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Macrophage Macrophage Polarization Phenotype and Plasticity. Macrophages can be polarized to M1 or M2 states 
by various extracellular cues (left) and are plastic depending on what the cells encounter. Macrophages 
contain endogenous promoters that are responsive to these external polarization cues. 

M1 → M2 Phenotype Switch

M1 Promoter M2 Cytokine

M1 à M2 Phenotype Switch Circuit
• M1 polarization cues turn M1 state-selective 

promoter and circuit on
• Cells switch towards an M2-like phenotype by 

expressing an M2c-associated cytokine, IL-10

Here, we show that polarization state-specific promoters 
can drive macrophage polarization logic circuits

M1 Phenotype Lock

M1 Promoter M1 Cytokine

M1 Phenotype Lock Circuit
• M1-state specific promoter turns on in response to M1 

polarization and maintains expression of an M1 cytokine 
• Creates a positive feedback loop that continually keeps 

the cell in an M1-like state to resist polarization towards 
an M2 or M0 state

Native Macrophage Promoter Discovery and Engineering

Native Macrophage Promoter Screening Identifies M1 
State-Selective Promoters
• RNA-Seq data mined for native M1-state specific 

promoter candidates
• >20 promoter-reporter constructs tested for state-

selective activity 
• All promoter activity normalized to a constitutive 

control, EFS, to assess promoter strength
• SB06353 (teal rectangle) selected as a highly M1-state 

selective promoter with room to improve promoter 
strength

2nd Generation Native Promoter Variant Screening Reveal Regions of Functional Regulatory Elements
• 25 mutational variants of native promoter sequence (SB06353) screened for activity to identify regions of functional regulatory elements 

• Some mutants increased promoter strength and M1-state selective activity while others abrogated state selective activity

3rd Generation Native Promoter Variants Improve Promoter Strength and M1-State Specificity
• 2nd generation variants with promising activity were re-combined to make 3rd generation variants

• Re-engineered 3rd generation promoter variants increased promoter strength by >3-fold while also improving promoter selectivity by >2-fold.

Promoter Structure and NGS Strategy
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Targeted, Compact, Fully Synthetic 
Promoter Library Construction Enables 

High-Throughput Screening
• Synthetic enhancer linked to a minimal 

promoter created a compact, fully 
synthetic promoter

• Fully synthetic promoter library 
(>10,000 members) constructed from 
select TF binding motifs, native enhancer 
sequence fragments, and control 
sequences 

• Unique barcodes enabled deconvolution 
of synthetic promoters via next 
generation sequencing
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Example Enhancer Architectures

Spacer Spacer Spacer SpacerMotif 8 Motif 8Motif 8Motif 8 Motif 8

Enhancer Library

Putative M1 Enhancer

PBMCs from 2 
donors

M0
Macrophages

CD14+ MACS;
+ M-CSF

Transduction with 
synthetic promoter 

library
M2c (M-CSF + IL-10, TGFβ, Dex) 

M1 (M-CSF + IFNɣ, LPS)

Stimulated Macrophages

Transduced
Macrophages

M0 (M-CSF)

RNA & 
gDNA 

Extracted

NGS Library 
Preparation

MPRA Screening Strategy of Targeted Synthetic Promoter Library 
• Macrophages transduced with entire library pool and stimulated 

with polarization cues
• Relative changes in ratio of RNA:DNA reads from massively 

parallel reporter assay (MPRA) correlated with changes in  
promoter activity

Screening of Targeted Synthetic Promoter Library Assessment Reveals Multiple State-Selective Hits
• Both M1 and M2c specific “hits” empirically identified from M1 targeted library MPRA screening

• M1 selective hits in red, M2c selective hits in green

MPRA Hits from Synthetic Promoter Library are Robust and Strong
All promoter hits from MPRA screening were clonally validated to be 

M1 selective with many stronger than EFS

M1 Phenotype LockM1 → M2 Phenotype Switch

Induction of IL-10 Payload is M1-Cue and Time-Dependent
• Stronger M1-cues induced higher levels of IL-10
• Induction of M1-promoter driven payload decreased as 

cells switched away from M1 state 

M1 State-Selective Promoter Driving IL-10 
Demonstrates Functional Phenotype Switching

• Surface markers for macrophage polarization 
state phenotype assessed from flow cytometry

M2 markers on x-axes: CD163 or CD206
M1 markers on y-axes: CD80 or CD40

• Constitutive expression of GFP reporter, with no 
functional activity, acted as a negative control 

• Constitutive expression of IL-10 acted as a 
positive control for maximum possible M2-like 
phenotype change

• After M1 polarization for 38 hrs, M1-state specific 
promoter shifted macrophages towards an M2-
like state comparable to the constitutive 
expression of IL-10
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Phenotype Assessment of M1 
Lock Circuit via Principal 

Component Analysis
• 13 markers measured
• Flow cytometry: CD40, 

CD80, CD163, and CD206
• Cytokine secretion: IL-10, 

IL-4, TNF-⍺, MIP-1β, IFN-⍺, 
IL-6, IFN-𝛾, GRO-⍺

Late stage M1

Top Performing M1 Lock Circuit (SB09700) Resists Transpolarization
Away from an M1 Polarization State
• Late-stage M1 macrophage phenotype or “ideal” phenotype 

highlighted in green oval
• Negative control expressing only a fluorescent reporter (labeled with 

SB09406) readily transpolarized away from M1-phenotype
• Positive control constructs with constitutive expression of IFN-𝛾

(labeled with IFN-𝛾) maintained M1-phenotype
• SB09700 “locked” the cells in an M1-like state capable of pushing the 

cells towards a late stage M1 state comparable to constitutively 
expressed IFN-𝛾 (light blue & magenta lines)

100 101 102

100

101

102

M1/M0 Selectivity

M
1/

M
2c

 S
el

ec
tiv

ity

50

100

150

200

250

300

M1 
Promoter 
Strength 

(% of EFS)

Synthetic Control of Macrophage Polarization Logic

Summary and Next Steps
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Plate 1:
Can our circuit drive 

macrophage 
phenotype when 

polarized?

Plate 2:
Does our circuit 
maintain an M1 

phenotype when 
polarized away from an 

M1 state?

Experimental setup to assess M1 phenotype lock (right).
Schematic represents the timeline, plate setup, and 
experimental groups to test M1 lock circuit function 

• M2-associated markers cluster on left
• M1-associated markers cluster on right

o Native M1 state-specific macrophage promoters were discovered and can be rationally re-
engineered to improve promoter strength and M1 state-specific activity

o Fully synthetic state-specific promoter libraries were bioinformatically designed for high-
throughput MPRA screening (>104 variants per screen) 

o Re-engineering of natural promoters and high throughput screening of synthetic promoters 
both yielded strong and selective Smart Sensors

o State-specific promoters can be built into Smart Sensor circuits to control macrophage 
polarization logic (e.g. Phenotype “Switch” or Phenotype “Lock” circuits)

o Next step: Generation of alternative state-specific promoters that are highly selective for 
additional macrophage states and therapeutically relevant environmental cues

o Next step: Optimize pairs of engineered promoters and payloads for enhanced dynamic control 
of macrophage cell state

Smart 
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Mutational Variant Constructs
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Applications: tissue repair, 
autoimmune disease 

Applications: immuno-oncology, 
anti-infection

• Multiple constructs resisted  trans-polarization away from an M1-state (M1→M2c, and M1 →M0 groups) 
and had comparable activity to constitutively expressed IFN-𝛾 in those states
• Some constructs had leaky activity in “off” states (SB09698 and SB09704)

Smart 
Sensor
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