calcium Signaling Regulation by the Co-Receptor CD5. Int. J. Mol. Sci. 2018,
19, 1295. [CrossRef]

20. Schneider, H.; Smith, X.; Liu, H.; Bismuth, G.; Rudd, C.E. CTLA-4 disrupts ZAP70 microcluster formation with reduced T
cell/APC dwell times and calcium mobilization. Eur. J. Immunol. 2008, 38, 40–47. [CrossRef]

21. Wei, F.; Zhong, S.; Ma, Z.; Kong, H.; Medvec, A.; Ahmed, R.; Freeman, G.J.; Krogsgaard, M.; Riley, J.L. Strength of PD-1 signaling
differentially affects T-cell effector functions. Proc. Natl. Acad. Sci. USA 2013, 110, E2480–E2489. [CrossRef] [PubMed]

22. Miyajima, M.; Zhang, B.; Sugiura, Y.; Sonomura, K.; Guerrini, M.M.; Tsutsui, Y.; Maruya, M.; Vogelzang, A.; Chamoto, K.;
Honda, K.; et al. Metabolic shift induced by systemic activation of T cells in PD-1-deficient mice perturbs brain monoamines and
emotional behavior. Nat. Immunol. 2017, 18, 1342–1352. [CrossRef]

23. McAlister, M.S.B.; Brown, M.H.; Willis, A.C.; Rudd, P.M.; Harvey, D.J.; Aplin, R.; Shotton, D.M.; Dwek, R.A.; Barclay, A.N.;
Driscoll, P.C. Structural analysis of the CD5 antigen–expression, disulphide bond analysis and physical characterisation of CD5
scavenger receptor superfamily domain 1. Eur. J. Biochem. 1998, 257, 131–141. [CrossRef] [PubMed]

24. Tabbekh, M.; Mokrani-Hammani, M.; Bismuth, G.; Mami-Chouaib, F. T-cell modulatory properties of CD5 and its role in antitumor
immune responses. OncoImmunology 2013, 2, e22841. [CrossRef] [PubMed]

25. Pena-Rossi, C.; Zuckerman, L.A.; Strong, J.; Kwan, J.; Ferris, W.; Chan, S.; Tarakhovsky, A.; Beyers, A.D.; Killeen, N. Negative
regulation of CD4 lineage development and responses by CD5. J. Immunol. 1999, 163, 6494–6501. [PubMed]

26. Sestero, C.M.; McGuire, D.; De Sarno, P.; Brantley, E.C.; Soldevila, G.; Axtell, R.C.; Raman, C. CD5-dependent CK2 activation
pathway regulates threshold for T cell anergy. J. Immunol. 2012, 189, 2918–2930. [CrossRef]

27. Brown, M.H.; Lacey, E. A Ligand for CD5 Is CD5. J. Immunol. 2010, 185, 6068–6074. [CrossRef]

http://doi.org/10.1182/blood-2008-05-078154
http://doi.org/10.1084/jem.186.1.65
http://doi.org/10.1038/31002
http://www.ncbi.nlm.nih.gov/pubmed/9624005
http://doi.org/10.1097/CJI.0b013e31825898c5
http://doi.org/10.1084/jem.20091918
http://www.ncbi.nlm.nih.gov/pubmed/20156971
http://doi.org/10.1007/s00262-019-02468-9
http://doi.org/10.1084/jem.20151159
http://doi.org/10.1038/ncomms7692
http://doi.org/10.1016/j.immuni.2013.04.005
http://www.ncbi.nlm.nih.gov/pubmed/23601682
http://doi.org/10.1016/j.smim.2016.10.009
http://doi.org/10.1038/nri.2017.99
http://www.ncbi.nlm.nih.gov/pubmed/28944771
http://doi.org/10.1016/j.coi.2015.01.015
http://www.ncbi.nlm.nih.gov/pubmed/25665466
http://doi.org/10.1038/nri3173
http://www.ncbi.nlm.nih.gov/pubmed/22421787
http://doi.org/10.1146/annurev.immunol.21.120601.141036
http://www.ncbi.nlm.nih.gov/pubmed/12615890
http://doi.org/10.1155/2012/153863
http://doi.org/10.1073/pnas.1221609110
http://doi.org/10.1016/j.celrep.2018.01.040
http://doi.org/10.4049/jimmunol.0902103
http://www.ncbi.nlm.nih.gov/pubmed/20053942
http://doi.org/10.3390/ijms19051295
http://doi.org/10.1002/eji.200737423
http://doi.org/10.1073/pnas.1305394110
http://www.ncbi.nlm.nih.gov/pubmed/23610399
http://doi.org/10.1038/ni.3867
http://doi.org/10.1046/j.1432-1327.1998.2570131.x
http://www.ncbi.nlm.nih.gov/pubmed/9799111
http://doi.org/10.4161/onci.22841
http://www.ncbi.nlm.nih.gov/pubmed/23483035
http://www.ncbi.nlm.nih.gov/pubmed/10586041
http://doi.org/10.4049/jimmunol.1200065
http://doi.org/10.4049/jimmunol.0903823


Biomedicines 2022, 10, 704 23 of 24

28. Luo, W.; Van De Velde, H.; Von Hoegen, I.; Parnes, J.R.; Thielemans, K. Ly-1 (CD5), a membrane glycoprotein of mouse T
lymphocytes and a subset of B cells, is a natural ligand of the B cell surface protein Lyb-2 (CD72). J. Immunol. 1992, 148, 1630–1634.

29. Biancone, L.; Bowen, M.A.; Lim, A.; Aruffo, A.; Andres, G.; Stamenkovic, I. Identification of a novel inducible cell-surface ligand
of CD5 on activated lymphocytes. J. Exp. Med. 1996, 184, 811–819. [CrossRef]

30. Blaize, G.; Daniels-Treffandier, H.; Aloulou, M.; Rouquié, N.; Yang, C.; Marcellin, M.; Gador, M.; Benamar, M.; Ducatez, M.; Song,
K.-D.; et al. CD5 signalosome coordinates antagonist TCR signals to control the generation of Treg cells induced by foreign
antigens. Proc. Natl. Acad. Sci. USA 2020, 117, 12969–12979. [CrossRef]

31. Azzam, H.S.; DeJarnette, J.B.; Huang, K.; Emmons, R.; Park, C.-S.; Sommers, C.L.; El-Khoury, D.; Shores, E.W.; Love, P.E. Fine
Tuning of TCR Signaling by CD5. J. Immunol. 2001, 166, 5464–5472. [CrossRef] [PubMed]

32. Voisinne, G.; Garcia-Blesa, A.; Chaoui, K.; Fiore, F.; Bergot, E.; Girard, L.; Malissen, M.; Burlet-Schiltz, O.; de Peredo, A.G.;
Malissen, B.; et al. Co-recruitment analysis of the CBL and CBLB signalosomes in primary T cells identifies CD5 as a key regulator
of TCR -induced ubiquitylation. Mol. Syst. Biol. 2016, 12, 876. [CrossRef] [PubMed]

33. Matson, C.A.; Choi, S.; Livak, F.; Zhao, B.; Mitra, A.; Love, P.E.; Singh, N.J. CD5 dynamically calibrates basal NF-κB signaling
in T cells during thymic development and peripheral activation. Proc. Natl. Acad. Sci. USA 2020, 117, 14342–14353. [CrossRef]
[PubMed]

34. Alotaibi, F.; Rytelewski, M.; Figueredo, R.; Zareardalan, R.; Zhang, M.; Ferguson, P.J.; Vareki, S.M.; Najajreh, Y.; El-Hajjar, M.;
Zheng, X.; et al. CD5 blockade enhances ex vivo CD8 + T cell activation and tumour cell cytotoxicity. Eur. J. Immunol. 2020, 50,
695–704. [CrossRef] [PubMed]

35. Cox, J.E.; Thummel, C.S.; Tennessen, J.M. Metabolomic Studies in Drosophila. Genetics 2017, 206, 1169–1185. [CrossRef] [PubMed]
36. Orjuela, S.; Huang, R.; Hembach, K.M.; Robinson, M.D.; Soneson, C. ARMOR: An Automated Reproducible MOdular Workflow

for Preprocessing and Differential Analysis of RNA-seq Data. G3 2019, 9, 2089–2096. [CrossRef]
37. Borst, P. The malate–aspartate shuttle (Borst cycle): How it started and developed into a major metabolic pathway. IUBMB Life

2020, 72, 2241–2259. [CrossRef] [PubMed]
38. Rutter, J.; Winge, D.R.; Schiffman, J.D. Succinate dehydrogenase—Assembly, regulation and role in human disease. Mitochondrion

2010, 10, 393–401. [CrossRef]
39. Lomelino, C.L.; Andring, J.T.; McKenna, R.; Kilberg, M.S. Asparagine synthetase: Function, structure, and role in disease. J. Biol.

Chem. 2017, 292, 19952–19958. [CrossRef]
40. Tönjes, M.; Barbus, S.; Park, Y.J.; Wang, W.; Schlotter, M.; Lindroth, A.M.; Pleier, S.V.; Bai, A.H.C.; Karra, D.; Piro, R.M.; et al.

BCAT1 promotes cell proliferation through amino acid catabolism in gliomas carrying wild-type IDH1. Nat. Med. 2013, 19,
901–908. [CrossRef] [PubMed]

41. Cheng, Q.; Wei, T.; Jia, Y.; Farbiak, L.; Zhou, K.; Zhang, S.; Wei, Y.; Zhu, H.; Siegwart, D.J. Dendrimer-Based Lipid Nanoparticles
Deliver Therapeutic FAH mRNA to Normalize Liver Function and Extend Survival in a Mouse Model of Hepatorenal Tyrosinemia
Type I. Adv. Mater. 2018, 30, e1805308. [CrossRef] [PubMed]

42. Bateman, R.L.; Bhanumoorthy, P.; Witte, J.F.; McClard, R.W.; Grompe, M.; Timm, D.E. Mechanistic Inferences from the Crystal
Structure of Fumarylacetoacetate Hydrolase with a Bound Phosphorus-based Inhibitor. J. Biol. Chem. 2001, 276, 15284–15291.
[CrossRef] [PubMed]

43. Milam, A.A.V.; Bartleson, J.M.; Buck, M.D.; Chang, C.-H.; Sergushichev, A.; Donermeyer, D.L.; Lam, W.Y.; Pearce, E.L.;
Artyomov, M.N.; Allen, P.M. Tonic TCR Signaling Inversely Regulates the Basal Metabolism of CD4(+) T Cells. ImmunoHorizons
2020, 4, 485–497. [CrossRef] [PubMed]

44. Wong, P.; Barton, G.; Forbush, K.A.; Rudensky, A.Y. Dynamic Tuning of T Cell Reactivity by Self-Peptide–Major Histocompatibility
Complex Ligands. J. Exp. Med. 2001, 193, 1179–1187. [CrossRef]

45. Haas, K.M.; Poe, J.C.; Steeber, D.A.; Tedder, T.F. B-1a and B-1b Cells Exhibit Distinct Developmental Requirements and Have
Unique Functional Roles in Innate and Adaptive Immunity to S. pneumoniae. Immunity 2005, 23, 7–18. [CrossRef] [PubMed]

46. Li, H.; Burgueño-Bucio, E.; Xu, S.; Das, S.; Olguín-Alor, R.; Elmets, C.A.; Athar, M.; Raman, C.; Soldevila, G.; Xu, H. CD5 on
dendritic cells regulates CD4+ and CD8+ T cell activation and induction of immune responses. PLoS ONE 2019, 14, e0222301.
[CrossRef]

47. Wang, R.; Green, D.R. Metabolic reprogramming and metabolic dependency in T cells. Immunol. Rev. 2012, 249, 14–26. [CrossRef]
48. Holub, B.J. Metabolism and Function of myo-Inositol and Inositol Phospholipids. Annu. Rev. Nutr. 1986, 6, 563–597. [CrossRef]
49. Rivera, G.O.R.; Knochelmann, H.M.; Dwyer, C.J.; Smith, A.S.; Wyatt, M.M.; Rivera-Reyes, A.M.; Thaxton, J.E.; Paulos, C.M.

Fundamentals of T Cell Metabolism and Strategies to Enhance Cancer Immunotherapy. Front. Immunol. 2021, 12, 645242.
[CrossRef]

50. Burgueno-Bucio, E.; Mier-Aguilar, C.A.; Soldevila, G. The multiple faces of CD5. J. Leukoc. Biol. 2019, 105, 891–904. [CrossRef]
51. Voisinne, G.; De Peredo, A.G.; Roncagalli, R. CD5, an Undercover Regulator of TCR Signaling. Front. Immunol. 2018, 9, 2900.

[CrossRef] [PubMed]
52. Consuegra-Fernández, M.; Aranda, F.; Simoes, I.T.; Orta, M.; Sarukhan, A.; Lozano, F. CD5 as a Target for Immune-Based

Therapies. Crit. Rev. Immunol. 2015, 35, 85–115. [CrossRef] [PubMed]
53. Bengsch, B.; Johnson, A.L.; Kurachi, M.; Odorizzi, P.M.; Pauken, K.E.; Attanasio, J.; Stelekati, E.; McLane, L.M.; Paley, M.A.;

Delgoffe, G.M.; et al. Bioenergetic Insufficiencies Due to Metabolic Alterations Regulated by the Inhibitory Receptor PD-1 Are an
Early Driver of CD8(+) T Cell Exhaustion. Immunity 2016, 45, 358–373. [CrossRef] [PubMed]

http://doi.org/10.1084/jem.184.3.811
http://doi.org/10.1073/pnas.1917182117
http://doi.org/10.4049/jimmunol.166.9.5464
http://www.ncbi.nlm.nih.gov/pubmed/11313384
http://doi.org/10.15252/msb.20166837
http://www.ncbi.nlm.nih.gov/pubmed/27474268
http://doi.org/10.1073/pnas.1922525117
http://www.ncbi.nlm.nih.gov/pubmed/32513716
http://doi.org/10.1002/eji.201948309
http://www.ncbi.nlm.nih.gov/pubmed/31943150
http://doi.org/10.1534/genetics.117.200014
http://www.ncbi.nlm.nih.gov/pubmed/28684601
http://doi.org/10.1534/g3.119.400185
http://doi.org/10.1002/iub.2367
http://www.ncbi.nlm.nih.gov/pubmed/32916028
http://doi.org/10.1016/j.mito.2010.03.001
http://doi.org/10.1074/jbc.R117.819060
http://doi.org/10.1038/nm.3217
http://www.ncbi.nlm.nih.gov/pubmed/23793099
http://doi.org/10.1002/adma.201805308
http://www.ncbi.nlm.nih.gov/pubmed/30368954
http://doi.org/10.1074/jbc.M007621200
http://www.ncbi.nlm.nih.gov/pubmed/11154690
http://doi.org/10.4049/immunohorizons.2000055
http://www.ncbi.nlm.nih.gov/pubmed/32769180
http://doi.org/10.1084/jem.193.10.1179
http://doi.org/10.1016/j.immuni.2005.04.011
http://www.ncbi.nlm.nih.gov/pubmed/16039575
http://doi.org/10.1371/journal.pone.0222301
http://doi.org/10.1111/j.1600-065X.2012.01155.x
http://doi.org/10.1146/annurev.nu.06.070186.003023
http://doi.org/10.3389/fimmu.2021.645242
http://doi.org/10.1002/JLB.MR0618-226R
http://doi.org/10.3389/fimmu.2018.02900
http://www.ncbi.nlm.nih.gov/pubmed/30581443
http://doi.org/10.1615/CritRevImmunol.2015013532
http://www.ncbi.nlm.nih.gov/pubmed/26351145
http://doi.org/10.1016/j.immuni.2016.07.008
http://www.ncbi.nlm.nih.gov/pubmed/27496729


Biomedicines 2022, 10, 704 24 of 24

54. Sarhan, M.A.; Pham, T.N.Q.; Chen, A.Y.; Michalak, T.I. Hepatitis C Virus Infection of Human T Lymphocytes Is Mediated by CD5.
J. Virol. 2012, 86, 3723–3735. [CrossRef]

55. Buchbinder, E.I.; Desai, A. CTLA-4 and PD-1 Pathways: Similarities, Differences, and Implications of Their Inhibition. Am. J. Clin.
Oncol. 2016, 39, 98–106. [CrossRef]

http://doi.org/10.1128/JVI.06956-11
http://doi.org/10.1097/COC.0000000000000239

	Introduction 
	Materials and Methods 
	Mice 
	T Cell Isolation 
	Serum and T Cell Metabolomics 
	RNA-Seq and qPCR 
	T Cell Metabolic Assays 
	Flow Cytometry 
	Statistical Analysis 

	Results 
	Removal of CD5 Decreases Serum Amino Acid Levels in CD5KO Mice 
	CD5KO Th Cells Have Elevated Levels of Many Metabolites 
	RNA-Seq Identified Several Genes Involved in Metabolism That Are Upregulated in CD5KO Th Cells 
	Metabolomic and Transcriptomic Pathway Analysis Revealed That CD5 May Be Linked to Specific Metabolic Pathways 
	Quantitative PCR Validates That CD5 Removal Is Linked to Transcriptional Upregulation of Metabolic Genes 
	CD5KO Th Cells Have Different Metabolic Profiles Compared to CD5WT Th Cells 
	Unstimulated CD5KO CD4+ T Cells Have Phenotypic Differences in Comparison to CD5WT CD4+ T Cells 

	Discussion 
	References

