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SUMMARY

Proteomics is transforming medical sciences, but bridging isolated samples with intact in vivo microenviron-

ments remains a major hurdle. We present an in vivo proteomic labeling (IVPL) platform built on a new sub-

strate, Btn-Ph-3F, and engineered ascorbate peroxidase (APEX2)-EGFP f/f mice. Btn-Ph-3F shows high sta-

bility in organs possessing complex microenvironments, while APEX2-EGFP f/f mice readily cross with 
commercial Cre lines, enabling specific proteomic labeling for customized cell groups in distant organs. 
IVPL robustly profiles in situ proteomes of intestinal epithelium, mammary gland, and tumor-infiltrating 
T reg cells, and, critically, labels trace exogenous proteomes from patient-derived exosomes in live mice. 
We identify lactate dehydrogenase A-like 6A (LDHAL6A) as a persisting exosomal effector that promotes ma-

lignant programs in recipient cells. Inhibition of LDHAL6A combined with paclitaxel treatment markedly sup-

presses triple-negative breast cancer growth and metastasis. Collectively, our work not only establishes an 
advanced model for IVPL but also profiles ultimately exosomal actors in recipient organs for targeted 
therapy.

INTRODUCTION

Proteomics, a pivotal discipline in life and medical sciences, has 

transformed our understanding of biological processes. 1,2 Yet 

conventional approaches that profile isolated samples inherently 

overlook the contextual cues and spatial relationships in vivo. 

Given the complexity and dynamism of living systems, proteins

are best examined in their native microenvironments to reveal 

authentic functions and behaviors. 3,4 Lacking this context blunts 

mechanistic insight and impedes discovery of clinically relevant 

biomarkers and drug targets. Bridging the divide between ex vivo 

catalogs and intact in vivo contexts is essential for the next phase 

of proteomics and for translating its advances into more precise 

diagnostics and therapeutics.
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Figure 1. IVPL mouse generation

(A) F2 IVPL pups.

(B) Schematic of PCR-based strategy for genotyping wild-type (WT) and targeted alleles. In F1 pups, targeted alleles yield 2.7 kb (F1/R1) and 2.5 kb (F2/R2) 

bands. In F2 pups, WT alleles yield a 453 bp band (F3/R3), targeted alleles yield a 644 bp band (F4/R3), and heterozygotes show both bands.

(C) Southern blot analysis strategy for the inserted sequence in the genome.

(D) Genotyping of F1 IVPL mice by PCR. PCR amplification of the left and right arms of the inserted transgene generated 2.7 and 2.5 kb bands, respectively.

(E) Southern blot analysis of BamHI- or BstEII-digested tail DNA using Rosa26-specific 5 ′ -hybridization and 3 ′ -hybridization probes shows the predicted 4.80 and 

9.67 kb bands, respectively, in addition to the 5.83 and 4.77 kb fragments from the Rosa26 WT locus.

(F) Genotyping of F2 pups from (A). PCR of WT samples generated a single 453-bp band, homozygous F2 samples generated a single 644-bp band, and het-

erozygous F2 samples generated 644- and 453-bp bands.

(G) Genotyping of Villin-Cre; IVPL (namely IVPL INTESTINE ) mice produced by mating between IVPL and Villin-Cre mice.

(legend continued on next page)
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As a promising method for proteomic labeling, engineered 

ascorbate peroxidase (APEX2) technology enables rapid prox-

imity-dependent protein biotinylation in living cells in vitro. 5,6 

The peroxidase-mediated biotinylation based on the substrate 

of biotin-phenol (BP) occurs in close proximity to the enzyme, 

enabling precise spatial resolution within the subcellular or mo-

lecular level. 7 It is also encouraging that recent studies have uti-

lized adeno-associated virus (AAV)-mediated expression of 

APEX2 or genetically targeted biotin ligase (BioID2) for proteo-

mic labeling in specific contexts, such as neuronal and astrocyte 

proteomics in the mouse brain, 8,9 complementary to the earlier 

approach of non-canonical amino acid tagging for newly synthe-

sized proteins specifically. 10,11 However, due to the lack of dedi-

cated mouse models and novel reaction substrates effective for 

complex and heterogeneous mammalian tissues, comprehen-

sive proteomic labeling of customized organs in vivo remains 

blank. Further, in situ labeling of trace amounts of exogenous 

proteins that induce pathological changes in organisms poses 

an even greater challenge.

In this study, we generated an in vivo protein labeling (IVPL) 

system based on new labeling substrates and homemade 

floxed APEX2 (APEX2-EGFP f/f ) mice. The Btn-Ph-3F substrate 

exhibited robust stability in organs possessing complex micro-

environments and diverse degrading enzymes, while APEX2-

EGFP f/f mice could be crossbred with any commercial Cre 

mice, enabling specific proteomic labeling for customized cell 

groups of intestinal epithelia, mammary glands, and T reg cells 

within solid tumors in vivo. Moreover, although thousands of 

proteins have been identified in isolated exosomes in vitro 

over the past decade, the trace amounts of proteomic players 

that eventually persist and function in recipient cells in vivo 

remain unknown because exosomes absorbed by recipient 

cells often undergo the endocytic pathway and are likely to be 

directed to lysosomes for degradation. 12–14 Taking advantage 

of the IVPL system, we achieved in situ labeling of trace 

amounts of exogenous proteomics sourced from intravenously 

injected exosomes (namely ‘‘uptake exo-proteome’’) from 

luminal-A breast cancer (LABC) and triple-negative breast can-

cer (TNBC) patients in mammary glands of live mice. Different 

from the LABC uptake exo-proteome, the TNBC uptake exo-

proteome exhibited a high prevalence of proteins related to 

glycolysis, adherens junctions, central carbon metabolism, 

and biosynthesis of amino acids. Accordingly, the proteomic 

features of recipient cells were profoundly reshaped, implying 

strong interactions between these exogenous proteins and 

the proteins in the recipient cells. Notably, we found that lactate 

dehydrogenase A-like 6A (LDHAL6A), a type of lactate dehydro-

genase, emerged as the most abundant protein within the 

TNBC uptake exo-proteome. Knockdown of LDHAL6A weak-

ened proliferative and metastatic abilities of TNBC cells. Target-

ing LDHAL6A combined with paclitaxel treatment effectively 

suppressed TNBC tumor growth and metastasis in both pa-

tient-derived xenograft (PDX)- and 231-mouse models. Collec-

tively, this work develops an advanced platform for in vivo pro-

teomic labeling (IVPL) and identifies exosomal factors within 

recipient organs that serve as actionable targets for tumor 

therapy.

RESULTS

Generation of IVPL mice for in situ proteomic labeling in 

multiple organs

Establishing IVPL requires (1) a base mouse enabling multi-or-

gan protein labeling and (2) an in vivo-efficient chemical reaction. 

Considering the advantage of APEX2 peroxidase in rapidly 

biotin-tagging proteins in vitro, we hypothesized as a first step 

that constructing a whole-cell expression APEX2 flox mouse, 

which could mate with any Cre recombinase mouse targeting 

customized organs, may be feasible for the IVPL system. Under 

this framework, a Cre-inducible APEX2-EGFP cassette was in-

serted into Rosa26 of C57BL/6 zygotes via CRISPR-Cas9 to pro-

duce APEX2-EGFP f/f (IVPL) mice (Figures 1A, S1A, and S1B). 

Correct targeting in F1 and F2 animals was verified by PCR, 

southern blot, and genomic sequencing (Figures 1B–1F and 

S1C). For proteomic labeling in specific cell groups in diverse or-

gans (or pathological tissues such as tumors), homozygous 

IVPL mice were crossed with Villin-Cre (intestine epithelium), 

mouse mammary tumor virus (MMTV)-Cre (mammary gland), 

and Foxp3-Cre (T reg ), yielding IVPL INTESTINE , IVPL BREAST , and 

IVPL Treg mice, respectively (Figures 1G and S1D). For IVPL Treg , 

colon adenocarcinoma MC38 cells were subcutaneously im-

planted into the mouse to profile the in situ proteome of infil-

trating T reg cells. This trio of mice models also corresponds to 

the three subsequent methods of substrate administration, 

namely oral gavage (PO), nipple injection, and intratumoral injec-

tion. Immunofluorescence confirmed specific APEX2-EGFP 

expression in target tissues without detectable signal in heart, 

liver, lung, kidney, brain, or ovary (Figures 1H and S1E), and 

APEX2-positive cells sorted from targeted organs exhibited 

both nuclear and cytoplasmic localization (Figure 1I). Survival, 

fertility, and open-field behavior were within normal ranges in 

IVPL INTESTINE , IVPL BREAST , and IVPL Treg mice (Figures S1F– 

S1H). These results collectively indicate that IVPL mice enable 

specific APEX2 expression in customized organs, offering po-

tential for applications across multiple scenarios.

Synthesis of new compounds for the IVPL system

Given the challenges of IVPL, we evaluated five substrates, two 

newly designed (Btn-O-Ph and Btn-Ph-3F) and three in vitro re-

agents (Btn-An, Btn-Nap, 15 and BP), to compare their in vivo per-

formances and establish IVPL for specific organs (Figure 2A). 

Synthesis of Btn-O-Ph and Btn-Ph-3F was confirmed by 
1 H/ 13 C NMR (Figures S2A–S2F). Next, we established three 

methods of substrate administration, namely, oral gavage for

(H) Immunofluorescence detection of APEX2 in the intestines, mammary glands, and T reg cells in tumors from indicated Cre; IVPL mice. IVPL mice that didn’t 

crossbreed with Cre mice were used as controls. Scale bar, 100 μm.

(I) Immunofluorescence of APEX2 in sorted primary cells isolated from intestine epithelium, mammary glands, and T reg cells of IVPL INTESTINE , IVPL BREAST , and 

IVPL Treg mice, respectively. Scale bar, 10 μm.

See also Figure S1.

ll
Article

Molecular Cell 85, 4651–4666, December 18, 2025 4653



Figure 2. Design of new substrates and establishment of IVPL system

(A) Chemical structures of biotin-phenol (BP) and BP derivatives with substituents at the para-position (Btn-O-Ph), ortho-position (Btn-Ph-3F), and with aromatic 

amine structures (Btn-An and Btn-Nap).

(legend continued on next page)
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IVPL INTESTINE mice, nipple injection for IVPL BREAST mice, and in-

tratumoral injection for IVPL Treg mice, to assess the protein label-

ing efficiency of five substrates in live animals. The individual 

substrate was incubated in the body for 45–90 min (depending 

on different organs), followed by the injection of H 2 O 2 using the 

same administration to rapidly trigger protein labeling. 

After 90 s, the entire organ (tumor) was removed from the anes-

thetized mouse and then subjected to rapid quenching and lysis 

for protein harvesting or to fixation for staining (Figure 2B). 

Another set of IVPL mice that underwent the same treatment 

but without the substrate was used as the negative control. In in-

testines, immunofluorescence showed efficient biotinylation of 

nearly all epithelial cells in both nucleus and cytoplasm with 

Btn-Ph-3F, whereas the other substrates yielded minimal or un-

satisfactory labeling (Figure 2C). Streptavidin pull-down of 

whole-intestine lysates corroborated these results: abundant 

banded biotinylated proteins with Btn-Ph-3F, but far fewer with 

other substrates or controls (Figure 2D). In IVPL BREAST , Btn-Ph-

3F and BP achieved higher, comparable efficiencies, while the 

remaining three compounds were inferior (Figures 2C and 2D). 

Unlike in the mammary glands or intestines, Btn-Ph-3F failed 

to efficiently label proteins in tumor-infiltrating T reg cells, whereas 

BP achieved high labeling efficiency (Figures 2C and 2D). We 

reasoned that this organ-dependent difference arises from 

distinct local microenvironments. The intestine, rich in degrada-

tive enzymes, rapidly metabolizes small molecules, favoring the 

stability of fluorinated substrates such as Btn-Ph-3F due to 

strong bonds formed by fluorine atoms and high electronega-

tivity. 16,17 By contrast, solid tumors have fewer degradative en-

zymes but much higher tissue density, 18–20 conditions that favor 

substrates with superior membrane permeability.

To validate this, we assessed substrate stability in intestinal 

lysate (37 ◦ C, 90 min) and found Btn-Ph-3F markedly more stable 

than the other four substrates, with the advantage persisting in 

the lysate of the liver, an organ rich in metabolic enzymes 

(Figure S2G), further supporting the notion that Btn-Ph-3F is 

well-suited for application in organs with diverse degrading en-

zymes and complex microenvironments. We then compared 

pharmacokinetics (PKs) of Btn-Ph-3F vs. BP across intravenous 

(i.v.), intraperitoneal (i.p.), and PO routes, quantifying C max , T max , 

area under the concentration-time curve from 0 to 6 h (AUC 0–6 h ), 

and plasma half-life in eight tissues and plasma. Btn-Ph-3F 

showed greater tissue-specific accumulation, e.g., liver C max 

1,500.00 vs. 495.93 ng/g (i.v.), small intestine 3,335.37 vs. 

814.43 ng/g (PO), and colon 2,512.73 vs. 622.13 ng/g (PO). 

AUC 0–6 h corroborated higher exposure (small intestine, PO: 

9,735.52 vs. 1,430.33 ng⋅h/g), despite similar plasma half-lives 

(1.45 vs. 0.94 h) (Figures S2H and S2I; Table S1). These data un-

derscore the superior bioavailability, prolonged retention, and

organ-selective distribution of Btn-Ph-3F, particularly in meta-

bolically active or enzymatically harsh environments such as 

the liver and gastrointestinal tract. To link PK profiles with label-

ing efficiency, we further performed PK/pharmacodynamic (PK/ 

PD) relationship analysis in representative organs with distinct 

physiology: liver (highly perfused, metabolically active), small in-

testine (mucosal epithelium-lined, tubular structures), and ovary 

(solid intra-abdominal, connective tissue-rich organs). Streptavi-

din blots showed in vivo biotinylation only above a minimum 

effective concentration (MEC): ≥541.43 ng/g for Btn-Ph-3F in liver 

(i.v., 5 mg/kg) vs. ≥500.83 ng/g for BP (i.v., 20 mg/kg), and

≥690.03 ng/g for Btn-Ph-3F in small intestine (PO, 2 mg/kg) vs.

≥837.53 ng/g for BP (PO, 50 mg/kg) (Figures S2J and S2K). 

This quantitative relationship allowed extrapolation of MEC values 

to other tissues with comparable anatomical and physiological 

features (Table S1), providing a practical reference for compound 

selection, dosing route, and expected labeling performance 

(Table S1). Together, the favorable PK characteristics and in situ 

labeling performance of Btn-Ph-3F support its broader applica-

bility in diverse tissue labeling contexts in vivo.

The IVPL system achieves high-quality in situ 

proteomics for distinct organs

The IVPL system achieved deep, quantitative coverage with 

strong overlap across samples. At a protein-level false discovery 

rate (FDR) of <1%, we quantified 4,920 proteins in intestinal 

epithelial cells, 5,147 in mammary gland cells, and 3,306 in T reg 

cells in situ (Figures 3A–3C; Table S2). Correlation analysis and 

violin plots showed replicate consistency and protein abun-

dances in each group (Figures S3A and S3B). To exclude treat-

ment artifacts, paired mice received H₂O₂ or Btn-Ph-3F as 

described above, and whole-tissue proteomics showed no 

appreciable changes vs. untreated controls by correlation and 

differential analyses (Figures S3C–S3F; Table S2). Negative con-

trols (Cre-negative tissues, no-substrate, or no-H₂O₂) ruled out 

background biotinylation and non-specific streptavidin binding 

(Figure S3G; Table S2). Gene Ontology (GO) analysis of intestinal 

epithelial cells highlighted pathways consistent with lower 

gastrointestinal biology, including ribose-phosphate and pyru-

vate metabolism, protein import, cellular amide metabolism, 

and apoptotic signaling. The latter is proposed to result from 

the rapid turnover rate of intestinal epithelial cells, which typically 

renew every 4 to 5 days (Figure 3D). Similarly, the proteome of 

mammary gland cells also exhibited organ specificity, with 

typical biological processes including lipid droplet organization, 

amino acid metabolism, fatty acid metabolism, and the ERBB 

signaling pathway (Figure 3E). For the T reg proteome within tu-

mors, we found that the in situ proteome encompasses nearly 

all core T reg signatures, including forkhead box P3 (FOXP3),

(B) Schematic of IVPL system design. See also STAR Methods.

(C) Immunofluorescence staining of intestines, mammary glands, and tumor masses harvested from IVPL INTESTINE , IVPL BREAST , and IVPL Treg mice, respectively, 

after in situ reaction with different substrates. Scale bar, 100 μm.

(D) Lysates of the intact intestines, mammary glands, and tumor mass, taken from anesthetized IVPL INTESTINE , IVPL BREAST , and IVPL Treg mice after in situ reaction 

with different substrates, were incubated with streptavidin-coated magnetic beads, and the precipitated biotinylated proteins were subjected to SDS poly-

acrylamide gel electrophoresis. Biotin was then detected by western blot analysis. Reactions performed in the absence of substrates were used as controls. 

β-actin was used as a loading control.

See also Figure S2 and Table S1.
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inducible T cell COStimulator (ICOS), and IKAROS family zinc-

finger 2 (IKZF2) (Figure 3F). Benchmarking against fluores-

cence-activated cell sorting (FACS)-sorted T reg cells from the 

same tumors (Table S3) showed high concordance (>87% pro-

tein overlap) while revealing additional immunoregulatory 

proteins that are frequently under-represented after isolation 

(e.g., LAG3, CCR8, TIGIT, and ITGA2) (Figures S3H–S3K). GO 

analyses were concordant and significantly enriched for toler-

ance induction and negative regulation of immune effector pro-

cesses (Figures 3G and 3H). Ligand-receptor mapping detected 

receptors including Ccr5/Ccr8, Cd47/Cd80, Clec7a, Havcr2, 

Il12rb1/Il27ra/Il2rb, integrins (Itga2/Itgae/Itgb3), Pdcd1, Sell, 

Tnfrsf1b/Tnfrsf8, and Vsir, with their binding ligands predicted. 

Beyond canonical T reg ligands (e.g., angiogenic and GTPase-

regulatory cues), we identified previously unreported candi-

dates, Col2a1, Chad, Lama1/2, and Podxl2 (Figure 3I). To further 

clarify the cellular context of these ligand-receptor interactions, 

we mapped the predicted ligands to their known cell-type-spe-

cific expression profiles using the PanglaoDB database, a 

curated single-cell transcriptomic resource comprising over 

1,000 murine datasets. 21 This allowed us to assign each ligand 

to its most likely source cell type and reconstruct a directional 

interaction network from predicted ligand-expressing cells 

(e.g., macrophages, natural killer [NK] cells, fibroblasts) to T reg 

cells (Figures S3L and S3M). By comparing the in situ T reg prote-

ome with the dataset downloaded from the in vitro T reg prote-

ome, 22 we filtered out 991 proteins that were not previously iden-

tified (Table S4). Interestingly, cytolysis, which is not typically 

exhibited as part of standard T reg functions, was found to be en-

riched in the in vivo proteome (Figure 3J), suggesting an unusual 

role for these cells that warrants further exploration. Leveraging 

the visualization advantage of the targeted cell population, we 

performed whole-tissue imaging and 3D reconstruction to

map T reg cells co-stained with the vascular marker CD31 

(Figure 3K). T reg cells were significantly enriched in vascular-

dense vs. vascular-sparse regions (Figures 3L and 3M), consis-

tent with their pro-angiogenic roles. Larger, mature vessels re-

cruited more T reg cells, suggesting stronger endothelial ligand 

cues for adherence (Figures 3N and 3O). Notably, T reg cells 

also clustered in vessel-scarce junctions between two 

vascular-rich zones (Figure 3P), potentially priming neovascula-

rization. These spatial readouts may forecast dynamic vascular 

remodeling and inform evaluation of anti-angiogenic therapies. 

IVPL applicability in barrier-protected organs was tested by 

generating IVPL BRAIN mice (APEX2-EGFP f/f × Camk2a-Cre) for 

excitatory neuron-specific labeling across forebrain regions. 

Btn-Ph-3F was delivered intracerebroventricularly into the lateral 

ventricle, yielding robust, spatially confined biotinylation in the 

cortex, hippocampus, and striatum by immunofluorescence 

and streptavidin staining (Figure S4). Mass spectrometry identi-

fied a rich brain-specific proteome, including canonical neuronal 

markers and regionally enriched proteins (Figure S4; Table S2). 

The results demonstrate that IVPL is compatible with brain tissue 

through localized delivery, achieving both anatomical precision 

and proteomic depth. Together with systemic labeling results, 

these findings establish a general framework for IVPL delivery: 

systemic routes suffice for most organs, whereas local injection 

is reserved for anatomically protected tissues such as the brain.

The IVPL system enables in vivo labeling for trace 

amounts of exogenous proteins

Next, we wondered whether this model could label trace 

amounts of exogenous proteins in vivo. As a class of extracellular 

vesicles (EVs) that play a crucial role in the communication be-

tween cells, exosomes transport various cargoes, including pro-

teins, across the body for physiological and pathological

Figure 3. In situ proteomics across distinct organs achieved by IVPL system

(A–C) Ranking plots based on the log 10 -transformed protein abundances of IVPL INTESTINE , by using the substrate of Btn-Ph-3F (A); IVPL BREAST , by using the 

substrate of Btn-Ph-3F (B); and IVPL Treg , by using the substrate of BP (C) proteomes.

(D) GO analysis for the proteomes of intestinal epithelial cells. The node size indicates the number of overlapped proteins enriched in the specific term. The color 

schema from yellow to red represents − log 10 (enrichment p value) from low to high.

(E) GO analysis for the proteomes of mammary gland cells. The top 20 terms of biological processes are shown.

(F–H) GSEA of three representative gene sets for T reg cells, including T reg signature, tolerance induction, and negative regulation of immune effector process, all 

showing significant enrichments in IVPL Treg proteomes. NES, normalized enrichment score.

(I) Interaction analysis between receptors (right) identified in T reg cells and predicted binding ligands (left). Dots adjacent to ligands and colored squares adjacent 

to receptors indicate the associated GO terms. The heatmap on the right shows the expression levels of receptors. The color key from blue to red indicates the 

expression levels from low to high.

(J) Circular dendrogram of GO terms shows the functional clustering of 991 proteins uniquely identified in the in situ IVPL Treg proteome compared with the in vitro 

proteome. The inner ring displays the log 2 fold change (FC), indicated by different shades of red, while the outer ring shows GO terms assigned to each protein.

(K) 3D reconstruction of intact tumor mass taken from IVPL Treg mice. The tumor mass was surgically isolated from anesthetized IVPL Treg mice, followed by whole-

tissue fluorescent imaging. T reg cells, green; blood vessels labeled by CD31, red; nuclei labeled by Hoechst33342, blue. Scale bar, 500 μm.

(L) The distribution T reg cells within the vascular network of intact tumors from IVPL Treg mice was 3D reconstructed using the Imaris program. T reg cells were spot-

modeled for easier visualization. Scale bar, 100 μm.

(M) The number of T reg cells per unit volume (0.15 mm 3 ) in areas rich in vessels and areas lacking vessels was counted with the Imaris program. Nine units from 

three independent biological replicates were examined for each group.

(N) The interaction between T reg cells and blood vessels within the tumor. The direct binding usually occurred between these immune cells and thick vessels rather 

than thin vessels. Scale bar, 20 μm.

(O) The number of T reg cells adhered per 0.1 mm of blood vessel was counted using the Imaris program. Nine length units from three independent biological 

replicates were examined for each group.

(P) The distribution of T reg cells in the vessel-scarce areas at the junctions of two vascular-rich sites was 3D reconstructed using the Imaris program. Scale bar, 

100 μm. The representative aggregation patterns of T reg cells within and outside the junction area are depicted in enlarged images. Scale bar, 20 μm. Data are 

presented as mean values ± SD (M and O). p values were calculated by unpaired two-tailed Student’s t tests. p < 0.05 was considered statistically significant. 

See also Figures S3 and S4 and Tables S2, S3, and S4.
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Figure 4. Uptake dynamics of PTDEs in mammary glands of IVPL BREAST mice

(A) Scheme of uptake dynamics analysis of patient tumor-derived exosomes (PTDEs) in the mammary glands of IVPL BREAST mice after i.v. injection of different 

types of exosomes.

(B) Morphological assessment of different types of exosomes by transmission electron microscopy. Scale bar, 100 nm.

(C) Exosome identification by western blot analysis of the exosomal markers CD9, CD63, and TSG101.

(D) Nanoparticle tracking analysis of the obtained vesicles from the conditioned medium of primary TNBC tumor cells. The x axis represents vesicle diameters, 

and the y axis represents vesicle concentration (particles mL − 1 ).

(E) Fluorescent labeling of exosomes by a lipophilic dye PKH26. The labeling enabled exosome visualization in live cells, which is shown by an example in live 

HeLa cells expressing EGFP-H2B. Scale bar, 10 μm.

(F) Uptake of PTDEs by mammary glands of IVPL BREAST mice detected by fluorescence microscopy of frozen sections. Mock-labeled buffer, PKH26 dye sub-

jected to the same labeling protocol but without exosomes. Scale bar, 50 μm.

(G) 3D reconstruction of intact mammary glands from IVPL BREAST mice treated with different types of exosomes. The internalized exosomes within the mammary 

glands are indicated by arrowheads. Scale bar, 600 μm.

(H) Uptake dynamics of different types of exosomes by mammary glands of IVPL BREAST mice. The number of exosomes engulfed by mammary glands was 

counted. The exosomes within at least 30 gland ducts per group from three independent biological replicates were examined.

(legend continued on next page)
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processes. 12,23 While thousands of proteins have been identified 

in isolated exosomes in vitro over the past decade, the trace 

amounts of proteomic players that eventually persist and func-

tion in recipient cells in vivo remain largely unexplored because 

exosomes taken up by recipient cells usually follow the endo-

cytic pathway and tend to enter lysosomes for degradation. 12–14 

Thus, we collected primary tumor cells from 20 LABC and 20 

TNBC patients (Table S5) and isolated exosomes from each. 

Exosomes from the same subtype were pooled to generate 

LABC and TNBC exosome pools, respectively. Exosomes from 

primary normal breast epithelial cells obtained from reduction 

mammoplasties served as non-tumor controls (NT exosomes) 

(Figure 4A).

Transmission electron microscopy confirmed the typical exo-

somal morphology (Figure 4B), and western blotting verified the 

presence of CD9, CD63, and TSG101 (Figure 4C). Nanoparticle 

tracking analysis showed that NT exosomes were mostly 70– 

135 nm in diameter, whereas LABC and TNBC exosomes were 

more heterogeneous, ranging from 45 to 150 nm (Figures 4D, 

S5A, and S5B). To monitor exosome behavior, PKH26-labeled 

exosomes (10 μg) were intravenously injected into IVPL BREAST 

mice, allowing live-cell visualization (Figure 4E). Mammary 

glands collected 6–72 h post-injection were analyzed for uptake 

dynamics. Exosomes from NT, LABC, and TNBC sources were 

all internalized by APEX2-EGFP-positive mammary epithelial 

cells (Figure 4F), as confirmed by z-stack imaging (Figure S5C). 

Multiplex tissue imaging and 3D modeling (Figure 4G) revealed 

that exosomal foci predominantly emerged from large-caliber 

vascular networks (Figures S5D–S5F). Notably, TNBC exosomes 

were taken up as early as 14 h post-injection, whereas NT and 

LABC exosomes entered at 18–19 h, with uptake saturating at 

24–26 h (Figure 4H). By 70 h, all groups showed minimal residual 

vesicles. Approximately 38% of TNBC exosomes formed small 

in vivo clusters (>3 foci), compared with 14.6%–21% for NT 

and LABC (Figures 4I–4J). Unlike the random distribution of NT 

and LABC exosomes, TNBC vesicles preferentially accumulated 

near the terminal duct lobular units, the origin of most breast can-

cers, 24,25 resulting in local exosome overload (Figures 4I and 4K). 

These findings indicate that TNBC exosomes exhibit stronger 

invasive activity within mammary glands in situ.

To profile the in situ uptake exosomal proteome of recipient 

cells, IVPL was activated 72 h after injection of patient tumor-

derived exosomes (PTDEs), when no labeled vesicles were 

visible in the mammary gland. Biotinylated proteins from three 

biological replicates per group were analyzed against the 

Homo sapiens UniProt database (Figure 5A). Only peptide spec-

trum matches uniquely assigned to human proteins were re-

tained to ensure species specificity. 26,27 Violin plots and correla-

tion analyses confirmed data quality and reproducibility

(Figures S5G and S5H). In total, 847, 919, and 971 human pro-

teins were identified in NT EXO -, LABC EXO -, and TNBC EXO -uptake 

proteomes, respectively (Table S6). Representative exosomal 

proteins, including TSG101, CLTC, RAB7A, RAB5A, and 

RAB5C, were shared across groups and enriched in Kyoto Ency-

clopedia of Genes and Genomes (KEGG) pathways related to 

endocytosis, cytoskeleton regulation, focal adhesion, and pro-

tein processing (Figures 5B and 5C). To validate the presence 

of exogenous proteins in recipient cells, six candidates from 

the LABC EXO -uptake proteome were chosen based on clear mo-

lecular-weight differences between human and mouse homo-

logs and availability of cross-reactive antibodies. Western blot-

ting revealed dual bands for APLP2, CUL4B, RPL7, CDV3, 

DYNC1I2, and UBAP2L, corresponding to human and mouse 

forms (Figure 5D). Each protein was further overexpressed with 

both N-terminal EGFP and C-terminal red fluorescent protein 

(RFP) in LABC primary tumor cells. Two other proteins, PGK1 

and GPX1, which are present in isolated exosomes 28,29 but ab-

sent in our uptake exosomal proteomes, served as negative con-

trols. Following exosome isolation and injection (Figure 5E), 

recipient mammary gland cells examined at 72 h displayed 

merged orange fluorescence for all six proteins, confirming 

that these exosomal proteins remained intact in recipient cells, 

whereas controls showed no or sporadic EGFP or RFP signals 

(Figures 5F and 5G).

Next, we focused on those proteins that were highly retained in 

the TNBC EXO -uptake proteome compared with the NT EXO -up-

take proteome. For the TNBC EXO -uptake proteome, as many 

as 400 proteins were more abundant (over 2-fold, p < 0.05) 

than that in the NT EXO -uptake proteome (Figure 5H). Among 

them, 120 proteins were uniquely found in the TNBC EXO -uptake 

proteome, including LDHAL6A, zinc-finger protein 36 like 1 

(ZFP36L1), solute carrier family 38 member 2 (SLC38A2), SPG 

matrix AAA peptidase subunit, and paraplegin (SPG7). Thirty-

six proteins were more than 10-fold abundant in the TNBC EXO - 

uptake proteome, including SET domain (Su[var], enhancer of 

zeste, Trithorax) containing 1A (SETD1A), guanosine monophos-

phate reductase 2 (GMPR2), armadillo repeat containing 1 

(ARMC1), and heterogeneous nuclear ribonucleoprotein A3 

(HNRPA3) (Table S6). KEGG analysis showed enrichment in 

glycolysis/gluconeogenesis, adherens junctions, central carbon 

metabolism, and amino acid biosynthesis (Figure 5I). In the top 

pathway (glycolysis/gluconeogenesis), LDHAL6A, ENO1, and 

ENO3 were markedly increased in the TNBC EXO -uptake prote-

ome (Figure 5J), suggesting metabolic reprogramming of recip-

ient cells. Conventional proteomics of in vitro isolated exosomes 

from TNBC patient tumors identified 3,550 proteins with robust 

quality control (Table S6; Figures S5I–S5K), yet LDHAL6A was 

absent from our dataset and public breast cancer exosome

(I) Exosome distribution in intact mammary glands from IVPL BREAST mice treated with different types of exosomes was 3D reconstructed by the Imaris program. 

Exosomes within glands were spots modeled for easier visualization. Scale bar, 300 μm.

(J) Aggregation of internalized exosomes in mammary glands. An aggregate consisting of more than 3 exosomes was counted as a cluster. At least 200 exosomes 

per group from 3 independent biological replicates were examined.

(K) Exosome distribution in the ends and trunks of mammary glands. One hundred exosomes per group from three independent biological replicates were 

examined. Data are presented as mean values ± SD (H, J, and K). p values were calculated by unpaired two-tailed Student’s t tests. p < 0.05 was considered 

statistically significant. ns, not significant.

See also Figure S5 and Table S5.
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Figure 5. Analysis of uptake exosomal proteome of mammary glands in IVPL BREAST mice

(A) Flow diagram for profiling the uptake exosomal proteome and the endogenous recipient cell proteome. After the in vivo reaction, all proteins in mammary gland 

cells, including endogenous mouse proteins and patient-derived exosomal proteins, were labeled. The freshly harvested mammary glands were rapidly lysed for 

protein enrichment, followed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. Proteins were identified by performing searches 

against Homo sapiens and Mus musculus databases.

(B) Circos plot showing enriched KEGG pathways for exosomal proteins taken up by recipient cells in IVPL BREAST mice.

(legend continued on next page)
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resources (ExoCarta, Vesiclepedia) (Figure S5L). By contrast, 

IVPL uniquely captured LDHAL6A and other low-abundance, 

functionally relevant exosomal proteins in vivo (Figure S5M), 

highlighting its superior sensitivity over traditional approaches. 

Using the IVPL system, which simultaneously decodes exog-

enous (human) and endogenous (murine) proteomes in situ 

(Figure 5A), we compared recipient-cell proteomes after treat-

ment with NT, LABC, or TNBC exosomes. Across groups, 

4,911–5,772 mouse proteins were detected (Table S6), with 

the TNBC EXO -recipient proteome showing marked remodeling 

(Figure S5N). These cells displayed substantially more upregu-

lated proteins than LABC EXO -recipient cells (Table S6), with 

gene set enrichment analysis (GSEA) revealing enrichment in 

glycogen metabolism, post-translational modification, DNA 

repair, RNA metabolism, and oxidative stress response 

(Figure S5O). Among 52 LDHAL6A-interacting candidates ex-

pressed in TNBC EXO -recipient cells, many overlapped with 

glycolysis/gluconeogenesis, pentose phosphate, and hypoxia-

inducible factor 1 (HIF-1) signaling pathways (Figure S5P). Pro-

teins involved in cell cycle and immune response were also 

elevated (Figures S5Q and S5R), and western blotting confirmed 

higher expression of six representative members of these path-

ways (Figure S5S). Given that glycolysis/gluconeogenesis was 

the most enriched pathway in the TNBC EXO -uptake proteome, 

and that glycolysis-derived lactate modulates gene expression 

and signaling, 30–32 the reshaped proteome of TNBC EXO -recip-

ient cells mirrors the uptake profile. This finding confirms the 

impact of exogenous proteins on recipient cell fate and further 

demonstrates the advanced capabilities of the IVPL system.

Inhibition of LDHAL6A effectively suppresses TNBC 

growth and metastasis

As LDHAL6A was the most abundant protein in the TNBC EXO - 

uptake proteome, we next verified its transfer to recipient 

cells. RFP-tagged LDHAL6A was expressed in TNBC cells 

(Figures 6A and 6B), and exosomes containing fluorescent 

LDHAL6A (exosomes LDHAL6A ) were intravenously injected into 

C57BL/6 mice. At 24 h post-injection, fluorescence imaging 

and western blotting confirmed LDHAL6A uptake by mammary 

gland cells (Figures 6C and 6D). Given that LDHAL6A functions 

as a lactate dehydrogenase, 33 we examined lactate production 

in recipient cells and found significantly higher levels following

TNBC exosome treatment compared with NT or LABC exo-

somes (Figure 6E). Moreover, LDHAL6A knockdown in TNBC 

cells markedly reduced their proliferative and metastatic capac-

ities (Figures 6F, 6G, S6A, and S6B). To explore whether 

LDHAL6A would be an efficient target for TNBC therapy, we es-

tablished two TNBC mouse models: TNBC PDX in female non-

obese diabetic (NOD)-severe combined immunodeficiency 

(SCID) mice (PDX mice) and female NOD-SCID mice implanted 

with MDA-MB-231 cells (231 mice). Tumors developed into 

palpable masses within 40–60 days, with slightly faster growth 

in 231 mice (Figure 6H). As expected, most tumors were Ki67-

positive and apoptosis-negative (Figure 6I). Conventional pacli-

taxel monotherapy slowed tumor growth in both models during 

the first half of treatment but lost efficacy after ∼35–40 days 

(Figures 6H and 6J). Of note, LDHAL6A knockdown via short 

hairpin RNA (shRNA) lentivirus from day 20 substantially in-

hibited tumor progression and reduced intratumoral lactate 

levels (Figures 6H and 6K). Importantly, combined LDHAL6A 

silencing and paclitaxel treatment produced a more pronounced 

and sustained suppression of tumor growth in most mice (12/15 

PDX and 13/15 231), accompanied by a more marked decrease 

in Ki67 and more extensive apoptosis (Figures 6H–6K).

As distant metastasis remains the major therapeutic challenge 

in TNBC, we monitored metastatic progression in PDX and 231 

mice. 45 days after primary tumor formation, 15 of 40 PDX 

mice and 17 of 40 231 mice exhibited distant metastases in 

lung and/or liver (Figures 6L and 6M). Paclitaxel alone modestly 

reduced the incidence (10/40 and 12/40, respectively), whereas 

LDHAL6A knockdown combined with paclitaxel markedly sup-

pressed metastasis, detected in only 3/40 PDX and 4/40 231 

mice (Figures 6L and 6M). Quantification of serial sections re-

vealed 9–23 lung and 7–22 liver nodules in controls, slightly fewer 

with paclitaxel, but dramatically fewer when combined with 

shLDHAL6A (Figures 6N and 6O). Conversely, gain-of-function 

assays using LDHAL6A-rich exosomes from HEK293T cells 

(Figure S6C) accelerated primary tumor growth, increased Ki67 

and intratumoral lactate (∼2.0-fold in PDX and ∼2.3-fold in 

231), and exacerbated metastasis with ∼90% more lung and

∼70% more liver nodules (Figures S6D–S6J). Together, these re-

sults demonstrate that targeting LDHAL6A, particularly in combi-

nation with paclitaxel, effectively suppresses TNBC growth and 

metastasis.

(C) Functionally grouped network of the endocytosis, actin cytoskeleton regulation, protein processing, and ribosome pathways in (B).

(D) Examination of exosome-derived proteins in recipient cells by western blot analysis. Bands marked by arrowheads denote human proteins derived from LABC 

patient exosomes. β-actin was used as a loading control.

(E) Schematic diagram showing the approach for tracking exosome-derived proteins in recipient cells. The protein of interest was expressed with a GFP tag at the 

N-terminal end and RFP at the C-terminal end. The full-length protein could be detected as an orange signal in recipient cells if it did not undergo degradation.

(F) Immunofluorescence staining of six proteins as described in (D). PGK1 and GPX1, which are known to be degraded in recipient cells, were included as 

negative controls. Whole cells are outlined with dashed lines. Cellular regions with orange signals are enlarged. Scale bar, 10 μm.

(G) Statistical analysis of the percentage of cells exhibiting orange fluorescence (blue column) and relative fluorescence intensity in these cells (red column) from 

(F). One hundred recipient cells per group from three independent biological replicates were examined. Data are presented as mean values ± SD.

(H) Ranking plot of proteins in the TNBC EXO -uptake proteome compared with the NT EXO -uptake proteome. Proteins that were at least 2-fold higher in abundance 

in the TNBC EXO -uptake proteome than in the NT EXO -uptake proteome are cut off by the red line. Representative proteins are labeled in red.

(I) Pathway enrichment analysis of the proteins upregulated in the TNBC EXO -uptake proteome. The x axis indicates the enrichment ratio for specific terms. The 

color schema represents − log 10 (p value) ranging from low (white) to high (red).

(J) Z score plot of proteins involved in the glycolysis/gluconeogenesis pathway. The x axis represents the number of standard deviations from each protein’s 

average abundance.

See also Figure S5 and Table S6.
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DISCUSSION

Proteomics has transformed biomedicine, but in vitro isolation 

erases crucial in situ and microenvironmental context. 34,35 

Building on important advances, prior strategies based on 

non-canonical amino acid incorporation and Cre-dependent 

AAV-mediated APEX delivery enable tissue-specific labeling. 8,10 

However, they tend to confine detection to nascent proteins or 

short labeling windows, with efficiency varying among tissues. 

By contrast, IVPL provides robust, heritable labeling across a 

wide range of tissues and cell types without metabolic incorpo-

ration or viral delivery, capturing both nascent and long-lived 

proteins, including low-abundance or exogenous species that 

persist in pathological niches. These strengths make IVPL a 

broadly applicable platform for in vivo proteomics, especially 

in long-term disease models like cancer progression and 

immunomodulation.

During tumor progression, T reg cells infiltrate tumors and 

reshape the immune microenvironment, 36,37 yet conventional pro-

teomics cannot profile their proteome with in situ context. Using 

IVPL, we decoded the proteome of intratumoral T reg cells within 

intact solid tumors, identifying 2,787 proteins, of which 991 were 

absent from in vitro T reg datasets, 22 underscoring context-depen-

dent divergence. From this in vivo dataset, we extracted mem-

brane receptors and predicted interacting ligands, revealing 

extensive receptor-ligand landscapes. These insights clarify T reg 

dynamics in pathological niches (and extend to other infiltrative 

cells) and inform the design of tumor immunotherapies. 

Deploying IVPL to trace exogenous proteomes in vivo, we 

mapped >900 ‘‘uptake exo-proteins’’ originating from LABC 

and TNBC patient samples, establishing an integrated transla-

tional pipeline that bridges clinical material with animal models. 

Among these, LDHAL6A, a lactate dehydrogenase sustaining 

glycolytic flux, 38 was the most differentially abundant in the

TNBC EXO -uptake proteome. It is known that TNBC cells are 

characterized by an increased rate of glycolysis due to their high-

ly aggressive behaviors compared with other breast cancer sub-

types. 39,40 Yet how TNBC cells meet this high level of glycolytic 

demand among heterogeneous tumor cells remains unclear. 

Exosomal delivery of the essential glycolysis-related enzyme 

LDHAL6A to recipient cells provides a plausible explanation: 

beyond serving as a fuel source, lactate promotes angiogenesis, 

regulates gene expression, and activates signaling pathways 

that promote cancer cell proliferation and metastasis. 41–43 

Thus, direct introduction of the readily deployable protein 

LDHAL6A may be the most optimal way for metabolic reprog-

ramming for tumors. Consistently, targeting LDHAL6A combined 

with standard chemotherapy suppressed TNBC growth and 

metastasis. Together, these findings establish IVPL as a translat-

able IVPL platform and reveal actionable protein effectors in 

recipient cells for targeted cancer therapy.

Limitations of the study

The current approach relies on gene-edited APEX2 f/f mice and 

specific Cre driver lines, which are powerful for cell-type-specific 

studies but may limit rapid deployment or direct clinical applica-

tion. Although control experiments showed minimal proteomic 

changes after short-term H₂O₂ exposure, subtle physiological per-

turbations cannot be fully excluded. In addition, APEX2 expres-

sion is presently confined to intracellular compartments, and 

developing complementary extracellular labeling variants could 

further expand the spatial scope of in vivo proteomic mapping.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and will 

be fulfilled by the lead contact, Mo Li (limo@hsc.pku.edu.cn).

Figure 6. Targeting LDHAL6A suppresses TNBC growth and metastasis

(A) Overexpression of RFP-LDHAL6A in TNBC primary tumor cells examined by western blotting. β-actin was used as a loading control.

(B) Immunofluorescent detection of RFP-LDHAL6A in TNBC primary tumor cells. Scale bar, 10 μm.

(C) Detection of TNBC exosomes containing RFP-LDHAL6A that were engulfed by recipient cells harvested from mammary glands of mice 24 h post treatment of 

the exosomes. Scale bar, 10 μm.

(D) Western blot analysis of RFP-LDHAL6A in recipient cells harvested from mammary glands of mice 24 h post treatment of the exosomes.

(E) Intracellular lactate levels in recipient mammary gland cells treated with NT, LABC, or TNBC exosomes, measured from three independent biological 

replicates.

(F and G) Real-time cell proliferation and migration assays of control and shLDHAL6A TNBC cells. A total of 5,000–10,000 (20,000–40,000 for migration assay) 

cells were seeded into 16-well plates, and the proliferation and migration were monitored by the xCELLigence RTCA system over a course of 60 h. Data represent 

three independent biological replicates.

(H) Growth curve of tumors in the PDX model and 231 model upon treatment with paclitaxel (PTX) alone and combined with LDHAL6A inhibition using shLDHAL6A 

(n = 9 mice per group).

(I) Immunohistochemical staining of Ki67 and cleaved caspase3 in tumors harvested from PDX and 231 mice after single and combined treatments. 

Scale bar, 100 μm.

(J) Tumors harvested from PDX and 231 mice post treatment with paclitaxel alone or combined with LDHAL6A inhibition.

(K) Intracellular lactate levels in tumor tissues from PDX and 231 mice post treatment with paclitaxel alone or combined with LDHAL6A inhibition (n = 10 mice 

per group).

(L) Livers and lungs removed from xenograft mice with or without metastatic lesions. Arrowheads denote representative metastatic nodules in organs.

(M) Metastatic rate in livers and lungs of PDX and 231 mice after different treatments. Number of mice in each group is indicated above the column.

(N) Metastatic areas in livers and lungs are shown by H&E staining. Representative metastatic sites are marked by arrowheads, and their enlarged images are 

shown in the bottom row. Scale bar, 100 μm.

(O) Number of metastatic nodules in lungs and livers of PDX and 231 mice in different treatment groups (n = 6 mice per group). One dot denotes one mouse 

bearing lung or liver metastatic nodules. Data are presented as mean values ± SD (E–H and K). p values were calculated by unpaired two-tailed Student’s t tests (E 

and K) or two-way ANOVA tests (F–H). p < 0.05 was considered statistically significant.

See also Figure S6.
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Materials availability

All reagents and materials are listed in the key resources table. Additional ma-

terials are available from the corresponding author upon reasonable request.

Data and code availability

• All raw files and search results for mass spectrometry of the proteome 

have been deposited in ProteomeXchange via iProX (www.iprox.org) 

with the identification no. PXD053158 (for ProteomeXchange) and 

IPX0009025000 (for iProX). Original gel/blot images are available on 

Mendeley Data (https://doi.org/10.17632/8btrkzw4z4.1) as of the date 

of publication. Raw microscopy data reported in this paper will be 

shared by the lead contact upon request.

• The analysis codes have been deposited at Zenodo at https://doi.org/ 

10.5281/zenodo.17493194.

• Any additional information required to reanalyze the data reported in this 

paper is available from the lead contact upon request.
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antibody

Thermo Fisher Scientific Cat#32430; RRID: AB_1185566

HRP goat anti-rabbit IgG (H+L) secondary antibody Thermo Fisher Scientific Cat#31466; RRID: AB_10960844

Biological samples

Human breast tissue samples (tumor and normal) This paper Table S5

Chemicals, peptides, and recombinant proteins

Hoechst 33342 Beyotime Cat#C1027

HRP Streptavidin Protein Thermo Fisher Scientific Cat#21127

Alexa Fluor® 555 streptavidin Thermo Fisher Scientific Cat#S21381

Paclitaxel Selleck Cat#S1150

Critical commercial assays

L-Lactate Assay Kit (Colorimetric/Fluorometric) Abcam Cat#ab65330

PKH26 Red Fluorescent Cell Linker Kit Sigma Aldrich Cat#PKH26GL

Pierce™ BCA Protein Assay Kits Thermo Fisher Scientific Cat#23227

mMESSAGE mMACHINE™ T7 ULTRA 

Transcription Kit

Thermo Fisher Scientific Cat# AM1345

MEGAclear™ Transcription Clean-Up Kit Thermo Fisher Scientific Cat#AM1908

MEGAshortscript™ T7 Transcription Kit Thermo Fisher Scientific Cat#AM1354

Deposited data

Proteomics data This paper ProteomeXchange: PXD053158; iProX: 

IPX0009025000

Original gels/blots images This paper Mendeley Data: https://doi.org/10.17632/ 

8btrkzw4z4.1

In vitro T reg proteome Cuadrado et al. 22 PubMed: 29752063;DOI: 10.1016/j.immuni.2018. 

04.008

Experimental models: Cell lines
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Mouse: C57BL/6JGpt-H11 em1Cin(Vil1-icre) / 

Gpt (Villin-Cre)

GemPharmatech Cat#T004714

Mouse: C57BL/6JGpt-H11 em1Cin(MMTV-LTR-iCre) / 
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Mouse: C57BL/6 J Peking University Health 

Science Center

N/A

Mouse: ICR Peking University Health 

Science Center

N/A

Mouse: NOD-SCID Peking University Health 

Science Center

N/A

Mouse: BALB/c Nude Peking University Health 

Science Center

N/A

Oligonucleotides

guide RNA for Rosa26 locus This paper method details

Primers for genotyping assay This paper method details

Primers for Southern Blot This paper method details

Oligonucleotides of knock-down This paper method details

Recombinant DNA

pUC57-sgRNA expression vector Shen et al. 44 Addgene #51132

Cas9 expression vector Hwang et al. 45 Addgene #42251

pUC19 plasmid Norrander et al. 46 Addgene #50005

pcDNA3-mRFP plasmid Doug Golenbock Addgene #13032

pLKO.1 plasmid Stewart et al. 47 Addgene #8453

Software and algorithms

IVPL analysis code This paper GitHub: https://github.com/rebeccajiang611/ 

IVPL_Analysis; Zenodo: https://doi.org/10.5281/ 

zenodo.17493194

Proteome Discoverer v2.4 Thermo Fisher Scientific https://www.thermofisher.cn/cn/zh/home/ 

industrial/mass-spectrometry/liquid-

chromatography-mass-spectrometry-lc-ms/lc-

ms-software/multi-omics-data-analysis/ 

proteome-discoverer-software.html

GraphPad Prism v9.0 GraphPad Software, Inc. RRID:SCR_002798

SPSS Statistics 27 IBM Corporation RRID:SCR_016479

RTCA Software v2.0 Agilent RRID:SCR_014821

Imaris Bitplane RRID:SCR_007370

Other

xCELLigence RTCA-DP system Agilent https://www.agilent.com.cn/zh-cn/product/cell-

analysis/real-time-cell-analysis/rtca-analyzers/ 

xcelligence-rtca-dp-cell-invasion-migration-

741226

BioTek Synergy H1 Multimode Reader Agilent https://www.agilent.com.cn/en/product/ 

microplate-instrumentation/microplate-readers/ 

multimode-microplate-readers/biotek-synergy-

h1-multimode-reader-1623193

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

MDA-MB-231 cells were cultured in RPMI-1640 medium, supplemented with 10% FBS, at 37 ◦ C in a humidified 5% CO₂ incubator. 

The cell line was obtained from ATCC and was routinely tested for mycoplasma. Cell line identity was confirmed by short tandem 

repeat (STR) profiling.

Mice

Mice handling and experiments were conducted in accordance with policies promulgated by the Ethics Committee of the Peking 

University Health Science Center (SA2022065).

For the generation of APEX2-EGFP f/f (IVPL) mice, male and female C57BL/6J mice aged 6–8 weeks were used for CRISPR/Cas9-

mediated gene targeting in zygotes. 6–8-week-old pseudopregnant ICR female mice were used as foster mothers. C57BL/6J and 

ICR mice were obtained from the Peking University Health Science Center.

To establish tissue-specific IVPL mouse models, 6–8-week-old APEX2-EGFP f/f mice were crossed with the following 6–8-week-

old Cre-driver strains purchased from GemPharmatech: (i) C57BL/6JGpt-H11 em1Cin(Vil1-icre) /Gpt (Cat#T004714) to generate 

IVPL INTESTINE mice, (ii) C57BL/6JGpt-H11 em1Cin(MMTV-LTR-iCre) /Gpt (Cat#T005635) to generate IVPL BREAST mice, (iii) C57BL/6JGpt-Tg 

(Foxp3-iCre)97/Gpt (Cat#T010853) to generate IVPL Treg mice, and (iv) C57BL/6JGpt-H11 em1Cin(Camk2a-iCre-polyA) /Gpt (Cat#T054722) 

to generate IVPL BRAIN mice.

For xenograft tumor modeling, 5–6-week-old female NOD-SCID and BALB/c nude mice were used to establish patient-derived 

xenograft (PDX) tumor model, while 4-week-old female BALB/c nude mice were used to establish cell-derived xenograft (CDX) tumor 

model. NOD-SCID and BALB/c nude mice were obtained from the Peking University Health Science Center.

All animals were housed in a specific pathogen-free barrier facility under controlled environmental conditions (temperature, 20–26
◦ C; relative humidity, 30–70%) with a 12-hour light/dark cycle (lights on at 6 a.m., off at 6 p.m.), and provided ad libitum access to food 

and water.

Human samples

Tumor samples obtained from breast cancer patients and normal breast tissues obtained from reduction mammoplasty procedures 

were collected from adult Asian female patients in the Department of General Surgery, Peking University Third Hospital. All proced-

ures were approved by the Medical Science Research Ethics Committee of Peking University Third Hospital (IRB00006761-

M2019471). Written informed consent was obtained from all participants prior to sample collection. Detailed clinical information 

for the human samples is provided in Table S5.

METHOD DETAILS

Plasmid construct

For the generation of Cre-dependent APEX2-EGFP mouse, the guide RNA for the Rosa26 locus was designed at https://crispor.gi. 

ucsc.edu/. The guide RNA (5’-CTCCAGTCTTTCTAGAAGAT-3’) was then cloned into the pUC57-sgRNA expression vector (Addgene 

#51132). The Cas9 expression vector was purchased from Addgene (#42251). The donor plasmid, which contained the loxP-Stop-

loxP-APEX2-EGFP sequence flanked by ∼2000-bp homology arms of the Rosa26 locus, was constructed using the pUC19 plasmid 

(Addgene #50005). To overexpress proteins (APLP2, CUL4B, RPL7, CDV3, DYNC1I2, UBAP2L, PGK1, and GPX1) with both 

N-terminal EGFP and C-terminal RFP in LABC primary tumor cells, the coding sequences of the eight human genes were subcloned 

into pEGFP-C1 plasmid containing an N-terminal EGFP tag. Subsequently, each EGFP-gene tandem sequence was subcloned 

into pcDNA3 with a C-terminal RFP tag (Addgene #13032). To knockdown the expression of LDHAL6A, oligo encoding LDHAL6A 

shRNA was cloned into the pLKO.1 plasmid (Addgene #8453). The sequences used were as follows: shLDHAL6A top 

strand, 5’-CCGGGCCTGGAAGTTGAGTGGATTTCTCGAGAAATCCACTCAACTTCCAGGCTTTTTG-3’; shLDHAL6A bottom strand,

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Zeiss LSM880 microscope ZEISS https://www.zeiss.com/microscopy/en/products/

light-microscopes/confocal-microscopes.html

Olympus BX51 microscope OLYMPUS https://evidentscientific.com/en/microscope-

resource/knowledge-hub/anatomy/bx51cutaway

JEOL JEM-1400 transmission electron microscopy JEOL RRID:SCR_020179

NanoSight NS300 Malvern Panalytical https://www.malvernpanalytical.com/en/support/

product-support/nanosight-range/

nanosight-ns300
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5’-AATTCAAAAAGCCTGGAAGTTGAGTGGATTTCTCGAGAAATCCACTCAACTTCCAGGC-3’; scramble (non-targeting) control 

shRNA top strand, 5’-CCGGCCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGGTTTTTG-3’; scramble (non-

targeting) control shRNA bottom strand, 5’-AATTCAAAAACCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCT 

TAGG-3’.

IVPL substrate design and synthesis

The synthesis strategies for the two newly designed small molecules, Btn-Ph-3F and Btn-O-Ph, are illustrated in Figures S2A and 

S2B, respectively. The synthesis of Btn-Ph-3F commenced with the preparation of Intermediate A1. Initially, 3-Fluoro-L-tyrosine 

(200 mg, 0.94 mmol) was suspended in methanol (5 mL), and the mixture was stirred in an ice bath. Thionyl chloride (366 μL, 

5.04 mmol) was added dropwise to the mixture. The mixture was incubated on ice for 30 minutes and then warmed to room temper-

ature. After reacting overnight, the solvent was removed under reduced pressure to yield Intermediate A1 as a solid, which was used 

directly in the next step without further purification. Next, Intermediate A1 (142 mg, 0.67 mmol) was dissolved in 10 mL DMF. Triethyl-

amine (556 μL, 4.02 mmol) was slowly added to the solution, followed by biotin-NHS (228 mg, 0.67 mmol). The mixture was stirred at 

room temperature overnight. After solvent removal via rotary evaporation, the residue was purified using a C18 reverse phase column 

on a semi-preparative HPLC to afford Btn-Ph-3F as a white solid (165 mg, yield 56%). 1 H-NMR (400 MHz, d 6 -DMSO): 9.66 (s, 1H), 

8.22 (d, 1H), 6.97 (m, 1H), 6.82 (m, 2H), 6.42 (s, 1H), 6.39 (s, 1H), 4.41 (m, 1H), 4.31 (m, 1H), 4.11 (m, 1H), 3.60 (s, 3H), 3.05 (m, 1H), 2.85 

(m, 2H), 2.77 (m, 1H), 2.57 (d, 1H), 2.06 (m, 2H), 1.44 (m, 4H), 1.22 (m, 2H). 13 C-NMR (100 MHz, d 6 -DMSO): 25.61, 28.41, 35.19, 16.11, 

40.33, 52.27, 53.88, 55.85, 59.67, 61.47, 117.01, 117.89, 125.54, 128.96, 143.73, 149.86, 152.25, 163.21, 172.65, 172.70. Calculated 

molecular weight for C 20 H 27 FN 3 O 5 S: [M+H] + : 440.17; found: 440.42.

The synthesis of Btn-O-Ph involved three major steps, starting with the formation of two intermediates, B1 and B2. Initially, 

2-bromoethanamine hydrobromide (2.25 g, 11 mmol) and triethylamine (2.07 mL, 15 mmol) were stirred in 1,4-dioxane (20 mL) within 

an ice bath, and di-tert-butyl dicarbonate (2.62 g, 12 mmol) was added dropwise. After 16 hours, the solvent was removed under 

reduced pressure. The resulting residue was dissolved in 50 mL of ethyl acetate and sequentially washed with saturated solutions 

of NH 4 Cl, NaHCO 3 , and NaCl. After drying over Na 2 SO 4 , the organic layer was concentrated to yield Intermediate B1 as a yellow 

oil, which was then used directly in the next synthesis step without further purification. For the synthesis of Intermediate B2, hydro-

quinone (1.0 g, 9.1 mmol) and KOH (0.51 g, 9.1 mmol) were stirred in methanol (50 mL) at room temperature for 30 minutes before 

Intermediate B1 (2.03 g, 9.1 mmol) was introduced dropwise. The solution was refluxed for 24 hours, followed by evaporation of the 

solvent under reduced pressure to produce a dark brown solid. This solid was resuspended in 50 mL of DCM, washed with a satu-

rated NaCl solution, dried over Na 2 SO 4 , filtered, and then concentrated. Purification was carried out using silica column chromatog-

raphy (EtOAc = 1:20 to 1:5), producing Intermediate B2 as a yellow oil (550 mg, 24% yield). Finally, Intermediate B2 (150 mg, 

0.59 mmol) was dissolved in a 1:1 v/v mixture of TFA and DCM and stirred at room temperature for 2 hours. After vacuum evaporation, 

the residue was directly used in the subsequent reaction. The residue and triethylamine (489 μL, 3.54 mmol) were dissolved in DMF 

(10 mL), and biotin-NHS (201 mg, 0.59 mmol) was added. The mixture was stirred overnight at room temperature and purified using a 

C18 reverse phase column on semi-preparative HPLC to yield Btn-O-Ph as a light yellow solid (156 mg, 70% yield). 1 H-NMR 

(400 MHz, d 6 -DMSO): 8.92 (s, 1H), 8.02 (t, 1H), 6.65-6.76 (m, 4H), 6.45 (s, 1H), 6.38 (s, 1H), 4.29 (m, 1H), 4.10 (m, 1H), 3.86 (t, 2H), 

3.35 (m, 2H), 3.04 (m, 1H), 2.79 (dd, 1H), 2.58 (d, 1H), 2.09 (t, 2H), 1.24-1.64 (m, 6H). 13 C-NMR (100 MHz, d 6 -DMSO): 25.73, 

28.47, 28.60, 35.53, 38.76, 40.32, 55.88, 59.66, 61.48, 67.35, 115.95, 116.17, 151.69, 151.75, 163.21, 172.83. Calculated molecular 

weight for C 18 H 26 N 3 O 4 S: [M+H] + : 380.16; found: 380.42.

IVPL mice generation

The Cre-dependent APEX2-EGFP mouse was generated by CRISPR/Cas9-assisted gene targeting in zygotes as follows. Briefly, 

pronuclear stage zygotes were obtained by mating C57BL/6 J males with superovulated C57BL/6 J females. A 1-2 pL mixture con-

taining 100 ng/μL Cas9 mRNA, 50 ng/μL sgRNA, and 200 ng/μL targeting vector was microinjected into the male pronucleus of the 

zygote using a FemtoJet 4i and Injectman 4 microinjection system (Eppendorf) fitted with Femtotips II (Eppendorf, 5242957000). 

Cas9 mRNA was prepared from the AgeI-linearized Cas9 expression vector (Addgene #42251) by in vitro transcription using 

the mMESSAGE mMACHINE™ T7 ULTRA Transcription Kit (Thermo Fisher Scientific, Cat#AM1345) and purified using the 

MEGAclear™ Transcription Clean-Up Kit (Thermo Fisher Scientific, Cat#AM1908). Rosa26-specific sgRNA was prepared from the 

ApaI-linearized sgRNA expression vector (Addgene #51132) using the MEGAshortscript™ T7 Transcription Kit (Thermo Fisher Scien-

tific, Cat#AM1354) and purified with the MEGAclear™ Transcription Clean-Up Kit. After overnight culture in KSOM medium at 37 ◦ C 

under 5% CO 2 , the injected embryos that had reached a 2-cell stage were implanted into oviducts of pseudopregnant foster ICR 

female mice. For germline transmission of targeted alleles, founder mice (F0) were crossed to WT C57BL/6 mice for the generation 

of F1 offspring. Positively heterozygous mice were identified by PCR targeting 5’ and 3’ inserting sites in the gene. PCR primers for 5’ 

inserting sites are: F1, 5’- TACGCCACAGGGAGTCCAAGAATG-3’; R1, 5’- GATGGGGAGAGTGAAGCAGAACG-3’. PCR primers for 

3’ inserting sites are F2, 5’-CTGCTGTCCATTCCTTATTCCATAG-3’; R2, 5’-CTGGAAATCAGGCTGCAAATCTC-3’, resulting in a 2.7 

kb and a 2.5 kb PCR product, respectively. The PCR products were then purified and sequenced by the Sanger method. After gen-

otyping and Southern blot analysis against F1 mice, the heterozygous F1 mice were intercrossed for the generation of homozygous 

(LSL-APEX2-EGFP f/f ) mice (F2, i.e. IVPL mice). Primers used for genotyping of F2 IVPL mice were as follows: F3, 5’-CACTTGCTCTCC 

CAAAGTCGCTC-3’; R3, 5’-ATACTCCGAGGCGGATCACAA-3’; F4, 5’-GCATCTGACTTCTGGCTAATAAAG-3’. PCR with F3/R3
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yields a 453 bp band from the WT allele, while F4/R3 yields a 644 bp band from the targeted allele. Heterozygous mice produce 

both bands.

In vivo protein labeling

For the IVPL INTESTINE model, after anesthetizing the mice, we administered five different reaction substrates (Btn-Ph-3F, Btn-O-Ph, 

Btn-An, Btn-Nap, and BP), each at a concentration of 500 μM dissolved in phosphate-buffered saline (PBS), to five separate groups 

by oral gavage. Each substrate was allowed to incubate in vivo for 60 minutes to ensure optimal tissue penetration and substrate 

absorption. A PBS-only control was also included. To trigger the in vivo labeling, 1 mM H 2 O 2 was injected through the same gavage 

route. After a 90-second reaction period, the intestines were promptly excised from the anesthetized mice, immediately subjected to 

two rapid washes with a quencher solution (30 s × 2), and then processed either for lysis and protein harvesting or for fixation for 

subsequent staining. Lysis buffer: 50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.5% SDS, 0.5% sodium deoxycholate, 1% Triton 

X-100, 1× protease inhibitor cocktail, 10 mM sodium azide, 10 mM sodium ascorbate, 5 mM Trolox and 20 mM DTT. After gently 

sonicated, the lysates were cleared by centrifugation at 12,000 rpm for 5 min at 4 ◦ C, and then ten times volume of ice-cold methanol 

was added followed by precipitation at -80 ◦ C for 6 h. Proteins were harvested by centrifugation at 4,000 rpm for 30 min at 4 ◦ C, and 

then were re-dissolved in 1% SDS RIPA buffer. 4 mg protein of each sample (in 0.2% SDS RIPA buffer) was incubated with 150 μL of 

streptavidin-coated magnetic beads slurry under rotation for 2 h at room temperature. The beads were subsequently washed twice 

with 1 mL of RIPA lysis buffer, once with 1 mL of 1 M KCl, once with 1 mL of 0.1 M Na 2 CO 3 , once with 1 mL of 2 M urea in 10 mM Tris-

HCl (pH 8.0), and twice with 1 mL RIPA lysis buffer. Biotinylated proteins were then eluted by boiling the beads in 60 μL of protein 

loading buffer supplemented with 20 mM DTT and 2 mM biotin. The enriched protein sample was prepared for mass spectrometry. 

For the IVPL BREAST model, we administered the same set of five substrates and a PBS control directly into the nipple of anesthe-

tized mice using a microinjection needle. Each substrate, at a concentration of 500 μM, was preloaded for 45 minutes in vivo. The 

in vivo labeling was then initiated by injecting 1 mM H 2 O 2 into the same site and allowing a 90-second reaction. The mammary glands 

were harvested post-reaction, immediately subjected to two rapid washes with a quencher solution (30 s × 2), and then lysed for 

protein extraction and enrichment, following the same protocol used for intestinal epithelial cells. In addition, an independent valida-

tion group was processed using an extended quenching step (20 minutes) prior to lysis to assess the robustness of the standard pro-

tocol. Comparative proteomic analysis revealed minimal differences between the standard and extended quenching conditions, indi-

cating that the original quenching strategy was sufficient (Figures S3N and S3O).

For the IVPL Treg model, each of the five reaction substrates and a PBS control was directly injected into the tumor mass at a con-

centration of 500 μM using a fine gauge needle. After a 90-minute incubation period to accommodate the dense tumor matrix, 1 mM 

H 2 O 2 was injected into the tumor for a 90-second in vivo labeling. The tumors were subsequently harvested, immediately subjected to 

two rapid washes with a quencher solution (30 s × 2), and then processed using a similar lysis and protein extraction protocol as 

described for other tissues.

Stability analysis of substrates

Stability analysis of five substrates (Btn-Ph-3F, BP, Btn-Nap, Btn-An, and Btn-O-Ph) was conducted on tissue lysates from mouse 

intestine and liver. To prepare the lysates, tissues were first harvested, washed with PBS, and homogenized in RIPA lysis buffer con-

taining protease inhibitors to prevent protein degradation. After sonication, the homogenates were then centrifuged at 12,000 rpm for 

10 minutes at 4 ◦ C to remove the cellular debris, and the supernatants were collected. Each substrate was added to the lysates to 

achieve a final concentration of 1 ng/μL and incubated at 37 ◦ C for specified durations. Sample extraction and compound quantifi-

cation were performed in accordance with the methods described in the pharmacokinetic analysis.

Pharmacokinetic analysis of oral dosing in vivo

Pharmacokinetic analyses were conducted based on time-course concentration data (0.5h, 1h, 1.5h, 2h, 4h. 6h) collected from 

plasma and multiple tissues, including liver, spleen, lung, kidney, small intestine, colon, heart, and brain, following intravenous (IV, 

20 mg/kg), intraperitoneal (IP, 50 mg/kg), and oral (PO, 50 mg/kg) administration of the tested compounds. Each concentration at 

a given time point represents the mean of three biological replicates. Samples from untreated mice were harvested to serve as 

the 0 h control. For organ samples, tissues were homogenized at low temperatures in an 80% methanol solution (methanol/water, 

v/v, 4/1) at a ratio of 1:40 (20 mg tissue to 800 μL solution), and then centrifuged at 15,000 rpm for 30 minutes. After resting for 10 mi-

nutes, the supernatant was collected and concentrated at low temperatures followed by reconstitution in 200 μL of 50% methanol 

solution (methanol/water, v/v, 1/1). The reconstituted solution was centrifuged for another two rounds under the same conditions, 

with the supernatant collected for Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) analysis. Blood samples 

were obtained into heparinized tubes, followed by centrifugation at 3,000 rpm and 4 ◦ C for 15 minutes. The plasma supernatant 

was then precipitated with five volumes of methanol and centrifuged at 15,000 rpm and 4 ◦ C for 30 minutes. Then the supernatant 

was collected and subjected to a second low-temperature centrifugation for measurements. LC-MS/MS analysis was performed us-

ing Waters ACQUITY UPLC i-Class Plus for chromatographic separation and Waters Xevo TQ-S for mass spectrometry, with data 

captured and processed using Waters MassLynx V4.2 software and Waters TargetLynx XS V.2 software, respectively. For absolute 

quantification, a standard curve was prepared by spiking various concentrations of the standard (0, 0.05, 0.1, 0.2, 1, 2, 5, 10, 20, 50, 

100, 200, 500 ng/mL) into homogenates of blank tissues or blood. The maximum concentration (Cₘₐₓ) and time to reach maximum
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concentration (Tₘₐₓ) were directly obtained from the observed data points. The area under the concentration–time curve from 0 to 6 

hours (AUC₀₋₆h) was calculated using the linear trapezoidal rule. The terminal half-life (t₁/₂) was estimated by linear regression of the 

log-transformed concentration values over time points within the terminal phase (typically 2–6 hours).

Mass spectrometry

An intestinal segment (∼ 2 cm) from one mouse, two mammary glands from one mouse, and one tumor each from two mice were 

used to generate in situ proteomes of intestinal epithelial cells, mammary epithelial cells, and tumor-infiltrating T reg cells, respec-

tively. The sample for mass spectrometry was prepared according to previous studies. 5,48 Briefly, biotinylated proteins eluted from 

streptavidin beads were separated on SDS-PAGE. After staining with Coomassie G-250 and destaining with water, each lane of 

each sample was manually cut into 6 fractions. Each fraction was dried with a vacuum concentrator after in-gel digestion into 

peptides.

The extracted peptides were dissolved with 25 μL of Solvent A (0.1% formic acid in water) and separated by a 120 min gradient 

elution at a flow rate 0.300 μL/min with the Thermo Ultimate 3000 nano-UPLC system which was directly interfaced with the Thermo 

Fusion LUMOS mass spectrometer. The analytical column was an Acclaim PepMap RSLC column (75 μm ID, 250 mm length, C18) 

coupled with a trap column (Acclaim PepMap™ 100, 75 μm ID, 20mm length, C18). Mobile phase A consisted of 0.1% formic acid, and 

mobile phase B consisted of 100% acetonitrile and 0.1% formic acid. The gradient elution conditions (120 min) were: 3% B for 5min; 

3% to 22% for 75min; 22% to 35% for 12 min; 35% to 90% for 11 min; 90% for 6 min; 90% to 3% for 1 min; 3% for 10min. The Fusion 

LUMOS mass spectrometer was operated in the data-dependent acquisition mode using Xcalibur 4.1.50 software and there is a sin-

gle full-scan mass spectrum in the Orbitrap (375-1500 m/z, 60,000 resolution) followed by data-dependent MS/MS scans. The most 

intense ions selected under top-speed mode were isolated in Quadrupole with a 1.6 m/z window and activated by high energy colli-

sion dissociation (HCD) with a normalized collision energy of 30%, then detected in the Orbitrap at resolution of 15,000. The 

Maximum Injection Time was set to dynamic mode and the AGC Target was set to Standard mode.

Protein identification

Raw mass spectrometry data were processed using Proteome Discoverer (Thermo Fisher Scientific, version 2.4). Proteomic data 

from each sample were queried against the Homo sapiens database (for uptake exosomal proteome) and the Mus musculus data-

base in the protein sequence database UniProt (https://www.uniprot.org). For uptake exosomal proteomes, only PSMs matching to 

one unambiguous protein was allowed to ensure the retention of only species-specific peptides. If evidence for both human and 

mouse peptides from an orthologous protein were detected, then peptides that cannot distinguish between the two species were 

ignored. 26,27 Precursor mass tolerance: 20 ppm; fragment mass tolerance: 0.05 Da; variable modifications: oxidation of methionine, 

carbamidomethylation of cysteine, and acetylation of protein N-terminal; maximum two missed cleavage sites were allowed. Pro-

teins with at least one unique peptide with <1% FDR and sum PEP score > 120 were kept for uptake exo-proteomes. For protein 

quantification, the intensity-based absolute quantification (iBAQ) intensities were used to represent the abundances of proteins, 49 

and were further normalized to a fraction of total (FOT) based on the total iBAQ intensities of all proteins within each sample. 50 

The FOT values were multiplied by 10 5 for the ease of visualization. Replicates were performed in each group and proteins that 

were present in at least two samples from one group were selected for further analysis.

Bioinformatics analysis

Pearson correlation coefficients were calculated to estimate the similarities of samples within and between groups using ggpairs() 

function in R package GGally (version 2.2.1) or ggcorrplot() function in R package ggcorrplot (version 0.1.4.1). The distribution of 

log 2 -transformed protein abundances in each sample was visualized as violin plots generated using R package ggplot2 (version 

3.5.1). For Gene Set Enrichment Analysis (GSEA), we carried out our T reg proteomics datasets on Java based GSEA software (version 

4.3.2) with the reference gene sets from Molecular signatures database (MSigDB, https://www.gsea-msigdb.org/gsea/msigdb/ 

index.jsp) and the gene set identified from the literature. 22 To conduct ligand-receptor (LR) interaction analysis, we obtained mouse 

LR pairs from CellTalkDB (https://xomics.com.cn/celltalkdb/), one of the most extensive collection of LR pairs, featuring 2033 mouse 

LR interactions identified through extensive data mining and manual verification. 51 To display the interactions between twenty recep-

tors with the highest abundances identified in our tumor-infiltrating T reg proteomes and other potential ligands from cells in the tumor 

microenvironment, we used R package igraph (version 2.0.3) and ggraph (version 2.2.1) to create a bipartite LR communication 

network plot. Heatmaps were visualized by R package pheatmap (version 1.0.12). Functional enrichment cluster of uniquely identified 

in situ 991 proteins in T reg proteomes was visualized using GOCluster() function in R package GOplot (version 1.0.2). Enrichment 

network was plotted using ClueGo plugin of Cytoscape software. Circos plot and bubble plots were created using R package circlize 

(version 0.4.16) and ggplot2 (version 3.5.1). Proteins with log2 (fold change) ≥ 1 and p value < 0.05 (two-tailed t-test) were considered 

significantly differential abundant proteins. To further ensure robustness, we performed downstream enrichment analysis and mul-

tiple layers of annotation. Gene Ontology (GO) and KEGG pathway analyses were conducted using WebGestalt (http://www. 

webgestalt.org/) and clusterProfiler (R package version 4.10.1), with enrichment results subjected to redundancy reduction (e.g., 

by grouping semantically similar GO terms and applying leading-edge clustering). Enriched terms were visualized using network-

based layouts to highlight representative biological processes. Additionally, exosomal protein candidates were cross-referenced 

with the ExoCarta and Vesiclepedia databases to validate their exosome relevance. For glycolysis/gluconeogenesis–associated
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proteins, standardized z-scores were calculated as (individual abundance − global mean abundance)/standard deviation to allow 

comparison across samples.

Volume staining and 3D reconstruction

The immunostaining of solid tumors and mammary glands was performed according to the protocol described previously. 52 Briefly, 

the tumors and mammary glands were stripped out from the mouse and fixed overnight at 4 ◦ C using BD Cytofix on a shaker. The fixed 

mammary tissue was washed for 1 h with washing buffer (1× PBS supplemented with 0.3% Triton X-100 and 0.5% 1-thioglycerol) 

three times. Subsequently, the tissue was blocked and permeabilized at 37 ◦ C for 24 h with blocking buffer (1× PBS plus 0.3% Triton 

X-100, 1% BSA, and 1% normal mouse serum). Following incubation with primary antibody of CD31 (1:200, BioLegend, Cat#102416; 

RRID: AB_493410) at 37 ◦ C for 4 d, the tissues were washed with washing buffer at 37 ◦ C for 12 h, then immersed in fresh washing 

buffer and incubated at room temperature for 3 d. During the incubation period, the buffer was changed every 12 h. After that, 

the tissues were incubated with fluorescent secondary antibody (1:400) and Hoechst 33342 (10 μg/mL, Beyotime, Cat#C1027) at 

37 ◦ C for 4 d. After three more washes, the tissue was cleared by immersion in clearing solution (2.75 mL of 40% N-methyl acetamide,

4 g of Histodenz, and 5 μL Triton X-100) with a refractive index of 1.495-1.505, for 24 h at room temperature before being imaged. The 

fluorescence images were captured using Lightsheet Z.1 microscope with a 5× detection objective (NA = 1.0). The images were 

treated with dual side fusion and converted to Imaris files using Imaris File Converter. The 3D surface-rendered images and 

Spots-rendered images were analyzed and assembled using the Imaris software (Bitplane, RRID: SCR_007370) to reconstruct 

the tissues.

Isolation and culture of primary tumor cells

Fresh breast cancer tissue samples were collected from patients who underwent tumor resection surgery. Isolation and culture of 

primary tumor cells were performed according to our previous study. 53 In specific, the tumor specimen was minced into pieces 

smaller than 1 mm 3 followed by digestion in 1× collagenase/hyaluronidase buffer (STEMCELL Technologies) at 37 ◦ C with agitation 

for 6 h. Further digestion was performed by gentle pipetting in trypsin (0.25%) and then in a solution of dispase (5 units/ml) and DNase 

I (0.05 mg/ml; STEMCELL Technologies) for 5-10 min. By filtration through a 40-μm filter, single-cell suspensions were obtained. 

These cells were then seeded at a density of 0.5-1×10 5 /well onto 6-well plates coated with collagen I and cultured for 36-72 h. 

The culture medium composes of DMEM:F12 supplemented with 5% FBS, penicillin/streptomycin (1%), gentamycin (0.2%), EGF 

(10 ng/ml), adenine (20 μg/ml), cholera toxin (10 ng/ml), HEPES (15 mM), insulin (5 μg/ml), hydrocortisone (0.32 μg/ml) and ROCK 

inhibitor (5 μM). After stable adhesion, cells could be further cultured or frozen in FBS/DMSO (9:1) with 5 μM ROCK inhibitor in liquid 

nitrogen.

Exosome isolation

Exosome isolation was performed by standard differential ultracentrifugation. 54 Cells at 80% confluence were cultured in media sup-

plemented with 10% exosome-depleted FBS, obtained by removing bovine exosomes through overnight centrifugation at 

100,000 × g (Beckman 32Ti rotor). After incubation for 48 h, the conditioned media were collected and sequentially centrifuged at 

3,000 × g for 20 min and 10,000 × g for 40 min at 4 ◦ C to remove cell debris and microvesicles. The resulting supernatants were 

filtered through a 0.22 μm filter (Millipore), and exosomes were harvested by ultracentrifugation at 100,000 × g for 70 min at 4 ◦ C. 

The exosome pellets were then washed with cold PBS and re-ultracentrifuged at 100,000 × g for 70 min at 4 ◦ C. Finally, the pelleted 

exosomes were resuspended in PBS and either used immediately or stored at − 80 ◦ C. The exosomal protein concentration was 

measured by BCA assay (Pierce, Thermo Fisher Scientific, Cat#23227). The size and concentration of isolated exosomes were as-

sessed with nanoparticle tracking analysis using the NS300 nanoparticle characterization system (NanoSight, Malvern Instruments). 

Exosomes were further verified by western blot analysis and electron microscopy.

Exosome labeling and injection

To visualize exosomal distribution in vivo, purified exosomes derived from tumors of breast cancer patients were labeled with the 

fluorescent PKH26 (Sigma Aldrich, Cat#PKH26GL) according to the manufacturer’s protocol. Briefly, exosomes in PBS were diluted 

to 1ml using Diluent C and mixed with 1ml Diluent C containing 6μl of PKH26 dye. After 5 min of incubation at room temperature, the 

mixture was ultracentrifuged at 130,000×g at 4 ◦ C for 2 h, and the obtained pellet (PKH26-labeled exosomes) was dissolved in PBS. 

Finally, the labeled exosomes were intravenously injected into IVPL BREAST mice via tail vein (10 μg of exosomes in 100μl of PBS/ 

mouse) for subsequent experiments.

shRNA lentivirus generation and shRNA knockdown

For shRNA lentivirus generation, the pLKO.1 plasmid comprising shRNA was co-transfected with the packaging plasmids (psPAX2 

and pMD2.G) into HEK293T cells using Lipofectamine 3000™ according to the manufacturer’s protocol. 6 h after transfection, cells 

were washed and further cultured in fresh growth culture media for another 48 h. Then the culture media containing viral particles 

were harvested and centrifuged at 3,000 ×g for 5 min to remove the cell debris and filtered by a 0.45-μm filter. The viral supernatant 

was further concentrated with a Centricon Plus-20 Centrifugal Filter at 4,000 ×g. The concentrated lentivirus supernatant was ali-

quoted and kept at -80 ◦ C before use. To knockdown interested genes in primary tumor cells, 10 5 cells were seeded onto 6-well

ll
Article

Molecular Cell 85, 4651–4666.e1–e9, December 18, 2025 e7



plates and incubated at 37 ◦ C with 5% CO 2 until reaching 30-40% confluence. The concentrated viral supernatant was added into the 

culture medium at a multiplicity of infection (MOI) of 20 for 16 h.

PDX and CDX mouse models

The PDX-mouse model was established with our previous report with minor modifications. 53 In brief, 5–8 mm 3 of tumor tissue har-

vested from TNBC patients was subcutaneously implanted into the flanks of 5∼6 weeks old NOD-SCID mice for the first generation of 

tumor growth, followed by weekly measurement of tumor volume with calipers. When tumor volume reached 1000–1,500 mm 3 , the 

mice were sacrificed and the tumor was removed. The fresh tumor was cut into small pieces (4-8 mm 3 ) and re-implanted into the 

flanks of 5–6 weeks old BALB/c Nude mice for the second generation of tumor growth. For the LDHAL6A knockdown in vivo, 

4×10 7 copies of gene targeting shRNA lentivirus or scramble shRNA lentivirus was injected into the tumor. For CDX mouse 

(231-mouse) model established, 1 × 10 6 MDA-MB-231 breast cancer cells in 100 μL mixture (Matrigel : PBS = 1 : 1) were injected 

orthotopically into the 4th mammary fat pad of each 4-week-old female BALB/c nude mouse. The tumor growth was monitored 

for 40–60 days when the volume reached an ethical limitation of around 2000 mm 3 . Tumor volume was calculated as the formula: 

(shortest diameter) 2 ×longest diameter×0.5. Paclitaxel (Selleck Cat#S1150) was used as a standard chemotherapeutic agent.

Southern blot

Southern blotting was performed with DIG-High prime DNA labeling and detection starter kit II (Roche cat. no. 11585614910) as fol-

lows. The external 5’ probe and external 3’ probe were amplified with primers 5’ probe F/R (F: 5’-AAACGTGGAGTAGGCAATACC 

CAGG-3’, R: 5’-AAAGAAGGGTCACCTCAGTCTCCCT-3’) and 3’ probe F/R (F: 5’-TTCTGGGCAGGCTTAAAGGCTAAC-3’, R: 5’-AG 

GAGCGGGAGAAATGGATATGAAG-3’), respectively. All the probes were purified and labeled with DIG-dUTP. Mouse genomic DNA 

was isolated, purified, and digested by BamHI and BstEII, respectively. DNA fragments were separated on a 0.7% agarose gel. The 

gel was washed two times for 5 min in ddH 2 O, incubated two times for 15 min in 0.125 M HCl for depurination, washed two times for

5 min in H 2 O, and was finally denatured by being incubated two times for 15 min in 0.5 M NaOH/1.5 M NaCl. DNA was transferred and 

fixed to positively-charged nylon membranes. DNA hybridization and detection were performed as described in the kit instructions. 

The hybridized probes were immunodetected with anti-digoxigenin-AP and then visualized with the chemiluminescence substrate 

CSPD. Hybridization of BamHI-digested genomic DNA with the 5 ′ probe resulted in a WT 5.83 kb-band and a knockin 4.80 kb-

band. Hybridization of BstEII-digested genomic DNA with the 3 ′ probe resulted in a WT 4.77 kb-band and a knockin 9.67 kb-band.

Western blot

Total protein was extracted from cell or tissue lysate by RIPA buffer. Protein samples were electrically transferred to polyvinylidene 

fluoride membranes after being separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Following 

transfer, the membranes were blocked in Tris buffered saline with Tween 20 (TBST) containing 5% skim milk for 2 h before being 

incubated with indicated primary antibodies (1:500–1:1000 dilution) overnight at 4 ◦ C. After washing in TBST three times, the mem-

branes were then incubated with HRP-conjugated secondary antibodies (1:1000 dilution) for 1 h at 37 ◦ C. After another round of 

washing in TBST three times, protein bands were visualized using an enhanced chemiluminescence detection system (Amersham 

Biosciences). The following primary antibodies and reagents were used for Western blotting: anti-CD63 (Abcam, Cat#ab193349, 

RRID: AB_3095976), anti-TSG101 (Abcam, Cat#ab125011, RRID: AB_10974262), anti-CD9 (Cell Signaling Technology, 

Cat#13174, RRID: AB_2798139), anti-β-actin (Abcam, Cat#ab8226, RRID: AB_306371), anti-CUL4B (Proteintech, Cat#12916-1-

AP, RRID: AB_2086699), anti-UBAP2L (Thermo Fisher, Cat# PA5-36998, RRID: AB_2553856), anti-APLP2 (Thermo Fisher, Cat# 

PA5-117016, RRID: AB_2901646), anti-RPL7 (Thermo Fisher, Cat#PA5-36571, RRID: AB_2553591), anti-CDV3 (Thermo Fisher, 

Cat#PA5-56251, RRID: AB_2639631), anti-DYNC1I2 (Thermo Fisher, Cat#PA5-75613, RRID: AB_2719341), and anti-RFP 

(ChromoTek, Cat#6G6, RRID: AB_2631395). HRP-conjugated reagents included HRP–Streptavidin protein (Thermo Fisher, 

Cat#21127), HRP–goat anti-mouse IgG (H+L) secondary antibody (Thermo Fisher, Cat#32430, RRID: AB_1185566), and HRP– 

goat anti-rabbit IgG (H+L) secondary antibody (Thermo Fisher, Cat#31466, RRID: AB_10960844).

Electron microscopy

For morphological characterization, fresh exosome samples in PBS at a concentration of 0.1 μg/μL were placed on formvar-coated 

copper grids for 1 min. 1% osmium containing 1.5% potassium ferrocyanide in 0.1 M PB buffer was then loaded onto the samples 

and settled for 30 min at room temperature. After three washes in ddH 2 O, samples were performed with negative staining with 2% 

uranyl acetate. Following air drying, the grids carrying samples were observed under JEOL JEM-1400 transmission electron micro-

scopy (JEOL, RRID:SCR_020179) at 120 kV.

Histologic staining

Tissues were fixed in 10% neutral buffered formalin for 24 h followed by dehydration under gradual serial of ethanol (75%, 85%, 90%, 

100%), clearing and paraffin-embedding. Then the tissues were cut into 5 μm sections on polylysine-coated slides used for hema-

toxylin and eosin (HE) staining and immunohistochemistry. The dilutions of anti-Ki-67 (Novus, Cat#NB500-170, RRID: AB_10001977) 

and cleaved-caspase3 (Cell Signaling Technology, Cat#9664, RRID: AB_2070042) antibodies were 1:1000, and 1:500, respectively. 

Staining was imaged and evaluated with an Olympus BX51 microscope and DP73 CCD photographic system.
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Immunofluorescence

Cells were fixed for 30 min using 4% paraformaldehyde in PBS, then permeabilized in 0.5% Triton-X-100 for 25 min at room temper-

ature. After blocking with 1% bovine serum albumin-supplemented PBS for 1 h, cells were incubated with the indicated primary an-

tibodies (1:100–1:500) at 4 ◦ C overnight. After washing three times in PBS containing 0.1% Tween 20 and 0.01% Triton-X 100, cells 

were incubated with an appropriate fluorescent secondary antibody for 1 h at room temperature. After several washes, cells were 

stained with Hoechst 33342 (10 μg/mL) for 15 min. Samples were eventually put on glass slides and imaged under a confocal laser 

scanning microscope at ×63/1.40 (Carl Zeiss 880). The following antibodies and reagents were used for immunofluorescence stain-

ing: Alexa Fluor® 555–conjugated streptavidin (Thermo Fisher Scientific, Cat#S21381) and anti-GFP antibody (Abcam, Cat#ab6556, 

RRID: AB_305564).

Lactate measurements

Cell culture medium first underwent deproteinization using a 10kD Spin Column (Abcam, Cat#ab93349). Following this, the collected 

supernatant was diluted 5 to 10 fold. Tumor samples were harvested in ice-cold PBS and lysed in assay buffer before measuring 

lactate concentration. Lactate levels were then measured colorimetrically according to the manufacturer’s instructions (Abcam, 

Cat#ab65330). Specifically, 10 μL of the supernatant from each sample was transferred into a 96-well plate, which was combined 

with OxiRed Probe, enzyme mix, and assay buffer followed by incubation for 30 minutes at room temperature in the dark. The absor-

bance was measured at 570nm using a spectrophotometer (BioTek Synergy H1, Agilent). The lactate quantification was normalized 

to cell number or tissue weight.

Cell proliferation and migration assays

The proliferation and migration abilities of control and shLDHAL6A cells were assessed using the xCELLigence RTCA-DP system 

(Agilent). For the proliferation assay, E-16-well plates were added with 20 μL complete medium for baseline measurements. Mean-

while, cells were digested with trypsin, suspended in serum-free medium, and 5,000-10,000 cells in 80 μL complete medium were 

seeded in each well and monitored for 60 h. For the migration assay, the lower chambers of CIM plate 16 were filled with complete 

medium, and the upper chambers were pre-equilibrated with 30 μL serum-free medium for 1 h. Then, 20,000-40,000 cells in 100 μL 

serum-free medium were seeded in the upper chambers and allowed to culture for 60 h. Cell index values were detected every 

30 min, and the data were collected and analyzed with RTCA software (version 2.0).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism (version 9.0, GraphPad Software, USA) and SPSS Statistics 27 (IBM Cor-

poration, USA). All experiments were carried out in three independent biological replicates unless indicated otherwise. Means and 

standard deviations (SD) were plotted in Figures. Two-tailed unpaired Student’s t-test and Welch’s t-test were used for two group 

comparisons, whereas multiple-comparison two-way analysis of variance (ANOVA) was used for between-group comparisons 

over time. Kaplan-Meier survival curves were generated using Survival section of GraphPad Prism, and p values were calculated us-

ing log-rank test. p value < 0.05 was regarded as statistically significant. Statistical analysis details were indicated in Figures or 

Figure legends.
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