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Systems Biology of Endome
/

Molecular communication networks
Miller et al, Integrative Biology (2011)

*Miller et al PNAS (2012)
*Beste et al Science Translational Me 1lcm (2014)
Jgrgensen et al, Fertility & Sterility (20 6, 2C 8)
Cook et al, Integrative Biol, (2017)

Valdez et al, Biomaterials (2017) /)/ﬂ
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Bailey et al, Repro Biomed Online (2020

Perotta et al, Repro Sci (2020)

Jgrgensen et al, Fertility & Sterility (submitted)
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w

Uterus
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JNK inhibitors have cured diverse patient
populations of endometriosis!

(unfortunately, none are human)

Palmer et al., Reprod Sci. 2016 Hussein et al., Fertil Steril. 2016

Clinical trial of JNKi (Preglem) unsuccessful — Patient stratification issue?
Pharma: “we need efficacy models”



Patient Avatars, part 1: Cocultures of patient-derived human endometrial
epithelial organoids and endometrial stromal cells in synthetic ECM

Lesion model pd v
’ Luminal epithelium

Eutopic Endometrium Model

Glandular epithelium

Vimentin F-actin Nuclei

Hernandez-Gordilla et al, Biomaterials 2020; Gnecco, Brown et al, in prep




Modeling the Birth of Lesions - Drug Target!

Cyclic Hormone Stimulation -> Wound Healing Response -> Progression

Predicate
MicroVascularized z,0r kgmm Lab
Devices Vickerman et al., Lab Chip, 2008,

Chung et al., Lab Chip, 2009
. Shin et al., Nat Prot, 2012
Recruitment /differentiation o Chen et al., Nat Prot, 2017

circulating (immune/stem) cell

. Growth Media @ Endothelial Cell
Fibrin Gel @ Fibroblast

New - U01 NIBIB Immune Chips
Mesoscale Thermoplastic Devices

Integrated with Pumps
- .

Prototypes - Micro-machined &
Bonded @ MIT

Production outsourced




Microreactors for 3D liver tissue engineering i for purpose assays

Ebrahimkani,..Griffith, “Bioreactors to Support Liver Function in Vitro,” Adv Drug Delivery Rev, (2014).
Griffith, Wells, Stolz ,Hepatology (2014); Wheeler... Lauffenburger, Griffith, Wells, British J Cancer, (2014)

Tissue formed from isolated liver cells seeded into channels

Microfabricated bioreactor

Electron micrographs of blood vessel-like structures

Fluorescent micrograph of
tissue structures at 2 weeks

Scaffold

Powers, et al Biotech Bioeng 2002 230 Mm I -AL-
Powers et al Tissue Eng. 2002

Griffith & Naughton Science 2002 750 pm 1 -

Sivaraman et al Curr Drug Met 2005

Yates et al Adv Canc Res 2006 Support

Hwa et al FASEB J 2007

Domansky et al Lab Chip 2009
Dash et al Exp Opin Drug Metab Tox 2009




Gen 0 Platform: LiverChip multiwell
pneumatically-driven microreactor

on-board pumping
1.5-2.5 mL medium
0.25 — 1+ million cells

reactor oxygen or pH probes reservoir

well \ / \ V\:[ell

capacitor scaffold with cellspump membrane reactor well scaffold reservoir well

Inman, W, Domansky, K, Serdy J, Owens, B, Trumper, D, Griffith, LG, “Design, modeling and fabrication of a
constant-flow pneumatic pump,” J. Micromech. Microeng. 17, 891-899 (2007).




Example “ADME-TOX” Problem that Requires Liver MPS:

Off Target Effects of Anti-Inflammatory Biologics
¥ 1L

Tocilizumab - anti IL6-R
”% ACIRNRA (treatment for rheumatoid arthritis)
‘3“' “d -.

g
sIL-6 Receptor — & &

miL-6 Receptor— » | —9pi0

IL-6 Signaling
Inhibition

Causes 1.8-fold decrease in plasma AUC for Simvistatin (&
other drugs), a CYP3A4 substrate - FDA warning

A% 9 | S DY S P el : 1 P M L

Recapitulated phenotype in long-term “immunocompetent” liver
microreactor culture with Amgen: Long et al, Drug Met Dispos 2016
- required weeks-long culture, multiple doses, etc




SCIENTIFIC REPg}RTS . . .
B Focus on technology for chronic, systemic

Interconnected Microphysiological  inflammatory diseases — target
‘Systems for Quantitative Biology identification, not just ADME/Tox!
and Pharmacology Studies

a 7-MPS Platform b 4-MPS Flow
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Inspired by Cindy Afshari, Amgen

homeostasis + drug inflammation + drug
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Multi-Organ Platform with immune cell-friendly pumps
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Gut-Liver + Immune 4+ organs Gut-Liver-(CNS) / 3 per platform
Chen et al.,Biotech Bioeng. 2017  Edington, Chen, et al Sci Rep 2018 Trapecar et al Cell Systems, 2020

Tsamandouros et al. AAPJ, 2017  Maas et al. Sci Rep, 2018, Trapecar et al, Sci Adv 2%1



Systemic Effects of Gut-derived Short-Chain Fatty Acids (SCFA)
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Trapecar et al. Cell Systems 2020
Trapecar Sci Adv 2021



How Do Short Chain Fatty Acids alter Gut-Liver Interactions in the context
of Ulcerative Colitis?

Healthy donor UC donor

TH17 & Treg 2:1
Systemic circulation

Mixing Chamber

15 mL/day
25%
¢ Epithelium
a ! »
75% " DCs/MACs DCs/MACs
< i == < ‘ = ‘
ol Liver Gut Tt ;
(organizes IV dosin ¢
cells) ‘ ’ oral dosing ?

enterocyte \ goblet cell

1 l Filter (distributes flow) f \
Liver
Primary Human Hepatocytes \ ______
+ Kupffer cells -T - I :
basal flow immune cell basal effluent DAPI/ /Actin DAPI/ /Actin

. , Trapecar et al. Cell Systems 2020 13
Chen et al Biotech Bioeng 2017; Tsamandouros et al AAPS J 2017 Trapecar et al Science Advances, in revision 2020



GUtonocte, dendritic—L1VeTrkuptrer (+ T Gell) Interactions

Gut - Liver

Gut - Liver
+ SCFA

Gut - Liver
+ Treg & Th17

Gut - Liver
+ SCFA

+ Treg & Th17
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(1 media change at day 2)
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SCFA-Short-chain Fatty Acids

Trapecar et al. Cell Systems 2020
Trapecar et al Sci Adv 2021
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Gutmonocte, dendritic—LIVElKypffer (+ T Cell) Interactions MITBE

Gut

- Liver

From Simple to Complex

o T— g

L

E—

BIOLOGICAL ENGINEERING

4 day interaction

(1 media change at day 2)
—

G - Gut MPS
L- Liver MPS
M-Mixer
Treg/Th17- Treg/Th17 cells

SCFA-Short-chain Fatty Acids

Trapecar et al. Cell Systems 2020
Trapecar et al Sci Adv 2021
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Gut-Liver Interaction leads to increased metabolism and

reduced immune activation transcripts

KEGG
Pentose and glucuronate interconversions
Ascorbate and aldarate metabolism
ABC transporters
Adipocytokine signaling pathway

Protein digestion and absorption
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Epithelial activation status directs CD4 Treg/Th17 polarization  mM|T

UC donor

ucC organoids

DCs/MACs

DAPI/ /Actin

Trapecar et al. Cell Systems 2020 ;o 0cicaL encineering

Transwell inserts Trapecar et al in revision 2020
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SCFA Metabolism (20 mM of Acetate:Propionate:Butyrate)

MIT BE

BIOLOGICAL ENGINEERING

Acetate 12 mM

Propionate 4 mM Butyrate 4 mM

700 T T T 350 T 350 T -
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Literature shows that ~50% of
butyrate is consumed by Start (t=0 h) 328 156 159
enterocytes which validates our
Trapecar et al. Cell Systems 2020 oRatlo 4 18 >4
Trapecar et al submitted 2020 (% loss)

Ac/Pr/Bu ratio after gut absorption is ~67/22/10.6. This is in accordance with a previous
published in vivo ratio of 70/20/10 (Portal vein samples)




Inflammation

Platforms 3

Platforms 4
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Trapecar et al. Cell Systems 2020



SCFA exacerbate autoinflammation in the gut and lead to
. . MITBE
red u Ced | IVe r m etabol IS m BIOLOGICAL ENGINEERING

Trapecar et al. Cell Systems 2020

Pathway Trapecar et al submitted 2020
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SCFA as a Double-edged Sword

Differentiated tissue

+0, \132

Glucose Glucose

0, Pyruvate i
\ Pyruvate
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Oxidative Anaerobic
phosphorylation glycolysis
~36 mol ATP/ 2 mol ATP/
mol glucose mol glucose

Anti-inflammatory program
Macrophage polarization into M2
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Trapecar et al. Cell Systems 2020
Trapecar et al submitted 2020
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DESIGN RATIONALE OF MICROPHYSIOLOGICAL SYSTEMS

(MPSs) AND THEIR INTERACTION

Portal/Systemic Circulation

Gut-Brain axis
in Parkinson’s
Disease (PD)

K 3 1
(o o
0%
SCFA
(acetate,
propionate,
butyrate)

or

1. Absorption and metabolism
by colonocytes
2-3. Interaction with dendritic
cells and macrophages
4. Transport into liver via
portal venous system

5. Metabolism by hepatocytes
6. De novo lipogenesis and

7. Interaction with Kupffer cells
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6‘-;' 0 .ﬁ..-. -..6. Po»’., —
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X

8. Modulation of circulating
CDA4 T cell differentiation

9. Balancing tolerance and
immunity

glucogenesis

and reduced innate activation

MIT BE

BIOLOGICAL ENGINEERING

10. Crossing the BBB and
interaction with the CNS

11. Development of microglia

12. Potential involvement in PD

1:12> MAC/DC : Epithelial cell

1:10 > Kupffer cell : Hepatocyte

Cell type ratio:
2:1 > Treg cell : Th17 cell

1:10 > Microglia : Neurons/Astrocytes

Apical Transwell:

6x10° Epithelial cells
Basal Transwell:

5x10* Macrophages/Dendritic cells

Cell count per MPS:
In circulation:

2.4 x 10° PBMC-derived Tregs/ml
1.2 x 10° PBMC-derived Th17s/ml

Liver scaffold:
6x10° Primary Epithelial cells
6x10*Primary Kupffer cells

Trapecar et al Sci Adv 2021

Apical Transwell:
2x10° hiPS Neurons/Astrocytes
2x10* hiPS Microglia

+/- A53T mutation
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The Frontier: Animal-Human Translation without “Animal Chips”

sciencemag.org SCIENCE .
INSIGHTS | PERSPECTIVES 742 14 FEBRUARY 2020 + VOL 367 ISSUE 6479

MEDICINE

Translating preclinical models to humans

Computational models for cross-species translation could improve drug development

By Douglas K. Brubaker
and Douglas A. Lauffenburger

tive models that incorporate cross-species
differences in data types and phenotypes

intn tranclatinn

measu

orse OyStems model-based cross-species translation

=" Translating computational systems models of molecular (X) to phenotypic (Y)
associations from animal models to humans provides a powerful framework
for translating therapeutic concepts from preclinical to clinical stages.

If we have the right data sets — do Computational

- - A i I X I
we even need animal chips? nimal data (X) model

- |

—g- Phenotype (Y)

Human

/ \ Machine learning Biological networks  Mechanistic models
animal *===s» Human chip L - dt dt 1
Human Translate and Predicted
data (X) humanize model human biology
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Conceptual framework to
address challenge of

“translation” across species —
e.g., animal studies to human subjects

Instead of direct translation of
observations,
use mathematical framework
to translate
computational models

Likely easier to construct computational
models based on animal studies, so
then ‘humanize’ those models to
emphasize relevance to human context

24



GEO Microaray  Conditions and Sample

Translation of Transcriptomic Data from T e ptomi s e
M O us e to H u ma n Human  Bum GSE37088  GPL570 :::: (:5_5:,) White Blood Cells

Control (n = 37)

-- 36 case studies of inflammatory W s oSt osm T eokeos

p a th OI Ogi es Human . GPL96 Control (n = 16) T

GPL 07 Endotoxin (n = 76)

Control (n = 18)
i Human  Sepsis GSE13004  GPLSTO Whole Blood
Sepsis (n = 158)
————
Cetenss g - Control (n = 16) Peripheral Blood
/vaopmlcms Lipopolysaccharide :;‘ o e < Human Sepsis GSEQ960 GPL570
| DNA T — = . _
Complement ‘ / Outer membrane protein|  Fimbriae = Sepsis (n = 54) Mononuclear Celis
system Pestdoch Lipopolysaccharide y
\ / eptidoglycan \‘ binding protein \ . Control (n = 20)
\ l Human Sepsis GSE28750 GPL570 . Whole Blood
Endothelial cells Neotiophis "'i‘f:‘:"i i Sepsis (n=21)
® Epithelial Tl ik recptor v \ GPLB106  Control (n =20)
‘ ( B e . s Human  Sepsis GSE13015 Whole Blood
s Tissue factor O . 5:':?.7.. GPLB47  Sepsis (n=77)
‘ Nod | Mouse Control (n = 16)
Apoptosis Bum GSET404 GPL1261 Leukocytes
Coagulation Petobiisd (C578L/8J) Bum (n = 16)
System. Mouse Control (n = 16)
Trauma GSET404 GPL1261 Leukocytes
Proinflammatory mediators Antiinflammatory mediators (C57BL/8J) Trauma (n = 16)
TNF \nnate | Interleukin 10 and interleukin 1Ra "
Interlevkin 1 and sTNFR Immunity: Mouse Endotoxemia: Control (n = 8)
No. immune depression Neuroendocrine GSET404 GPL1261 . Leukocytes
: pathway (C578L/8J) LPS Endotoxemia (n = 8)
1 inflammation—Jp> Modese 2 Inflammation: «—
B Imme s down-regulation Mouse Endotoxemia: Control (n=4)
Deleterious Organ Increased susceptibility CSTBLEJ) LPS GSES663 GPLS1 E a(n=5 Blood
Severe  frects dysfunction to nosocomial infection ( LigJ) ndotoxemia (n = 5)
Control (n = 4)
Mouse
Sepsis: CLP  GSE5663 GPL81 Mid Sepsis (n = 5) Blood
(C57BLIBJ)
. Sepsis (n=5)
[Brubaker et al, PLoS Comp Biol (2019)]
Mouse Control (n =3)
Sepsis: SPS2 GSE26472 GPLB778 Blood
(C578LIBJ) Sepsis (n=8)
Control AlJ (n = 5)
Mouse

Control C57BL8J (n = 5)

(AJJ and Sepsis: SA GSE10668 GPL1261 Blood
Sepsis AlJ (n=20)
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Sepsis C57BL8J (n = 20)




Human ‘Gut/ Liver on Chip’ Transcriptomic Data is more predictive of
In Vivo Human Pathophysiology than Mouse Model Data

Lauffenburger, Haigis, 1

Brubaker, et al, Gut-on-Chip
unpublished 09 data
08
True
Positive 07 Gut/Liver-on-Chip
Rate data
06

TCT AUC = 0.66
Gut Chip AUC = 0.70
Gut Liver AUC =0.72

1 1 1 1 1 1 1 1 1 J
0 01 02 03 04 05 06 0.7 08 09 1

False Positive Rate



New MIT Industry Consortium — “MCELS”

(Roger Kamm, Director) Core Activities: Integration of Tissue Engineering, Microfluidics, Systems

Biology/Immunology, and Synthetic Biology

Example Phenomena Establ.ished and
*Immune cell trafficking P2 ‘experlmental cell sources

eInflammation

*BBB function ePatient-derived

eMucosal tissue banks

barrier function e microbiome

*Microvascular

> *iPSC programmed
permeability

via synthetic biology

C b . ... Deterministic and data-
wazomese ATiVeN analytics
‘ *Systems Biology —~
o / Immunology 3
=z
e ® '1"..,,." N - oSpecies
eRiT o ;»:I;:K ¢ | translation
W/ PR | eHeterogeneous
" L data set Translatable Technologies
+-SNET " integration e microfluidics ® mesofluidics ® 3D synthetic matrices
Applications
i Gut / Skin
Liver . : Tumor CNS / /
microbiome

nheuro subcu ,
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- PhysioMimetics Team (partial) @Northeastern University
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Ravi Kodihalli, Ujjal Sarkar, Xin Wang+
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Ravi Kodihalli, Ujjal Sarkar, Xin Wang \\.\
Rudolf Jaenisch Lab Stem Cell Biology

@CN Biolnnovations (UK) Liverchip
David Hughes, Emma Sceats, Emma Large

@ Continuum, LLC Engineering Design
Gaurav Rohatgi, Duncan Freake
Doug Kronke, Jared Kirschner +

Dave Trumper

Julien Muffat + : : NSF STC “EBICS”
mechatronics Funding
DARPA MPS Program 111 T- RO1 (NIBIB)
@U Pitt Medical Center @U Wisconsin brain MPS NIH (NCATS/N cg NIH ICBP (NCI)
Alan Wells Lab Bill Murphy Lab Boehr ineelheim AMY ICB Program
Donna Stolz Lab oenringer Ingetheim

Begg Foundation

Venkat Venkataraman Lab Amgen



