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Pathophysiology of Sepsis

Death
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Sepsis is defined as a life-threatening organ dysfunction 

caused by a dysregulated host response to infection

Third International Consensus Definitions for Sepsis and Septic Shock 2016

Janeways Immunobiology 9th
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Sepsis in The Clinic

Global sepsis cases total ~31.5 million 

each year, with ~5.3 million resulting in 

death (15-25% mortality)

Epidemiology: Hotchkiss et al., Nature Reviews Disease Primers 2016

In the USA, this amounts to ~250,000 

deaths annually
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Clinical treatment mainly consists of 

managing symptoms (fluid replacement, 

ventilation) and antibiotics



Defining Sepsis in The Clinic: SOFA Score

The sequential organ failure (SOFA) score is utilized in the clinic 

to predict and track patient outcome due to complications of sepsis

Vincent et al., Surgical Infections 2006
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ARDS: The Pulmonary Manifestation of Sepsis

Info and Graphic: Matthay et al., J Clin Invest. 2012

Sepsis is the number 1 risk factor for acute 

respiratory distress syndrome (ARDS)

ARDS Pathophysiology is defined by:

▪ Dysregulated inflammation

▪ Inappropriate accumulation and activity of 

leukocytes

▪ Uncontrolled coagulation

▪ Altered permeability of endothelial and 

epithelial barriers of the alveoli
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Endothelium Function and Polarity

Graphic adapted from: Worzfeld et al., JCBFM 2016 

The pulmonary endothelial cell barrier 

regulates leukocyte extravasation and 

edema

Endothelial cell interactions with inflammatory 

cytokines (e.g. TNF-α) and pathogen derived 

endotoxins (e.g. LPS from gram-negative bacteria) 

can alter these factors, leading to sepsis and ARDS

How do we therapeutically target dysregulation on 

an endothelial cell level? 
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Targeting the Immune Response –
For Better or For Worse?

TNF-α (Cytokine)

Signals through membrane bound 

TNF receptor family (TNFR1 and 

TNFR2)

Can be blocked at many levels:

▪ Systemic (IV Soluble TNFR1)

▪ Ab (Monoclonal or Polyclonal)

▪ Receptor Antagonist

Result: Murine resistance to sepsis; 

high susceptibility to primary (local) 

infections

LPS (Endotoxin)

Signals through membrane bound Toll-

like receptors (TLR-4)

Blocking/Transgenic Studies:

▪ TLR-4 Antagonist

▪ TLR-4 LOF Mutation

▪ HA-1A

▪ J5

Result: Murine resistance to systemic 

LPS induced sepsis; susceptibility to 

LPS bearing pathogens
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Anti-Endotoxin Therapeutics
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Human Anti-Lipid A Clinical Trails

Graphic adapted from: McCloskey et al., Annals 

of Internal Medicine 1994 
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Anti-Cytokine Therapeutics
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Conclusion: not effective, may 

increase mortality?

Graphic adapted from: Fisher et al., NEJM 1996

Hypothesis: Anti-TNF-α therapy is 

opening the door for opportunistic 

pathogens



Overarching 
Problem

▪ Sepsis therapeutics, past and present, 
struggle to balance remedial and 
pathological immunosuppression

▪ Developing novel therapeutics in vivo is 
time consuming and expensive
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Guiding 

Hypothesis

Pulmonary microvasculature mimetics can be utilized 
to study the distinguishing characteristics of a host 
response to a primary infection versus a systemic 
inflammatory response

Rationale

Local Infection: Abluminal Cytokine Sepsis/SIRS: Systemic/Luminal Cytokine



Specific 
Aims

1. Develop a facile microvasculature mimetic 
to quantify small molecule and neutrophil 
permeability in the presence of 
physiological shear

2. Elucidate the effects of polarized cytokine 
and endotoxin delivery on neutrophil 
dynamics and endothelial cell biology

3. Demonstrate the polarized dependence of 
S1P in regulating pulmonary vasculature 
permeability and neutrophil dynamics 
following septic insult in vitro
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Specific 
Aims

1. Develop a facile microvasculature mimetic 
to quantify small molecule and neutrophil 
permeability in the presence of 
physiological shear

2. Elucidate the effects of polarized cytokine 
and endotoxin delivery on leukocyte 
dynamics and endothelial cell biology

3. Demonstrate the polarized dependence of 
S1P in regulating pulmonary vasculature 
permeability and neutrophil dynamics 
following septic insult in vitro
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Bringing the Pulmonary Microvasculature to the Lab 
Bench

Success Metrics

I. Contain defined luminal 

and abluminal media 

compartments

II. Allow for shear priming of 

microvascular endothelial 

cells on a porous 

substrate

III. Permit phase contrast 

tracking of live PMNs

IV. Facilitate continuous in 

situ permeability 

measurements

1. 2. 3. 4.

1. 2. 3. 4.

Schematic: Janeways Immunobiology 9th

14



μSiM-PVB: Microfluidic Silicon Membrane Enabled 
Pulmonary Vascular Barrier

Salminen et al., SMALL 2019

✓ Silicon membranes enable 

phase contrast imaging

✓ Layer-by-layer fluidic 

assembly features defined 

luminal and abluminal 

channels

✓ Custom flow circuit permits 

bubble-free shear priming 

of cells
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p < 0.01
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Membrane Cell Culture Paradox
17

Solution: Hierarchical pore membranes will permit abundant cell-

substrate interactions without reducing permeability

4 μm 1 μm

1 μm

Problem: Cell loss 

under physiological 

shear

Problem: PMN 

Sequestration



Dual-Scale (Nano- and Microporous) Membranes

Salminen et al., SMALL 2019

18

3 μm



Cell Culture on Dual-Scale Membranes
19

Salminen et al., SMALL 2019

DAPI

Increasing Micropore Density
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Dual-Scale Membranes Permit PMN Tracking

Salminen et al., SMALL 2019
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In Situ EC Permeability Assay
22
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High-Throughput Manufacturing

Adapted from: Masters EA, Salminen AT et al., Unpublished 2019
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Supporting Collaborations Through 
High-Throughput Manufacturing

24

I. Dr. Edward Schwarz – University of Rochester, Rochester, 

NY; Microfluidic Silicon Membrane Enabled Canalicular 

Array (μSiM-CA)

II. Dr. Britta Engelhardt – University of Bern, Bern, 

Switzerland; μSiM- Blood Brain Barrier (BBB)

III. Dr. Angela Glading – University of Rochester, Rochester, 

NY; Microvasculature

IV. Dr. Itzik Cooper – Sheba Medical Center, Ramat Gan, 

Israel; BBB

V. Daan Hart – Radboud University Medical Center, 

Nijmegen, Netherlands; Podocyte Culture (Kidney on a 

chip)

VI. Dr. Diana Hudecz – Aarhus University, Aarhus C, Denmark; 

BBB

VII. Dr. Hani Awad – University of Rochester, Rochester, NY; 

Tendon/Bone Fibroblast Culture



Aim 1 Summary

✓ Designed and built a ready-to-use 

microfluidic system to mimic the PVB

✓ Fabricated novel dual-scale membrane that permits 

EC adherence and phase tracking of PMNs

✓ In Situ permeability measurements

✓ High-Throughput manufacturing
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Specific 
Aims

1. Develop a facile microvasculature mimetic 
to quantify small molecule and neutrophil 
permeability in the presence of 
physiological shear

2. Elucidate the effects of polarized cytokine 
and endotoxin delivery on leukocyte 
dynamics and endothelial cell biology

3. Demonstrate the polarized dependence of 
S1P in regulating pulmonary vasculature 
permeability and neutrophil dynamics 
following septic insult in vitro
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Systemic Inflammation vs. Local Infection

?

?
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SIRS, Sepsis

- TNF-α

- LPS

Luminal Blood Flow

Abluminal Matrix

Local Infection

- TNF-α

- LPS



Automated Leukocyte Tracking

▪ A previously established 

particle tracking algorithm 

will be adapted for tracking 

neutrophils [Kelley Lab, 

University of Rochester]

▪ Phase contrast movies allow 

for pixel intensity tracking of 

luminal and abluminal 

leukocyte dynamics, as well 

as diapedesis events

▪ Unbiased quantification of 

leukocyte immune response

28

Elapsed 30 min



Negative Control –

Neutrophils isolated 

from healthy donors on 

unstimulated HUVECs
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Positive Control –

Neutrophils on 

unstimulated HUVECs 

with a fMLP gradient

30

fMLP



Luminal TNF-α –

Neutrophils on luminally 

stimulated HUVECs (20 

ng/mL TNF-α for 24 h)
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TNF-α



Abluminal TNF-α –

Neutrophils on 

abluminally stimulated 

HUVECs (20 ng/mL 

TNF-α for 24 h)

32

TNF-α



Abluminal TNF-α Induces a Potent PMN Response

Abluminal TNF-α Luminal TNF-α

Neg. Control
fMLP
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p < 0.05



Response Mechanism

1) Permeability
2) ICAM-1 Expression
3) PECAM-1 Localization
4) IL-8 Gradient

3

4

Janeways Immunobiology 9th
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Enhanced Diapedesis Response to Abluminal TNFα
is independent of ICAM-1 and EC Permeability 
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Aim 2 Summary

In Progress

▪ Improving tracking algorithm

▪ Head-to-head comparison of automated 

and hand-tracked data

▪ Elucidating mechanism of abluminal 

TNF-α induced PMN transmigration

Future Work

▪ Utilize primary human pulmonary 

microvasculature cell lines [PromoCell]

▪ Investigation endotoxin (LPS) induced 

immune responses

36
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Specific 
Aims

1. Develop a facile microvasculature mimetic 
to quantify small molecule and neutrophil 
permeability in the presence of 
physiological shear

2. Elucidate the effects of polarized cytokine 
and endotoxin delivery on leukocyte 
dynamics and endothelial cell biology

3. Demonstrate the polarized dependence of 
S1P in regulating pulmonary vasculature 
permeability and neutrophil dynamics 
following septic insult in vitro
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S1P, Sepsis, and ARDS

Sphingosine-1-phosphate (S1P)

Sphingosine
SphK1/2

Sphingosine

Cleaved

Adapted from: Winkler et al., Critical Care 2015

S1P and Sepsis Induced Lung Injury

▪ S1P is barrier protective in LPS-induced 

lung injury

▪ S1PL deficiency protects against LPS-

induced acute lung injury

Natarajan et al., Am J Respir Cell Mol Biol 2013
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S1P = Sepsis and 

ARDS Cure-all

39



The S1P Paradox

S1P signals through 5 GPCRs [S1P1-5]

Natarajan et al., Am J Respir Cell Mol Biol 2013

Nussbaum et al., Nat Commun 2015

Graphic: Spiegel et al., Nat Rev Immunology 2011

▪ S1P/S1P1 regulate 

lymphocyte egress

Janeways Immunobiology 9th
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= ↓ EC Permeability

= ↑ EC Permeability, 

Leukocyte Recruitment



EC Apicobasal Polarity and S1P

Guiding Hypothesis: Abluminal delivery 

of S1P will preferentially target S1P1

across a broad therapeutic window, 

without maladaptive immune effects.  

Approach

1. Prime the μSiM-PVB with clinical septic serum

2. Measure leukocyte dynamics and EC permeability 

in response to serum challenge

3. Demonstrate S1P’s polarized ability to alter EC 

permeability and neutrophil dynamics

Cannon et al., PNAS 2012
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Summary
42

Aim 1: Design and build a facile pulmonary 

microvasculature barrier mimetic to study 

EC permeability and PMN dynamics

Aim 2: Elucidate the distinguishing 

characteristics of the innate immune 

response to systemic inflammation versus 

primary infection

Aim 3: Demonstrate the potential of S1P in 

regulating the innate immune response 

when delivered abluminally
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Timeline
44

May-18 Aug-18 Nov-18 Feb-19 May-19 Aug-19 Nov-19 Feb-20 May-20 Aug-20 Nov-20 Feb-21 May-21

Aim 1: Dual-Scale Membranes Aim 1-1

Aim 1: Aline Inc/High-throughput Manufacturing Aim 1-2

Aim 1: In Situ Permeability Aim 1-3

Aim 2: Polarized TNF-α Aim 2-1

Aim 2: Polarized LPS Aim 2-2

Aim 3: Human/Septic Serum Aim 3-1

Aim 3: Polarized S1P Aim 3-2
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Shear Stress (τ)
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𝜕𝑣𝑥
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= −
𝜕𝑝

𝜕𝑥
+ 𝜇

𝜕2𝑣𝑥
𝜕𝑥2
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𝜕2𝑣𝑥
𝜕𝑦2

+
𝜕2𝑣𝑥
𝜕𝑧2

+ 𝜌𝑔𝑥

𝜕𝑝

𝜕𝑡
= 𝜇

𝜕2𝑣𝑥
𝜕𝑦2

Assumptions: Steady, fully developed, laminar flow, negligible gravity, smooth 

surfaces, symmetry, parallel plates

Integrate both sides

∆𝑝

2𝐿
𝑦2 + 𝐶2 = 𝜇𝑣𝑥 + 𝐶1𝑦

B.C.

𝑣𝑥 𝑎𝑡 𝑦 = ∓
𝑑

2
𝑖𝑠 0, 𝑛𝑜 𝑠𝑙𝑖𝑝

𝑣𝑥 =
−∆𝑝

2𝜇𝐿
𝑦2 −

𝑑

2

2

𝜏 = 𝜇
𝑑𝑣𝑥
𝑑𝑦

𝜏𝑤𝑎𝑙𝑙 =
6𝑄𝜇

𝑑2𝑤

τ = 4.5 dyn/cm2

μ = 8.9 x 10-3 dyn. s/cm2

d = 0.043 cm

w = 0.2 cm

Q = 1.87 mL/min

μSiM-PVB
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Entrance Length (L)

𝐿 = 0.1048
𝜌𝑢𝑑2

𝜇

ρ = density of the fluid

μ = viscosity of the fluid

d = half plate separation

u = velocity of the fluid
ρ = 997 kg/m3

μ = 8.9 x 10-4 Pa. s

d = 0.0215 cm

V = 0.036 m/s

L = 0.195 mm

μSiM-PVB

𝐿

2𝑑
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Reynolds number (Re): μSiM-PVB

𝑅𝑒 =
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
=

𝜌𝑢2

𝜇𝑢/𝐷
=
𝜌𝑢𝐷

𝜇

ρ = density of the fluid

μ = viscosity of the fluid

D = diameter of the channel

u = velocity of the fluid

𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑚𝑒𝑎𝑛 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝐷𝑒) =
4𝐴

𝑃

A = cross-sectional area

P = wetted perimeter

ρ = 997 kg/m3

μ = 8.9 x 10-4 Pa. s

De = 7.08 x 10-4 m

u = 0.036 m/s

Re ~ 29

μSiM-PVB



Santaguida et al., Brain Res. 2006 Booth et al., Lab Chip 2006

Shear Stress Improves EC Barrier In Vitro
54
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Casillo et al., ACS Biomater. Sci. Eng. 2017



Salminen et al., SMALL 2019
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Salminen et al., SMALL 2019
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In Situ Permeability Measurements
58

Striemer et al., 

Nature. 2007

x

y
50 μm

Question: How do Fick’s laws of 

diffusion govern concentration 

change through a point over time?

𝐶𝑥 = 𝐶𝑜𝑒𝑟𝑓𝑐
𝑥

2 𝐷𝑡
𝐼𝑥 = 𝐼𝑜𝑒𝑟𝑓𝑐

𝑥

2 𝐷𝑡
∝

Crank., The Mathematics of Diffusion
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‘Trench’

Diffusion Function Derivation

Solution of Fick’s Second Law in Semi-Infinite Medium with a 

Constant Source

𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2

B.C. 𝐶 = 𝐶𝑜, 𝑥 = 0, 𝑡 > 0

𝐶 = 0, 𝑥 > 0, 𝑡 = 0

𝐶𝑥 = 𝐶𝑜𝑒𝑟𝑓𝑐
𝑥

2 𝐷𝑡
𝐼𝑥 = 𝐼𝑜𝑒𝑟𝑓𝑐

𝑥

2 𝐷𝑡
∝
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Ideal COMSOL Configuration
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𝐶𝑥
𝐶𝑜

= 𝑒𝑟𝑓𝑐
𝑥

2 𝐷𝑡

Experimental COMSOL Configuration

𝐶𝑥

𝐶𝑜
is dimensionless; relates distant value to source 

value. Therefore, 
𝐼𝑥

𝐼𝑜
is a viable experimental value to 

determine D of the system.
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RMSE: COMSOL vs Analytical
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Validating Our Model

▪ Parametric sweep of 200 ‘Pe’ values

▪ RMSE compares COMSOL data for 

concentration to analytical data

▪ RMSE is consistent around 5%

▪ Lowest RMSE through iterative check 

was comparable 
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Transwell Data
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Increased ICAM-1 Decreases PMN Velocity
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Level of receptor versus downstream 

effectors?


