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Metabolomics analysis reveals
resembling metabolites between
humanized yé TCR mice and human
plasma
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Paul Sheiffele & Wei Weng™*

Gamma delta (y8) T cells, which reside in mucosal and epithelial tissues, are integral to immune
responses and are involved in various cancers, autoimmune, and infectious diseases. To study human
y& T cells to a translational level, we developed y6 humanized TCR-T1 (HUTCR-T1) mice using our
TruHumanization platform. We compared the metabolomic profiles from plasma samples of wild-type
(WT), y8 HUTCR-T1 mice, and humans using UHPLC-MS/MS. Untargeted metabolomics and lipidomics
were used to screen all detectable metabolites. Principal component analysis revealed that the
metabolomic profiles of y§ HUTCR-T1 mice closely resemble those of humans, with a clear segregation
of metabolites between y§ HUTCR-T1 and WT mice. Most humanized y§ metabolites were classified
as lipids, followed by organic compounds and amino acids. Pathway analysis identified significant
alterations in the metabolism of tryptophan, tyrosine, sphingolipids, and glycerophospholipids,
shifting these pathways towards a more human-like profile. Immunophenotyping showed that

y& HUTCR-T1 mice maintained normal proportions of both lymphoid and myeloid immune cell
populations, closely resembling WT mice, with only a few exceptions. These findings demonstrate
that the y& HUTCR-T1 mouse model exhibits a metabolomic profile that is remarkably similar to that
of humans, highlighting its potential as a relevant model for investigating the role of metabolites in
disease development and progression. This model also offers an opportunity to discover therapeutic
human TCRs.

Keywords Humanized mice, Metabolomics, Lipidomics, Plasma, Bacterial artificial chromosome genomic
DNA platform, y§

Gamma delta (y8) T cells are ‘unconventional’ T cells that comprise 0.5-5% of the T lymphocytes in peripheral
blood mononuclear cells! . They orchestrate an immune surveillance critical in innate and adaptive immunity*-°.
The principal function of y§ T cells is to present immediate homeostatic responses to maintain immune and
tissue integrity”®. In addition, y8 T cells play a critical role in recognizing, coordinating, and protecting against
malignant cancer, atherosclerosis, and autoimmune and infectious diseases. Also, y§ T cells are critical in
sustaining essential host defense and barrier functions against foreign/indigenous antigens®!%.

v8 T cells perform these functions through their unique tissue distribution. Conventional aff T cells are
primarily found in lymphoid organs, while y8 T cells reside in the mucosal and epithelial tissues of peripheral
organs. Notably, in the absence of a specific activation signal, y§ T cells are generally not under the surveillance
of conventional aff T cells. The rapid y§ T cell activation occurs through the direct recognition of ligands by its
T cell receptor (TCR) in a major histocompatibility (MHC) complex independent manner, which distinguishes
y8 T cell from conventional af T cells'. In addition, y§ T cells are a unique lineage that expresses TCRs derived
from separate variable (V), joining (J), and constant (C) for T cell receptor gamma (TRG) and additional
diversity (D) for T cell receptor delta (TRD) gene loci.

Despite significant strides in understanding the diverse roles of y§ T cells in health and disease, a critical gap
exists in research - the absence of a suitable humanized y8 T cell animal model. To address this limitation and
comprehensively unravel the metabolic aspects of y§ T cell function with translational implications, we have
generated y§ humanized (Hu) TCR-T1 (HuTCR-T1) mice and undertaken metabolomic analysis in these mice.
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Our approach aims to provide crucial insights into the metabolic underpinnings of y§ T cell activity, offering
potential avenues for translational research and therapeutic development.

Metabolomics and lipidomics are analytical profiling techniques for determining metabolites from
mammalian specimens in healthy and pathological conditions. These techniques can identify potential
biomarkers, metabolic profiles, and/or pathways.

Various metabolites can be evaluated depending on the biological samples’ nature'®!’. Recent findings
demonstrated that alterations in the number of metabolites and pathway profiles related to nucleic acids, organic
compounds, lipids, and amino acids significantly impact cancer, autoimmune, and infectious diseases'3-%2.

We hypothesized that metabolomic profiles revealed from our yd§ HuTCR-T1 mice could provide new
insights into investigating and mitigating human disease conditions. We further hypothesized that identifying
associated metabolic biomarkers will delineate pathways and molecular targets for developing therapeutics/
vaccines targeting metabolites/pathways perturbed by pathological conditions. Here, we employed untargeted
metabolomics and lipidomics to identify metabolites and metabolic pathways present in the plasma of y§
HuTCR-T1 mice compared to those of wild type (WT) mice and human samples. Through these comparisons,
we aim to offer a strategic approach to bridge basic research and clinical applications. These comparative analyses
may be essential for conserving immunological functions, translational relevance, identifying differences,
insights into y8 T cell biology, and discovering potential biomarkers and therapeutic targets. We also discuss the
potential strategy of utilizing a y§ HuTCR-T1 mouse model to study human health and pathological conditions.

Materials and methods

Generation of gamma delta (y8) humanized T cell receptor (HUTCR)-T1 mice

All animal experiments were performed per IACUC protocol approved by the inGenious protocol committee,
all the experiments were performed in accordance with relevant guidelines and regulations, and all methods
are reported in accordance with ARRIVE guidelines. For the generation of humanized yd mice, our laboratory
employed inGenious’ TruHumanization technology large bacterial artificial chromosome (BAC) genomic DNA
platform (> 100 kb). This model is a gene replacement in which the mouse sequence is eliminated and replaced
with a human genomic sequence.

Generation of humanized TCR y mouse
Mouse Vyl (TRGV1) and J4 segments were replaced with human Vy9-11 and Js segments in a targeted fashion.
Human V and J segments were then fused with multiple mice C4 regions for appropriate signaling.

Generation of humanized TCR & mouse

Mouse TRDV4, Ds, and Js segments were replaced with human V81 - V88, Ds, and Js segments in a targeted
fashion. Human TCR, V, D, and ] segments were then fused with a mouse C region for appropriate signaling.
vS TCR diversity was confirmed in the spleen and blood of humanized TCR mice (unpublished observation).
Finally, humanized y and  mice were bred to double homozygosity to establish inGenious y§ humanized T
cell receptor-T1 (HuTCR-T1) mice, also referring to inGenious y§ humanized TCR version 1 mice. The patent
application related to HuTCR-T1 mice has been accepted. The patent, entitled ‘Genetically modified non-human
having humanized gamma and delta TCR variable genes, the patent has been published under patent number
US20240114883A1 and filed by inGenious Targeting Laboratory, Ronkonkoma, NY.

Isolation of mononuclear cells (MNCs), flow cytometry analysis, and immunoglobulin (Ig) G ELISA assay

At the end of the experimentation, the mice were humanely euthanized using carbon dioxide inhalation and
various tissues were collected. The composition of immune cells in different tissues was analyzed to compare y§
HuTCR-T1 with WT mice. Spleen, lung, lymph node, blood, thymus, liver, and ileum were harvested from mice
and washed twice with wash media [DMEM (Gibco, cat. # 12430-047) with 1% penicillin/streptomycin (Gibco,
cat. # 15140-122)]. To prepare single-cell suspensions, spleen, lymph node, and thymus tissues were minced into
1 cm x 1 cm pieces, pressed through tissue collectors with a plunger, then passed through a 70 pum cell strainer,
and the supernatants were collected. Cells were then centrifuged at 800% g for 5 min at 40C, supernatants were
discarded, and MNCs were resuspended in cell culture media [(DMEM containing 10% FBS (Cytiva Hyclone,
cat. # SH30070.03) and 1% penicillin/streptomycin)].

The liver was pressed through tissue collectors with a plunger, passed through a 70 um cell strainer, and the
resulting single-cell suspension was diluted with an equal amount of PBS containing 2% FBS. The cell suspension
was then layered over Lymphoprep (Stem cell technologies, cat. # 07801) and centrifuged at 800X g for 20 min
at RT without brakes?>. MNCs were collected at the plasma: lymphoprep interface, washed with wash media,
and centrifuged at 800X g for 5 min at 4°C. The supernatant was discarded, and the MNCs were resuspended in
cell culture media.

Peripheral blood was collected and mixed with a 10% citrate dextrose solution/ACD. MNCs were isolated
using the Lymphoprep method as described above. The isolated MNCs were then resuspended in cell culture
media.

Lung tissues were minced into a homogeneous paste (<1 mm in size) in PBS containing 2% FBS and
transferred to a sterile 50 ml conical tube containing dissociation medium [RPMI 1640 (Stem cell, cat. # 36750),
collagenase/hyaluronidase (Stem cell, cat. # 07912, 1x), DNase I solution (Stem cell, cat. # 07900, 1 mg/ml)]“.
The mixture was then incubated at 37 °C for 20 min on a shaking platform. The digested lung tissues were filtered
through a 70 um cell strainer and centrifuged at 300X g for 10 min. The supernatant was discarded and the
MNCs were resuspended in cell culture media.

Ileal tissues were harvested, and intestinal contents were flushed with wash media. The tissues were cut
longitudinally and incubated with DTT (Sigma, cat. # 10197777001, 2mM) in HBSS media (Sigma, cat. # H2387)
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on a shaking platform at 37 °C for 20 min?°. Subsequently, the tissues were centrifuged at 300X g for 10 min at
RT. The supernatant was discarded, and the tissues were minced into 1 cm pieces, followed by digestion with
collagenase (Sigma, cat. # COLLA-RO, 2.4 mg/ml) at 37 °C for 25 min on a shaking platform. The mixture
was then filtered through a 70 pm cell strainer and centrifuged at 300X g for 10 min at RT. Subsequently, the
supernatant was discarded, and cells were diluted with 43% Percoll (Bioworld cat. # 65455-52-9) and under-
layered with 70% Percoll, then centrifuged at 300x g for 25 min at RT without brakes. MNCs were collected at
the interface, washed once with wash medium, centrifuged at 300X g for 5 min, and resuspended in cell culture
medium.

Erythrocytes (if any) were lysed with RBC lysing buffer (Sigma, cat. # R7757), centrifuged at 300X g for
5 min, and MNCs were then resuspended in a cell culture medium. The Trypan blue (0.002%) exclusion method
was used to determine the quantity and viability of the MNCs.

Freshly isolated MNCs were stained to determine the frequencies of immune cells. Following anti-mouse
antibodies were purchased from Biolegend: anti-CD3e (PE, cat. # 100308, clone 145-2Cl11), -CD19 (PB, cat.
# 115523, clone 6D5), -CD4 (FITC, cat. # 10050, clone RM4-5), -CD8a (APC, cat. # 100712, clone 53 —6.7),
-CD25 (APC, cat. # 102012, clone PC61), -FoxP3 (PE, cat. # 126403, clone MF-14), -y (PE, cat. # 107508,
clone UC7-13D5), -NKp46 (APC/Cy7, cat. # 137645, clone 29A1.4), -Ly6C (APC, cat. # 128016, clone HK1.4),
-CD11b (APC, cat. # 101212, clone M1/70), -F4/80 (FITC, cat. # 123108, clone BM8). Anti-MHC-II (FITC, cat.
#130-112-229, clone REA813) and anti-CD11c (APC, cat. # 130-110-702, clone REA754) anti-mouse antibodies
were obtained from Miltenyi Biotech. Anti-CD68 (PE, cat. # 566386, clone FA/11) was purchased from BD
Pharmigen. Anti-Ly6G (FITC, cat. # 11-5931-82, clone RB-BC5) and CD161/NK1.1 (APC, MABF1488, clone
PK136) anti-mouse antibodies were purchased from Invitrogen and Sigma-Aldrich, respectively. Appropriate
isotype-matched controls were included in all analyses. Subsequently, 50,000 events were acquired per sample
using Novocyte” Flow Cytometer (ACEA Biosciences Inc, San Diego, CA, USA). Data were analyzed using
Novo Express software version 1.5.0 (www.agilent.com). Mouse IgG isotype titers in serum were detected by
an enzyme-linked immunosorbent (ELISA) assay per manufacturer’s instructions (Thermo Fisher Scientific, cat
#88-50400-22).

Sample collection and metabolomics analyses

Blood samples were collected via cheek bleed from (n=5) age matching and genetic background matching
(129/C57/B6 strain) y§ HUTCR-T1 and wild type (WT). National Institute of Standards and Technology (NIST)
standardized human plasma (n=3) samples were procured from Sigma Aldrich (Saint Louis, MO). Blood samples
were mixed with 10% acid citrate dextrose to prevent blood clotting and centrifuged at 3,000xg for 10 min at
4 °C to separate plasma from blood cells. Plasma samples (supernatant) were collected and stored at —80°C
until further processing. To extract metabolites from plasma samples, 3-4 volumes of pre-chilled methanol were
added to each plasma sample to precipitate proteins. Samples were vortexed vigorously for 30 s and incubated on
ice for 10 min to allow complete protein precipitation. Samples were then centrifuged at 12,000 g for 10 min at
4 °C to pellet the precipitated proteins and supernatants were transferred to new tubes, reconstituted in 5% ACN
with 0.1% formic acid and placed in glass liquid chromatography vial for injection®.

The samples, blanks, and a pooled QC sample were injected at 10 pL onto a Thermo Scientific Vanquish
Horizon using an Agilent Poroshell 120 Aq-C18 column (2.1 X100 mm, 2.7 um particle size) with a solvent
system of 100% water with 0.1% formic acid for solvent A and 100% ACN with 0.1% formic acid for solvent B.
A flow rate of 300 uL/min was run throughout with an initial gradient of 5% solvent B until 0.5 min followed
by a linear increase to 95% B ending at minute 14, holding 95% until minute 17, going back down to 5% B at
minute 17.1 min, and ending the run at 5% solvent B at minute 20. Detection was performed on a Thermo
Scientific Exploris 480 Orbitrap mass spectrometer with ionization of samples following LC separation with a
Heated Electrospray ionization (HESI) source with runs performed in positive mode with ESI voltages of 3.5 kV
with a sheath gas of 20, an auxiliary gas of 10, sweep gas of 1, and capillary and vaporizer temperatures of 325
and 350 °C, respectively. MS data collection was performed using Data-Dependent Analysis with a mass range
of 70-800 m/z at 50% RF lens, an MS resolution of 60,000, an MSMS resolution of 15,000, 30/50/70V HCD
collision energy selection, and 2.5 second dynamic exclusion with a 0.5 second cycle time*.

Metabolites were identified by automated comparison of the positive ion features in the experimental samples
to a reference library of chemical standard entries that included retention time, the mass-to-charge ratio (m/z),
preferred adducts, as well as associated MS spectra, and were quality-controlled using pooled sample alignment
using the Progenesis QI metabolomics package. The sample set was randomized with periodic QC samples to
both correct for batch shifts and peak alignment and all samples were run in triplicate within 24 of run time
so no significant batch correct was needed. All samples were normalized to QC samples using a logl0 ratio
method and normalized to all compounds. For peak annotation, the Human Metabolite Database was used to
compare to features with cut-offs of 0.05 p-value, CV <30 for pooled samples, and features were only annotated
with MSMS fragmentation scores above 20% for Progenesis QI matching algorithm were selected. Additionally,
features had to be present in the NIST plasma group to be selected. This resulted in 143 features annotated and
additionally analyzed using MetaboAnalyst to perform statistical analysis (one-factor) and pathway analysis
( by viewing metabolomes on all matched pathways according to the pvalues from the pathway enrichment
analysis and pathway impact values from the pathway topology analysis)?°. Samples were analyzed at the Mass
Spectrometry and Proteomics Facility of the Ohio State University, Columbus, OH (www.ccic.osu.edu/MSP).

Statistical analysis

Statistical analysis was done using GraphPad Prism 8.0.2 (GraphPad Software, Inc., www.graphpad.com, San
Diego, CA, USA), and Two-way ANOVA was performed, and p values < 0.05 were considered as a significant
metabolite. Data was normalized by sum and auto-scaled using MetaboAnalyst 5.0 (www.metaboanlyst.ca)
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and used the Human Kyoto Encyclopedia of Genes and Genomes (KEGG) and Human Metabolome Databases
(HMBD) 5.0 in metaboanalyst that matched putative metabolites and/or pathways?’~%.

Results

Non-targeted metabolomics revealed several resembling metabolites between human and
gamma-delta (yd) T cell receptor (TCR)-T1 mice while differently altered in wild-type (WT)
mice plasma samples

The human, HuTCR-T1, and WT mice plasma samples were analyzed using the UHPLC/MS-MS method
to investigate the metabolic profiles. The resulting relative peak intensities from positive ion modes were
considered to generate tables, and multivariate analysis was performed. A total of 6,558 putative metabolites
were detected in plasma metabolomics; only 143 metabolites were found statistically significant (p-value < 0.05)
among the three groups. Among these significant metabolites, 71 metabolites were observed among the three
groups (Y8 HuTCR-T1 mice, WT mice, and human). We identified 35 metabolites that exhibited resemblance
and/or no statistically significant difference between y§ HuTCR-T1 mice and human plasma samples (Table 1,
Supplementary Table 1), while 36 metabolites exhibited statistical (p value<0.05) significant difference
between yé HuTCR-T1 mice and humans. On the contrary, 72 metabolites exhibited statistical (p value <0.05)
significance differences between y§ HuUTCR-T1 and WT mice groups. This data set indicates the yielding of
human-like metabolites in y§ HuTCR-T1 mouse model and strayed from WT mice profiles.

Multivariate analysis of plasma metabolic profiles also demonstrated a close resemblance between humans
and y§ HuTCR-T1 mice. In contrast, WT mice showed remarkable segregation from HuTCR-T1 and humans,
as shown in the heatmap (Fig. 1) and at component 1 in a two-dimensional (Fig. 2) and three-dimensional
(supplementary Fig. 1) principal component analysis (PCA) plot. The analysis also identified metabolites specific
to WT mice and human plasma, as illustrated in the heatmap (Supplementary Fig. 2) and detailed in the list of
metabolites (Supplementary Table 2), which includes metabolites found in human plasma or WT mouse plasma
samples. The metabolites contributing to the classification of humans, y§ HuTCR-T1 mice, and WT mice were
also identified using the variable importance in projection (VIP) scores. Metabolites with greater VIP scores (>
1.0, p value < 0.05) contribute significantly to the separation among the three groups, while metabolites with
smaller VIP scores (< 1.0) exhibit less influence on the model (Fig. 3).

Metabolites such as 5-(4-Hydroxybenzyl) thiazolidine-2,4-dione; DL-2,5-Dihydrophenylalanine; oxonal;
Ethyl 2-furanacrylate; dehydro-beta-Ionone; and butyl salicylate played an essential role in the discrimination
of HuTCR-T1 mice metabolic profiles from WT mice. On the contrary, (6E)—8-Methylnon-6-enoylcarnitine;
DG(18:1n7/0:0/20:5n3); 20:0 Cholesterol ester; ximaosarcophytol B; 21 H-Biline-8,12-dipropanoicacid,
3,18-diethenyl-1,19,22,24-tetrahydro-2,7,13,17-tetramethyl-1,19-dioxo; (10Z,12E)-Pentadeca-10,12-
dienoylcarnitine; Pregnanetriol; 3-Allyl-1-cyclohex; didesethyl chloroquine; 1-hydroxyisoquinoline
played an essential role in the discrimination of WT metabolic profiles from HuTCR-T1 mice (Fig. 3a, c).
Cer(d18:1(4E)/15:0(20H)); MG(20:3(6,8,11)-OH(5)/0:0/0:0); N-Stearoyl Glutamic acid; lalpha-hydroxy-
24-methylvitamin D2; 8,11,14-nonadecatriynoic acid; Ananstrep A; 4beta-Hydroxydesogestrel; (6E)—8-
Methylnon-6-enoylcarnitine played an essential role in segregating metabolomic profiles from y§ HuTCR-T1
mice and human plasma. On the other hand, 5-(4-Hydroxybenzyl) thiazolidine-2,4-dione; Cytosine; Trigoforin;
10-Hydroxy-9-ketooctadecanoic acid; (7b,10a)—3-Hydroxy-1,3,5-cadinatrien-9-one; Vitamin A3 played an
essential role in segregation of human metabolomic profiles from yd HuTCR-T1 mice (Fig. 3b).

Metabolite set enrichment and metabolic pathways associated with HUTCR-T1 mice
The quantitative metabolite set enrichment and metabolic pathway analyses were performed using MetaboAnalyst
5.0 to investigate metabolic pathways among three groups (Fig. 4). The quantitative metabolite enrichment
analysis employed 99 metabolite sets based on normal human metabolic pathways. Nine biochemical pathways
were identified by the analysis that significantly affected metabolite set among the groups (p <0.05), including
alpha-linolenic acid and linoleic acid metabolism, retinol metabolism; sphingolipid metabolism; tryptophan
metabolism, phosphatidylcholine biosynthesis; catecholamine biosynthesis; phospholipid biosynthesis; tyrosine
metabolism; and purine metabolism.

The significant metabolic pathway impact values were calculated from topology pathway analysis. The
analysis identified four matched metabolic pathways: glycerophospholipid metabolism, tryptophan metabolism,
sphingolipid, and tyrosine (Fig. 5).

Normal immune cell development in HUTCR-T1 mice

HuTCR-T1 mice possess humanized genes encoding components of the immune synapse. To investigate
the impact this gene targeting (engineering) had on the development of the immune system, we performed
comprehensive immunophenotyping of naive HiTCR-T1 mice. We compared the results to WT controls of a
similar strain background (Figs. 6 and 7).

The proportion of B cells was comparable between HUTCR-T1 and WT mice across various tissues and IgG
antibody titers in serum (Fig. 8); HuTCR-T1 mice exhibited a significantly higher percentage of B cells in the
spleen and liver, suggesting alterations in B cell development and distribution in HuTCR-T1 mice.

Proportions of T cells were comparable between HUTCR-T1 and WT mice in systemic tissues; marginally
higher in lung, ileum, and lymph nodes of HuTCR-T1 mice; numerically elevated in the liver of WT mice; and
significantly higher in the thymus of HiTCR-T1 mice compared to WT mice, indicates possible alterations in T
cells development or localization in thymus of HuTCR-T1 mice.

Helper, cytotoxic, regulatory, y, and NK T cell proportions were comparable between HUTCR-T1 and WT
mice across all the tissues. In blood, liver, and thymus, NK cells were comparable between HuTCR-T1 and WT
mice. However, proportions were marginally higher in the lung, ileum, and spleen of WT mice while modestly
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Metabolites 2yd vs. human | yd vs. wild type
2,4-Thiazolidinedicarboxylic acid, 2-methyl- ns *
(10Z,12E)-Pentadeca-10,12-dienoylcarnitine ns ok
Sorbitan palmitate ns ns
4-Phenylpyridine ns *
2,7-dimethyl-6-octenoic acid ns **
Ethyl 3-phenylpropanoate ns *
2E,4E,8Z,10E-dodecatetraenoic acid ns e
Valerylcarnitine ns *
Hippuric acid ns *
13Z,16Z-octadecadienoic acid ns *
LysoPC(17:0/0:0) ns *
97,127,15Z-Octadecatrienal ns *
3-Hydroxy-11-norcytisine ns *
Sphinganine 1-phosphate ns *
Tetracosahexaenoic acid ns *

Table 1. Statistically significant putative metabolites associated with human, y§ transgenic and wild type mice
in plasma metabolomics and lipidomics analysis. *‘Gamma delta (y§) humanized (Hu) mice were generated
using BAC genomic DNA platform. Plasma samples were prepared using cold methanol extraction method,
subjected to non-targeted metabolomic/lipidomic profiling by UPLC-MS/MS, and relative intensities were
observed. Human Kyoto Encyclopedia of Genes and Genomes (KEGG) and Human Metabolome Database
(HMBD) were used to match putative metabolites. *Statistical analysis was performed using Two-Way ANOVA
followed by Tukey’s multiple comparison post-test, *p values < 0.05, **p values < 0.01, ***p values <0.001,

and ****p values < 0.0001 were considered significant. Metabolites highlighted in bold represent no statistical
significance (ns) difference between y§ HuTCR-T1 mice and human.

elevated in lymph nodes in HuTCR-T1 mice. These data indicate generally normal development or distribution
of lymphoid lineage in HuTCR-T1 mice.

Proportions of dendritic cells were comparable between HuTCR-T1 and W'T mice across the various tissues
while significantly elevated in the spleen of WT mice. Monocytes and macrophages were comparable between
HuTCR-T1 and WT mice. Neutrophils were comparable in blood, liver, lymph nodes, and thymus of HiITCR-T1
and WT mice; numerically elevated in the ileum of HuTCR-T1 mice; and significantly elevated in the lung
and spleen of WT mice. These data suggest overall normal development or distribution of myeloid lineage
in HuTCR-T1 mice. In summary, HiTCR-T1 mice exhibited normal proportions of lymphoid and myeloid
immune cell populations among various tissues and are comparable with WT mice with fewer exceptions,

Discussion

v8 T cells play critical roles in early immune responses, epithelial barrier protection, direct cytotoxicity, immune
regulation, and tumor surveillance, through mechanisms that remain less well understood. To investigate these
mechanisms and to develop a clinically translatable animal model, we generated HuTCR-T1 mice by replacing
the mouse y§ TCRs with human y§ TCRs. The resulting mice exhibited normal immune cell development
and profiles, indicating that human y§ TCRs are well tolerated by the mouse immune system. However, to
our surprise, the introduction of human y§ TCRs had a significant impact on the metabolite profiles of the
mice. Notably, many of the mouse metabolites were altered to resemble human metabolic profiles. This is the
first report demonstrating a strong relationship between human y§ TCRs and host metabolic regulation. Since
metabolites play key roles in various human diseases, and no current animal models are well-suited to study
human metabolic responses. Due to the close alignment of their metabolomic and lipidomic profiles with human
plasma, our analysis revealed that y§ HuTCR-T1 shares a significant number of comparable metabolites with
human plasma approximately 50%, as shown in Table 1. The following metabolites are particularly noteworthy:

Dihydroferulic acid 4-O-glucuronide is classified as an organic compound and contains antioxidant, anti-
inflammatory properties and also has the potential to inhibit cancer cell proliferation and treat neurological
disorders®2. In our investigations, the relative intensity of dihydroferulic acid 4-O-glucuronide was observed
at similar levels in y§ HuTCR-T1 mice as in human plasma.

Vitamin A is indispensable for appropriate innate and adaptive immune function, and influences gut
microbiome composition®*-*’. Similarly, the relative intensity of vitamin A3 in y§ HuTCR-T1 mice mirrored
that in human plasma, supporting their use in research on vitamin A status, microbiome dysbiosis, and immune
responses.

Bradykinin 1-5 is a bioactive metabolite of bradykinin and is formed by the proteolytic activity of angiotensin-
converting enzyme (ACE) II. It also exhibits a role in inflammation, pain perception, vasodilates the arterial
system, inhibits thrombin-induced platelet aggregation®*°, and promote proliferation of cervical and gastric
cancers’®!. Both humans and y§ HuTCR-T1 mice have elevated levels of bradykinin 1-5.
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Fig. 1. Determination of non-targeted metabolomics and lipidomics in plasma samples. A heatmap of top
100 significant metabolites in plasma samples visualizes the intensity of metabolites. The magnitude of a
metabolite is arranged to show their relatedness in the cluster heatmap. In addition, the more intense yellow
color represents the higher magnitude, while the red color represents the lower magnitude of a metabolite.
Humanized gamma-delta (y3) transgenic mice were generated using BAC genomic DNA platform (> 100 kb).
Plasma samples were prepared using the cold methanol extraction method, analyzed with UHPLC-MS/MS,
and analyzed using MetaboAnalyst 5.0. Human Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Human Metabolome Database (HMBD) were used to match putative metabolites and/or pathways.
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Fig. 2. Determination of non-targeted metabolomics and lipidomics in plasma samples. Principal-component
analysis (PCA) indicates segregation of gamma-delta (y§), human, and wild type mice metabolites. yd
humanized TCR-T1 mice were generated using BAC genomic DNA platform (> 100 kb). The PCA plot is
generated from the peak intensities obtained from liquid chromatography-mass spectrometry (LC-MS), which
are used as the input data. Plasma samples were prepared using the cold methanol extraction method, analyzed
with UHPLC-MS/MS, and analyzed using MetaboAnalyst 5.0. Human Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Human Metabolome Database (HMBD) were used to match putative metabolites and/
or pathways.

Cholesterol ester, aminoethyl oleate, and diglyceride are implicated in cardiovascular diseases*>®. In the
course of our study, the levels of these metabolites were comparable between yd HuTCR-T1 mice and human
samples while significantly different from WT mice.

Dihydrophenylalanine is an antimicrobial compound* and we observed elevated levels of
dihydroxyphenylalanine in y§ HuiTCR-T1 mice, making them suitable for investigating antimicrobial activities.

Aminopicolinic acid is a catabolite of the tryptophan through the kynurenine pathway*and implicated
in moderating acne vulgaris and exhibits neuroprotective and immunological activities***’. In our studies,
the intensity of aminopicolinic acid was observed in both human and y§ HuTCR-T1 mice highlighting their
potential for research into immunological, neurological, and dermatological conditions.

Terbutaline is implicated for the management of pulmonary diseases*®and elevated levels in y§ HuTCR-T1
mice indicates its relevance for studying pulmonary diseases. Similarly, higher intensity of N-octanoyl-L-
homoserine lactone*>!, in y§ HuTCR-T1 mice suggests their applicability in infection prevention and cystic
fibrosis research®>%3.

Pregnanetriol intensity was elevated in y§ HuTCR-T1 mice, which signifies the importance of these mice for
investigation of congenital adrenal hyperplasia® or other endocrinological conditions.

Scientific Reports |

(2024) 14:29321 | https://doi.org/10.1038/s41598-024-81003-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

5-(4-Hydroxybe
DL-2.5-Dévydro
(6E)-8-Methryin
200 Cholesser
DG(18: 1700
21H-Bline-8,1
Ximacsarcoptyt
Oxonal
Dudesethyl Chil
(102, 12€)-Pent
Ettwl 2-furana
Buty! salicyla
Pregnanetriol
3-Al-1-cye

1-Hydroxyisoqu

5-(4-Hydroxybe
OL-2.5-Ditwydro
{6E )-8-Methyin
DG(18:1n 70,0

stee
4 dalpha 5 6.1
Xomasarcophyt
21H-Bdne-8.1
(2

02.12€)Pent

Didesethwl Chi
Oxonal

£yt 2-urana
Buty! sakicyla
1-Hydraxyisoqu

dehydro-beta-|

Cer(d18:1(4EY

MG(20:3(6 8,11

N-Stearoyt Glu

Lalpha-frydrox

y
Ananstrep A e | HBE

. ._]. | 5:(4-Hydroxybe ° | .. '
. Cmm Cytosine ° | mm

High High

° i | (BE)-8-Methyln ° | m

. | | 10-Hydroy-9-k ° N | |
OmE l Vitamin A3 °
mom ' 5.7.0.11,134¢ ° el
.:. Ghutamyasokeu

. | | 150eta-Hydroxy —
&-beycroxy-ab ° |
Omm "

Tanacetol A °

14 16 18 20 22
16 18 20 22

VIP scores

High

T T T
16 18 20 22

VIP scores

Fig. 3. Determination of non-targeted metabolomics and lipidomics in plasma samples. Variable importance
in projection (VIP) scores indicates the most critical metabolites contributing to the discrimination of
metabolic profiles among different groups. The relative abundance of metabolites is indicated by a colored
scale from red to blue, representing the high to low, respectively. Comparisons were performed among gamma
delta (GD), human plasma, and wild type (WT) (A), between GD and human plasma (B), and between GD
and WT (C). The colored boxes on the right indicate each group’s relative concentrations of the corresponding
metabolite. GD humanized TCR-T1 mice were generated using BAC genomic DNA platform (> 100 kb).
Plasma samples were prepared using the cold methanol extraction method, analyzed with UHPLC-MS/MS,
and analyzed using MetaboAnalyst 5.0. Human Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Human Metabolome Database (HMBD) were used to match putative metabolites and/or pathways.

Hippuric acid levels are significantly lower in patients with inflammatory bowel disease compared to healthy
individuals®. We observed a comparable intensity of hippuric acid in both human plasma and y§ HuTCR-T1
mice.

LysoPC is a phospholipid known for its role as an immune activator and implicated in the pathogenesis of
atherosclerosis®, colorectal cancer”’, renal cell carcinoma®®, and digestive tract tumors® in humans. Higher
intensity of LysoPC in y0 HuTCR-T1 mice compared to WT mice suggests that the humanized y§ TCR might
influence LysoPC metabolism or its regulation.

Sphingosine-1-phosphate (sphingolipid) is a bioactive lipid mediator and promotes cellular proliferation®,
vascular maturation®!, immune-cell trafficking®?, and angiogenesis®»*!, and maintains vascular integrity®>. In
our data set, the intensity of sphingosine-1-phosphate was observed comparable in y§ HuTCR-T1 mice as in
human plasma, supporting the usefulness of these mice in oncogenesis.

Other metabolites, such as phenylpyridine, and 2E,4E,87Z,10E-dodecatetraenoic acid, suggest the utility of y§
HuTCR-T1 mice in researching antioxidant and immunological studies®. Elevated valerylcarnitine levels in y§
HuTCR-T1 mice support their use in studying cancer and cardiovascular diseases®’.
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Fig. 4. The distributing diagram of metabolites sets enrichment. Metabolic set enrichment using metabolite
concentrations shows the most enriched pathways among different groups. Gamma delta (y§) humanized
TCR-T1 mice were generated using BAC genomic DNA platform (> 100 kb). Plasma samples were
prepared using the cold methanol extraction method, analyzed with UHPLC-MS/MS, and analyzed using
MetaboAnalyst 5.0. Human Kyoto Encyclopedia of Genes and Genomes (KEGG) and Human Metabolome
Database (HMBD) were used to match putative metabolites and/or pathways.
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Fig. 5. Determination of metabolic pathways in plasma samples. The bubble chart of the Human Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis reveals matched pathways

are shown as circles. The color and size of each circle are based on significant p-value and pathway impact
values, respectively. Human KEGG and Human Metabolome Database (HMBD) were used to match putative
metabolites and/or pathways.

Several metabolic pathways are observed in y6 HUTCR-T1 mice comparable to humans
Tryptophan metabolism regulates inflammation, brain function, and energy homeostasis. Moreover, metabolites
of tryptophan metabolism drive aging and elicit the pathophysiology of age-related diseases®®. The gastrointestinal
microbiome also affects tryptophan metabolism, directly or indirectly, affecting behavior and cognitive
function®. Interestingly, tryptophan metabolites, indoleamine-2,3-dioxygenase, and kynurenine influenced y8
T cell cytotoxicity against ductal pancreatic adenocarcinoma cells”’. Thus, the tryptophan metabolic pathway in
vy HuTCR-T1 mice may exhibit potential future therapeutic targets for various cancers.

Spingolipid metabolism is correlated with the aging, growth, differentiation, and apoptosis of cancer cells”!.
Ceramide (Cer) is the most critical sphingolipid, and it regulates cell growth, survival, vascular and epithelial
integrity, and immune cell trafficking. It also plays a crucial role in inflammation and cancer’?. Morad et al.
(2012) demonstrated that in cultured triple-negative breast cancer cells, nanoliposomal tamoxifen enhances
nanoliposomal ceramide cytotoxicity’. Similarly, ceramide was implicated in the apoptosis of leukemic natural
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Fig. 6. Normal lymphoid immune cell proportions in HuTCR-T1 mice. Representative flow cytometry
analysis of HU'TCR-T1 and wild-type (WT) mice. Mean frequencies (%) (A) B cells (CD19*CD3e"), (B)

T cells (CD3e*), (C) helper T cells (CD3*CD4"), (D) cytotoxic T cells (CD3*CD8"), (E) regulatory T cells
(CD4*CD25%FoxP3™), and (F) y0 T cells (CD3*yd"). Statistical analysis was performed using Two-way
ANOVA followed by Bonferroni posttest and data are shown as means + SEM (n=3), *p <0.05, and **p <0.01.
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Fig. 7. Normal lymphoid and myeloid immune cell proportions in HiTCR-T1 mice. Representative flow
cytometry analysis of HuTCR-T1 and wild-type (WT) mice. Mean frequencies (%) (A) natural killer T cells
(CD3e*CD161/NK1.1%), (B) natural killer cells (NKp46*CD3e"), (C) dendritic cells (CD11c*MHC-II*), (D)
monocytes (Ly6C*CD11b*), (E) macrophages (F4/80*CD68"), and (F) neutrophils (Ly6G*CD11b*). Statistical
analysis was performed using Two-way ANOVA followed by Bonferroni posttest and data are shown as

means =+ SEM (n=3), ***p <0.0001.
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Mann-Whitney posttest and data are shown as means + SEM (n=4).

killer cells’, and hepatic tumors’>’¢. The specificity of ceramide in Y8 HuTCR-T1 mice calls for additional
investigations into the role of sphingolipid metabolism in the cytotoxicity ability of y§ mouse T cells and the
anti-tumor capacity of y§ mouse T cells. These inquiries aim to enhance our understanding and potentially
improve the efficacy of immunotherapies against solid tumors that have proven ineffective with current state-of-
the-art clinical practices.

Glycerophospholipid metabolism is implicated in biological membrane lipids and plays a vital role in
cellular signaling and energy storage’’. These membrane lipids bind antigen-presenting molecules CD1d in
mice and CD1a-d in humans, presenting them to T cells that subsequently affect immune cells’®”°. Moreover,
glycerophospholipids profoundly impact phagocytosis, innate and adaptive immunity, and inflammation®.
Therefore, y§ HuTCR-T1 mice may assist in identifying biological targets that will be imperative for creating
new therapies against pathologies initiated by endogenous and/or exogenous agents.

Tyrosine metabolism synthesizes various biologically important compounds such as dopamine
(catecholamines), norepinephrine, epinephrine, melanin, and thyroid hormones. In addition, several
inherited disorders are associated with tyrosine metabolism, such as tyrosinemia type I-III, alkaptonuria, and
hawkinsinuria®!. Moreover, Tyrosine catabolic genes were down-regulated in patients with hepatocellular
carcinoma®. This demonstrates that y§ HuTCR-T1 mice may support investigations of biochemical disorders
and liver cancer.

Branched-chain amino acids (valine, isoleucine, and leucine) are implicated in energy expenditure and
their supplementation benefits health®3. However, inconsistently increased circulating branched-chain amino
acid levels are associated with diabetes and obesity®4-86. Interestingly, in our data set, the relative intensities of
isoleucine and leucine were markedly reduced (although not statistically significant) in y§ HuTCR-T1 mice
compared with WT mice, indicating that humanized y§ mice can be employed to investigate metabolic signaling,
diabetes mellitus, hypercholesterolemia, obesity, and insulin resistance.

Potential mechanisms underlying the metabolic effects of human y8 TCR replacement in
mice

Here can be few potential mechanisms: (1) Replacement of y§ can lead to modifications in enzyme activity
or regulatory proteins, potentially impacting metabolic pathways. Such alterations may affect plasma levels of
metabolites, such as lysoPC, by influencing the activity of key enzymes including Phospholipase Al, A2, B,
and Lysophosphatidylcholine acyltransferase. These enzymes play critical roles in lysoPC metabolism, and their
activity modulation may result in significant metabolic shifts, providing insight into the molecular consequences
of y8 TCR replacement on cellular processes. (2) Replacing human y§ TCRs may alter the metabolic rate of fats,
proteins, and carbohydrates by influencing thyroid hormones (T3 and T4) levels. (3) Changes in inflammatory
cytokines like TNF-a and IL-6 can impair insulin sensitivity, leading to metabolic dysregulation which has impact
on lipid metabolism, and glucose homeostasis®’. (4) The composition of the microbiome may have undergone
changes. y8 T cells are known to play a crucial role in shaping gut composition through bidirectional interactions
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with the microbiota, influencing tissue homeostasis!'®. Although the full extent of these interactions is not yet
fully understood, they are essential for maintaining immune tolerance and regulating intestinal balance. These
interactions can also drive metabolic shifts that affect other organs, underscoring the importance of yd T cells in
cross-organ metabolic regulation.

We acknowledge several limitations in our study: (1) The sample size of y§ double-homozygous mice (n=5)
was limited, restricting our ability to perform in-depth analyses such as examining variables like sex, age, stress,
microbiome composition, and infection status. (2) Our metabolomic analysis was not extended to additional
sample types, so the data should be interpreted with caution. To gain a deeper understanding of the roles of y§
TCR and their effects on metabolic profiles, further studies are essential to clarify the function of y§ T cells and
their potential clinical applications. (3) The NIST human plasma used as a reference material consists of pooled
plasma from various healthy donors, making it suitable for method comparison but insufficient to capture the
normal variability of human plasma metabolomes. Our ongoing research aims to validate these findings using
alternative assays and identify human TCRs associated with the observed metabolomic changes.

In conclusion, it is uncommon to see changes in TCR lead to such a wide array of metabolic changes. The
PCA plot and VIP score analyses revealed significant segregation of unique metabolites between yd HuTCR-T1
and WT mice. Notably, y§ HuTCR-T1 mice displayed a range of metabolites resembling human profiles.
Pathway analysis highlighted the involvement of tryptophan, sphingolipid, tyrosine, and glycerophospholipid
metabolism in yd HuTCR-T1 mice. These findings provide metabolic insights that can guide future research
using y6 HuTCR-T1 mice. Our analysis identified lipid profiles associated with various diseases, underscoring
the potential of humanized y§ mice as a valuable model for exploring specific aspects of cancer and infectious
disease.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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