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Metabolic engineering of SLC38A2 reprograms glutamine 
utilization and enhances CAR-macrophage antitumor 
function in solid tumors
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ABSTRACT	 Objective: This study was aimed at investigating metabolic dysregulation in tumor-associated macrophages (TAMs) in breast cancer 
and developing a metabolically enhanced chimeric antigen receptor macrophage (CAR-M) strategy to boost antitumor potency in 
solid tumors.
Methods: Integrated scRNA-seq and metabolomic analyses were performed to characterize metabolic alterations in macrophages 
within the breast cancer tumor microenvironment (TME). According to the identified metabolic vulnerabilities, SLC38A2-
overexpressing anti-HER2 CAR-Ms were engineered. Glutamine uptake and phagocytic activity were assessed to evaluate functional 
enhancement.
Results: TAMs in breast cancer exhibited substantial metabolic dysregulation, particularly impaired glutamine metabolism 
accompanied by decreased expression of the glutamine transporter SLC38A2. Overexpression of SLC38A2 in anti-HER2 CAR-Ms, 
compared with conventional anti-HER2 CAR-Ms, enhanced glutamine uptake and markedly augmented phagocytosis of HER2+ 
breast cancer cells.
Conclusions: Metabolic engineering via SLC38A2 restored glutamine fitness and enhanced the antitumor activity of HER2-targeted 
CAR-Ms, thus providing a promising strategy to boost CAR-M–mediated tumor suppression in solid tumors.
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Introduction
The rapid emergence of chimeric antigen receptor (CAR) 
macrophage (CAR-M) therapies has ushered in a new era in 
cancer immunotherapy1,2. Macrophages, the most abundant 
innate immune cells infiltrating the tumor microenvironment 

(TME), have a strong intrinsic ability to penetrate deep into 
tumor tissues and directly eliminate cancer cells through 
phagocytosis3,4. Moreover, macrophages can enhance tumor 
antigen presentation, thereby mitigating tumor heteroge-
neity and sustaining downstream T-cell activation, and ulti-
mately orchestrating broader antitumor immune responses5-7. 
Arming macrophages with refined next generation CAR 
designs can help overcome key roadblocks and permit fine 
tuning of antitumor immunity7. Recent clinical studies have 
demonstrated the feasibility, safety, and preliminary antitu-
mor activity of CAR-Ms in patients with solid tumors such as 
breast cancers8,9. In parallel, advances in stem cell biology have 
enabled the generation of CAR-engineered macrophages from 
human pluripotent stem cells, thus providing a scalable and 
standardized cellular source for CAR-M therapies10.
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CAR-Ms represent a major advancement in immuno-
therapy, particularly for treating solid tumors, in which tra-
ditional CAR-T therapies face limitations8,11-14. Difficulties 
arise in the use of CAR-T therapies in solid tumors, including 
limited trafficking into and retention within densely fibrotic 
tumor stroma, dampened effector activity in highly immu-
nosuppressive niches, and restricted access to tumor cells 
embedded within complex tissue architectures15,16. Although 
macrophages can inherently infiltrate into solid tumors, the 
application of CAR-M therapies to solid tumors still faces chal-
lenges including immunological barriers and extensive meta-
bolic constraints within the TME2,11,17. Current strategies to 
enhance CAR-M functionality focus on multiple fronts. One 
approach involves in vitro pre-stimulation to augment proin-
flammatory activation18,19. Other strategies include advances 

in CAR gene delivery technologies, such as optimized viral 
vectors and non-viral platforms including lipid nanoparti-
cles20,21. Although these advances have strengthened CAR 
expression and activation in engineered macrophages, thereby 
highlighting the therapeutic promise of CAR-Ms, they still fall 
short of addressing the decisive effects of the tumor metabolic 
landscape on CAR-M persistence and therapeutic efficacy22,23. 
Therefore, elucidating how the TME reshapes macrophage 
phenotypes and identifying new targets to enhance CAR-M 
function are urgently needed.

The TME reprograms CAR-Ms through the release of 
immunosuppressive factors and metabolic cues17,24 that drive 
macrophage polarization toward a pro-tumoral phenotype 
and thereby compromise their antitumor function. The intri-
cate metabolic crosstalk between immune cells and tumor 
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Conclusion
Metabolic engineering via SLC38A2 restores glutamine fitness and markedly enhances the antitumor efficacy of
HER2-targeted CAR-macrophages.

• Suppressed tumor growth in vivo• Validate CAR & SLC38A2 expression (WB/qPCR/FC/IF)

• Tumor cell phagocytosis• Adenoviral transduction of macrophages

• Glutamine uptake enhancement• Design & construction

Part III: In vitro and in vivo functional testing

• Reveals marked SLC38A2 downregulation in TAMs

Part II: Engineering of SLC38A2-overexpressing CAR-M

• Identifies impaired glutamine metabolism as a core TAM
vulnerability

• Profiles metabolic pathways in TAM subsets
• Profiles key metabolic changes in the TME• Dissects cellular interactions in the breast cancer TME

Part I: Integrated single-cell transcriptomic and metabolomic profiling identifies SLC38A2 downregulation and glutamine metabolic
defects in tumor-associated macrophages.

Background Tumor-associated macrophages in breast cancer exhibit profound metabolic dysregulation that limits their antitumor
capacity, highlighting the need for metabolically optimized CAR-macrophage therapies.
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Study flowchart  Part I integrated single-cell transcriptomic and metabolomic profiling to reveal cellular interactions in the breast can-
cer tumor microenvironment, characterize metabolic programs across TAM subsets, and identify marked downregulation of the glutamine 
transporter SLC38A2 alongside extensive glutamine metabolic defects. These analyses revealed impaired glutamine utilization as a central 
metabolic vulnerability of tumor-associated macrophages. Part II engineered metabolically enhanced HER2-targeted CAR-macrophages by 
overexpressing SLC38A2. This part included CAR construct design; adenoviral transduction of macrophages; and validation of CAR and 
SLC38A2 expression via western blotting, qPCR, flow cytometry, and immunofluorescence. Part III assessed the functional consequences of 
SLC38A2 overexpression. In vitro assays demonstrated greater glutamine uptake and markedly greater phagocytosis of HER2+ tumor cells by 
SLC38A2-overexpressing CAR-Ms than conventional CAR-Ms. These enhanced functional activities translated to in vivo results indicating that 
SLC38A2/anti-HER2 CAR-M treatment significantly suppressed tumor growth in HER2+ tumor-bearing mice. Collectively, these findings estab-
lished that metabolic engineering via SLC38A2 restored glutamine fitness and markedly augmented the antitumor efficacy of HER2-targeted 
CAR-macrophages. CAR-M, chimeric antigen receptor macrophage; TAM, tumor-associated macrophage; TME, tumor microenvironment; WB, 
western blotting; qPCR, quantitative PCR; FC, flow cytometry; IF, immunofluorescence.
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cells has emerged as a critical determinant of immunotherapy 
response17,25-28. Multiple potential metabolic crosstalk mech-
anisms have been reported, including nutrient competition, 
immunomodulatory effects of metabolites, and metabolic 
adaptability29-32. Notably, metabolic regulators, in conjunction 
with epigenetic modifiers and surface receptors, have emerged 
as key determinants of both myeloid and lymphoid cell behav-
ior, and are increasingly incorporated into the design of next 
generation CAR-based immunotherapies2. Nevertheless, little 
is known regarding how metabolic cues in the TME regulate 
CAR-M functions. Therefore, elucidating the specific mecha-
nisms through which the TME reshapes macrophage metab-
olism is expected to provide valuable insights for optimizing 
CAR-M therapeutic strategies.

Herein, by integrating single-cell transcriptomic and metab-
olomic profiling, we identified glutamine metabolism as a key 
vulnerability of macrophages in the TME. Leveraging this 
mechanistic insight, we engineered metabolically empowered 
CAR-Ms with markedly enhanced phagocytic and antitumor 
activity in vitro. Importantly, these metabolic enhancements 
translated to marked tumor growth suppression in HER2+ 
tumor bearing mouse models, thus providing a metabolism 
informed strategy to enhance the efficacy of CAR-M immu-
notherapy in solid tumors.

Materials and methods
Single-cell RNA-seq data processing and cell-
cell communication analysis

The published single-cell RNA-seq dataset GSE155109 was 
downloaded from the Gene Expression Omnibus (GEO) data-
base and processed in Seurat (v5), including quality control, 
normalization, dimensionality reduction, clustering, and uni-
form manifold approximation and projection (UMAP) vis-
ualization. Major cell populations were annotated according 
to canonical marker genes and verified with reference based 
mapping with the SingleR package. Cell-cell communication 
between immune cells and cancer cells was inferred with 
CellChat through construction of ligand-receptor interaction 
networks and identification of enriched signaling pathways. 
Gene Ontology (GO) enrichment analysis using the cluster-
Profiler package was performed on cluster-specific marker 
genes to explore biological functions associated with distinct 
immune subsets. All analyses were conducted in R with default 
parameters, unless otherwise specified.

Metabolomic analysis

Raw metabolite intensities were obtained from the pub-
licly available metabolomics dataset MTBLS11091 (Metabo 

Lights, https://www.ebi.ac.uk/metabolights/). Tissue-level 
metabolomic data used in this study were obtained from the 
processed and annotated metabolite matrices from a prior 
study (PMID: 35105939). Raw metabolite intensities were 
log2-transformed and normalized before downstream analy-
sis. Differentially expressed metabolites between groups were 
identified according to thresholds of log2FC > 1 or log2FC < −1 
combined with FDR < 0.05. Significantly enriched metabolites 
were visualized in a volcano plot.

For pathway level interpretation, differentially expressed 
metabolites were subjected to functional enrichment analy-
sis with MetaboAnalyst 6.0 (https://new.metaboanalyst.ca/
MetaboAnalyst/). Both overrepresentation analysis and topol-
ogy analysis were applied to identify significantly perturbed 
metabolic pathways across experimental conditions.

Metabolic activity assessment of macrophages 
with the scMetabolism pipeline

Single-cell metabolic activity was quantified with the scMetab-
olism R package. Raw gene expression data were first extracted 
from the Seurat object and normalized with Seurat’s default 
workflow. The subset of cells annotated as macrophages was 
subjected to downstream metabolic analysis. To evaluate path-
way-level metabolic programs, we applied the scMetabolism 
score function with the KEGG based pathway gene sets embed-
ded in the package. For each macrophage, enrichment scores 
representing the activity of individual metabolic pathways 
were calculated with the AUCell algorithm. Default param-
eters were applied, unless otherwise specified. The resulting 
cell-by-pathway metabolic activity matrix was further scaled 
and visualized. Heatmaps were generated to display pathway 
activity across macrophage subpopulations with the pheatmap 
package.

Generation of SLC38A2/anti-HER2 
macrophages

To generate macrophages expressing the SLC38A2-augmented 
anti-HER2 CAR, we first designed and optimized a HER2-
targeting chimeric antigen receptor in SnapGene software. 
The CAR cassette consisted of a CD8 signal peptide, human 
anti-HER2 single-chain variable fragment (scFv), CD8 
hinge, CD28 transmembrane region with partial intracellular 
motifs, and CD3ζ signaling domain. For control experiments, 
we constructed 2 negative control CAR variants encoding 
either the intracellular signaling domain alone (ICD-only) 
or the extracellular domain alone (ECD-only), to enable 
assessment of target specificity and signaling dependence. 
To enhance glutamine uptake ability, we incorporated the 
SLC38A2 gene, encoding a key glutamine transporter essen-
tial for macrophage metabolic fitness in the TME, directly 
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downstream of the anti-HER2 scFv, thereby generating a 
bifunctional CAR module capable of both HER2 recognition 
and metabolic augmentation. All constructs were linked via 
a T2A self-cleaving peptide. The complete CAR expression 
cassettes were synthesized and cloned into the pAdEasy-EF1-
MCS-CMV-EGFP adenoviral vector. Vector integrity was 
verified through restriction digestion and Sanger sequencing. 
Adenoviral particles were subsequently used for macrophage 
transduction at a multiplicity of infection (MOI) of 500 plaque 
forming units, to establish stable expression of the SLC38A2/
anti-HER2 CAR in macrophages. Macrophages transduced 
with an empty EGFP vector were designated as GFP-Ms and 
served as controls.

Real-time quantitative PCR

Total RNA was extracted with an Ambion RiboPure RNA 
Purification Kit (cat# AM1924, Thermo Fisher Scientific) and 
reverse transcribed into cDNA with iScript™ RT Supermix 
(cat# 1708841, Bio-Rad), according to the manufactur-
er’s instructions. Quantitative PCR (qPCR) was performed 
with template cDNA, gene-specific primers, TaqMan Gene 
Expression Assays, and TaqMan Gene Expression Master Mix 
(cat# 4369016, Applied Biosystems). Human TaqMan assays 
for GAPDH (Hs02786624_G1) and SLC38A2 (Hs01089958_
G1) were used. The primer sequences are listed in Table S1. 
Data were collected and analyzed with a LightCycler 480 
instrument (Roche). Reactions were run according to the 
manufacturer’s protocol, and relative gene expression levels 
were calculated with the 2−ΔΔCt method with GAPDH as the 
endogenous control.

CD14+ monocyte isolation and macrophage 
differentiation for CAR transduction

Peripheral blood was collected from healthy donors via 
venipuncture, and the peripheral blood mononuclear cell 
(PBMC) fraction was isolated with density gradient cen-
trifugation. Briefly, 7.5 mL PBMC-containing buffy coat 
was diluted with 22.5 mL phosphate-buffered saline (PBS) 
and gently mixed. In a 50 mL centrifuge tube, 15 mL Ficoll-
Paque (cat# 17144003) was carefully layered on, and the 
diluted buffy coat was slowly added on top to maintain a 
clear interface. Samples were centrifuged at 800g for 20 min 
at 22°C with minimal braking (0–1). After centrifugation, 
distinct layers were observed: the top plasma/PBS layer, 
the middle cloudy PBMC layer, and the bottom layer con-
taining red blood cells and granulocytes. The PBMC layer 
was carefully collected, combined in a new 50 mL tube, 
diluted to 40 mL with PBS, and centrifuged at 800g for  
5 min at room temperature. Cells were washed twice with 
PBS and counted with trypan blue to confirm a viabil-
ity ≥70%. For CD14+ monocyte isolation, PBMCs were 

resuspended in MACS Rinsing Solution Buffer (cat# 130-
091-222) and filtered through a 40 μm strainer to remove 
cell aggregates. Cells were counted, centrifuged at 300g for 10 
min, and resuspended at 1 × 107 cells per 80 μL buffer. CD14 
MicroBeads (cat# 130-050-201) were added at 20 μL per 1 
× 107 cells, mixed gently, and incubated for 15 min at 4°C. 
Cells were washed with 1–2 mL buffer per 1 × 107 cells, cen-
trifuged at 300g for 10 min, and resuspended in 500 μL buffer 
per 1 × 108 cells. LS magnetic columns (cat# 130-042-401) 
were pre-wetted with 3 mL buffer and placed on a magnetic 
separator. The cell suspension was applied to the column 
and allowed to flow through, and the column was subse-
quently washed 3 times with 3 mL buffer. CD14+ monocytes 
were eluted with 5 mL buffer with the aid of a plunger into 
a new 15 mL tube. Purified CD14+ monocytes were seeded 
into ultra-low attachment 6-well plates and differentiated 
into macrophages by culture in RPMI-1640 supplemented 
with 10% fetal bovine serum (FBS) and 100 ng/mL Human 
M-CSF Recombinant Protein, PeproTech (cat# 300-25) for 5 
days. Differentiation was monitored by light microscopy. On 
day 5, adenovirus was added at a multiplicity of infection of 
1 × 103, on the basis of plaque forming units. Macrophages 
were harvested on day 7 and assessed for CAR expression, 
differentiation status, and purity with flow cytometry.

siRNA mediated gene silencing

Small interfering RNAs (siRNAs) targeting human SLC38A2 
and a non-targeting negative control siRNA were designed and 
synthesized by Motif Biotech (Suzhou, China). Macrophages 
were transfected with siRNAs at a final concentration of 50 nM 
with Lipofectamine 3000 Reagent (Thermo Fisher Scientific, 
cat# L3000015) according to the manufacturer’s instructions. 
Briefly, siRNAs and transfection reagent were separately 
diluted in Opti-MEM, then combined to form lipid-siRNA 
complexes before being added to the cells. After transfec-
tion, macrophages were cultured under standard conditions, 
and gene silencing efficiency was assessed at the mRNA and 
protein levels with qPCR and immunoblotting, respectively. 
Detailed sequences and information for all siRNAs used in this 
study are provided in Table S2.

Cell culture

Human primary macrophages were cultured in RPMI 1640 
medium (Gibco, cat# 21870076) supplemented with 10% 
FBS (Thermo Scientific, cat# 10099-141) and 1% penicilli-
streptomycin (Thermo Fisher Scientific, cat# 10378016). For 
glutamine deprivation experiments, macrophages were main-
tained in glutamine-free RPMI 1640 medium (Corning, cat# 
15-040-CV) supplemented with 10% FBS and antibiotics, as 
indicated. The human breast cancer cell line MDA-MB-231 was 
cultured in high-glucose DMEM (Gibco, cat# C11995500BT) 
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supplemented with 10% FBS and 1% penicillin-streptomycin 
at 37°C in a humidified incubator under 5% CO2. The human 
ovarian cancer cell line SKOV3 and the human breast cancer 
cell line SKBR3 were cultured in McCoy’s 5A medium (Gibco, 
cat# 16600082) supplemented with 10% FBS and 1% penicil-
lin-streptomycin under standard culture conditions.

Flow cytometry

For surface marker staining and flow cytometric analysis, cells 
were incubated with the following antibodies: Whitlow/218 
linker recombinant rabbit mAb (Alexa Fluor® 647 conjugate; 
cat# S0B1796-50T, Starter), anti-SLC38A2 (cat# sc-166366, 
Santa Cruz), goat anti-mouse IgG (H+L) secondary anti-
body-PE (cat# M30004-1, Invitrogen) and anti-CD68 [Alexa 
Fluor® 488 anti-CD68 antibody (KP1); cat# ab222914, Abcam]. 
For intracellular staining, cells were first treated with an 
Intracellular Fixation and Permeabilization Kit (cat# 88-8824, 
eBioscience) according to the manufacturer’s instructions. 
Stained samples were analyzed on a CytoFlex flow cytometer 
(Beckman Coulter), and data were processed in FlowJo soft-
ware (v10, TreeStar).

Metabolite extraction from cell culture 
supernatants and LC-MS analysis

Cell culture supernatants were collected after incubation, 
and 500 μL samples were transferred into 1.5 mL centrifuge 
tubes. Samples were centrifuged at 13,000g for 10 min at 4°C 
to remove cellular debris. For metabolite extraction and pro-
tein precipitation, 200 μL clarified supernatant was mixed 
with 800 μL pre-chilled LC-MS grade methanol and vortexed 
thoroughly. The mixture was further vortexed at 2,000 rpm for  
10 min to ensure efficient metabolite extraction. Protein precip-
itation was accelerated by incubation of the samples at −30°C 
for 1 h. The samples were then centrifuged at 14,000 rpm for 
15 min at 4°C, and the supernatant was carefully transferred to 
a new tube. Approximately 850 μL supernatant was subjected 
to vacuum lyophilization at 4°C until completely dry. Dried 
samples were either stored at −20°C or immediately recon-
stituted for LC-MS analysis. For reconstitution, samples were 
resuspended in 100 μL 50% acetonitrile in water, vortexed for 
30 s, and sonicated in a water bath for 3 min at room tem-
perature. Insoluble material was removed by centrifugation at 
14,000 rpm for 15 min at 4°C, and 80 μL clarified superna-
tant was carefully transferred into LC-MS vials with inserts, 
by avoiding any precipitate. Quality control (QC) samples 
were prepared by pooling equal volumes (5–10 μL, adjusted 
according to total sample volume) of all experimental samples 
to monitor instrument stability and data quality in untargeted 
metabolomics experiments; QC samples were optional for tar-
geted analyses. LC-MS analysis was performed with an Agilent 
1290 Infinity liquid chromatography system coupled to an 
Agilent 6470 triple quadrupole mass spectrometer (Agilent 

1290-6470, low-resolution LC-MS) to profile metabolites in 
the cell culture supernatants.

Western blot analysis

Cell pellets from 1 × 106 cells were collected and lysed in 
100 μL RIPA buffer (Beyotime, cat# P0013J) on ice for 30 
min. Lysates were centrifuged at 14,000g for 30 min at 4°C, 
and supernatants were collected. Protein concentrations were 
determined with BCA assays (Thermo Scientific, cat# 23225). 
Approximately 10 μg total protein per sample was resolved by 
SDS-PAGE and transferred to membranes for immunoblotting. 
The following primary antibodies were used: GAPDH (MC4) 
mouse monoclonal antibody (Beijing Ray Antibody Biotech, 
cat# RM2002, 1:1,000), VDAC1 recombinant rabbit monoclo-
nal antibody (Starter, cat# S-1877-18, 1:1,000), GLUD1 mon-
oclonal antibody (Proteintech, cat# 67026-1-Ig, 1:1,000), GLS 
antibody (Abclonal, cat# A23189, 1:1,000), DRP1 (CST, cat# 
570S, 1:1,000), and GOT2 monoclonal antibody (Proteintech, 
cat# 67738-1-Ig, 1:1,000). Goat anti-mouse IgG, light-chain 
specific antibody (HRP conjugate) (Cell Signaling Technology, 
cat# 91196, 1:2,000) was used for detection. Representative 
immunoblots were captured with a ChemiDoc Touch Imaging 
System (Bio-Rad).

Phagocytosis assays of CAR-Ms

The functionality of CAR-Ms was evaluated through co-
culture with HER2− (MDA-MB-231) or HER2+ (SKBR3) 
mCherry-expressing tumor cells. In each well of a 96-well 
plate (WHB-96-2), 2 × 103 tumor cells were mixed with 
CAR-Ms in 100 μL RPMI 1640 complete medium at an 
effector-to-target (E:T) ratio of 1:1. After 24 h of co-culture, 
phagocytic activity was assessed with flow cytometry and 
immunofluorescence imaging.

T cell proliferation assays

Autologous T cells were first labeled with 5 μM carboxyflu-
orescein succinimidyl ester (CFSE, Selleck Chemicals) for 25 
min at 4°C. Labeled T cells were then pre-activated on plates 
coated with 2 μg/mL anti-CD3 (Biolegend) at 37°C under 5% 
CO₂ for 16–18 h. CAR-Ms used in the assay were previously 
co-cultured with tumor cells and subsequently isolated. At 3 
days after T cell activation, T cells were co-cultured with the 
pretreated CAR-Ms at a T cell:macrophage ratio of 5:1 for 48 h. 
T cell proliferation was assessed with CFSE dilution and flow 
cytometry.

Detection of cytokine production by ELISA

Cytokine secretion by CAR-Ms was quantified with enzyme-
linked immunosorbent assay (ELISA). Briefly, CAR-Ms were 
cocultured with HER2+ SKOV3 tumor cells for 24 h under 



Cancer Biol Med Vol 23, No 3 March 2026� 397

standard culture conditions. After coculture, supernatants 
were collected and centrifuged to remove cellular debris.

The concentrations of human IL-10 and TNF-α in the cul-
ture supernatants were measured with commercially availa-
ble ELISA kits (IL-10: cat# RAB0244; TNF-α: cat# DTA00D) 
according to the manufacturers’ instructions. Briefly, stand-
ards and samples were added to pre-coated plates, then 
incubated with detection antibodies and enzyme conjugates. 
After substrate development, the reaction was stopped, and 
absorbance signals were measured with a Synergy H1 mul-
timode microplate reader (BioTek). Cytokine concentrations 
were calculated according to standard curves generated for 
each assay.

Immunofluorescence

After blocking, cells were incubated overnight at 4°C with 
CD68 (E3O7V) rabbit monoclonal antibody (1: 500, cat# 
97778, CST) and SLC38A2 (1:50, cat# sc-166366, Santa 
Cruz). After being washed, samples were incubated for 1 
h at room temperature with Alexa Fluor™ 488-conjugated 
donkey anti-rat IgG (H+L) highly cross-adsorbed second-
ary antibody (1:300, cat# A21208, Thermo Fisher Scientific) 
and Alexa Fluor™ 594-conjugated donkey anti-mouse IgG 
(H+L) highly cross-adsorbed secondary antibody (1:300, cat# 
A21203, Thermo Fisher Scientific). For mitochondrial stain-
ing, cells were incubated with MitoTracker® Deep Red FM 
(cat# 40743ES50) according to the manufacturer’s instructions 
before fixation. Nuclei were counterstained with DAPI (5 mg/
mL, cat# D3571, Thermo Fisher Scientific). Confocal images 
were acquired with an Olympus FV3000 microscope.

Animal experiments and bioluminescence 
imaging

Female SGM3 mice (age 6–8 weeks) were used for all in vivo 
experiments. SKBR3 tumor cells stably expressing the lucif-
erase (Luc) reporter were collected, centrifuged at 1,000g for 
3 min, and washed 3 times with sterile PBS. Cells were then 
resuspended and mixed with 0.4% trypan blue to determine 
viable cell numbers under a microscope. Tumor cell suspen-
sions were prepared at a concentration of 1 × 107 cells/mL, 
and 50 μL was subcutaneously injected into the flank in each 
mouse.

Tumor growth was monitored weekly with in vivo biolu-
minescence imaging (BLI). Mice were randomly assigned to 
experimental groups according to the average biolumines-
cence radiance, to ensure comparable initial tumor burden 
across groups. CAR-Ms were administered via tail vein injec-
tion at a dose of 3 × 106 cells per mouse. Tumor progression 
was monitored weekly with BLI to quantify tumor growth and 
treatment response. All animal procedures were performed in 
accordance with institutional guidelines and approved by the 

Institutional Animal Care and Use Committee of Sun Yat-sen 
University.

Statistical analysis

Data are presented as mean ± SD. Statistical significance 
between groups was analyzed with two-tailed Welch’s t-test 
assuming unequal variances. For comparisons involv-
ing more than 2 groups, statistical significance was deter-
mined with one-way ANOVA followed by appropriate 
multiple-comparison tests. P < 0.05 was considered statis-
tically significant. For multiple comparisons, P values were 
adjusted with the Holm method. Statistical analyses were 
performed in GraphPad Prism 10 or R 4.3.

Results
Single-cell transcriptomic analysis highlights 
the role of macrophage metabolic pathways in 
the TME

To comprehensively characterize the immune landscape of 
the TME in breast cancers, we used published scRNA-seq data 
(GSE155109) derived from tumor and matched nontumor tis-
sues of 9 patients with early-stage breast cancer33 (Figure 1A). 
After initial quality control and batch correction, we per-
formed dimensionality reduction and clustering with UMAP. 
The UMAP visualization revealed distinct transcriptomic 
profiles between tumor and nontumor tissues (Figure 1B). 
We classified a total of 18,082 cells into 14 distinct cell types 
according to canonical lineage markers (Figure 1C and 1D). 
After characterizing the major cellular populations and their 
transcriptional heterogeneity, we next investigated intercellu-
lar communication within the TME. Using CellChat, we first 
examined cell-cell interactions between immune cells and can-
cer cells. Among all immune subsets, macrophages exhibited 
the strongest signaling crosstalk with cancer cells (Figure  1E). 
Similarly, analysis of intercellular communication among 
immune cell subsets revealed that macrophages were the dom-
inant signaling hub, exhibiting the strongest ligand-receptor 
interactions with other immune cells (Figure 1F). Given the 
central role of macrophages in these intercellular communi-
cation networks, we next focused on clarifying their functions 
in the TME. Pathway enrichment analysis revealed that mac-
rophages, beyond their well-known immune-related functions, 
showed notable enrichment in metabolic pathways, thus high-
lighting the critical roles of metabolism in shaping macrophage 
function within the TME (Figure 1G). Notably, comparative 
GO enrichment analyses across other immune cell subsets 
demonstrated less prominent metabolic pathway enrichment 
than observed in macrophages (Figure S1A). In parallel, 
scMetabolism-based KEGG pathway analyses further revealed 
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heterogeneous metabolic activity among immune cell popu-
lations, thus supporting prominent metabolic involvement of 
macrophages (Figure S1B).

Metabolomic profiling identifies glutamine as 
a key metabolic node of macrophages in the 
TME

To delineate the metabolic landscape of breast cancers and 
its relevance to macrophage function, we analyzed metabo-
lomic profiles of tumor and adjacent normal breast tissues34. 
Systematic characterization revealed a marked metabolic 
divergence between tumor and normal samples (Figure 2A), 
which was accompanied by broad shifts in metabolite abun-
dance (Figure 2B). Pathway enrichment analysis indicated 
that breast cancer tissues showed associations with altera-
tions in amino acid-associated pathways, including alanine, 
aspartate, and glutamate metabolism; arginine biosynthesis; 
arginine and proline metabolism; β-alanine metabolism; and 
glutathione metabolism (Figure 2C).

To evaluate whether these tissue-level metabolic alter-
ations might be recapitulated at the cellular level and 
influence immune cell-cancer cell interactions, we exam-
ined metabolic profiles with single-cell metabolomics 
(MTBLS11091)35. We first asked how these metabolic alter-
ations might shape the metabolic behavior of immune cells, 
particularly macrophages, which are dominant immune 
regulators in the TME. We compared the metabolic profiles 
of macrophages vs. breast cancer cells. Macrophages and 
cancer cells exhibited markedly distinct metabolic signa-
tures (Figure 2D and 2E). Notably, amino acid-associated 
pathways emerged as the most prominently altered meta-
bolic processes (Figure 2F), thus reinforcing a shared, ami-
no-acid-centered metabolic theme consistently observed 
across tissues, cancer cells, and macrophage analyses. 
Similarly to the observed tissue-level metabolic patterns, 
substantial metabolic divergence between breast cancer 
cells (MDA-MB-231 and MCF-7) and normal breast epi-
thelial cells (MCF10A) was also found (Figure S1A–S1C), 
such that tumor cells displayed markedly elevated met-
abolic activity and enrichment in amino acid-associated 
pathways.

Because both tissue-level and cellular level metabolomic 
analyses consistently revealed pronounced metabolic repro-
gramming in breast cancers, we performed an integrated com-
parative analysis to identify key metabolites driving consistent 
metabolic divergence across these distinct metabolomic data-
sets. D-(-)-glutamine was identified as the most prominent 
shared metabolic feature (Figure 2G). Notably, the finding 
that glutamine-associated metabolites displayed markedly 
lower abundance in macrophages than tumor cells (Figure 2H 
and 2I) suggested that macrophages operate under a relative 
glutamine-restricted state within the TME.

The glutamine transporter SLC38A2 
is downregulated in tumor-associated 
macrophages

To define the molecular basis underlying the glutamine-
restricted state in macrophages within the breast TME, we 
re-clustered macrophages extracted from our single-cell tran-
scriptomic dataset (Figure 3A–3D). Five transcriptionally 
distinct macrophage subpopulations were identified. Notably, 
tumor-associated macrophages were enriched predominantly 
in the Macrophages_1 subset, whereas normal breast tissue 
macrophages were represented primarily by the Macrophages_2 
subset, thereby indicating a shift in macrophage composition 
during tumor progression. Using the scMetabolism pipeline 
to assess metabolic activity (Figure  3E), we observed robust 
metabolic heterogeneity across macrophage subsets. This 
cell-intrinsic metabolic feature was consistent with the above-
mentioned tissue-level metabolomic profiling (Figure 2G), 
which revealed elevated glutamine consumption in breast 
cancer, a pattern largely driven by the high metabolic demand 
of proliferating cancer cells. In this context, macrophages in 
the TME exhibited comparatively lower glutamine availabil-
ity despite the overall upregulation of glutamine metabolism 
in tumor tissues. To elucidate the underlying mechanism, 
we analyzed the expression of known glutamine transport-
ers across macrophage subsets36. This comparative single-cell 
transcriptomic analysis revealed preferential SLC38A2 expres-
sion in macrophages derived from. normal breast tissue, with 
relatively higher expression in the Macrophages_2 subset than 
other immune cell populations; these findings suggested that 
SLC38A2 was the primary transporter mediating glutamine 
uptake in macrophages (Figure 3F–3H).

To further validate these findings in human tissues, we 
performed immunohistochemical analyses of primary breast 
cancer specimens, which demonstrated relatively higher 
SLC38A2 expression in adjacent nontumor regions than in 
tumor nests (Figure 3I). Consistently, immunofluorescence 
staining revealed colocalization of SLC38A2 with CD68+ 
macrophages, with a trend toward a diminished SLC38A2 
signal within tumor regions (Figure 3J). To determine 
whether the TME might actively suppress SLC38A2 expres-
sion in macrophages, we cultured primary untransduced 
(UTD) human macrophages alone or together with HER2+ 
SKBR3 tumor cells. According to qPCR analysis, SLC38A2 
mRNA levels were significantly diminished with tumor cell 
co-culture, a finding further corroborated by diminished 
SLC38A2 protein expression observed with immunoblotting 
(Figure 3K). In line with these results, immunofluorescence 
imaging confirmed decreased SLC38A2 expression in mac-
rophages after co-culture with tumor cells (Figure 3L), thus 
supporting that the breast TME impairs glutamine transport 
and contributes to the metabolic aberrations observed in 
these cells.
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Engineering of SLC38A2-overexpressing 
CAR-Ms

Because macrophages exhibit a glutamine-restricted state 
associated with diminished SLC38A2 expression in the TME, 

we reasoned that combining metabolic enhancement with 
CAR-M engineering might restore the glutamine metabolic 
fitness of macrophages and thereby potentiate their antitumor 
functionality. Clinical studies have demonstrated the safety 
and preliminary antitumor activity of anti-HER2 CAR-Ms in 
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breast cancers, yet their antitumor efficacy remains subopti-
mal8. Therefore, we sought to engineer anti-HER2 CAR-Ms 
via SLC38A2 overexpression. The parental anti-HER2 CAR 
comprises a trastuzumab-derived HER2 scFv, CD8α hinge, 
218-linker, CD28 transmembrane domain, and human CD3ζ 
signaling module. Building on this architecture, we incorpo-
rated a metabolic augmentation module through overexpres-
sion of SLC38A2. This SLC38A2-expressing anti-HER2 CAR 
(SLC38A2/anti-HER2 CAR) was successfully assembled and 
cloned into the pAdEasy-EF1-MCS-CMV-EGFP adenoviral 
vector, in which EGFP was included as a reporter gene to enable 
visualization and tracking of transduced macrophages (Figure 
4A and 4B). To dissect the contributions of individual CAR 
modules, we also generated 2 truncated variants: (i) an intra-
cellular-domain-only (ICD-only) construct, which retained 
the CD28/CD3ζ endodomain but lacked the antigen-binding 
ectodomain, and therefore served as a signaling-competent 
but ligand-independent control; and (ii) an extracellular-do-
main-only (ECD-only) construct, which included the HER2-
specific scFv and hinge region but lacked intracellular 
signaling motifs, and functioned as a binding-competent yet 
signaling-deficient comparator. For functional benchmark-
ing, a full-length anti-HER2 CAR-Ms, incorporating both 

antigen-recognition and CD3ζ-mediated signaling modules, 
was included in parallel. The full-length construct was verified 
with Sanger sequencing (Supplementary material).

Human macrophages were stably transduced with the 
above CAR constructs to generate anti-HER2 CAR-Ms and 
SLC38A2/anti-HER2 CAR-Ms. Macrophages transduced 
with an empty EGFP vector were used as controls and des-
ignated as GFP-Ms. Ad5f35-based adenoviral transduction of 
human macrophages resulted in high-efficiency CAR expres-
sion (Figure 4C and 4D). As expected, SLC38A2/anti-HER2 
CAR-Ms displayed markedly elevated SLC38A2 expression, 
and the transporter appropriately localized to the plasma 
membrane (Figure 4E–4I). Flow cytometric analysis indi-
cated a notable enhancement of surface SLC38A2 expression 
in the SLC38A2-engineered cells, and quantitative assessment 
of fluorescence intensity confirmed the highest surface abun-
dance in SLC38A2/anti-HER2 CAR-Ms (Figure 4E and 4F). 
Consistently, qPCR analysis demonstrated robustly elevated 
SLC38A2 transcript levels, thus further verifying successful 
transcriptional upregulation (Figure 4G). To corroborate these 
findings at the protein level, we performed western blotting 
analysis, which showed a markedly strengthened SLC38A2 
signal in the SLC38A2/anti-HER2 CAR-Ms. Densitometry 
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confirmed a clear increase in total protein abundance (Figure 
4H and 4I). Given that the ICD-only and ECD-only con-
structs lacked the complete intracellular signaling modules 
required for full CAR assembly and surface stabilization, 
we performed subsequent subcellular localization analyses 

on only the full-length CAR-expressing cells. In agreement 
with the above data, confocal immunofluorescence imaging 
revealed a pronounced membrane-associated SLC38A2 signal 
in SLC38A2/anti-HER2 CAR-Ms, thereby indicating accurate 
transporter trafficking to the plasma membrane (Figure 4J). 
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Figure 3  Comprehensive single-cell characterization of macrophage subpopulations and glutamine transporter expression in breast cancer. 
(A) UMAP plots displaying 2 groups. (B) UMAP plots displaying 5 cell clusters. (C) Heatmap showing expression signatures of the top 10 genes 
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Together, these results established the successful generation of 
SLC38A2-augmented, HER2-targeted CAR-Ms.

Enhanced metabolic fitness and antitumor 
activity of SLC38A2-expressing anti-HER2 
CAR-Ms

After having generated SLC38A2-augmented, HER2-targeted 
CAR-Ms, we next assessed whether this metabolic engineer-
ing strategy might enhance their effector functions. We first 
quantified glutamine-related amino acids in culture super-
natants with targeted metabolomics, including glutamine, 
glutamate, aspartate, alanine, and arginine. Among all con-
structs, SLC38A2/anti-HER2 CAR-Ms exhibited the most 
pronounced depletion of extracellular glutamine, whereas the 
consumption patterns of other amino acids remained largely 
comparable across other constructs, including GFP-Ms, 
ICD-only, ECD-only, and full-length anti-HER2 CAR-Ms 
(Figure  5A). In agreement with these findings, intracellular 
profiling of the same glutamine-related amino acids revealed 
that SLC38A2/anti-HER2 CAR-Ms, compared with the other 
constructs, displayed the most substantial decrease in intracel-
lular glutamine levels, whereas the levels of other amino acids 
were only minimally affected (Figures 5B and S3A). Given the 
selective depletion of both extracellular and intracellular glu-
tamine in SLC38A2/anti-HER2 CAR-Ms, we next sought to 
determine whether enhanced glutamine consumption might 
be accompanied by activation of downstream glutamine met-
abolic pathways. To this end, we examined the expression of 
key enzymes involved in mitochondrial glutamine metab-
olism. Notably, SLC38A2/anti-HER2 CAR-Ms, compared 
with conventional anti-HER2 CAR-Ms and GFP-M controls, 
exhibited markedly greater expression of enzymes governing 
glutaminolysis and glutamine-derived anaplerosis, including 
glutaminase (GLS), glutamate dehydrogenase 1 (GLUD1), and 
glutamate-oxaloacetate transaminase 2 (GOT2) (Figure 5C).

Given that the purpose of including the ICD-only and 
ECD-only CAR-M constructs was to control the entire 

workflow of CAR-M generation, including viral transduc-
tion and in vitro expansion, without introducing constitutive 
CAR signaling, these truncated constructs served primarily 
as technical and structural controls rather than biologically 
informative comparators. Therefore, subsequent functional 
analyses were streamlined to the biologically relevant groups, 
including GFP-Ms, anti-HER2 CAR-Ms, and SLC38A2/anti-
HER2 CAR-Ms, to focus on the effects of antigen-specific 
CAR signaling and metabolic enhancement. To determine 
whether this metabolic augmentation might translate into 
functional changes, we first examined macrophage phenotype 
after co-culture with HER2+ SKBR3 and SKVO3 cells. Flow 
cytometric analysis revealed upregulation of the costimu-
latory ligands CD80 and CD86 on CAR-Ms, with the high-
est expression observed in SLC38A2/anti-HER2 CAR-Ms 
(Figure 5D and 5E), thereby indicating enhanced antigen 
presentation ability and an activated macrophage pheno-
type. Moreover, cytokine profiling revealed substantially ele-
vated TNF-α secretion in SLC38A2/anti-HER2 CAR-Ms, 
accompanied by diminished levels of the immunosuppres-
sive cytokine IL-10 (Figure 5F). These results indicated that 
SLC38A2 augmentation skewed CAR-Ms toward a pro- 
inflammatory functional state while suppressing immunoreg-
ulatory cytokine output.

To assess whether SLC38A2 overexpression might influ-
ence macrophage effector function, we co-cultured the 
engineered macrophages with HER2+ or HER2− cancer 
cells at a 1:1 E:T ratio, then quantified phagocytosis by flow 
cytometry (Figure 5G). When co-cultured with HER2− can-
cer cells, all macrophages showed minimal and comparable 
engulfment, thereby indicating the absence of nonspecific 
phagocytic enhancement. In contrast, exposure to HER2+ 
SKBR3 or SKVO3 cells revealed a clear functional hierarchy: 
SLC38A2/anti-HER2 CAR-Ms showed markedly greater 
phagocytic activity than GFP-Ms, and also exceeded the level 
achieved by the conventional anti-HER2 CAR-Ms. This 
augmentation built on the baseline antigen-specific activ-
ity conferred by the HER2-targeted CAR, thus reflecting an 
additional gain in effector function associated with SLC38A2 

specifically expressed in each cell cluster; the value for each gene is row-scaled. (D) Cell cluster frequency in each group. Bars are colored by 
cell clusters. (E) KEGG analysis indicating notably upregulated pathways in 5 cell clusters. (F) Glutamine transporters were used to annotate 
macrophage clusters, as shown in the UMAP visualization. (G, H) Bubble plot showing the expression of glutamine transporters across the 2 
groups (G) and 5 macrophage clusters (H). (I) Representative immunohistochemical images showing SLC38A2 expression and immune cell 
infiltration (CD68, CD4, CD8, CD19, and CD56) in human primary breast cancer tissues, including tumor nests and adjacent nontumor regions. 
(J) Representative immunofluorescence staining showing SLC38A2 (red) and CD68 (green) in human primary breast cancer tissues, with nuclei 
counterstained with DAPI (blue). Scale bar: 50 μm. (K) Relative quantification of SLC38A2 mRNA expression in primary untransduced (UTD) 
human macrophages cultured alone or together with HER2+ SKBR3 tumor cells for 24 h, as measured with qPCR, followed by representative 
immunoblots showing corresponding SLC38A2 protein expression. (L) Representative immunofluorescence images showing SLC38A2 (red) 
and nuclei stained with DAPI (blue) in primary untransduced (UTD) macrophages cultured alone or co-cultured with HER2+ SKBR3 tumor cells 
for 24 h. Scale bar, 10 μm. Data are presented as mean ± SD, n = 3 per group. Statistical significance was determined with two-sided Student’s 
t test (K). *** P < 0.001.
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overexpression. In agreement with the flow cytometric 
results, confocal imaging further demonstrated the superior 
engulfment ability of SLC38A2/anti-HER2 CAR-Ms, which 
exhibited more internalization of HER2+ tumor cells than 
other groups (Figures 5H, 5I, S3B, and S3C). Collectively, 
these findings demonstrated that SLC38A2-mediated met-
abolic augmentation not only increased glutamine acqui-
sition but also potentiated the antigen-specific phagocytic 
activity of CAR-Ms.

SLC38A2 overexpression confers metabolic 
fitness and potentiates CAR-M antitumor 
immunity
To further dissect the contribution of glutamine metabolism 
to the enhanced phagocytic activity of SLC38A2/anti-HER2 
CAR-Ms, we first evaluated their function under glutamine 
deprivation conditions. After 24 h of culture in glutamine-free 
medium, the intracellular glutamine levels in SLC38A2/
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Figure 5  SLC38A2/anti-HER2 CAR-Ms enhance glutamine uptake and antigen-specific phagocytosis in vitro. (A, B) Targeted metabolomic 
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and two-sided one-way ANOVA with Tukey’s test (I). *P < 0.05, **P < 0.01, *** P < 0.001, ns, not significant.
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anti-HER2 CAR-Ms were comparable to those observed in 
conventional anti-HER2 CAR-Ms (Figure 6A). In agreement 
with these findings, we detected no significant difference in 
phagocytosis of HER2+ tumor cells, as demonstrated by rep-
resentative flow cytometry analysis and confocal imaging 
(Figures 6B and S4A).

After having established that SLC38A2 overexpression 
enhances glutamine uptake and sustains the phagocytic activ-
ity of anti-HER2 CAR-Ms, we next sought to investigate the 
cellular mechanisms linking glutamine metabolic reprogram-
ming to macrophage effector function. Given the critical roles 
of mitochondrial dynamics and mitochondria-mediated met-
abolic reprogramming in dictating immunological fate, par-
ticularly in regulating macrophage activation and phagocytic 
function37-40, we examined whether SLC38A2-mediated glu-
tamine metabolism might influence mitochondrial morphol-
ogy and fission-related signaling pathways in CAR-Ms. Given 
that mitochondrial dynamics might integrate metabolic cues 
in regulating macrophage effector function, we next examined 
mitochondrial morphology across various CAR-M constructs. 
Confocal imaging revealed that mitochondria in GFP-Ms and 
conventional anti-HER2 CAR-Ms exhibited predominantly 
elongated and tubular morphologies. In contrast, SLC38A2/
anti-HER2 CAR-Ms co-cultured with HER2+ SKBR3 cells 
displayed a pronounced shift toward fragmented, punctate 
mitochondria, a hallmark of enhanced mitochondrial fission 
(Figure 6C). To substantiate these morphological findings, 
we further analyzed the expression and subcellular localiza-
tion of dynamin-related protein 1 (DRP1), a key regulator 
of mitochondrial fission. Immunoblotting revealed greater 
DRP1 enrichment in the mitochondrial fraction of SLC38A2/
anti-HER2 CAR-Ms than control groups, thus supporting 
activation of the mitochondrial fission program in these cells 
(Figure 6D). Given that effective antitumor immunity relies 
on coordinated interactions among multiple immune cell sub-
sets, we next explored whether SLC38A2-engineered CAR-Ms 
might modulate CD8+ T-cell responses. Flow cytometric anal-
ysis revealed that CD8+ T cells co-cultured with SLC38A2/
anti-HER2 CAR-Ms exhibited markedly enhanced prolifera-
tive ability, as indicated by elevated CFSE dilution (Figure 6E 
and 6F).

To directly assess the requirement of SLC38A2 for CAR-M 
function, we next used a genetic loss-of-function approach 
with siRNA-mediated knockdown of SLC38A2. Efficient 
suppression of SLC38A2 expression was confirmed by qPCR 
and immunoblotting (Figure S4B). Functionally, SLC38A2 
knockdown significantly decreased glutamine uptake (Figure 
6G) and concomitantly impaired antigen-specific phagocytic 
activity, as quantified by flow cytometry (Figure 6H and 6I). 
These findings further supported that sustained SLC38A2-
mediated metabolic adaptation underlies the superior antitu-
mor activity of SLC38A2/anti-HER2 CAR-Ms.

To evaluate the antitumor efficacy of SLC38A2-engineered 
CAR-Ms in vivo, we established a SKBR3 subcutaneous 

xenograft model and monitored tumor growth with BLI. 
Representative imaging showed that treatment with SLC38A2/
anti-HER2 CAR-Ms, compared with controls, resulted in 
markedly lower tumor burden (Figure 6J and 6K). Therefore, 
SLC38A2 overexpression enhanced the in vivo antitumor activ-
ity of CAR-Ms, in agreement with our in vitro observations.

Discussion
Despite recent advances underscoring the therapeutic poten-
tial of CAR-Ms, their antitumor efficacy remains suboptimal. 
The TME can reprogram macrophages toward immuno-
suppressive phenotypes, thereby constraining the clinical 
utility of CAR-M therapies12,41. In this study, we identified 
glutamine as a key metabolic vulnerability in the TME and 
revealed SLC38A2 as a critical glutamine transporter gov-
erning macrophage glutamine uptake and metabolic fitness. 
Metabolically engineered SLC38A2-overexpressing CAR-Ms 
exhibited enhanced glutamine utilization and showed a sub-
stantial increase in antitumor activity.

CAR technology has revolutionized cancer immunother-
apy. After the clinical success of CAR-T cells in hematological 
malignancies, CAR-M therapy has emerged as a promising 
next-generation strategy for solid tumors42-44. Recent work has 
also reported the generation of CAR-Ms from human pluripo-
tent stem cells, which can be repolarized via innate immune 
activation to enhance antitumor activity10. This effect is 
largely attributable to the inherent advantages of macrophages, 
including their robust tumor infiltration, potent phagocytic 
ability, and ability to remodel the TME. Early-phase clinical 
trials have demonstrated favorable safety profiles and pre-
liminary antitumor activity in patients with advanced solid 
tumors, thus highlighting the therapeutic potential of this 
modality. In recent years, substantial efforts have been devoted 
to optimizing CAR designs, and most engineering strategies 
have focused on enhancing antigen recognition and strength-
ening downstream activation45-47. However, macrophage 
effector functions, particularly phagocytosis, metabolic fit-
ness, and persistence within the tumor mass, are substantially 
shaped by the harsh metabolic milieu of nutrient-competitive 
and immunosuppressive solid tumors. Traditional CAR opti-
mization frameworks therefore fall short of addressing the 
unique biological requirements of macrophages in the TME. 
Herein, we demonstrated that selective enhancement of glu-
tamine acquisition through forced expression of the glutamine 
transporter SLC38A2 substantially augmented the anti-tumor 
activity of HER2-targeted CAR-Ms. These findings highlight 
metabolic access as a previously underappreciated determi-
nant of CAR-M functionality in solid tumors. Importantly, 
beyond classical CAR redesign, our work introduces a metab-
olism-based strategy to optimize CAR-M engineering, thus 
emphasizing the bifunctional CAR design integrating antigen 
targeting and metabolic modulation in solid tumors.
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Figure 6  SLC38A2 overexpression promotes CAR-M phagocytosis, CD8 activation, and tumor suppression. (A) Targeted metabolomic anal-
ysis of intracellular glutamine levels in primary macrophages cultured under glutamine-free conditions. (B) Representative flow cytometry 
plots showing phagocytosis of mCherry-labeled HER2+ SKVO3 tumor cells by GFP+ macrophages after 24 h of co-culture in glutamine-free 
medium. Phagocytosis was quantified as the proportion of GFP+ macrophages positive for the mCherry signal. (C) Representative immunoflu-
orescence images showing mitochondria labeled with MitoTracker Red and nuclei stained with DAPI (blue). (D) Representative immunoblots 
of DRP1 in whole-cell lysates and mitochondrial and cytosolic fractions of macrophages. (E) Effects of the macrophages on T-cell proliferation, 
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In solid tumors, nutrient scarcity and metabolic competi-
tion are critical barriers impeding immune cell effector func-
tion29,31,37-41,48-50. Because macrophages are more reliant on 
nutrients than T cells, metabolic fitness is a key determinant 
of CAR-M efficacy in the TME51,52. After activation, CAR-Ms 
exhibit markedly enhanced nutrient uptake and metabolite 
transport, which directly influence their polarization, phago-
cytic ability, and intratumoral persistence. Consequently, 
maintaining metabolic fitness has emerged as a critical fac-
tor for the therapeutic effectiveness of CAR-Ms. Activated 
or CAR-stimulated macrophages show elevated uptake of 
glutamine as key metabolites, alongside enhanced glycolysis 

and lipid metabolism, all of which are essential for sustaining 
effector functions37,53-55. Building on these insights, our study 
identified glutamine as a critical metabolite competitively 
utilized by macrophages and tumor cells, and highlighted its 
central role in shaping CAR-M functionality. Through sin-
gle-cell transcriptomic profiling, we found that the glutamine 
transporter SLC38A2 was preferentially enriched in mac-
rophages from normal breast tissue vs. TAMs, thus suggesting 
that glutamine acquisition physiologically relies on this trans-
porter. Functional metabolic assays further demonstrated that 
CAR-Ms engineered to overexpress SLC38A2 exhibited mark-
edly greater glutamine uptake than conventional CAR-Ms. 

examined with flow cytometry analysis of cell division by dilution of CFSE. (F) Quantification of proliferation of divided T cells. (G) Targeted 
metabolomic analysis of glutamine consumption in primary macrophages. Extracellular consumption of glutamine was measured in culture 
supernatants after 24 h of culture. (H) Representative flow cytometry plots showing phagocytosis of mCherry-labeled HER2+ SKVO3 tumor 
cells by GFP+ macrophages after 24 h of co-culture. (I) Quantification of phagocytosis efficiency in H. (J) Representative in vivo biolumines-
cence imaging (BLI) showing tumor growth over time in breast cancer models treated with PBS, GFP-Ms, anti-HER2 CAR-Ms, or SLC38A2/
anti-HER2 CAR-Ms. (K) Quantification of BLI signals from each group (n = 4 per group). Data are presented as mean ± SD, n = 3 per group (A, 
B, F, G, I, and K). Statistical significance was determined with two-sided Student’s t test (A and G) and two-sided one-way ANOVA with Tukey’s 
test (F, I, and K). *P < 0.05, *** P < 0.001, ns, not significant.
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Figure 7  Schematic illustration of the proposed mechanism underlying the enhanced antitumor activity of SLC38A2/anti-HER2 CAR-
engineered macrophages. Engineered macrophages overexpressing the glutamine transporter SLC38A2 and expressing a HER2-specific CAR 
exhibit tumor-targeted activity, thereby enabling selective recognition and binding to HER2-positive tumor cells. Upregulation of SLC38A2 
increases glutamine uptake, thereby enhancing intracellular glutamine availability. Elevated intracellular glutamine promotes mitochondrial 
fragmentation and shifts mitochondrial dynamics toward a fission-dominant state, thereby linking glutamine metabolic reprogramming 
to enhanced macrophage effector function. This metabolic reprogramming supports macrophage functional activation, characterized by 
enhanced phagocytic ability, elevated production of pro-inflammatory cytokines such as TNF-α, diminished production of the anti-inflamma-
tory cytokine IL-10, and upregulated expression of the co-stimulatory molecules CD80 and CD86. The augmented phagocytic activity directly 
enhances tumor cell clearance. Concurrently, increased CD80/CD86 expression and inflammatory cytokine secretion facilitate CD8+ T-cell 
activation and proliferation and collectively contribute to elevated cytotoxic responses against tumor cells. CAR, chimeric antigen receptor; 
CAR-M, chimeric antigen receptor macrophage; SLC38A2, solute carrier family 38 member 2; TNF-α, tumor necrosis factor-alpha; IL-10, inter-
leukin-10; CD80, cluster of differentiation 80; CD86, cluster of differentiation 86. Created with BioRender.com.
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Importantly, these SLC38A2-overexpressing CAR-Ms main-
tained superior metabolic resilience under the glutamine-
restricted conditions that are a hallmark of the TME. This 
metabolic advantage translated to markedly enhanced anti-
gen-dependent phagocytosis and robust tumor cell clearance 
in vitro. SLC38A2-overexpressing CAR-Ms not only exhib-
ited markedly enhanced antigen-dependent phagocytosis and 
reinforced metabolic ability, thereby enabling superior effec-
tor performance under glutamine-restricted conditions, but 
also displayed enhanced mitochondrial fission, a mechanism 
underlying their increased phagocytic activity (Figure  7). 
In parallel, in vitro assays demonstrated that SLC38A2-
overexpressing CAR-Ms promoted CD8+ T cell proliferation 
and activation. These findings highlighted the dual benefits 
of metabolically empowered CAR-M therapy in augmenting 
innate macrophage effector functions and supporting adaptive 
T cell responses. Importantly, these metabolic and functional 
enhancements translated to significant tumor growth suppres-
sion in HER2+ tumor-bearing mouse models. Together, these 
findings delineated glutamine access as a previously underap-
preciated bottleneck for CAR-M performance and established 
a rational framework for metabolic-reprogramming-based 
optimization of macrophage-directed immunotherapy.

A limitation of our study is that, although we demon-
strated tumor growth inhibition in HER2-positive mouse 
models, comprehensive in vivo validation across other solid 
tumor types remains needed to fully generalize the therapeu-
tic potential of metabolically enhanced CAR-Ms. In addition, 
although we elucidated that SLC38A2-mediated glutamine 
uptake promoted mitochondrial fission and enhanced phago-
cytic activity in vitro, the broader metabolic mechanisms 
through which CAR-Ms modulate other immune cell popula-
tions within the TME remain to be fully characterized. Future 
studies will expand in vivo evaluations to additional tumor 
models and systematically investigate the metabolic cross-
talk between CAR-Ms and the surrounding immune milieu 
to optimize CAR-Ms design and advance metabolism-based 
immunotherapy strategies.

Conclusions
Overall, this study demonstrated that metabolic engineering 
through enforced SLC38A2 expression restored glutamine fit-
ness and enhanced the antitumor activity of HER2-targeted 
CAR-Ms in solid tumors. Increased glutamine uptake pro-
moted mitochondrial fission and functional activation, thus 
improving phagocytosis and enhancing antitumor immune 
responses within the TME. Although further studies are needed 
to validate its broader applicability and long-term efficacy, our 
findings highlight glutamine metabolism as a key regulator of 
CAR-M function and provide a rational metabolic strategy to 
optimize macrophage-based immunotherapy in solid tumors.
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