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2006 – my cancer biology 101

Douglas Hanahan



Professor Johanna Joyce
(MSKCC/Univ Lausanne)

Cancer Cell(2005)

Tumor Microenvironment and Paracrine 

Signaling Between Tumor and Immune Cells



2006 – first time I learned ELISA

Can we measure all cytokines at single cell level to decipher the secret 

conversation between tumor and immune cells?

First design: microcontact print or stamping of a Bull’s 

eye pattern for single-cell 3-plex cytokine secretion assay  

This is the way to go: flow patterned DNA “barcode” linear 

array for  single-cell 12-plex cytokine secretion assay

Jim Heath
Caltech/ISB



Lili Yang  David Baltimore





Mario Roederer

(VRC/NIAID/NIH)



Nature Medicine 17, 738–743 (2011)

Cellular immunity has an inherent high level of functional heterogeneity. Capturing the full spectrum of these functions requires analysis of

large numbers of effector molecules from single cells. We report a microfluidic platform designed for highly multiplexed (more than ten

proteins), reliable, sample-efficient (~1 × 104 cells) and quantitative measurements of secreted proteins from single cells. We validated the

platform by assessment of multiple inflammatory cytokines from lipopolysaccharide (LPS)-stimulated human macrophages and comparison

to standard immunotechnologies. We applied the platform toward the ex vivo quantification of T cell polyfunctional diversity via the

simultaneous measurement of a dozen effector molecules secreted from tumor antigen–specific cytotoxic T lymphocytes (CTLs) that were

actively responding to tumor and compared against a cohort of healthy donor controls. We observed profound, yet focused, functional

heterogeneity in active tumor antigen–specific CTLs, with the major functional phenotypes quantitatively identified. The platform represents a

new and informative tool for immune monitoring and clinical assessment.

Professor Antoni Ribas
A true believer of cancer 
immunotherapy even back to 
early 2000. I learned a lot from 
Toni about TCR-T therapy, CTLA-
4, and T cell biology



Cancer Discovery

2011

2015

High throughput single-cell cytokine function profiling



Single-Cell 42-Plex Protein Secretion Profiling

Lu, Xue, et al., Proc. Natl. Acad. Sci. U.S.A.,112(7), 607-615 (2015)

Manufacturable, Scalable, Fully Automated, and High Throughput

Yao Lu

Dalian Inst.of

Chemical Physics

Qiong (Chelsea） Xue

Director of Analytics, 

Cell Therapies, Takeda

Kathryn Miller-Jensen

Yale BME



Single-cell protein secretomic assay (IsoCode)

Single-cell phospho-proteomic assay

Single-cell metabolomic assay

Fully automated high-plex protein assay (CodePlex)



Adrian Bot John Rossi

Rossi et al., Blood (2018)



IFNg, phenotype and differentiation status do not 

correlate with patient responses



CD4+ T cell polarization and subtypes

CD4+ T cell polarization



Preliminary Study: single-cell integrative omics 

analysis of CAR-T cell activation

Iva Xhangolli

Takeda 



Single-cell CITE-seq to dissect CAR-T Cell Activation States

Using single cell mRNA sequencing in conjunction with CITE-seq, we performed multi-omics characterization of CAR T cells generated from healthy donor and acute

lymphoblastic leukemia (ALL) patients. CAR T used in this study were manufactured at the University of Pennsylvania through lentiviral transduction with a CD19-4-1BB-CD3𝜁

construct. Besides unstimulated baseline condition, we engineered NIH-3T3 cells with human CD19 or mesothelin expression to conduct ex vivo antigen-specific or non-antigen

stimulation of CAR T cells through 6 hours coculture at a 1:1 ratio.

Bai Z, Lundh S, Kim D, et al. Journal for ImmunoTherapy of Cancer (JITC), 2021;9:e002328.

Zhiliang Bai

Pablo G. Camara

Carl June Jos Melenhorst

Steve Grupp

Marcela Maus 

(MGH)



Single Cell Atlas of CAR T Cell Basal and Activation States 

Healthy Donor (HD), Complete Response (CR), and Non-Responder (NR)   



CRBN (Cereblon), the E3 ubiquitin ligase substrate 

receptor, is a negative regulator of T cell activation. 

HMGB2 correlates with G2/M and S phase proliferating T 

cells. HMGB2 expression is strongly associated with 

transition from the quiescent to the proliferative state of 

NSCs

CSF2, encoding GM-CSF, a cytokine increasingly 

recognized as an important mediator of T cell function 

balance., the exact role in different pathologies remains 

unclear. 

XCL1/2, chemokines (lymphotactin), produced mainly by 

activated CD8 T cells. Its chemotactic activity seems 

primarily controlling movement of CD4 and CD8 T cells

CCL4, also known as Macrophage inflammatory protein-

1β (MIP-1β) is a CC chemokine with specificity for CCR5 

receptors. It is a chemoattractant for natural killer cells, 

monocytes and a variety of other immune cells.

Single Cell Atlas of CAR T Cell Basal and Activation States 

Healthy Donor (HD), Complete Response (CR), and Non-Responder (NR)   



CAR-T Clinical Trials (ALL, CLL, and NHL)



Patient Demographics and Clinical Response

Pablo G. Camara

Carl June Jos Melenhorst

Steve Grupp



• Chimeric antigen receptor (CAR) T-

cell therapy has been a breakthrough

in cancer therapy, yet failure to

achieve long-term CAR T-cell

persistence remains a major barrier to

sustained remission in many patients.

• The remissions in a significant fraction

of subjects are short-lived and 30-

60% of treated patients relapse within

one year.

• However, the molecular mechanisms

that underlie the acquired resistance

to the CAR T treatment are still

unclear, especially for CD19-positive

relapse.

• We hypothesize that the functional

capacity of CAR T cells in the infusion

product could be an essential factor

determining long-term therapeutic

response.

Rebecca C. Larson and Marcela V. Maus. Nat Rev Cancer, 2021 Mar. 

The mechanisms of CD19-positive relapse remain elusive 



Single-cell multi-omics profiling of CAR-T cell activation 

states and therapeutic responses in ALL Patients

Bai ZL, et al., Science Advances, in press (2022)
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Figure 2. Co-expressed cytokine module analysis of CD19-specific
stimulated CAR T cells identified functional heterogeneities and a deficit
of Th2 function in CD19+ relapsed patients. (a) Co-expressed cytokine

modules identified in CD19-specific stimulated CAR+ cells through unsupervised
analysis. Genes are ordered by hierarchical clustering. Multiple functional

cytokine co-expression modules, including two type-1-like, a type-2, and two
chemokine modules were identified. (b) The expression distribution of the
identified modules on the UMAP. (c) An integrated cytokine module

representation UMAP split by experimental conditions. (d) The localization of
cells from each response group on the integrated UMAP. (e) The distribution of

Th2 module. (f) Comparison of Th2 module-expressed CSF2+CAR+ active cell
proportion between very durable remission patients (CR) and CD19+ relapsed
patients (RL). The � values were calculated with Mann-Whitney test.
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Failure to sustain a long-term response to the therapy is associated 

with a deficit of Th2 function in antigen-specific CAR T activation

• A quantitative comparison between the 

landscape of CD19-3T3 stimulated CAR T 

cells identified a significant depletion of 

CAR+ cells expressing the type-2 cytokine 

module in RL patients compared to CR 

patients (MFC=4.14, Mann-Whitney test p-

value=0.05)

Unsupervised analysis identified co-expressed 

cytokine modules
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The distribution of Th2 

module expression

• The type-2 (Th2) module was found to be 

enriched in a region containing mostly 

cells from CR patients, implying that Th2 

function might be indispensable for 

maintaining a long-term remission in CAR 

T therapy. 

Bai ZL, et al., Science Advances, in press (2022)



Functional immune programs in activated CAR+ cells do not distinguish CD19-positive 

relapse from CR subjects, except for Th2 related pathways, genes and upstream regulators 
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Figure 3. Th2 function related pathways, genes and upstream regulators are

collectively downregulated in activated CAR T cells from patients with CD19+
relapse. (a) Volcano plot of differentially expressed genes (DEGs) between CAR(+)

cells from CR and RL patients. (b) Corresponding canonical pathways regulated by

the highly differential genes identified in (a). Pathway terms are ranked by –log 10

(� value). The side listed gene names represent symbolic molecular marker related

to the pathway. A statistical quantity, called � score, is computed and used to
characterize the activation level. � score reflects the predicted activation level (� < 0,

inhibited; � > 0, activated; � ≥ 2 or � ≤ −2 can be considered significant). (c) The

graphical network of canonical pathways, upstream regulators, and biological

functions regulated by DEGs identified in (a). (d) The predicted activation of

upstream regulators, including complex, cytokine, transcription regulator and
transmembrane receptor, in CR or RL patients. (e) Dotplot of Th2-related gene

expression of each patient in CR and RL group. The size of circle represents

proportion of single cells expressing the gene, and the color shade indicates

normalized expression level. (f) The average expression level of genes IL13, IL5,

IL4, and GATA3 across all single cells in each patient and their comparison between
CR and RL group. Each scatter point represents the average expression value of all

single cells of specific patient. The � values were calculated with two-tailed Mann-

Whitney test. Scatter plots show mean±s.e.m.
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Figure 3. Th2 function related pathways, genes and upstream regulators are

collectively downregulated in activated CAR T cells from patients with CD19+
relapse. (a) Volcano plot of differentially expressed genes (DEGs) between CAR(+)

cells from CR and RL patients. (b) Corresponding canonical pathways regulated by

the highly differential genes identified in (a). Pathway terms are ranked by –log 10

(� value). The side listed gene names represent symbolic molecular marker related

to the pathway. A statistical quantity, called � score, is computed and used to
characterize the activation level. � score reflects the predicted activation level (� < 0,

inhibited; � > 0, activated; � ≥ 2 or � ≤ −2 can be considered significant). (c) The

graphical network of canonical pathways, upstream regulators, and biological

functions regulated by DEGs identified in (a). (d) The predicted activation of

upstream regulators, including complex, cytokine, transcription regulator and
transmembrane receptor, in CR or RL patients. (e) Dotplot of Th2-related gene

expression of each patient in CR and RL group. The size of circle represents

proportion of single cells expressing the gene, and the color shade indicates

normalized expression level. (f) The average expression level of genes IL13, IL5,

IL4, and GATA3 across all single cells in each patient and their comparison between
CR and RL group. Each scatter point represents the average expression value of all

single cells of specific patient. The � values were calculated with two-tailed Mann-

Whitney test. Scatter plots show mean±s.e.m.
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Figure 3. Th2 function related pathways, genes and upstream regulators are

collectively downregulated in activated CAR T cells from patients with CD19+
relapse. (a) Volcano plot of differentially expressed genes (DEGs) between CAR(+)

cells from CR and RL patients. (b) Corresponding canonical pathways regulated by

the highly differential genes identified in (a). Pathway terms are ranked by –log 10

(� value). The side listed gene names represent symbolic molecular marker related

to the pathway. A statistical quantity, called � score, is computed and used to
characterize the activation level. � score reflects the predicted activation level (� < 0,

inhibited; � > 0, activated; � ≥ 2 or � ≤ −2 can be considered significant). (c) The

graphical network of canonical pathways, upstream regulators, and biological

functions regulated by DEGs identified in (a). (d) The predicted activation of

upstream regulators, including complex, cytokine, transcription regulator and
transmembrane receptor, in CR or RL patients. (e) Dotplot of Th2-related gene

expression of each patient in CR and RL group. The size of circle represents

proportion of single cells expressing the gene, and the color shade indicates

normalized expression level. (f) The average expression level of genes IL13, IL5,

IL4, and GATA3 across all single cells in each patient and their comparison between
CR and RL group. Each scatter point represents the average expression value of all

single cells of specific patient. The � values were calculated with two-tailed Mann-

Whitney test. Scatter plots show mean±s.e.m.
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• To ensure that the above observations were not

biased by any single subject, we assessed the

expression of IL13, IL5, IL4 and GATA3 in all the

CR and RL patients. The results of this analysis

showed ubiquity of expression enrichment of the

four genes in CR patients compared with

relapsed subjects.

Differentially expressed genes analysis between CR and RL patients

Bai ZL, et al., Science Advances, in press (2022)



Whether the proportion of cells with

specific functional signatures affects

the sustainability of CAR T cells?

Single cell transcriptomic clustering

of CAR T cells identifies comparable

functional immune profiles between

CR and RL patients, except for Th2

function.

Bai ZL, et al., Science Advances, in press (2022)



Validation in a cohort of 49 patients using high-plex cytokine profiling 

and flow assay confirmed the role of Th2 function in long-term response
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Figure 5. Independent functional evaluation in expanded cohorts validates the
deficiency of Th2 function in RL patients. (a) Schematic of validation
experimental design. (b) The comparison of CAR+ CAR T cell frequency, CD4:CD8

ratio, and CD154+ CAR T cell frequency between CR and RL patients. (c) The
comparison of CAR+Th2+ CAR T cell frequency between CR and RL patients. (Left,

combined CD4+ and CD8+; middle, CD4+; right, CD8+). Th2 measures the
combined frequency of IL4+, IL5+, and IL13+ cells. (d) The frequency comparison of
each Th2-related cytokine+ CAR T cells between CR and RL patients. (e) The

correlation between Th2+ CAR T cell frequency and the relapse-free duration to the
therapy. Barplots show the days to relapse of each RL patient. Line and dot plots

show the frequency of CAR+Th2+ cell of each RL patient. (f) The frequency
comparison of major Th1-related cytokine+ CAR T cells between CR and RL
patients. (g) Comparison of the Th2 functional strength index (FSI) between CR and

RL groups, which was measured by multiplexed secretomic assay using Isoplexis
machine. FSI denotes to the frequency of cells secreting specific cytokine multiply

the average signal intensity of this cytokine. (h) PSI comparison of IL4, IL5 and IL13
between CR and RL groups. All the � values were calculated with Mann-Whitney
test. Scatter plots show mean±s.e.m.
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To further validate and refine our findings, we expanded our study to

49 B-ALL patients enrolled in two anti-CD19 CAR T-cell therapy trials.

26 patients had robust CR response with median relapse-free

remission duration of 33.7 months, and the other 23 patients

developed CD19-positive relapse at a median timepoint of 9.3 months
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Figure 5. Independent functional evaluation in expanded cohorts validates the
deficiency of Th2 function in RL patients. (a) Schematic of validation
experimental design. (b) The comparison of CAR+ CAR T cell frequency, CD4:CD8

ratio, and CD154+ CAR T cell frequency between CR and RL patients. (c) The
comparison of CAR+Th2+ CAR T cell frequency between CR and RL patients. (Left,

combined CD4+ and CD8+; middle, CD4+; right, CD8+). Th2 measures the
combined frequency of IL4+, IL5+, and IL13+ cells. (d) The frequency comparison of
each Th2-related cytokine+ CAR T cells between CR and RL patients. (e) The

correlation between Th2+ CAR T cell frequency and the relapse-free duration to the
therapy. Barplots show the days to relapse of each RL patient. Line and dot plots

show the frequency of CAR+Th2+ cell of each RL patient. (f) The frequency
comparison of major Th1-related cytokine+ CAR T cells between CR and RL
patients. (g) Comparison of the Th2 functional strength index (FSI) between CR and

RL groups, which was measured by multiplexed secretomic assay using Isoplexis
machine. FSI denotes to the frequency of cells secreting specific cytokine multiply

the average signal intensity of this cytokine. (h) PSI comparison of IL4, IL5 and IL13
between CR and RL groups. All the � values were calculated with Mann-Whitney
test. Scatter plots show mean±s.e.m.
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Supplementary Figure 9. Gating strategy of flow cytometry data analysis. The Live Dead 
Blue (LDB) was used to select live cells, followed by CD14-CD19−/CD3+ subset, intact and 

single cell selection. CAR+ IFNG+ were applied to select fully activated CAR+ CAR T cells, and 

CD4+ or CD8+ subpopulation was analyzed separately. 

Gating strategy of flow cytometry data analysis. The Live Dead

Blue (LDB) was used to select live cells, followed by CD14-

CD19−/CD3+ subset, intact and single cell selection. CAR+ IFNG+
were applied to select fully activated CAR+ CAR T cells, and CD4+ or

CD8+ subpopulation was analyzed separately.

Quantification of the CAR transduction efficiency, CD4+/CD8+ ratio, 

and activation level in the CAR T cells did not reveal any significant 

differences between CR and RL patients
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Figure 5. Independent functional evaluation in expanded cohorts validates the
deficiency of Th2 function in RL patients. (a) Schematic of validation
experimental design. (b) The comparison of CAR+ CAR T cell frequency, CD4:CD8

ratio, and CD154+ CAR T cell frequency between CR and RL patients. (c) The
comparison of CAR+Th2+ CAR T cell frequency between CR and RL patients. (Left,

combined CD4+ and CD8+; middle, CD4+; right, CD8+). Th2 measures the
combined frequency of IL4+, IL5+, and IL13+ cells. (d) The frequency comparison of
each Th2-related cytokine+ CAR T cells between CR and RL patients. (e) The

correlation between Th2+ CAR T cell frequency and the relapse-free duration to the
therapy. Barplots show the days to relapse of each RL patient. Line and dot plots

show the frequency of CAR+Th2+ cell of each RL patient. (f) The frequency
comparison of major Th1-related cytokine+ CAR T cells between CR and RL
patients. (g) Comparison of the Th2 functional strength index (FSI) between CR and

RL groups, which was measured by multiplexed secretomic assay using Isoplexis
machine. FSI denotes to the frequency of cells secreting specific cytokine multiply

the average signal intensity of this cytokine. (h) PSI comparison of IL4, IL5 and IL13
between CR and RL groups. All the � values were calculated with Mann-Whitney
test. Scatter plots show mean±s.e.m.
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Validation in a cohort of 49 patients using high-plex cytokine profiling 

and flow assay confirmed the role of Th2 function in long-term response

Bai ZL, et al., Science Advances, in press (2022)
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Figure 5. Independent functional evaluation in expanded cohorts validates the
deficiency of Th2 function in RL patients. (a) Schematic of validation
experimental design. (b) The comparison of CAR+ CAR T cell frequency, CD4:CD8

ratio, and CD154+ CAR T cell frequency between CR and RL patients. (c) The
comparison of CAR+Th2+ CAR T cell frequency between CR and RL patients. (Left,

combined CD4+ and CD8+; middle, CD4+; right, CD8+). Th2 measures the
combined frequency of IL4+, IL5+, and IL13+ cells. (d) The frequency comparison of
each Th2-related cytokine+ CAR T cells between CR and RL patients. (e) The

correlation between Th2+ CAR T cell frequency and the relapse-free duration to the
therapy. Barplots show the days to relapse of each RL patient. Line and dot plots

show the frequency of CAR+Th2+ cell of each RL patient. (f) The frequency
comparison of major Th1-related cytokine+ CAR T cells between CR and RL
patients. (g) Comparison of the Th2 functional strength index (FSI) between CR and

RL groups, which was measured by multiplexed secretomic assay using Isoplexis
machine. FSI denotes to the frequency of cells secreting specific cytokine multiply

the average signal intensity of this cytokine. (h) PSI comparison of IL4, IL5 and IL13
between CR and RL groups. All the � values were calculated with Mann-Whitney
test. Scatter plots show mean±s.e.m.
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Figure 5. Independent functional evaluation in expanded cohorts validates the
deficiency of Th2 function in RL patients. (a) Schematic of validation
experimental design. (b) The comparison of CAR+ CAR T cell frequency, CD4:CD8

ratio, and CD154+ CAR T cell frequency between CR and RL patients. (c) The
comparison of CAR+Th2+ CAR T cell frequency between CR and RL patients. (Left,

combined CD4+ and CD8+; middle, CD4+; right, CD8+). Th2 measures the
combined frequency of IL4+, IL5+, and IL13+ cells. (d) The frequency comparison of
each Th2-related cytokine+ CAR T cells between CR and RL patients. (e) The

correlation between Th2+ CAR T cell frequency and the relapse-free duration to the
therapy. Barplots show the days to relapse of each RL patient. Line and dot plots

show the frequency of CAR+Th2+ cell of each RL patient. (f) The frequency
comparison of major Th1-related cytokine+ CAR T cells between CR and RL
patients. (g) Comparison of the Th2 functional strength index (FSI) between CR and

RL groups, which was measured by multiplexed secretomic assay using Isoplexis
machine. FSI denotes to the frequency of cells secreting specific cytokine multiply

the average signal intensity of this cytokine. (h) PSI comparison of IL4, IL5 and IL13
between CR and RL groups. All the � values were calculated with Mann-Whitney
test. Scatter plots show mean±s.e.m.
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The functional strength index (FSI) was used to describe 

the specific functionality profile of CAR T cells, which was 

defined as the frequency of cells secreting a cytokine 

multiplied by the average signal intensity of the cytokine. 

Multiplexed single-cell cytokine secretomic assay

Total chambers: 12,000

Total cells loaded: 30,000 cells

We found a significantly higher Th2 FSI in CR patients as compared with RL patients. 

In in particular,  IL-5 FSI has the highest predictive power. 

Validation in a cohort of 49 patients using high-plex cytokine profiling 

and flow assay confirmed the role of Th2 function in long-term response

Bai ZL, et al., Science Advances, in press (2022)



Single-cell CITE-seq based phenotypic proteomic profiling revealed that 

early memory state is negatively associated CD19-positive relapse

Cellular stemness and memory formation of 

CAR T cells in mediating the efficacy and 

persistence of the CAR T therapy.

Upon CAR-specific stimulation, the lower abundance

of TSCM and TCM cells was significantly associated

with the relapsed subjects. There was no difference in

the frequency of TEM CAR T cells, yet a higher

proportion of cells in the RL group differentiated into a

TEF state compared with the CR group.
The flow cytometry analysis in the expanded cohort confirmed a significant increase of the 

TCM and a decrease of the TEF cell proportion in CR patients as compared with RL patients, 

thereby providing further validation of our findings.



An integrative model establishes the predictive power of the 

combined Th2 functionality strength and early memory potential

To evaluate if the combination of some of these

biomarkers into a single predictive index could be a

viable strategy, we aggregated three of the major

biomarkers identified in the discovery cohort into a

single index. The values of the index were strongly

associated with the clinical response in the initial cohort,

suggesting that these markers could indeed be

efficiently combined to predict durable responses.

We devised a similar index that was exclusively based on flow 

cytometry inputs so that we could train and test it in the larger 

validation cohort of patients.
A binomial logistic 

regression was 

used to fit the 

model with CR or 

RL as the response 

variable, and a 

stratified 5-fold 

cross-validation 

was implemented 

to compute the 

ROC and AUC.

A sensitivity of ~70% to predict 

long-term remission with a false

positive rate < 5%



Ongoing: Single-Cell CITE-Seq of ~1M CAR T cells from 87 patients

Response Number

Complete remission 26

CD19 pos relapse 23

CD19 neg relapse 26

Non-responder 6

Healthy donor 6

Total 87
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Basal unstimulated

695,820 single cells

Integrated dataset suggests 

minimum batch effect

CAR T cells from two experimental 

conditions can be geographically 

separated
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Ongoing: linking single-cell tumor-killing activity to cytokine functions 
as well as transcriptomics upon antigen-specific activation



Professor Johanna Joyce

Cancer Cell (2005)

2006 –what I learned about the tumor microenvironment



Liu, Yang, Deng, et al.,  bioRxiv 788992 (2019). 
Liu, Yang, Deng, et al., Cell, 10;183(6):1665-1681 (2020). 

Novel Approach for Spatial Omics Sequencing via 

Deterministic Barcoding in Tissue (DBiT) 



High-Spatial-Resolution Multi-Omics Atlas Sequencing 

via Deterministic Barcoding in Tissue (DBiT-seq)

Dr. Yang Liu Dr. Mingyu Yang Dr. Yanxiang Deng

Liu, Yang, Deng, et al.,  bioRxiv 788992 (2019). 
Liu, Yang, Deng, et al., Cell, 10;183(6):1665-1681 (2020). 



Spatial-CITE-seq: spatial co-indexing of transcriptomes 

and epitopes for multi-omics mapping by NGS
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High-Plex Protein Mapping of Germinal 

Center (GC) Reaction and T-B Interaction

High Low

Human Tonsil

Protein Expression Level



Spatial Epigenomics (spatial-ATAC-seq)

Deng et al, revision submitted (2021)



Spatial Mapping of Open Chromatin States in Germinal 

Center Reaction and T-B Cell Interaction

g
h

e MacrophagesGC B cellsNaïve B cells

f Naïve B 

cells

GC B 

cells

Deng et al, revision submitted (2021)



Summary

Single-cell high-plex cytokine profiling for relatively unbiased, 

comprehensive, and full-spectrum dissection of T cell effector functions. 

Single-cell CITE-seq integrated with single-cell cytokine profiling 

allowed for examining the mechanism of CAR T cell activation.

Th2 functional module is associated with long-term remission in ALL 

patients treated with CD19-targeted CAR T cell therapy. 

Spatial multi-omics technologies emerge to revolutionize the study of 

immune cell function in the tissue microenvironment for future 

immunotherapy development.   



Single-Cell and Spatial Omics Techniques 

Unlock New Opportunities in Immuno-

Oncology Research, Therapeutics 

Discovery, and Clinical Decision Making
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