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Summary 29 

Cancer cells remodel their metabolic environment to disable infiltrating immune cells. Adenosine 30 

is a principal mediator of this immunosuppression, impairing the metabolism and effector 31 

functions of T and natural killer (NK) cells. Blocking adenosine receptors or production within a 32 

redundant signaling network leaves the metabolite itself intact and has shown limited clinical 33 

efficacy. Adenosine deaminase (ADA) instead converts adenosine into inosine, a metabolite that 34 

can fuel T cell metabolism. We engineered non-pathogenic, tumor-tropic Escherichia coli K-12 35 

DH5α to surface-display ADA, confining this metabolic switch to the tumor, and co-displayed 36 

interleukin-12 (IL-12) to couple metabolic rescue to local immune stimulation. Bacteria-displayed 37 

ADA alone restored metabolic and proliferative fitness in adenosine-suppressed lymphocytes to 38 

baseline, whereas incorporation of IL-12 coupled this rescue to enhanced effector function. 39 

Across multiple preclinical models of hematologic and solid malignancies, the dual-function 40 

bacteria were well tolerated, enhanced tumor control, prolonged survival, and induced durable 41 

protective immunity against melanoma rechallenge. The bacteria were enriched at tumor sites, 42 

reactivated quiescent immune compartments in leukemia, enhanced CAR-NK cell tumor 43 

trafficking and activity in pancreatic cancer, and outperformed recombinant proteins in breast 44 

cancer. These findings establish a modular living immunotherapeutic strategy that couples a local 45 

extracellular metabolic switch with localized cytokine delivery. 46 

 47 

 48 
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Introduction 49 

Despite major advances in cancer immunotherapy, clinical success remains constrained by 50 

tumor-driven metabolic remodeling of the immune environment, fostering immunosuppression 51 

that undermines the persistence, metabolic fitness and antitumor function of immune-effector cells 52 

1–3. Within this hostile environment, cellular stress, tissue damage and hypoxia drive extracellular 53 

purine catabolism and the accumulation of adenosine (ADO), a potent immunosuppressive 54 

metabolite that allows tumors to co-opt a physiological tissue-protective pathway to evade 55 

immune surveillance 4–6. Mechanistically, ADO conveys its immunosuppressive signaling through 56 

the G protein–coupled A2A and A2B receptors, impairing T- and NK-cell effector functions and 57 

promoting myeloid-mediated immunosuppression 4,7,8. Beyond canonical receptor-mediated 58 

suppression, ADO can directly constrain lymphocyte metabolism, further compromising immune-59 

cell fitness and antitumor function 9. 60 

Efforts to counter adenosine-mediated immunosuppression have largely focused on limiting ADO 61 

production by inhibiting the ectoenzymes CD39 or CD73 or blocking downstream A2A-receptor 62 

signaling 10–13. However, these approaches target individual components within a redundant 63 

network rather than eliminating ADO itself and have so far failed to achieve broad success in early 64 

clinical trials 14. Harnessing the non-redundant enzymatic step of adenosine deaminase 1 (ADA1) 65 

to convert ADO into inosine (INO), offers a comprehensive strategy to simultaneously remove 66 

immunosuppressive ADO and generate INO, a metabolite with emerging immune-stimulatory 67 

properties. Under glucose restriction, this ADO-derived degradation product can fuel T cell 68 

metabolism as an alternative carbon source, promote antitumor T cell responses, and induce 69 

metabolic and epigenetic programs that have been shown to enhance CAR-T cell stemness and 70 

function 15–17. Clinically, the therapeutic use of ADA1 is established through pegylated ADA1 71 

enzyme replacement, and gene-corrected hematopoietic stem cell transplantation enabling rapid 72 

metabolic detoxification in ADA1-deficient severe combined immunodeficiency (ADA-SCID), an 73 

inherited life-threatening disease characterized by profound T-, B-, and NK cell lymphopenia 74 

resulting from the accumulation of toxic purine metabolites 18,19. 75 

Translating ADA as a metabolic strategy to cancer immunotherapy presents an opportunity to 76 

combine adenosine depletion with complementary immune stimulation. IL-12 provides such a 77 

complementary signal by potently activating T- and NK cell effector responses, but systemic 78 

administration of this cytokine is limited by a narrow therapeutic window and severe inflammatory 79 

toxicity 20–22. The central challenge is to develop a strategy to engineer metabolic rescue and 80 

complementary pleiotropic immune stimulation in the tumor microenvironment. Engineered non-81 

pathogenic Escherichia coli (E. coli) offer such spatial control through their innate tumor tropism, 82 

ease of genetic programmability, accessibility and low cost 23–28. 83 

We hypothesized that redirecting (rescue) ADO-driven metabolic pressure through tumor-84 

localized ADA activity, while simultaneously providing IL-12-mediated immune stimulation, could 85 

rewire the tumor metabolic environment to restore immune-cell fitness and antitumor function. 86 

Here, we engineered non-pathogenic E. coli K-12 DH5α to surface-display catalytically active 87 

ADA1 (ADA from now onwards) with the potent immune-stimulating cytokine IL-12, generating a 88 

dual-function immune enhancing metabolic switch that reversed ADO-mediated metabolic and 89 

proliferative suppression and enhanced antitumor immunity across leukemia and solid-tumor 90 
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models. We further benchmark bacteria displayed ADA–IL-12 against recombinant IL-12 and ADA 91 

proteins and combine the immunometabolic platform with mesothelin-targeted CAR-NK cell 92 

therapy, demonstrating that the living platform enhances the infiltration and efficacy of cellular 93 

therapy. 94 

Results 95 

E. coli surface-displaying ADA reverses adenosine-mediated metabolic suppression and 96 

restores immune-cell fitness 97 

To overcome the adenosine metabolic checkpoint and locally convert adenosine (ADO) to inosine 98 

(INO), we engineered tumor-tropic, non-pathogenic E. coli to surface-display human ADA (hADA) 99 

or murine ADA (mADA) using the two N-terminal scaffolds YiaT181 and YiaT232 (Fig. 1a and 100 

Extended Data Fig. 1a). Flow cytometry confirmed surface expression of all four DYKDDDDK 101 

(FLAG)-tagged constructs (Fig. 1b, Extended Data Fig. 1b, Supplementary Fig. 1). Targeted liquid 102 

chromatography–mass spectrometry (LC–MS) of bacterial supernatants 1 and 3 hours after ADO 103 

supplementation showed progressive ADO depletion and conversion to INO, with mADA-104 

displaying E. coli outperforming their hADA counterparts with both scaffolds (Fig. 1c and Extended 105 

Data Fig. 1c,d). YiaT181-mADA achieved the highest INO/ADO ratio, followed by YiaT232-mADA 106 

(Extended Data Fig. 1d). Enzyme kinetic analysis similarly demonstrated greater catalytic activity 107 

of murine than human ADA with both scaffold constructs with YiaT181-mADA showing the highest 108 

conversion rates (Extended Data Fig. 1e). YiaT181-mADA (E. ADA) was therefore selected for 109 

subsequent studies. 110 

In primary human T cells and NK cells, ADO markedly impaired mitochondrial respiration (Fig. 111 

1d,f). E. ADA reversed this suppression, restoring maximal oxygen consumption rate (OCR) and 112 

spare respiratory capacity relative to ADO and scaffold controls in T cells (Fig. 1d) and NK cells 113 

(Fig. 1f). Consistent with these results, OXPHOS gene set profiles were enriched in E. ADA-114 

treated T and NK cells compared to the scaffold control (Fig. 1e,g). MitoTracker Green staining 115 

further indicated increased mitochondrial mass following exposure to E. ADA in ADO-stressed T 116 

cells (Fig. 1h) and NK cells (Fig. 1i), exceeding levels observed in unstressed controls and 117 

comparable to the cells supplemented with INO (Extended Data Fig. 2a and 2b, respectively). In 118 

a complementary manner, ADO slightly reduced the extracellular acidification rate (ECAR) which 119 

was restored by E. ADA in both T and NK cells, although the corresponding differences in 120 

glycolytic capacity did not reach statistical significance (Extended Data Fig. 2c,d). In addition, E. 121 

ADA further promoted lymphocyte proliferation and activation, increasing Ki-67 and the high-122 

affinity IL-2 receptor alpha-chain CD25 in both T and NK cells beyond control levels (Fig. 1j,l). 123 

This phenotype was accompanied by increased expression of the activation-associated receptors 124 

CD69 and NKG2D (Extended Data Fig. 2e,f), and broader immunophenotypic profiling revealed 125 

concordant modulation of activation and immune-regulatory markers in both lineages 126 

(Supplementary Figs. 2a-c and 3a-c). Consistent with this restoration of lymphocyte fitness, E. 127 

ADA rescued ADO-impaired NK- and CAR-T cell cytotoxicity to levels observed in the absence of 128 

ADO (Extended Data Fig. 3a and b). Together, these findings show that surface-displayed E. ADA 129 

alleviates ADO-mediated suppression, restoring metabolic and proliferative fitness, activation-130 

associated phenotypes, and cytotoxic function in T and NK cells. 131 
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To understand the potential mechanisms, we performed transcriptomic profiling, which 132 

corroborated the metabolic, proliferative and activation-associated phenotypes. In E. ADA-133 

exposed T cells, oxidative phosphorylation and proliferation-associated Hallmark pathways, 134 

including MYC targets V1 and V2, ranked among the most positively enriched gene sets relative 135 

to scaffold controls (Fig. 1k). In NK cells, E2F targets, G2M checkpoint and MYC target V1 showed 136 

the strongest positive enrichment, followed by allograft rejection and oxidative phosphorylation 137 

(Fig. 1m). Conversely, hypoxia, glycolysis and TNF–NF-κB signaling were among the most 138 

strongly negatively enriched gene sets in E. ADA relative to E. scf-exposed T and NK cells 139 

(Supplementary Fig. 4a). This reciprocal transcriptional pattern was also evident at the individual 140 

gene level, with differentially expressed genes distinguishing the E. ADA- and E. scf-associated 141 

states in both T and NK cells (Supplementary Fig. 4b). Consistent with these results, comparison 142 

of cells exposed to ADO or its ADA-generated product INO showed preferential enrichment of 143 

metabolic and proliferative programs with INO, dominated by MYC targets and oxidative 144 

phosphorylation in T cells and E2F/G2M-associated programs in NK cells, whereas ADO favored 145 

TNF–NF-κB and other inflammatory or stress-associated programs (Extended Data Fig. 4). 146 

Similarly, relative to untreated cells, ADO exposure enriched hypoxia and TNF–NF-κB signaling, 147 

whereas untreated cells showed relative enrichment in metabolic and proliferative programs 148 

(Supplementary Fig. 5).  149 
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 150 

 151 

 152 

Figure 1. E. coli-displaying adenosine deaminase (E. ADA) reverses adenosine-mediated 153 

metabolic suppression. a, E. coli displaying scaffold YiaT181 fused to ADA to convert adenosine 154 

(ADO) to inosine (INO). Created with BioRender.com. Structure prediction was performed with 155 

AlphaFold v.2 and visualized in PyMOL. b, Representative histograms of surface-exposed FLAG-156 

tagged scaffold YiaT181 displaying murine ADA (mADA) or human ADA (hADA), with FLAG-157 

negative bacteria control. c, ADA activity of YiaT181-mADA or YiaT181-hADA measured by 158 

targeted LC–MS as log10-transformed inosine-to-adenosine (INO/ADO) ratio after 0, 60 and 180 159 

min. d,f, Oxygen-consumption-rate (OCR) profiles and spare respiratory capacity of T (d) and NK 160 

cells (f) treated with ADO, ADO + E. scf or ADO + E. ADA. Oligomycin, BAM15 and 161 

rotenone/antimycin A injections are marked. Spare respiratory capacity was calculated as 162 

maximal minus basal OCR. e,g, Hallmark OXPHOS enrichment curves in T cells (e) and NK cells 163 
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(g) treated with E. ADA versus E. scf supplemented with ADO. h,i, Mitochondrial abundance 164 

measured by MitoTracker Green staining in T- (h) and NK cells (i). j,l, Surface expression level of 165 

CD25 and intranuclear Ki-67 in T cells (j) and NK cells (l). k,m, Enriched Hallmark gene sets in 166 

E. ADA versus E. scf + ADO in T cells (k) and NK cells (m). Bubble size indicates gene-set size, 167 

color indicates log10(FDR); FDR, false discovery rate. Data are mean±s.e.m. of n=3 (c) 168 

independent biological replicates and n=3 (e,g,k,m), n=4 (f,h-j,l) and n=5 (d) independent donors. 169 

Each point represents an independent biological replicate or donor. (d,f,h,i) One-way ANOVA and 170 

(c,j,l) two-way ANOVA with Tukey’s test. 171 

 172 

Co-displaying IL-12 with ADA overcomes the cytotoxic ceiling of metabolic rescue alone 173 

Although E. ADA robustly reversed ADO-mediated suppression, restoring metabolic fitness, 174 

proliferative capacity and tumor-cell-directed cytotoxicity to unstressed control levels, it did not 175 

augment cytotoxic activity beyond this baseline (Extended Data Fig. 3). To further potentiate 176 

effector function, we hypothesized that complementing ADA-mediated metabolic remodeling with 177 

IL-12-mediated immune stimulation would enhance the cytotoxic activity of the immune effector 178 

cells. We therefore engineered bacteria to co-display ADA and IL-12, generating a dual-function 179 

immunometabolic fusion construct (E. ADA–IL-12) (Fig. 2a). Based on the preceding scaffold 180 

screen (Extended Data Fig. 1), YiaT181-mADA was selected for dual-display engineering, with 181 

human or murine IL-12 incorporated in alternative fusion configurations (Fig. 2a). Flow cytometry 182 

confirmed surface expression of the FLAG-tagged fusion proteins (Fig. 2b) and incorporation of 183 

IL-12 maintained time-dependent ADO-to-INO conversion (Fig. 2c), with independent enzyme-184 

kinetic analyses confirming preserved ADA catalytic activity and comparable reaction velocities 185 

across the dual constructs (Supplementary Table 3, Supplementary Fig. 6a). These constructs 186 

retained strong IL-12 activity even at low bacteria-to-HEK-Blue reporter-cell ratios (1:100, 1:10) 187 

and were comparable to that of recombinant IL-12 (50 ng/ml) and the corresponding IL-12 alone 188 

displaying constructs (Fig. 2d and Supplementary Fig. 6b-d). Positioning IL-12 downstream of 189 

ADA yielded modestly greater ADO-to-INO conversion and IL-12 activity than the reciprocal 190 

configuration (Fig. 2c,d and Supplementary Fig. 6c,d). The YiaT181-displayed mADA–IL-12 191 

configuration was therefore selected for all the subsequent experiments.  192 

We next tested effector function in vitro. IL-12-displaying E. coli (E. IL-12) enhanced NK cell 193 

cytotoxicity against leukemic NOMO-1and pancreatic AsPC1 cells, as well as CD70 CAR-T cell-194 

mediated cytotoxicity against OCI-AML3 cells (Fig. 2e, f and Extended Data Fig. 5a,b). Although 195 

E. IL-12 significantly increased tumor cell lysis relative to control conditions by NK- and CAR-T 196 

cells, this enhancement remained constrained under ADO stress (Supplementary Fig. 7a–c). 197 

However, E. coli co-displaying ADA and IL-12 (E. ADA–IL-12) overcame this constraint, 198 

significantly enhancing cytotoxicity of NK and CAR-T cells against hematologic and solid-tumor 199 

targets (Fig. 2e-g, Supplementary Fig. 8, Extended Data Fig. 5a,b). Under ADO-mediated 200 

suppression, E. ADA–IL-12 further increased target cell lysis beyond the DMSO control levels 201 

(Fig.2f and Extended Data Fig. 5a,b), accompanied by increased TNF, IFN-γ and CD107a 202 

expression, indicating enhanced effector cytokine production and degranulation (Fig. 2g and 203 

Extended Data Fig. 5a,b). Consistent with this enhanced effector cell function, 204 

immunophenotyping revealed a more activation-associated phenotype in T and NK cells after E. 205 
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ADA–IL-12 stimulation (Supplementary Fig. 9). In T cells, E. ADA–IL-12 modestly increased 206 

CD25, CD69 and NKG2D relative to E. IL-12 or E. ADA (Supplementary Fig. 9a); Ki-67 was largely 207 

unchanged, whereas the immunoregulatory markers TIM-3 and PD-1 were modestly elevated 208 

relative to E. ADA but remained similar to E. IL-12. By contrast, CTLA-4 was reduced relative to 209 

E. IL-12 under ADO stress (Supplementary Fig. 9b). Similarly, in NK cells, E. ADA–IL-12 increased 210 

the expression of activation receptors NKG2D and NKp30, whereas CD25 and CD69 remained 211 

comparably high across E. ADA–IL-12, E. IL-12 and E. ADA conditions under ADO stress 212 

(Supplementary Fig. 9c). As in T cells, Ki-67 was comparable between the bacterial treatment 213 

groups, but higher with E. ADA–IL-12 than with recombinant IL-12. Immunoregulatory markers 214 

were largely unchanged across these conditions, except for modestly reduced KIR expression 215 

relative to the scaffold control (Supplementary Fig. 9d). Together, these findings demonstrate that 216 

IL-12 complements ADA-mediated metabolic and proliferative restoration with increased cytotoxic 217 

effector activity and a more activated phenotype, extending the functional cytotoxicity of NK- and 218 

CAR-T cell responses across hematologic and solid-tumor targets. 219 

To assess the therapeutic activity of E. ADA–IL-12 in vivo, we first used a syngeneic B16-F10 220 

melanoma model (Fig. 2h). Intratumoral treatment with both E. ADA and E. ADA–IL-12 221 

significantly reduced tumor growth compared with the scaffold and PBS controls, with E. ADA–IL-222 

12 providing the strongest tumor control and survival benefit, with four out of six mice surviving 223 

beyond 60 days after tumor implantation (Fig. 2i,j). To determine whether this response was 224 

durable, all long-term survivors were rechallenged with B16-F10 cells without additional treatment 225 

(Fig. 2k). While tumors rapidly progressed in treatment naïve mice, all previously treated survivors 226 

remained protected following rechallenge (Fig. 2l,m), consistent with the induction of durable 227 

antitumor immunity following E. ADA–IL-12 treatment. 228 

 229 

 230 
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 231 
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Figure 2. IL-12 incorporation into the E. coli-displayed ADA (E. ADA–IL-12) enhances 232 

antitumor activity. a, E. coli displaying YiaT181-scaffold attached ADA–IL-12 dual protein. 233 

Created with BioRender.com. Structure prediction with AlphaFold v.2, visualized in PyMOL. b, 234 

Flow-cytometric analysis of FLAG-tagged reciprocal fusions of murine ADA (mADA) with human 235 

or murine IL-12 and FLAG-negative bacteria control. c, ADA activity of the indicated ADA–IL-12 236 

fusion constructs measured by targeted LC–MS as the log10-transformed inosine-to-adenosine 237 

(INO/ADO) ratio at 0, 60 and 180 min. d, IL-12 bioactivity of the indicated E.ADA–IL-12 constructs 238 

measured using HEK-Blue IL-12 reporter cells. e, Schematic of the in vitro coculture assay of NK- 239 

or T cells with target cancer-cells in presence of ADO and E. coli displaying ADA–IL-12 dual 240 

constructs. Created with BioRender.com. f,g, NK cell-mediated tumor cell lysis (f) and intracellular 241 

IFN-γ and TNF expression (g) upon coculture with NOMO-1 cells (E:T, 1:1) in presence of 10 mM 242 

ADO or DMSO (ctr.) and bacterial constructs as indicated. h, C57BL/6 mice were subcutaneously 243 

injected with 5×105 B16-F10 melanoma cells and treated intratumorally (i.t.) with 5×108 CFU E. 244 

scf, E. ADA, E. ADA–IL-12 (each n=6) or PBS (n=3) on days 7, 11, 14 and 18 after tumor 245 

implantation. i, Individual and grouped tumor growth curves and j, Kaplan–Meier survival analysis 246 

in B16-F10 mice. k, long-term survivors (>60 days) of E. ADA (n=2) and E. ADA–IL-12 (n=4) 247 

treated mice and three naïve controls were rechallenged with 5×105 B16-F10 cells. l, Tumor 248 

growth and m, Kaplan–Meier survival following rechallenge. c,d,f,g Mean±s.e.m. of (c) n=3 and 249 

(d), n=6, independent biological replicates and (f,g) n=4 independent donors. d, One-way ANOVA 250 

with Dunnett correction; c,f,g,i, Two-way ANOVA with Tukey’s test and l; Šídák's test; j,m, Log-251 

rank (Mantel–Cox) test.  252 

 253 

To define the transcriptional programs underlying these effects, we profiled T and NK cells 254 

exposed to E. ADA–IL-12 and relevant controls. E. scf control exposure remodeled the purine–255 

adenosine axis, characterized by reduced ADA, PNP and DPP4 and increased ADORA2B 256 

expression in T and NK cells, with corresponding broader changes in adenosine-related surface 257 

markers (Extended Data Fig. 6a,b,e,f). E. scf exposure also induced strong enrichment of the 258 

Hallmark Hypoxia gene set in both cell types, which was reversed in E. ADA–IL-12 relative to E. 259 

scf (Extended Data Fig. 6c,d). In T cells, E. ADA–IL-12 enriched IFN-γ and IFN-α-response and 260 

allograft-rejection signatures relative to E. scf controls, alongside MYC-, E2F- and G2M-261 

associated programs (Fig. 3a,b). Pathway-annotated gene expression further resolved this 262 

coordinated immune-effector and proliferative response: In T cells, E. ADA–IL-12 increased HLA-263 

DRA and CCL5 within the IFN-γ-response program, CD3D, CD3E, CD247 and HLA-DRA within 264 

the allograft-rejection program, and MYC-target genes including SRSF3, SRSF2, TRA2B and 265 

SRSF7 (Fig. 3c). Among the most strongly upregulated genes in E. ADA–IL-12-exposed T cells 266 

were the chemokine receptors CCR5 and CXCR6, consistent with acquisition of an activated T 267 

cell state with enhanced migratory and tissue-trafficking potential (Fig. 3d). Conversely, E. scf-268 

treated cells preferentially expressed inflammatory and stress-associated transcriptional 269 

programs, including TNF–NF-κB-, p53- and hypoxia-associated signatures, with CXCL2 and 270 

ATF3 among the prominent scaffold-enriched genes and additional increases in MT1X and CLIC4 271 

(Fig. 3c,d). Together, these data show that E. ADA–IL-12 induced a coordinated IFN-associated 272 

immune-effector state with allograft-rejection and chemokine-receptor remodeling features while 273 

preserving the ADA-associated MYC-, E2F- and G2M proliferative transcriptional programs. This 274 
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contrasts with the predominantly stress-inflammatory gene sets in E. scf exposed T cells 275 

(Supplementary Fig. 10a).  276 

A related but more prominently proliferative transcriptional response was observed in NK cells, 277 

with E. ADA–IL-12 enriching E2F, G2M and MYC alongside oxidative phosphorylation hallmark 278 

gene sets, while allograft-rejection and IFN-γ signatures indicated concurrent immune-effector 279 

activation compared with E. scf controls (Fig. 3e). Enrichment profiles confirmed representative 280 

E2F, allograft-rejection and IFN-γ responses (Fig. 3f). At the individual gene level, E. ADA–IL-12-281 

treated NK cells showed broad induction of cell-cycle (RPS6, TFRC), mitotic (TUBB, TUBA1B) 282 

and metabolic pathway-associated (EEF1A1, EEF2) genes together with an immune-response 283 

component (IL2RB, CD2), whereas E. scf-treated cells displayed a more stress-associated 284 

(HSPA8, HSP90AA1) and inflammatory gene pattern (JUN, FOS) (Fig. 3g), consistent with 285 

preferential enrichment of hypoxia, UPR and TNF–NF-κB signatures in E. scf treated NK cells 286 

(Supplementary Fig. 10a). Differential gene expression further supported the dominant 287 

proliferative phenotype, with increased expression of DNA-replication and mitotic regulators 288 

including MCM5, KNL1, DTL, MYBL2, KIFC1 and SPC25 (Fig. 3h). These proliferative and 289 

metabolic programs recapitulated the transcriptional phenotype induced by E. ADA alone (Fig. 1), 290 

whereas the accompanying allograft-rejection and IFN response pattern revealed an additional 291 

immune-effector component of the dual construct. Additional direct comparison of the more subtle 292 

transcriptional differences between E. ADA–IL-12 and E. ADA exposed NK and T cells identified 293 

additional cytokine- and activation-associated pathways in T and NK cells following IL-12 294 

incorporation (Supplementary Fig. 10b). Together, these data show that E. ADA–IL-12 couples 295 

ADA-associated metabolic and proliferative response with a prominent immune-effector program, 296 

providing a transcriptional basis for enhanced IFN-γ/TNF production and cytotoxicity observed 297 

with the dual construct. 298 
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299 

Figure 3. E. ADA–IL-12 promotes inflammatory transcriptional signatures in T and NK cells. 300 

Transcriptomic profiling of T cells (a-d) and NK cells (e-h) from healthy human donors (n=3) 301 

following co-culture with bacterial constructs displaying ADA–IL-12, ADA, and scaffold in 302 

presence of adenosine (10 mM); panels show E. ADA–IL-12 compared with E. scf. a, Hallmark 303 

gene-set enrichment analysis (GSEA) in T cells. b, GSEA enrichment plots for IFN-α and IFN-γ, 304 

and allograft rejection in T cells. c, Heatmap of differentially expressed genes in T cells (adjusted 305 

P <0.10; baseMean ≥5), with corresponding Hallmark pathway annotations. d, Volcano plot of 306 

differential gene expression in T cells. e, Hallmark GSEA in NK cells. f, GSEA enrichment plots 307 

for IFN-γ response, allograft rejection and E2F targets in NK cells. g, Heatmap of differentially 308 

expressed genes in NK cells (adjusted P <0.05; baseMean ≥20), with corresponding Hallmark 309 
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pathway annotations. h, Volcano plot of differential gene expression in NK cells. Heatmaps show 310 

donor-corrected, row-scaled expression (Z-score). Positive normalized enrichment scores (NES) 311 

indicate enrichment in E. ADA–IL-12 and negative NES enrichment in E. scf. FDR, false discovery 312 

rate.  313 

E. ADA–IL-12 remodels the immune environment and induces potent antileukemic 314 

responses in adenosine-rich AML  315 

To extend the dual metabolic–cytokine ADA–IL-12 strategy to a systemic hematologic malignancy, 316 

we first evaluated the clinical relevance of the adenosine axis in AML. Patients with AML had 317 

higher bone marrow ADO levels at initial diagnosis (n=10) than at remission (n=4), with a modest 318 

increase also observed in peripheral blood (Fig.4a and Extended Data Fig. 7a,b). Moreover, ADO 319 

levels positively correlated with leukemic blast burden in both bone marrow (Fig. 4b) and 320 

peripheral blood (Extended Data Fig. 7c). These findings establish elevated adenosine as a 321 

feature of active AML and provide a rationale for us to locally target this axis with ADA–IL-12 in a 322 

systemic disease setting. 323 

Given this clinical relevance of the adenosine metabolic axis in AML, we systematically evaluated 324 

E. ADA–IL-12 in a syngeneic WEHI-3B AML model. Mice received two intravenous (tail vein) 325 

injections of bacteria on days 5 and 10 after leukemia inoculation (Fig. 4c). The adenosine 326 

concentrations in E. ADA and E. ADA–IL-12-treated animals were significantly lower compared to 327 

the E. IL-12 and E. scf controls (Extended Data Fig. 7d,e), confirming functional ADA activity in 328 

vivo. Notably, GFP⁺ WEHI-3B leukemia cells preferentially accumulated in the liver and spleen 329 

across all treatment groups. The leukemia burden (assessed by frequency of GFP+ cells) was 330 

markedly decreased following E. ADA–IL-12, E. ADA and E. IL-12 treatment relative to PBS and 331 

E. scf controls (Fig. 4d, Supplementary Fig. 11a and 12). Importantly, PBS- and E. scf-treated 332 

mice rapidly succumbed to disease, with a median survival of 13 days, whereas E. ADA–IL-12 333 

extended median survival to 38 days, outperforming E. ADA or E. IL-12 alone (Fig. 4e and 334 

Supplementary Fig. 11b).  335 

In parallel, bacterial biodistribution revealed highest bacterial loads in the liver at 2 hours and on 336 

day 4 after the last (day 10) intravenous bacterial injection (Fig. 4f). At 2 hours, bacteria were 337 

detectable in BM, peripheral blood, spleen, and liver, with hepatic recovery being highest in E. 338 

ADA–IL-12 (E. ADA–IL-12, 1.9×109 CFU g⁻¹ versus E. scf, 1.6×107 CFU g⁻¹). Bacterial burden 339 

rapidly declined across tissues in all treatment conditions by day 4 with residual bacteria 340 

remaining detectable only in the spleen and liver. Complementary immunohistochemical analysis 341 

of bone-marrow sections 2 hours after the second day 10 bacterial injection revealed intracellular 342 

bacterial localization within neutrophilic granulocytes, consistent with phagocytic uptake and 343 

possible lysosomal compartmentalization (Extended Data Fig. 7f). Notably, IHC staining for the 344 

FLAG tag showed fewer bacteria than staining against native E. coli, potentially reflecting reduced 345 

expression or degradation of the engineered protein following phagocytic uptake. 346 

UMAP analysis of immune-phenotyped liver samples resolved a prominent granulocyte-enriched 347 

population separated from a myeloid enriched cluster with distinct DC-like, monocyte- and 348 

macrophage-enriched populations (Fig. 4g). Consistent with preferential hepatic bacterial 349 

accumulation, E. ADA–IL-12-treated mice showed significantly increased hepatic CD45⁺ 350 

leukocytes (Fig. 4h), together with pronounced myeloid remodeling featured by increased DC-351 
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like, XCR1⁻ cDC2-like populations and enriched myeloid cells in E. ADA- and E. ADA–IL-12-352 

treated mice, with most prominent increase in macrophage-enriched cells (Fig. 4h and 353 

Supplementary Fig. 13a). Peripheral-blood profiling revealed similarly selective remodeling of the 354 

myeloid compartment. UMAP analysis resolved a distinct myeloid compartment comprising DC-355 

like, monocyte- and macrophage-enriched populations, separated from the major lymphoid and 356 

granulocytic populations (Supplementary Fig. 13 b,c). Although granulocytes constituted a major 357 

fraction of circulating leukocytes and remained largely unchanged across treatment groups, E. 358 

ADA–IL-12 increased DC-like, monocyte- and macrophage-enriched populations without 359 

substantially altering overall CD45⁺ leukocyte abundance (Supplementary Fig. 13c). Bone-360 

marrow UMAP delineated a predominant, separated granulocyte population, a moderately 361 

represented lymphoid compartment with closely associated T- and B-cell populations, and a 362 

comparatively smaller myeloid compartment than in other tissues (Supplementary Fig. 13d). 363 

Bacteria-treated bone marrow samples showed significantly increased granulocyte and myeloid 364 

cell populations, whereas E. ADA–IL-12 selectively increased DC-like cells including cDC1- and 365 

cDC2-subpopulations, a pattern that partly mirrors the myeloid remodeling observed in the liver 366 

(Supplementary Fig. 13e). Splenic UMAP showed prominent T- and B-cell populations, alongside 367 

a smaller, phenotypically interconnected myeloid compartment and a separate granulocyte 368 

population (Supplementary Fig. 13f). Quantitative analysis of spleen samples identified a 369 

predominantly E. scf-driven increase in granulocytes, which was attenuated in ADA-exposed 370 

conditions. DC-like cells were enriched in ADA-exposed samples, while myeloid cell populations 371 

increased particularly following treatment with bacterial scaffold, E. IL-12 and E. ADA 372 

(Supplementary Fig. 13g). Overall, bacterial exposure induced tissue-dependent granulocytic and 373 

myeloid remodeling, whereas ADA-containing treatments more selectively enriched DC-like 374 

populations, with limited changes in major lymphocyte populations. 375 

Despite this treatment-associated immune remodeling across tissues, key cytokine-release 376 

syndrome (CRS)-associated cytokines, including IL-6, IL-1β, TNF and GM-CSF remained low in 377 

blood and bone marrow across all treatment groups, without reaching concentrations typically 378 

associated with clinically apparent systemic inflammation (Fig. 4i and Supplementary Fig. 14). 379 

Within this overall low cytokine profile, E. ADA–IL-12 treatment was associated with increased 380 

IFN-γ and IL-2 levels compared with those in E. scf and PBS-treated control mice (Fig. 4i). 381 

Broader profiling of inflammatory-linked cytokines and chemokines showed no indication of 382 

systemic inflammatory responses (Supplementary Fig. 14). Together with stable body weight 383 

(Supplementary Fig. 15) and the absence of overt treatment-related toxicity in this 384 

immunocompetent model, these findings indicate that repeated systemic E. ADA–IL-12 385 

administration was well tolerated, coupling selective immune activation with limited systemic 386 

inflammation. 387 

Collectively, these data indicate that systemic E. ADA–IL-12 drives tissue-selective immune 388 

remodeling and antileukemic activity with limited systemic inflammation and good tolerability 389 

under the tested treatment schedule, resulting in reduced leukemic burden and prolonged survival 390 

in WEHI-3B AML bearing mice. 391 
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 392 

Figure 4. Targeting adenosine-rich AML with E. coli ADA–IL-12 promotes immune 393 

remodeling and prolongs survival. a,b, Adenosine level quantified by LC-MS in bone marrow 394 

(BM) samples from patients with AML at diagnosis (n=10) versus remission (n=4) (a) and 395 

correlated with blast percentage (b). c, Syngeneic BALB/c mice received 3×106 WEHI-3B cells 396 

intravenously on day 0. Mice received 1×108 CFU of E. scf, E. ADA, E. ADA–IL-12 or PBS on 397 

days 5 and 10. Created with BioRender.com. d, Leukemic burden in blood, BM, spleen, and liver 398 

was quantified by flow cytometry of GFP⁺ WEHI-3B cells on day 14. e, Kaplan-Meier survival 399 

analysis in WEHI3B-bearing mice treated with E. ADA–IL-12, E. ADA, E. scf, or PBS (n=7 per 400 

group). f, Biodistribution of E. scf, E. ADA, E. ADA–IL-12 in blood, BM, spleen and liver 2 hours 401 

and 4 days after day 10 bacteria injection, quantified as colony-forming units (CFU) per ml blood 402 

or gram (g). g, Uniform manifold approximation projection (UMAP) of concatenated hepatic CD45⁺ 403 
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cells across treatment groups visualizing lineage-defined immune populations identified by 404 

multiparameter flow cytometry. h, CD45⁺, CD11c⁺ dendritic cell-like and CD11b⁺F4/80⁺ 405 

macrophage-enriched cell populations in hepatic tissue, day 14 post tumor injection by flow-406 

cytometry. i, Blood plasma cytokine level, day 14, assessed by Luminex multiplex immunoassay. 407 

Mean±s.e.m. (a,f,h,i) of a, bone marrow samples from n=14 patients diagnosed with AML and 408 

(f,h,i) tissue samples from n=4 (E. ADA–IL-12, E. ADA, E. scf) and n=3 (PBS) individual mice per 409 

group; a, two-tailed Mann-Whitney U test; b, Pearson correlation; d,f,i, Two-way ANOVA with 410 

Tukey’s test; e, Log-rank (Mantel–Cox) test; h, One-way ANOVA with Tukey’s test.  411 

 412 

E. ADA–IL-12 enhances antitumor efficacy across solid tumors, potentiates CAR-NK cell 413 

therapy and outperforms recombinant protein therapy 414 

Building on the efficacy and tolerability of E. ADA–IL-12 in the WEHI-3B AML model, we extended 415 

this strategy to solid tumors, to evaluate its potential to overcome the highly immunosuppressive 416 

tumor environment and limited immune-cell trafficking, two key barriers to effective cellular 417 

therapy. 418 

Peripheral blood-derived NK cells were transduced with a second-generation 4-1BB/CD3ζ-based 419 

mesothelin (MSLN) CAR using an optimized baboon-envelope lentiviral protocol (Supplementary 420 

Fig. 16) 29. Treatment with E. ADA–IL-12 significantly increased MSLN CAR-NK cell cytotoxicity 421 

against AsPC1 PDAC cells in vitro, extending the enhanced cytotoxic activity observed with 422 

untransduced NK cells (Extended Data Fig. 8a,b). We next evaluated this combination in NSG 423 

mice bearing subcutaneous AsPC1 xenografts. Mice received two intravenous infusions of MSLN 424 

CAR-NK cells (5×106) on days 18 and 32 with intravenous PBS, E. scf or E. ADA–IL-12 425 

administration on days 18, 25, 32 and 39 after tumor implantation (Fig. 5a). E. ADA–IL-12 426 

markedly enhanced CAR-NK-mediated tumor control relative to PBS and scaffold controls (Fig. 427 

5b) and significantly extended median survival from 51 days (MSLN CAR-NK plus PBS or E. scf) 428 

to 77 days (Fig. 5c). Biodistribution analysis demonstrated preferential enrichment of 429 

intravenously administered bacteria within AsPC1 tumors relative to non-tumor organs as 430 

assessed on day 36 (Fig. 5d). Intratumoral adenosine concentrations were reduced following E. 431 

ADA–IL-12 treatment relative to scaffold controls, consistent with tumor infiltration and functional 432 

ADA activity of the injected bacteria in vivo (Extended Data Fig. 8c). This metabolic remodeling 433 

was accompanied by increased intratumoral human CD45⁺ cell abundance (Extended Data Fig. 434 

8d, Supplementary Fig. 17) and increased accumulation of GFP⁺ MSLN CAR-NK cells in E. ADA–435 

IL-12 treated mice (Fig. 5e and Extended Data Fig. 8e). The increased abundance of human 436 

CD45⁺GFP⁺ cells in tumors from E. ADA–IL-12-treated animals coincided with higher intratumoral 437 

bacterial CFU compared with scaffold-treated controls. Fluorescence microscopy on day 28 438 

further confirmed bacterial localization within tumors, with E. ADA–IL-12 preferentially detected in 439 

regions of reduced nuclear staining, consistent with accumulation in low-cellularity or necrotic 440 

tumor areas (Fig. 5f). Notably, the body weight remained stable across treatment groups and 441 

throughout the treatment period, supporting tolerability of repeated systemic MSLN CAR-NK and 442 

bacteria co-administration (Extended Data Fig. 8f). Together, these findings demonstrate that E. 443 

ADA–IL-12 preferentially localizes to PDAC tumors, where it depletes intratumoral adenosine and 444 

enhances tumor infiltration of and tumor control by MSLN CAR-NK cells, supporting tumor-445 
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localized metabolic and immune modulation as a strategy to overcome key barriers to cellular 446 

therapy in solid tumors.  447 

 448 

 449 

Figure 5. E. ADA–IL-12 enhances CAR-NK cell therapy in a pancreatic cancer xenograft 450 

model. a, NSG mice received AsPC1 pancreatic ductal adenocarcinoma (PDAC) cells followed 451 

by intravenous (i.v.) E. ADA–IL-12, E. scf or PBS on days 18, 25, 32 and 39, and two mesothelin 452 

(MSLN)-targeted CAR-NK cell infusions (5×10⁶) on days 18 and 32, accompanied by 453 

intraperitoneal (i.p.) IL-2 every other day. b, Individual and grouped tumor growth curves over time 454 

and c, Kaplan-Meier survival analysis of mice treated with MSLN-CAR NK cells and PBS (n=3), 455 

E. scf (n=6), or E. ADA–IL-12 (n=7), i.v. d, Biodistribution of E. scf and E. ADA–IL-12 in blood, 456 

tumor, spleen and liver on day 36, quantified as colony-forming units (CFU) per gram tissue. e, 457 

Intratumoral MSLN CAR-NK cells on day 36, quantified by flow cytometry as the percentage of 458 

GFP⁺ cells among human CD45⁺ cells. f, Representative fluorescence microscopy images 459 

showing bacterial localization (green) in tumors of mice treated with PBS, E. scf. or E. ADA–IL-12 460 

with MSLN CAR NK cells on day 28 post tumor implantation. DAPI-stained nuclei (blue). Scale 461 

bars (white) 100 μm. d,e, Mean±s.e.m. of d,e, n=4 tumors from n=2 mice per group. c, Log-rank 462 

(Mantel–Cox) test; d, Two-way ANOVA with Šídák’s test; e, two-sided unpaired Welch’s t-test. 463 

 464 

 465 
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Lastly, we asked if the living bacterial platform would provide a therapeutic advantage beyond the 466 

delivery of its corresponding soluble components and hence compared E. ADA–IL-12 with soluble 467 

ADA and recombinant IL-12 in the immunocompetent orthotopic 4T1 mammary carcinoma model 468 

(Fig. 6a). E. ADA–IL-12 treatment resulted in sustained tumor control with significantly reduced 469 

tumor growth compared with PBS and scaffold control animals (Fig. 6b). Similarly, the protein 470 

combination of soluble ADA and IL-12 reduced tumor growth, although to a lesser extent than E. 471 

ADA–IL-12 (Fig. 6b, Supplementary Fig. 18). Both protein ADA plus IL-12 and bacteria-displayed 472 

ADA–IL-12 improved survival compared with PBS and scaffold controls (Fig. 6c). However, 473 

bacteria-displayed ADA–IL-12 conferred significantly longer survival than the recombinant protein 474 

combination (Fig. 6c). Consistent with these differences in tumor growth and survival, endpoint 475 

quantification of mCherry⁺ cells in isolated tumor tissues showed a significantly lower tumor 476 

burden following E. ADA–IL-12 treatment compared with PBS and scaffold controls. Importantly, 477 

mCherry⁺ tumor-cell burden was also significantly lower with bacteria-displayed ADA–IL-12 than 478 

with the soluble protein ADA plus IL-12 combination (Fig. 6d). The superior therapeutic activity of 479 

bacteria-displayed ADA–IL-12 in this intratumorally treated orthotopic model indicates a benefit of 480 

bacterial delivery beyond its tumor-tropism alone. The enhanced antitumor activity was 481 

accompanied by remodeling of the intratumoral immune compartment, with increased CD3⁺ T 482 

cells in both recombinant protein- and bacteria-displayed ADA–IL-12-treated tumors and 483 

enrichment of CD11b⁺ myeloid and DC-like populations, recapitulating aspects of the myeloid 484 

remodeling pattern observed across tissues in the WEHI-3B AML model (Fig. 6e). Broader 485 

immunophenotyping further identified bacteria-associated increase of granulocyte and CD8+ T 486 

cell populations within treatment-associated immunophenotypic changes (Supplementary Fig. 487 

19). Together, these findings demonstrate greater therapeutic activity of living bacterial ADA–IL-488 

12 display compared with administration of the corresponding recombinant proteins in an 489 

orthotopic treatment setting, indicating therapeutic benefit of bacterial delivery beyond tumor 490 

tropism and coupling improved tumor control and survival with remodeling of the endogenous 491 

antitumor immune compartment in an immunocompetent solid-tumor model. 492 
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 493 

Figure 6. E. ADA–IL-12 induces potent tumor control in an orthotopic 4T1 breast cancer 494 

model. a, 4T1 cells were orthotopically implanted into the mammary fat pad, followed by 1×10⁸ 495 

CFU E. ADA–IL-12, E. scf, PBS or soluble protein ADA plus recombinant IL-12 on days 6 and 9. 496 

b, Tumor growth over time and c, Kaplan-Meier survival analysis of mice treated i.t. with PBS 497 

(n=5), E. scf (n=7), E. ADA–IL-12 (n=7), or protein ADA plus IL-12 (P. ADA + P. IL-12, n=7). In a 498 

separate experiment, tumors were collected on day 14 for endpoint analyses of d, mCherry+ cells 499 

quantified by flow cytometry and e, Tumor-infiltrating CD3+ T cells, CD11c+ DC-like and CD11b+ 500 

Myeloid cells in mice injected with PBS and E. scf. (n=3, both) and E. ADA–IL-12 or P. ADA + P. 501 

IL-12 (n=4, both). d,e, One-way ANOVA with Tukey’s test; b, Two-way ANOVA with Tukey’s test; 502 

c, Log-rank (Mantel–Cox) test.  503 
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Discussion 505 

We establish a living therapeutic strategy that couples enzymatic remodeling of the tumor 506 

metabolome to localized immune stimulation. Rather than blocking components of a redundant 507 

ADO pathway leaving the suppressive metabolite intact, ADA surface displayed by tumor homing 508 

nonpathogenic E. coli locally remodels the extracellular tumor metabolome, replacing 509 

immunosuppressive ADO with INO, thus enhancing metabolic and proliferative fitness of 510 

suppressed T and NK cells and turning a metabolic checkpoint into a source of metabolic support. 511 

Metabolic rescue alone, however, restored cytotoxicity only to baseline. Co-displaying IL-12 on 512 

the same bacterium broke that ceiling, and the relationship proved reciprocal; IL-12 activity was 513 

itself constrained under adenosine-rich conditions, and ADA relieved that constraint. Coupling the 514 

two functions on a single tumor-homing chassis therefore produced an effect that neither payload 515 

achieved alone. 516 

Surface-displayed ADA efficiently depleted ADO, which is a potent immunosuppressive 517 

metabolite that constrains immune-cell function 5,30–32. Consistent with previous studies, our data 518 

substantiate the inhibitory effects of ADO on T and NK cell immunity with E. ADA-mediated 519 

restoration of proliferation, activation and metabolic capacity. At the transcriptional level, these E. 520 

ADA-mediated pro-metabolic and proliferative phenotypes were mirrored by enrichment of 521 

OXPHOS and MYC programs in T and NK cells, with additional E2F and G2M cell-cycle 522 

enrichments in NK cells, suggesting particularly pronounced cell-cycle engagement in NK cells. 523 

Consistent with the restored immune-activation phenotype seen in E. ADA-treated T and NK cells, 524 

associated gene sets such as allograft-rejection were enriched in E. ADA relative to scaffold, 525 

further reflecting this phenotype at the transcriptional level. While INO exposure alone restored 526 

oxidative capacity and partially recapitulated ADA-associated immunophenotypic changes, it did 527 

not reproduce the full E. ADA phenotype. Transcriptionally, E. ADA most closely reflected the 528 

ADO-to-INO transition across T and NK cells, whereas neither INO nor reciprocal ADO effects 529 

alone fully recapitulated its transcriptional state. Thus, ADA-mediated recovery appears to 530 

integrate ADO depletion with generation of the enzymatic product INO. This finding builds on 531 

previous studies establishing INO as an active purine metabolite that supports T cell central 532 

carbon metabolism under nutrient-restricted conditions, enhances antitumor T cell responses and 533 

promotes CAR-T cell metabolic fitness and potency 15–17. Our findings extend this biology to NK 534 

cells and identify ADA-mediated ADO-to-INO conversion as an efficient metabolic switch strategy 535 

to combine enzymatic conversion of an immunosuppressive metabolite with the generation of a 536 

metabolically supportive product.  537 

Although E. ADA induced a metabolic ADO-to-INO switch, cytotoxic activity was restored only to 538 

baseline levels. Adding IL-12 overcame this ceiling, while IL-12 activity itself was constrained 539 

under ADO-rich conditions, and ADA relieved this constraint, creating a mutually reinforcing 540 

interaction in which metabolic rescue unleashes IL-12’s effector potential. E. ADA–IL-12 largely 541 

preserved the ADA-associated transcriptional pattern, with metabolic and proliferative programs 542 

remaining among the dominant positively enriched gene sets relative to scaffold-exposed cells, 543 

highlighting restored immune-cell fitness as a major component of the response to both ADA-544 

containing constructs. Notably, direct comparison with E. ADA uncovered additional TNF–NF-κB 545 

and IL-2–STAT5 signaling, consistent with previous studies linking IL-12-containing cytokine 546 
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stimulation to enhanced cytokine responsiveness and cytotoxic function 33,34. The greater 547 

cytotoxic activity of E. ADA–IL-12 therefore coincided with a comparatively focused inflammatory 548 

and cytokine-responsive program layered onto the dominant ADA-mediated metabolic response. 549 

Notably, this remodeling also corrected an unexpected, hypoxia-associated ADO-favoring shift in 550 

the purine-adenosine axis (reduced ADA/PNP/DPP4, increased ADORA2B) 35,36 induced by 551 

scaffold bacteria themselves. This parallel regulation of hypoxia and ADO-purinergic programs 552 

implicates a previously unrecognized hypoxia-driven link between bacterial scaffold exposure and 553 

purine–adenosine remodeling as additional source of environmental ADO-pressure that E. ADA–554 

IL-12 fully reversed. These mechanisms translated into potent antitumor activity across diverse 555 

settings. In syngeneic B16-F10 melanoma, E. ADA alone prolonged survival, showing that this 556 

metabolic switch alone can already be effective, while E. ADA–IL-12 conferred greater benefit, 557 

with long-term survivors rejecting tumor rechallenge beyond 60 days, consistent with protective 558 

immunological memory and underscoring additional advantage of coupling metabolic recovery 559 

with complementary effector stimulation. Extending this platform to hematologic malignancy we 560 

observed elevated ADO in patients with AML at initial diagnosis, and these elevated ADO levels 561 

correlated with leukemia blast burden in blood and bone marrow making a case for evaluating our 562 

metabolic–cytokine approach in acute leukemia. In an aggressive syngeneic WEHI-3B AML 563 

model, systemic administration of E. ADA–IL-12 depleted extracellular ADO, reduced tumor 564 

burden across blood, bone marrow, spleen and liver, and prolonged survival beyond either E. ADA 565 

or E. IL-12 alone. Bacterial localization matched the leukemic distribution (highest in liver and 566 

spleen) 37, with ADA-expressing bacteria recovered at higher levels than scaffold, suggesting 567 

enhanced tropism towards leukemia-enriched tissues. Notably, a shift of the tolerogenic liver 568 

toward an immune-active state including myeloid remodeling of monocyte/macrophage, and DC-569 

like populations persisted across compartments alongside a broader bacteria-associated 570 

increase in granulocytes in liver, spleen and bone marrow even after the bacteria became 571 

undetectable. In the absence of systemic toxicity or weight loss, these findings suggest that 572 

transient exposure may suffice to initiate a sustained, well-tolerated immune activating response. 573 

The platform further potentiated adoptive cell therapy, particularly CAR-NK cell-based 574 

approaches, whose efficacy in solid tumors is often constrained by limited tumor infiltration and 575 

an immunosuppressive environment. In the AsPC1 PDAC xenograft model, E. ADA–IL-12 576 

improved MSLN CAR-NK cell mediated tumor control and survival while also increasing 577 

intratumoral CAR-NK cell trafficking, a central barrier to adoptive cell therapy in solid tumors. 578 

Consistent with previous CD73–ADO axis targeting approaches that enhance NK cell infiltration 579 

and activity 38,39, this benefit coincided with reduced ADO and preferential bacterial accumulation, 580 

suggesting that tumor-localized E. ADA–IL-12 activity created a microenvironment more 581 

permissive to CAR-NK cell accumulation and function. Our findings extend this principle by using 582 

a tumor-localizing bacterial platform to combine enzymatic remodeling of extracellular ADO with 583 

cytokine-mediated immune stimulation, thereby enhancing the intratumoral abundance and 584 

therapeutic efficacy of antigen-specific CAR-NK cells. 585 

Finally, in the immunocompetent orthotopic 4T1 breast cancer model, E. ADA–IL-12 achieved 586 

greater tumor control and survival than the equivalent protein ADA plus IL-12. This direct 587 

comparison demonstrates that therapeutic efficacy is not determined by payload identity alone 588 

and highlights bacterial surface display and delivery as an integral component of the therapeutic 589 
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response. Our data indicate that this advantage over soluble proteins extends beyond the tumor-590 

tropic properties of bacterial delivery alone and further suggests an additional contribution from 591 

bacteria-mediated immune activation and tumor-immune modulation. Prominent remodeling of 592 

DC-like populations following both bacterial and protein ADA and IL-12 treatment partially 593 

recapitulates the myeloid immune signature observed across systemic leukemia compartments 594 

suggesting a relevant contribution of dendritic-cell-mediated immune remodeling to the observed 595 

therapeutic benefit. The superior activity of bacteria-displayed ADA–IL-12 may therefore reflect 596 

additional advantages conferred by bacterial delivery beyond tumor localization, together with 597 

sustained extracellular enzymatic activity and spatial coordination of ADA and IL-12, although the 598 

relative contribution of these mechanisms remains to be determined. Together, these findings 599 

support the efficacy and tolerability of the bacterial approach in an immunocompetent orthotopic 600 

solid-tumor setting.  601 

Despite these promising in vitro and in vivo results, the relative contributions of tumor localization, 602 

sustained extracellular enzymatic activity, spatial coordination of ADA and IL-12, and Toll-like 603 

receptor (TLR) agonism by the bacterial outer membrane remain to be defined. Surface display 604 

may further contribute to sustained ADA activity by stabilizing the enzyme at the bacterial 605 

envelope and limiting its susceptibility to proteolytic degradation, as described for bacterial 606 

surface-displayed enzymes 40,41. Whether YiaT181-mediated surface display similarly stabilizes 607 

ADA in vivo, and thereby contributes to sustained adenosine depletion, remains to be determined. 608 

The preclinical models used here also have limitations, particularly the xenograft model used for 609 

the CAR-NK cell experiments, warranting further validation in complementary models, including 610 

patient-derived xenografts. Finally, clinical translation of a live bacterial therapeutic will require 611 

evaluation of biological containment, dose and schedule optimization, and host immunogenicity, 612 

particularly antibacterial immunity that may limit repeated dosing. 613 

Together, our results establish a modular living therapeutic strategy that spatially couples 614 

extracellular metabolic remodeling with cytokine-mediated immune stimulation at tumor sites, 615 

enabling durable activity across hematologic and solid tumors with favorable tolerability. Beyond 616 

ADA–IL-12, the ability to display functional proteins on the bacterial surface enables metabolic 617 

enzymes and immune effectors to be rationally combined according to the distinct metabolic and 618 

immune barriers of a given disease. Thus, this platform provides a versatile framework for 619 

localized remodeling of the tumor microenvironment and simultaneous targeting of the 620 

complementary mechanisms of tumor immune escape. 621 

 622 

Methods 623 

Ethics 624 

All studies complied with relevant ethical regulations. Animal studies were performed in 625 

accordance with federal, state and institutional guidelines and were approved by the Institutional 626 

Animal Care and Use Committee of Dana-Farber Cancer Institute (DFCI; protocol 24-009). De-627 

identified leukapheresis collars from anonymous healthy donors were obtained from the Crimson 628 

Core at Brigham and Women’s Hospital (resource identifier T0197). Blood and bone marrow 629 
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biospecimens were collected from patients with AML who were consented to DFCI protocol #01-630 

206 in accordance with the Declaration of Helsinki. 631 

Cell culture 632 

Cell lines, sources and culture conditions are listed in Supplementary Table 1. Mammalian cells 633 

were maintained at 37 °C with 5% CO₂. Unless otherwise indicated, media were supplemented 634 

with 1% penicillin–streptomycin. Cell lines were passaged at approximately 80% confluence. 635 

Cultures were routinely tested and confirmed negative for mycoplasma contamination.  636 

Generation of fluorescently labelled cell lines 637 

The NanoLuc–GFP and firefly luciferase-mCherry lentiviral plasmids were generated using 638 

NEBuilder HiFi DNA Assembly (New England Biolabs). WEHI-3B cells were transduced with 639 

NanoLuc–GFP, and OCI-AML3, AsPC1, 4T1 and NOMO-1 cells with firefly luciferase–mCherry. 640 

Cells were transduced in the presence of polybrene (Sigma-Aldrich), and medium was replaced 641 

24 h later. Transduced cells were enriched by fluorescence-activated cell sorting (FACS), gating 642 

on viable GFP+ or mCherry+ expression. 643 

 rimary human T- and NK cell isolation and culture 644 

Peripheral blood mononuclear cells (PBMCs) were isolated from healthy-donor leukapheresis 645 

collars by Ficoll-Paque density-gradient centrifugation. T cells were enriched using the EasySep 646 

Human CD3 Positive Selection Kit II (STEMCELL Technologies) and activated in TexMACS 647 

medium containing 50 U ml⁻¹ recombinant human IL-2 and TransAct reagent (1:100, Miltenyi 648 

Biotec, 130-111-160). After 3 days, cells were washed and maintained in TexMACS medium 649 

containing 50 U ml⁻¹ IL-2. NK cells were enriched using the RosetteSep Human NK cell 650 

Enrichment Kit (STEMCELL Technologies) and maintained in NK MACS medium containing 5% 651 

human serum and 500 U ml⁻¹ recombinant human IL-2. Experimental NK- and T-cell cocultures 652 

lasting <48 h were performed in RPMI medium supplemented with 5% human serum and 5 ng 653 

ml-1 recombinant human IL-15. For cocultures exceeding 48 h (those performed prior to RNA 654 

sequencing) cells were maintained in NK MACS medium or TexMACS medium, as appropriate 655 

for NK and T cells, respectively, supplemented with 5% human serum and 5 ng ml-1 recombinant 656 

human IL-15. 657 

Generation of CAR-T and CAR-NK cells 658 

CD70 CAR-T cells were generated from primary human T cells. T cells were transduced 2–3 days 659 

after activation with a lentiviral vector encoding a 2nd generation CD70-specific CAR comprising 660 

the ectodomain of CD27 as the binding domain, 4-1BB/CD3ζ signaling domains, and GFP 661 

reporter.  Following transduction, cells were expanded in TexMACS medium supplemented with 662 

50 U ml⁻¹ IL-2. Transduction efficiency was determined by GFP expression using flow cytometry. 663 

CAR-T cells were used for functional experiments 7–14 d after transduction. Mesothelin (MSLN) 664 

CAR NK cells were generated as previously described 29. For CAR-NK generation, NK cells were 665 

preactivated with IL-12 (10 ng ml⁻¹), IL-18 (50 ng ml⁻¹) and IL-15 (50 ng ml⁻¹) for 12–18 hours, 666 

washed and rested for 24 h before transduction using baboon envelope pseudotyped lentivirus 667 

(BaLV). The MSLN-CAR encoded a YP218-derived scFv, CD8 hinge and transmembrane 668 
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domains, 4-1BB and CD3ζ signaling domains, and an eGFP reporter separated by P2A. For 669 

transduction, RetroNectin-coated plates (20 µg ml⁻¹) and Vectofusin-1 (10 µg ml⁻¹) were used, 670 

followed by spinoculation at 4,000 r.p.m. for 90 min. Cells were subsequently cultured in NK 671 

MACS medium supplemented with 500 U ml⁻¹ IL-2. Transduction efficiency was quantified by 672 

eGFP expression. 673 

 acterial culture and surface-display constructs 674 

Non-pathogenic E. coli K-12 DH5α carrying the respective surface-display plasmids were 675 

maintained in lysogeny broth (LB) containing 50 µg ml⁻¹ kanamycin. Overnight cultures were 676 

grown at 37 °C with shaking at 250 r.p.m. and diluted tenfold into fresh selective LB before 677 

induction. Bacterial concentrations were estimated by optical density at 600 nm (OD600), using 678 

OD600=8×108 colony-forming units (CFU) ml⁻¹. 679 

 lasmid construction and bacterial surface display 680 

Surface-display constructs were generated using the rhamnose-inducible pDS861-derived 681 

plasmid backbone (Quintara Biosciences) incorporating either the YiaT181 or YiaT232 surface-682 

display scaffold27. Human or murine adenosine deaminase (hADA or mADA) and IL-12 were fused 683 

to the C’ terminus of the respective YiaT display scaffolds through GGGGS linkers (3×GGGGS). 684 

DNA fragments were inserted C-terminally between the NotI and BamHI sites of pDS861-derived 685 

constructs using NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs). Constructs 686 

incorporated DYKDDDDK (FLAG) and Myc epitope tags for detection of surface-displayed 687 

proteins. Final plasmids were validated by Sanger sequencing or nanopore-based whole-plasmid 688 

sequencing. 689 

YiaT181-hADA, YiaT181-mADA, YiaT232-hADA and YiaT232-mADA were evaluated during initial 690 

surface-display screening, with YiaT181-mADA selected for subsequent E. ADA experiments. 691 

Bifunctional ADA–IL-12 constructs comprising mADA fused to human or murine IL-12 in both 692 

fusion orientations were generated analogously. YiaT181-displayed mADA–IL-12 was selected 693 

for subsequent E. ADA–IL-12 experiments. For induction, overnight bacterial cultures were diluted 694 

tenfold into fresh selective LB. pLyGo- and pDS861-derived constructs were induced with 10 mM 695 

L-rhamnose, whereas pDSG323-derived constructs were induced with 100 ng ml⁻¹ 696 

anhydrotetracycline. Cultures were induced at 25 °C with shaking at 250 r.p.m. for 24 to 36 hours 697 

before collection.  698 

 acterial surface-display analysis 699 

Surface expression was quantified by flow cytometry using the incorporated epitope tag. Bacteria 700 

were washed with PBS, stained with anti-DYKDDDDK antibody (1:500 dilution, BioLegend) for 701 

15 minutes at room temperature, washed and analyzed by flow cytometry. Expression was 702 

quantified relative to scaffold-only bacteria. 703 

 rotein-structure prediction 704 

Structures of the indicated ADA and ADA–IL-12 fusion proteins were predicted using AlphaFold 705 

version 2 42 and visualized using open-source PyMOL v.3.1 (Schrödinger, LLC) installed through 706 

the Anaconda distribution. 707 
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Adenosine and inosine quantification by LC–QTOF-MS 708 

Adenosine (ADO) and inosine (INO) were quantified by high-resolution UHPLC–QTOF-MS at the 709 

Harvard Medical School Analytical Chemistry Core. Data were acquired and analyzed using 710 

Agilent MassHunter software, and metabolite concentrations were determined from calibration 711 

curves. For bacterial ADA activity assays, equivalent amounts of the indicated E. coli constructs 712 

were incubated with 1 mM ADO at 37 °C. Cell-free supernatants were collected at 0, 1 and 713 

3 hours, precipitated with ice-cold acetonitrile–methanol and centrifuged at 12,000–16,000 × g for 714 

15 minutes. Clarified extracts were diluted 1:500 in methanol and analyzed for ADO and INO. 715 

ADA-mediated conversion was expressed as the INO/ADO ratio. Mammalian culture 716 

supernatants and plasma samples were precipitated with ice-cold acetonitrile–methanol, 717 

centrifuged at 12,000–16,000 × g for 15 minutes and analyzed neat or after dilution in methanol. 718 

Colorimetric ADA activity assay 719 

ADA activity was quantified using the Adenosine Deaminase/ADA Activity Assay Kit (Novus 720 

Biologicals, NBP3-24456) according to the manufacturer’s instructions. Soluble calf intestinal ADA 721 

(Roche, 10102105001; 0.5 U per reaction) was included as a positive reference control. 722 

Absorbance was measured at 550 nm and ADA activity calculated from the standard curve and 723 

expressed as U l⁻¹ (1 U = 1 µmol product formed per min). For kinetic analyses, initial velocities 724 

were fitted by nonlinear regression to the Michaelis–Menten equation. 725 

Mitochondrial staining 726 

Mitochondrial content was assessed using MitoTracker Green FM (MedChemExpress). Cells 727 

were stained with 1 µM MitoTracker Green FM for 25 min at 37 °C protected from light, washed 728 

with PBS and analyzed by flow cytometry. Mitochondrial content was quantified as MitoTracker 729 

Green in viable cells. 730 

IL-12 reporter assay 731 

Activity of surface-displayed IL-12 was assessed using HEK-Blue IL-12 reporter cells (InvivoGen, 732 

hkb-il-12). Cells (5.4×104 per well) were incubated with the indicated bacterial constructs for 36 733 

to 48 hours. Culture supernatants were incubated with QUANTI-Blue reagent, incubated at 37 °C 734 

for 4 to 6 hours and secreted embryonic alkaline phosphatase activity was quantified by 735 

absorbance at 650 nm using a multiplate reader. 736 

In vitro cytotoxicity and lymphocyte functional assays 737 

Primary human NK cells, MSLN CAR-NK cells or CD70 CAR-T cells were exposed to E. coli 738 

displaying ADA, IL-12, ADA–IL-12 or scaffold control at a bacteria-to-effector-cell ratio of 500:1 in 739 

the presence or absence of 10 mM adenosine (ADO), inosine (INO) or vehicle control. Tumor 740 

target cells were added at an effector-to-target (E:T) ratio of 1:1. Cocultures were performed in 741 

RPMI 1640 supplemented with 10% heat-inactivated FBS, 1% penicillin–streptomycin and 742 

5 ng ml−1 IL-15. Cytotoxicity was assessed after 16 to 18 hours for OCI-AML3 and NOMO-1 cells 743 

and 24–28 hours for AsPC1 cells, with exact incubation times indicated in the corresponding figure 744 

legends. Target-cell viability was quantified by flow cytometry using a fixable viability dye and 745 

reporter expression to identify tumor cells and normalized to target-cell-only controls. 746 
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For analysis of degranulation and intracellular cytokine production, effector and target cells were 747 

cocultured under the same conditions for 6 hours. Anti-CD107a antibody was added at the start 748 

of coculture, and GolgiPlug (brefeldin A, BD Biosciences) was added after 1 hour, followed by 749 

incubation for an additional 4 to 6 hours. Cells were subsequently stained for surface markers and 750 

viability, fixed and permeabilized using Cytofix/Cytoperm (BD Biosciences), and stained 751 

intracellularly for IFN-γ and TNF. Degranulation and cytokine production were quantified within 752 

the respective NK- or T-cell populations by flow cytometry. Samples were acquired using a Sony 753 

ID7000 spectral flow cytometer. 754 

Flow-cytometric immunophenotyping 755 

Primary human T and NK cells were cocultured with bacterial constructs at a 500:1 bacteria-to-756 

immune-cell ratio for 24 hours in the presence or absence of 10 mM ADO or INO replenished 757 

every 8 to 12 hours. Cells were stained with viability, surface and, where indicated, intracellular 758 

markers. Antibodies, fluorophores, clones, and manufacturers are provided in Supplementary 759 

Table 2. Samples were acquired using a Sony ID7000 spectral flow cytometer and analyzed using 760 

FlowJo v10.10.1 (BD Biosciences), including FlowJo plugins for UMAP dimensionality-reduction 761 

analysis. 762 

Seahorse extracellular flux analysis 763 

Primary human T and NK cells were cocultured with the indicated bacterial constructs for 24 hours 764 

in the presence of 10 mM adenosine (ADO), 10 mM inosine (INO) or vehicle DMSO control, 765 

replenished every 8 to 12 hours. Cells were subsequently washed and rested for 12 hours before 766 

metabolic analysis. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 767 

were measured using an XFe96 Extracellular Flux Analyzer (Agilent Technologies). 768 

For metabolic profiling, 2.5×105 cells per well were seeded onto poly-D-lysine-coated XFe96 769 

microplates in XF RPMI medium (pH 7.4; Agilent) supplemented with 10 mM glucose, 2 mM 770 

glutamine and 1 mM pyruvate. Plates were centrifuged at 300 × g for 2 minutes and equilibrated 771 

for 1 hour at 37 °C in a non-CO₂ incubator. OCR and ECAR were measured at baseline and 772 

following sequential compound injection using the Seahorse XF T Cell Metabolic Profiling Kit 773 

(Agilent). Basal and maximal respiration and spare respiratory capacity were calculated from OCR 774 

measurements. 775 

For glycolytic profiling, 2.5 × 105 cells per well were transferred onto poly-D-lysine-coated XFe96 776 

microplates in XF DMEM medium (pH 7.4; Agilent) supplemented with 10 mM glucose, 2 mM 777 

glutamine and 1 mM pyruvate and equilibrated for 1 hour at 37 °C in a non-CO2 incubator. ECAR 778 

was measured using the Seahorse XF Glycolysis Stress Test Kit (Agilent). Sensor cartridges were 779 

hydrated overnight in XF calibrant (Agilent) at 37 °C in a non-CO2 incubator. 780 

 ulk RNA sequencing and analysis 781 

Primary human T and NK cells from three independent donors were cocultured with engineered 782 

bacteria (500:1 bacteria-to-immune-cell ratio) for 72 hours. RNA was isolated using the RNeasy 783 

Mini Kit (QIAGEN) and subjected to paired-end sequencing on a NovaSeq X Plus platform 784 

(Plasmidsaurus). Reads were quality-filtered using fastp v0.24.0 and assessed using FastQC 785 
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v0.12.1. Filtered reads were aligned to the hg38 reference genome using STAR v2.7.11b, followed 786 

by UMI-based deduplication using UMIcollapse v1.1.0. Gene-level expression was quantified 787 

using featureCounts (Subread v2.1.1). Differential expressions were analyzed using DESeq2 with 788 

donor as a blocking factor. Genes with ≥10 counts in at least three samples were retained, and P 789 

values were adjusted using the Benjamini–Hochberg method. For heatmaps, variance-stabilized 790 

expression values were corrected for donor-associated variation and row-scaled. For E. ADA–IL-791 

12 versus E. scf, genes were selected at adjusted P < 0.10 and baseMean ≥ 5 for T cells and 792 

adjusted P < 0.05 and baseMean ≥ 20 for NK cells. GSEA was performed using GSEApy v0.12 793 

and MSigDB Hallmark gene sets. 794 

Animal experiments 795 

Female BALB/c, female C57BL/6 mice and NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were 796 

maintained under pathogen-free conditions. Mice were monitored throughout the experiments 797 

and euthanized according to the humane endpoints specified in the approved animal protocol. 798 

Tumor growth was monitored by serial measurements, and survival was assessed until predefined 799 

humane endpoints were reached. Where indicated, separate cohorts were used for survival 800 

studies and mechanistic analyses. 801 

 16-F10 melanoma model 802 

Female C57BL/6 mice were subcutaneously injected with 5×105 B16-F10 melanoma cells. Mice 803 

received intratumoral injections of 20 μl of sterile PBS, E. scf, E. IL-12, E. ADA or E. ADA–IL-12 804 

(0.5×109 CFU per dose) on days 7, 11, 14 and 18 after tumor implantation. Treatment groups 805 

comprised n=3 mice for PBS and n=6 mice for E. scf, E. IL-12, E. ADA and E. ADA–IL-12. Tumor 806 

growth and survival were monitored until predefined humane endpoints were reached. Long-term 807 

survivors from the E. ADA (n=2 out of 6) and E. ADA–IL-12 (n=4 out of 6) groups were 808 

rechallenged with 5×105 B16-F10 cells subcutaneously in the retro flank without further treatment 809 

and compared with age- and gender-matched naïve mice (n=3) to assess tumor growth and 810 

survival after rechallenging. 811 

Syngeneic WEHI-3  AML model 812 

Female BALB/c mice were injected intravenously with 3×106 NanoLuc/eGFP+-expressing WEHI-813 

3B cells. Mice received intravenous PBS or 1×108 CFU of E. scf, E. ADA, E. IL-12 or E. ADA–IL-814 

12 on days 5 and 10 after leukemia inoculation. Survival cohorts comprised n=7 mice per the 815 

treatment groups E. ADA, E. ADA–IL-12, E. scf and PBS control group and n=6 for E. IL-12-816 

treated mice. For leukemic-burden, bacterial biodistribution, plasma cytokine and metabolite 817 

analyses and immune-profiling studies, mice were euthanized on day 14 after WEHI-3B 818 

inoculation in a separate experiment. Peripheral blood, bone marrow, spleen and liver were 819 

collected and cells isolated. These cohorts comprised n=4 mice per E. scf, E. ADA, E. IL-12 and 820 

E. ADA–IL-12 treatment group and n=3 PBS-treated mice. Leukemic burden was quantified by 821 

flow-cytometric detection of GFP+ WEHI-3B cells, and immune-cell populations were analyzed by 822 

flow cytometry. For bacterial biodistribution studies, peripheral blood, bone marrow, spleen and 823 

liver were collected 2 h and/or 4 d after the second bacterial administration, as specified for each 824 

experiment. Bacterial burden was quantified by colony-forming unit (CFU) analysis. Circulating 825 

cytokines were analyzed in separate cohorts at the indicated time points. 826 
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As C1 xenograft and MSLN CAR-NK therapy 827 

Male and female 6–8-week-old NSG mice were injected subcutaneously with 5×106 AsPC1 cells. 828 

After tumor establishment, mice received two intravenous infusions of 5×106 mesothelin (MSLN)-829 

targeted CAR-NK cells, followed by intravenous PBS, E. scf or E. ADA–IL-12 (1×108 CFU per 830 

dose) on days 18, 25, 32 and 39 after tumor implantation. Recombinant human IL-2 (75 kU per 831 

mouse) was administered intraperitoneally every other day. Tumor growth and survival were 832 

monitored in mice treated with PBS (n=3), E. scf (n=6) or E. ADA–IL-12 (n=7), with all groups 833 

receiving MSLN CAR-NK cells. A separate cohort was euthanized on day 36 for bacterial 834 

biodistribution and CAR-NK trafficking analyses. Two mice per treatment group were analyzed, 835 

with two tumors collected per mouse. Intratumoral CAR-NK cell abundance was quantified by flow 836 

cytometry as the percentage of GFP+ cells among human CD45+ cells. In a separate experiment, 837 

tumors were collected on day 28 for fluorescence microscopy. 838 

Orthotopic 4T1 mammary carcinoma model 839 

Female BALB/c mice were orthotopically implanted with 0.5×106 mCherry-expressing 4T1 cells 840 

into the mammary fat pad in 6 to 8-week-old mice. Mice received PBS, E. scf, 7.5 µg soluble 841 

protein ADA from calf intestine (Roche, 10102105001) plus 10 µg recombinant IL-12 (BioLegend, 842 

577006) or E. ADA–IL-12 on days 6 and 9 intratumorally. Bacterial treatments were administered 843 

at 1 × 108 CFU per dose. Tumor growth and survival were monitored in mice treated with PBS 844 

(n=5), E. scf (n=7), protein ADA plus protein IL-12 (n=7) or E. ADA–IL-12 (n=7). In a separate 845 

mechanistic cohort, tumors were collected on day 14, weighed and processed for flow cytometry 846 

(PBS and E. scf, n=3 mice per group; soluble ADA plus recombinant IL-12 and E. ADA–IL-12, n=4 847 

mice per group). 848 

Murine tissue processing  849 

Tumors and solid organs were minced and digested for 1 hour at 37 °C in antibiotic-free RPMI 850 

containing 5% FBS, 10 mM HEPES and 1 mg ml⁻¹ collagenase IV. Digested tissues were passed 851 

through 70-µm strainers and subjected to erythrocyte lysis where required. Bone marrow was 852 

isolated from the femurs and tibiae by centrifugation. Bones were placed in a 0.5-ml 853 

microcentrifuge tube with a punctured bottom nested within a 1.5-ml collection tube, and bone 854 

marrow was collected into the outer tube by centrifugation. Spleen, bone marrow and peripheral 855 

blood were processed into single-cell suspensions and subjected to erythrocyte lysis where 856 

required before downstream analysis. 857 

 acterial biodistribution 858 

Blood, bone marrow, tumors and peripheral organs were collected aseptically at the indicated 859 

time points. Tissue was processed in antibiotic-free media. Solid tissues were weighed, 860 

homogenized and serially diluted onto selective LB agar containing 50 µg ml⁻¹ kanamycin. Plates 861 

were incubated at 37 °C for 24 to 48 hours, colonies were counted and bacterial burden was 862 

quantified as CFU g⁻¹ tissue or CFU ml⁻¹ blood.  863 

Spectral flow cytometric immunophenotyping of murine cells 864 
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Cells were incubated and washed with flow cytometry buffer (PBS supplemented with 2% BSA) 865 

and stained with viability dye and the indicated surface-antibody panels. Intracellular and 866 

intranuclear staining was performed using the True-Nuclear Transcription Factor Buffer Set 867 

(BioLegend) according to the manufacturer’s instructions. Samples were acquired on a Sony 868 

ID7000 spectral flow cytometer and analyzed using FlowJo v10.10.1 . Antibodies, fluorophores, 869 

clones and manufacturers are listed in Supplementary Table S2. Gating strategies are provided 870 

in the Supplementary Information. 871 

Immunohistochemistry staining of bone marrow sections 872 

Bone marrow samples were collected 10 d after WEHI-3B tumor-cell injection and 2 h after 873 

bacterial administration. Samples were fixed in 4% paraformaldehyde (PFA) for 48 h in the dark, 874 

washed with PBS and transferred to 70% ethanol at 5 °C until further processing for pathology 875 

examination. Formalin-fixed, paraffin embedded femur specimens were sectioned at 4µm 876 

thickness. Sections were stained with monoclonal antibody against DYKDDDDK/FLAG (D6W5B; 877 

#14793 Sigma Aldrich) and rabbit polyclonal antibody against E. coli O/K serotypes (PA1-7213, 878 

ThermoFisher). Antibody binding was visualized using an HRP-based detection system with 3,3′-879 

diaminobenzidine (DAB) as the chromogenic substrate, followed by hematoxylin counterstaining. 880 

Sections were subsequently imaged by light microscopy. The specificity and reactivity of the 881 

antibodies were validated and optimized on cell pellets of bacteria including native E.coli and 882 

corresponding genetically modified strains. Microscopic examination of mouse femurs from 883 

experimental conditions was performed at 500x magnification under oil immersion. Sections were 884 

examined microscopically for the presence of bacteria at ×500 magnification under oil immersion. 885 

Images were acquired at ×1,000 magnification using an Olympus BX46 microscope equipped 886 

with a DP27 camera. 887 

Immunofluorescence microscopy 888 

Freshly collected tumors were embedded in optimal cutting temperature compound, frozen at 889 

−80 °C and cryosectioned by iHisto, INC. Frozen sections were washed three times with PBS, 890 

fixed in 4% PFA for 30 min in the dark and washed again. Sections were permeabilized in PBS 891 

containing 1% Triton X-100 for 30 min on ice, washed with PBS containing 0.2% Triton X-100 and 892 

blocked for 2 h on ice in blocking buffer (PBS containing 0.2% Triton X-100, 2 mg ml⁻¹ BSA and 893 

10% mouse serum). For visualization of intratumoral bacteria, sections were stained with FITC-894 

conjugated anti-E. coli antibody (Abcam, ab30522; 1:200) overnight at 4 °C. This antibody was 895 

diluted in blocking buffer mentioned previously and incubated overnight at 4 °C. Afterwards, slides 896 

were washed three times with PBS containing 0.2% Triton X-100, stained with DAPI, followed by 897 

three times washes with the same buffer, post-fixed in 1% PFA for 10 min and mounted using 898 

EverBrite Mounting Medium with DAPI (Biotium, Cat. no. 23002). 899 

Multiplex cytokine analysis 900 

Peripheral blood was collected before euthanasia into lithium-heparin tubes from WEHI-3B mice 901 

on day 14. Bone marrow was isolated by centrifugation from femurs and tibiae collected from 902 

euthanized mice on day 14. Plasma from peripheral blood and bone marrow was isolated by 903 

centrifugation at 4,000 × g for 20 min at 4 °C and stored frozen at -80 °C until analysis. Cytokine 904 

concentrations were measured by Eve Technologies using a mouse multiplex Luminex 905 
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immunoassay. Analytes are indicated in the corresponding figure legends, and cytokine 906 

concentrations are reported as pg ml⁻¹. 907 

Statistical analysis and reproducibility 908 

Statistical analyses were performed using GraphPad Prism (version 11.1.1; GraphPad Software) 909 

and RStudio (version 2026.01.0, Build 392; Posit Software, PBC). Data are presented as 910 

mean±s.e.m. unless otherwise specified. Exact sample sizes (n), definitions of biological 911 

replicates, statistical tests and error-bar definitions are provided in the corresponding figure 912 

legends. No statistical method was used to predetermine sample size. Mice were randomized to 913 

treatment groups after tumor establishment where applicable; investigators were not blinded to 914 

treatment allocation or outcome assessment.  915 

For comparisons between two groups, two-sided paired or unpaired Student’s t-tests or two-sided 916 

Mann–Whitney U tests were used as appropriate to the experimental design and data 917 

characteristics. Donor-matched experiments using primary human cells were analyzed using 918 

paired tests. Comparisons involving multiple groups were analyzed using one-way ANOVA or, for 919 

experiments with two independent variables, two-way ANOVA, with repeated-measures analyses 920 

used for matched observations where appropriate. Multiple comparisons were corrected using 921 

Dunnett’s, Tukey’s, Šídák’s, Holm–Šídák’s or Bonferroni’s procedures, as specified in the 922 

corresponding figure legends. Associations between continuous variables were assessed by 923 

Pearson’s correlation analysis. Survival distributions were estimated using the Kaplan–Meier 924 

method and compared using two-sided log-rank (Mantel–Cox) tests.  925 

For RNA-sequencing analyses, differential gene expression was analyzed in R and P values were 926 

adjusted for multiple testing using the Benjamini–Hochberg method. Gene set enrichment 927 

analyses (GSEA), volcano plots and gene expression heatmaps were performed or generated in 928 

R as described in the corresponding Method sections. 929 

All statistical tests were two-sided. Exact P values are reported in the corresponding figures and 930 

tables. For t-tests and ANOVAs, test statistics (t and F, respectively) and degrees of freedom are 931 

reported where applicable. The number of independent experimental repetitions is specified in 932 

the corresponding figure legends. 933 

Data availability 934 

All data generated during this study are available within the paper. The bulk RNA-seq data will be 935 

deposited to the Gene Expression Omnibus (GEO) and the corresponding accession number will 936 

be provided upon availability. Source data will be provided as accompanying Source Data files 937 

with this paper before publication. 938 

Code availability 939 

Code used for RNA-sequencing and associated computational analyses will be made available.. 940 

Acknowledgements. This work was supported by a Clinical Investigator Award from DFCI (R.R.), 941 

and S.Y. and R.R. received funding from the Parker Institute for Cancer Immunotherapy. R.R. is 942 

a recipient of the Career Development Award from Blood Cancer United (formerly the Leukemia 943 



 

31 

 

and Lymphoma Society (LLS)). R. R and J. L. acknowledge funding from the National Cancer 944 

Institute (R01CA299949). S.S. received funding through the Walter Benjamin Fellowship of the 945 

Deutsche Forschungsgemeinschaft (DFG, German Research Foundation). This work was 946 

supported by the Essener Elterninitiative zur Unterstützung krebskranker Kinder e.V. through 947 

University Medicine Essen, Germany. We would like to thank Flow Cytometry Core, Analytic 948 

Chemistry Core, Molecular Imaging Core and Animal research facility at DFCI for their support.  949 

Plasmid design and sequence analysis were performed using Benchling. Protein structures were 950 

predicted using AlphaFold2 and visualized using PyMOL through the Anaconda distribution. 951 

Figures were generated using GraphPad Prism, R and PyMOL. Cartoons were created using 952 

BioRender. 953 

 954 

Author contributions. R.R. and S.S. conceptualized the study. R.R. and S.S. wrote the 955 

manuscript. S.S., S.Y., and R.R. designed the experiments, performed analysis and data 956 

interpretation. S.S., S.Y., A.C., E.B., A.C.B., X.D., J.H., F.L., M.N., B.J.G performed the 957 

experiments. M.J.J., K.M., V.W.H., C.L.A., I.S., A.H., A.K.A., J.S.G., A.M., D.D., J.R., C.J.W., J.K., 958 

R.D., J.C., R.J.S., M.V., J.L., A.A.L., R.S., M.R., M.T. assisted during the optimization, 959 

experimental procedures and analysis. 960 

Competing interests. R.R. is a co-founder of InnDura Therapeutics. A.A.L. received research 961 

funding from Abbvie and Stemline Therapeutics, is a consultant for Qiagen and Stelexis 962 

Biosciences, serves on a steering committee for Stemline Therapeutics, and has equity as an 963 

advisor for Medzown and as a co-founder of Stelexis BioSciences. J.L. received sponsored 964 

research agreements from Eco Animal Health, Ningbo Menovo Pharmaceutical, and Qingdao 965 

Saiding. J.R. received research funding from Kite/Gilead, Novartis and Oncternal Therapeutics 966 

and serves on advisory boards for Akron Biotech, Clade Therapeutics, Garuda Therapeutics, 967 

LifeVault Bio, Novartis and Smart Immune. J.K. serves on advisory boards and/or consults for 968 

Biolojic Design, Cue Biotherapeutics, CSL Behring, Cugene, Divergence Labs, 969 

Equillium, Mallinckrodt/Therakos, Sonoma Bio, Visterra, Springer; and has received 970 

grants/research support from BMS, Equillium, Iovance, Miltenyi, and Regeneron. J.S.G serves on 971 

the advisory board and/or consults for AbbVie, AstraZeneca, Genentech, Geron, Omega, Servier, 972 

and Syndax. J.S.G. receives institutional support for trials from AbbVie, Lilly, Genentech, Janssen, 973 

Newave Therapeutics, Pfizer, Servier, Stelexis, Stemline, and Sumitomo. I.S. is supported by the 974 

National Science Foundation Graduate Research Fellowship Program under Grant No. DGE 975 

2140743. Any opinions, findings, and conclusions or recommendations expressed in this material 976 

are those of the author(s) and do not necessarily reflect the views of the National Science 977 

Foundation. R.D. reports research funding from Ligue Contre le Cancer and the Philippe 978 

Foundation. 979 

The remaining authors declare no competing interests. 980 

Correspondence and requests for materials should be addressed to Rizwan Romee, MD. 981 



 

32 

 

References 982 

1. Hodi, F. S. et al. Improved survival with ipilimumab in patients with metastatic melanoma. 983 

The New England journal of medicine 363, 711–723; 10.1056/NEJMoa1003466 (2010). 984 

2. Mellman, I., Coukos, G. & Dranoff, G. Cancer immunotherapy comes of age. Nature 480, 985 

480–489; 10.1038/nature10673 (2011). 986 

3. Couzin-Frankel, J. Breakthrough of the year 2013. Cancer immunotherapy. Science 342, 987 

1432–1433; 10.1126/science.342.6165.1432 (2013). 988 

4. Hatfield, S. M. et al. Immunological mechanisms of the antitumor effects of supplemental 989 

oxygenation. Science translational medicine 7, 277ra30; 10.1126/scitranslmed.aaa1260 990 

(2015). 991 

5. Ohta, A. et al. A2A adenosine receptor protects tumors from antitumor T cells. Proceedings 992 

of the National Academy of Sciences of the United States of America 103, 13132–13137; 993 

10.1073/pnas.0605251103; (2006). 994 

6. Ohta, A. & Sitkovsky, M. Role of G-protein-coupled adenosine receptors in downregulation 995 

of inflammation and protection from tissue damage. Nature 414, 916–920; 996 

10.1038/414916a (2001). 997 

7. Vijayan, D., Young, A., Teng, M. W. L. & Smyth, M. J. Targeting immunosuppressive 998 

adenosine in cancer. Nature reviews. Cancer 17, 709–724; 10.1038/nrc.2017.86 (2017). 999 

8. Allard, B., Allard, D., Buisseret, L. & Stagg, J. The adenosine pathway in immuno-oncology. 1000 

Nature reviews. Clinical oncology 17, 611–629; 10.1038/s41571-020-0382-2 (2020). 1001 

9. Sanders, T. J. et al. Inhibition of ENT1 relieves intracellular adenosine-mediated T cell 1002 

suppression in cancer. Nature immunology 26, 854–865; 10.1038/s41590-025-02153-3 1003 

(2025). 1004 

10. Bendell, J. e. a. First-in-human study of oleclumab, a potent, selective anti-CD73 1005 

monoclonal antibody, alone or in combination with durvalumab in patients with advanced 1006 

solid tumors. Cancer Immunology, Immunotherapy 72, 2443–2458; 10.1007/s00262-023-1007 

03430-6 (2023). 1008 

11. Chiappori, A. A. et al. Phase I Study of Taminadenant (PBF509/NIR178), an Adenosine 2A 1009 

Receptor Antagonist, with or without Spartalizumab (PDR001), in Patients with Advanced 1010 

Non-Small Cell Lung Cancer. Clinical cancer research : an official journal of the American 1011 

Association for Cancer Research 28, 2313–2320; 10.1158/1078-0432.CCR-21-2742 1012 

(2022). 1013 

12. Fong, L. e. a. Adenosine 2A Receptor Blockade as an Immunotherapy for Treatment-1014 

Refractory Renal Cell Cancer. Cancer Discovery 10, 40–53; 10.1158/2159-8290.CD-19-1015 

0980 (2020). 1016 

13. Herbst, R. S. et al. COAST: An Open-Label, Phase II, Multidrug Platform Study of 1017 

Durvalumab Alone or in Combination With Oleclumab or Monalizumab in Patients With 1018 

Unresectable, Stage III Non-Small-Cell Lung Cancer. Journal of clinical oncology : official 1019 



 

33 

 

journal of the American Society of Clinical Oncology 40, 3383–3393; 1020 

10.1200/JCO.22.00227 (2022). 1021 

14. Sitkovsky, M. V. Lessons from the A2A Adenosine Receptor Antagonist-Enabled Tumor 1022 

Regression and Survival in Patients with Treatment-Refractory Renal Cell Cancer. Cancer 1023 

Discovery 10, 16–19; 10.1158/2159-8290.CD-19-1280 (2020). 1024 

15. Klysz, Dorota D. et al. Inosine induces stemness features in CAR-T cells and enhances 1025 

potency. Cancer Cell 42, 266-282.e8; 10.1016/j.ccell.2024.01.002 (2024). 1026 

16. Mager, L. F. et al. Microbiome-derived inosine modulates response to checkpoint inhibitor 1027 

immunotherapy. Science 369, 1481–1489; 10.1126/science.abc3421 (2020). 1028 

17. Wang, T. et al. Inosine is an alternative carbon source for CD8+-T-cell function under 1029 

glucose restriction. Nature Metabolism 2, 635–647; 10.1038/s42255-020-0219-4; (2020). 1030 

18. Kohn, D. B. et al. Consensus approach for the management of severe combined immune 1031 

deficiency caused by adenosine deaminase deficiency. The Journal of allergy and clinical 1032 

immunology 143, 852–863; 10.1016/j.jaci.2018.08.024 (2019). 1033 

19. Kohn, D. B. Gene therapy for adenosine deaminase severe combined immune deficiency-1034 

An unexpected journey of four decades. Immunological reviews 322, 148–156; 1035 

10.1111/imr.13293 (2024). 1036 

20. Leonard, J. P. et al. Effects of single-dose interleukin-12 exposure on interleukin-12-1037 

associated toxicity and interferon-gamma production. Blood 90, 2541–2548; 1038 

10.1182/blood.V90.7.2541 (1997). 1039 

21. Atkins, M. B. et al. Phase I evaluation of intravenous recombinant human interleukin 12 in 1040 

patients with advanced malignancies. Clinical cancer research : an official journal of the 1041 

American Association for Cancer Research 3, 409–417 (1997). 1042 

22. Motzer, R. J. et al. Phase I trial of subcutaneous recombinant human interleukin-12 in 1043 

patients with advanced renal cell carcinoma. Clinical cancer research : an official journal of 1044 

the American Association for Cancer Research 4, 1183–1191 (1998). 1045 

23. Chowdhury, S. et al. Programmable bacteria induce durable tumor regression and systemic 1046 

antitumor immunity. Nature Medicine 25, 1057–1063; 10.1038/s41591-019-0498-z; (2019). 1047 

24. Gurbatri, C. R. et al. Engineered probiotics for local tumor delivery of checkpoint blockade 1048 

nanobodies. Science translational medicine 12; 10.1126/scitranslmed.aax0876 (2020). 1049 

25. Leventhal, D. S. et al. Immunotherapy with engineered bacteria by targeting the STING 1050 

pathway for anti-tumor immunity. Nature Communications 11, 2739; 10.1038/s41467-020-1051 

16602-0 (2020). 1052 

26. Canale, F. P. et al. Metabolic modulation of tumours with engineered bacteria for 1053 

immunotherapy. Nature 598, 662–666; 10.1038/s41586-021-04003-2 (2021). 1054 

27. Yang, S. et al. Non-pathogenic E. coli displaying decoy-resistant IL18 mutein boosts anti-1055 

tumor and CAR NK cell responses. Nature Biotechnology 43, 1311–1323; 10.1038/s41587-1056 

024-02418-6; (2025). 1057 



 

34 

 

28. Din, M. O. et al. Synchronized cycles of bacterial lysis for in vivo delivery. Nature 536, 81–1058 

85; 10.1038/nature18930 (2016). 1059 

29. Tarannum, M. et al. CAR memory-like NK cells targeting the membrane proximal domain of 1060 

mesothelin demonstrate promising activity in ovarian cancer. Science advances 10, 1061 

eadn0881; 10.1126/sciadv.adn0881 (2024). 1062 

30. Young, A. et al. A2AR Adenosine Signaling Suppresses Natural Killer Cell Maturation in the 1063 

Tumor Microenvironment. Cancer Research 78, 1003–1016; 10.1158/0008-5472.CAN-17-1064 

2826 (2018). 1065 

31. Chambers, Andrea M. et al. Adenosinergic Signaling Alters Natural Killer Cell Functional 1066 

Responses. Frontiers in Immunology 9, 2533; 10.3389/fimmu.2018.02533 (2018). 1067 

32. Mastelic-Gavillet, B. et al. Adenosine mediates functional and metabolic suppression of 1068 

peripheral and tumor-infiltrating CD8+ T cells. Journal for immunotherapy of cancer 7, 257; 1069 

10.1186/s40425-019-0719-5 (2019). 1070 

33. DeBlaker-Hohe, D. F., Yamauchi, A., Yu, C. R., Horvath-Arcidiacono, J. A. & Bloom, E. T. 1071 

IL-12 synergizes with IL-2 to induce lymphokine-activated cytotoxicity and perforin and 1072 

granzyme gene expression in fresh human NK cells. Cellular immunology 165, 33–43; 1073 

10.1006/cimm.1995.1184 (1995). 1074 

34. Leong, J. W. et al. Preactivation with IL-12, IL-15, and IL-18 induces CD25 and a functional 1075 

high-affinity IL-2 receptor on human cytokine-induced memory-like natural killer cells. 1076 

Biology of blood and marrow transplantation : journal of the American Society for Blood and 1077 

Marrow Transplantation 20, 463–473; 10.1016/j.bbmt.2014.01.006 (2014). 1078 

35. Kong, T., Westerman, K. A., Faigle, M., Eltzschig, H. K. & Colgan, S. P. HIF-dependent 1079 

induction of adenosine A2B receptor in hypoxia. FASEB journal : official publication of the 1080 

Federation of American Societies for Experimental Biology 20, 2242–2250; 10.1096/fj.06-1081 

6419com (2006). 1082 

36. By, Y. et al. Fall in oxygen tension of culture medium stimulates the adenosinergic signalling 1083 

of a human T cell line. Purinergic signalling 8, 661–667; 10.1007/s11302-012-9295-6 1084 

(2012). 1085 

37. Shcheblyakov, D. V. et al. Triggering of Toll-like Receptor-2 in Mouse Myelomonocytic 1086 

Leukaemia Cells WEHI-3B Leads to the Suppression of Apoptosis and Promotes Tumor 1087 

Progression in Vivo. Acta Naturae 3, 83–93; 10.32607/20758251-2011-3-4-83-93 (2011). 1088 

38. Wang, J., Lupo, K. B., Chambers, A. M. & Matosevic, S. Purinergic targeting enhances 1089 

immunotherapy of CD73+ solid tumors with piggyBac-engineered chimeric antigen receptor 1090 

natural killer cells. Journal for immunotherapy of cancer 6, 136; 10.1186/s40425-018-0441-1091 

8 (2018). 1092 

39. Chambers, A. M. et al. Engineered natural killer cells impede the immunometabolic CD73-1093 

adenosine axis in solid tumors. eLife 11; 10.7554/eLife.73699 (2022). 1094 



 

35 

 

40. Chen, Y.-P., Hwang, I.-E., Lin, C.-J., Wang, H.-J. & Tseng, C.-P. Enhancing the stability of 1095 

xylanase from Cellulomonas fimi by cell-surface display on Escherichia coli. Journal of 1096 

applied microbiology 112, 455–463; 10.1111/j.1365-2672.2012.05232.x (2012). 1097 

41. Schüürmann, J., Quehl, P., Festel, G. & Jose, J. Bacterial whole-cell biocatalysts by surface 1098 

display of enzymes: toward industrial application. Applied microbiology and biotechnology 1099 

98, 8031–8046; 10.1007/s00253-014-5897-y (2014). 1100 

42. Jumper, J. et al. Highly accurate protein structure prediction with AlphaFold. Nature 596, 1101 

583–589; 10.1038/s41586-021-03819-2 (2021). 1102 

 1103 

 1104 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

ExtendedData.pdf

SupplementalData.pdf

https://assets-eu.researchsquare.com/files/rs-11368155/v1/bbf2c38b17bce019b325f886.pdf
https://assets-eu.researchsquare.com/files/rs-11368155/v1/6259c016a55087d1100e2e83.pdf

	References

