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(1) How can artificial intelligence help improve medicine?
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Artificial intelligence (AI) is everywhere – but what does it mean for medicine?

Manufacturing Finance Farming

Smart cities Education Medicine?
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Current approaches: “Too little, too late” versus “move fast and break things”

Using ChatGPT as a knowledgebase & creativity tool Using GPT-3 as an “amateur therapist”

https://kokocares.org Mental health support by volunteers
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Mundane tasks ( easy for a human, not necessarily easy for a computer)

Routinely done by humans, AI could save time/cost:
Scheduling appointments; filling prescriptions; documentation & archival 

Not currently done, usually because of time/cost constraints:
24/7 accident monitoring for the elderly; checking for drug-drug interactions

Complex tasks ( usually requires highly trained specialists)

Data-heavy diagnostics: Diagnosing cancer based on (epi)genomics data, 
radiology images, photos of skin lesions, etc.

New therapies: Drug development, personalized therapies (e.g., mRNA 
cancer vaccines), cells programmed to act as therapeutics

How can artificial intelligence help improve medicine?



(2) Dissecting the epigenetic past and future potential of immune cells
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1D: Genome sequence

Protein-coding genes

Regulatory elements

“2D”: Epigenetic marks

DNA methylation

Histone modifications

3D: Nuclear organization

Chromatin domains

Promoter-enhancer links

Epigenetic mechanisms constitute a layer of genome regulation beyond the DNA sequence
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Epigenetic cell states connect the past, present, and future of single cells

Cell states reflect each
cell’s developmental past

Cell states define the
cell’s future potential

Cell states are shaped by the 
current tissue microenvironment

PAST PRESENT FUTURE
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Definition & diagram by
Sui Huang (ISB Seattle)

Huang (2011) BioEssays
(http://doi.org/10.1002/bies.201100031)

Goal: A quantitative, disease-relevant & predictive model of epigenetic cell states
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Reconstructing cellular lineage hierarchies from epigenetic data

1. We developed a scalable method for single-cell DNA methylation profiling

2. Applied it to FACS-enriched blood stem/progenitor cells

3. Used machine learning to reconstruct hematopoietic cell differentiation
scWGBS: Farlik, Sheffield et al. (2015) Cell Reports

(http://doi.org/10.1016/j.celrep.2015.02.001)

Farlik, Halbritter, Müller et al. (2016) Cell Stem Cell (http://doi.org/10.1016/j.stem.2016.10.019) 

Computational
lineage inference

1.

2. 3.
Collaboration:

Cells retain an epigenetic memory of their developmental origins
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Sarcoidosis: Inflammatory granuloma formation of unknown cause 

5 to 40 cases per 100,000, frequency highly variable by genetic ancestry

Affecting skin, lung, and other organs, <5% mortality, substantial morbidity

Collaboration:

Immune and non-immune cells miscommunicate in inflammation

Krausgruber, Redl, Barreca et al. (2023) Immunity (http://dx.doi.org/10.1158/2159-8290.CD-19-0138)

Single-cell & spatial profiling
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Sarcoidosis: A disease of cell-cell communication gone wrong?

Macrophages, T cells & fibroblasts interact inside granulomas

Granulomas recapitulate aspects of lymphoid organ development 

The cells appear normal, but their interactions fuel the disease

Implications for understanding and treating sarcoidosis

An N-of-1 clinical trial for mTOR inhibition in granulomas 

Collaboration:
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The century-old BCG tuberculosis vaccine stimulates both innate & adaptive immunity

323 individuals vaccinated with BCG, three time points, clinical study led by Mihai Netea

We performed ATAC-seq and compared with various immune readouts

Time series enabled investigation of baseline versus BCG effect

How does epigenetic priming affect immune responses in humans? 

Moorlag, Folkman, ter Horst, Krausgruber et al. (2024) Immunity (https://doi.org/10.1016/j.immuni.2023.12.005)

https://doi.org/10.1016/j.immuni.2023.12.005
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The BCG vaccine boosts innate immunity in people with dormant innate immune cells

Moorlag, Folkman, ter Horst, Krausgruber et al. (2024) Immunity (https://doi.org/10.1016/j.immuni.2023.12.005)

We observe responders vs. non-responders for 
both innate and adaptive immune responses

Chromatin accessibility predicts innate 
but not adaptive immune responders

https://doi.org/10.1016/j.immuni.2023.12.005
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Cells retain an epigenetic record 
of their developmental history 

Epigenetic cell states capture a cell’s 
future potential to respond to stimuli

Analyzing epigenetic memory in cancer and immune diseases
Schmidl et al. 2019 Nature Chemical Biology (chronic lymph. leukemia)
Halbritter et al. 2019 Cancer Discovery (Langerhans cell histiocytosis)
Klughammer et al. 2018 Nature Medicine (glioblastoma)
Sheffield et al. 2017 Nature Medicine (Ewing sarcoma)
Mass et al. 2016 Science (macrophage development)
Farlik et al. 2016 Cell Stem Cell (hematopoietic differentiation)

Analyzing epigenetic potential in immune cell biology
Zhao et al., manuscript in revision (B cell immunodeficiencies)
Fortelny et al., Nature Immunology, in press (baseline immune signaling)
Moorlag et al. 2024 Immunity (trained immunity)
Krausgruber et al. 2023 Immunity (sarcoidosis)
Krausgruber et al. 2020 Nature (structural immunity)
Bock et al. 2011 Cell (epigenetic differentiation potential)

Summary: Epigenetic cell states connect the cells’ past and future 



(3) Harnessing the power of large language models for single-cell analysis
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CellWhisperer: Interactive chat-like analysis of single-cell data
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Finding cells and biological functions with CellWhisperer
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Talking about cells and biological functions with CellWhisperer
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Under the hood: Joint embedding of transcriptomes and text for single-cell data analysis
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GPT-4 System Prompt (simple version)

GPT-4 as a biomedical simulator: a proof-of-concept study

GPT-4 User Prompt (example) Validation



(4) Future perspective: Programming immune cells for therapy
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Lead technology: Next 
Generation Sequencing Lead technology: Massive-

scale DNA synthesis

“WRITE”

Human 
Synthetic 
Biology

Machine 
Learning

Precision 
Medicine

“READ”

“LEARN”

Epigenetic
Cell State Co
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Lead technology:
Interpretable 
machine learning

Our vision: Programming immune cells for biological discovery and therapeutic applications
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High-content CRISPR screening

Bock et al. (2022) High-content CRISPR Screening. Nature Reviews Disease Primers (http://dx.doi.org/10.1038/s43586-021-00093-4)



Page 24 of 26

Related methods
Perturb-seq – A. Regev & J. Weissman labs (Dixit et al, 2016; Adamson et al, 2016)
CRISP-seq – I. Amit lab (Jaitin et al, 2016)
Mosaic-seq – G. Hon lab (Xie et al, 2017)

Datlinger et al. (2017) Nature Methods (http://dx.doi.org/10.1038/nmeth.4177) 

CROP-seq enables CRISPR screening with very complex phenotypes

“CROP-seq as a service” 
for biotech/pharma (CoI)

~500 labs obtained 
the CROP-seq plasmid 

from AddGene
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Biological networks are very different from deep learning networks

We developed interpretable deep learning on regulatory networks

Fortelny & Bock (2020) Genome Biology (https://doi.org/10.1186/s13059-020-02100-5)

Fully connected artificial neural networkGene-regulatory network

Interpretable deep learning for causal inference in biological networks
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ML/AI + automated bioengineering will enable truly personalized therapies 

Personalized cancer vaccines

Personalized therapies for N=1 rare diseases

Economic & logistical considerations

“Therapies as products”: Approved 
drugs, but also CAR T cell therapies

“Therapies as processes”: Surgery, 
but also bone marrow transplants 

Ugur Sahin & Özlem Türeci (2018) Science
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