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Abstract:

Communication and drug efficacy in the immune system rely heavily on diffusion of proteins such
as cytokines through the tissue matrix. Available methods to analyze diffusion in tissue require
microinjection or saturating the tissue in protein, which may alter local transport properties due to
damage or rapid cellular responses. Here, we developed a novel, user-friendly method —
Microfluidic Integrated Optical Imaging (micro-10I) — to quantify the effective diffusion coefficient
of bioactive proteins in live tissue samples ex vivo. A microfluidic platform was used to deliver
picograms of fluorescently labelled cytokines to microscale regions within slices of murine lymph
node, and diffusion was monitored by widefield fluorescence microscopy. Micro-101 was validated
against theory and existing methods. Free diffusion coefficients were within 8 % and 24 % of
Stokes-Einstein predictions for dextrans and cytokines, respectively. Furthermore, diffusion
coefficients for dextrans and proteins in a model matrix were within 1.5-fold of reported results
from fluorescence recovery after photobleaching (FRAP). We used micro-10l to quantify the
effective diffusion of three cytokines from different structural classes and two different expression
systems — tumor necrosis factor alpha (TNF-a), interferon gamma (IFN-y), and interleukin-2 (IL-
2), from human and mouse — through live lymph node tissue. This is the first method to directly
measure cytokine transport in live tissue slices, and in the future, it should promote a deeper
understanding of the dynamics of cell-cell communication and enable targeted immunotherapy
design.
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1. Introduction:

Diffusion of secreted proteins through the extracellular space is fundamental to cell-cell
communication and organized tissue-level responses. Diffusion, coupled with binding events and
interstitial fluid flow, establishes concentration gradients that are essential to tissue
morphogenesis, directional cell growth, chemotaxis within and between tissues, and drug delivery
(1-7). In tissue, unlike in a simple buffer solution, diffusion is hindered by the geometry of the
extracellular space, by binding to cell-surface receptors or the extracellular matrix (ECM), and by
non-specific charge-charge interactions (8, 9). The degree of hindrance, or tortuosity, for a given
analyte is quantified by comparing the “effective diffusion” in tissue to the “free diffusion” in buffer
(10). Tortuosity in brain varies based on the health and region of the tissue (11-13), and for
bioactive molecules, may vary also with the presence of binding sites in the ECM and on cell
surfaces (9). Quantifying effective diffusion and tortuosity in organs such as the brain has provided
critical insights into the mechanisms of drug delivery and inflammatory diseases (10, 14).
Unfortunately, localized diffusion data for bioactive proteins in smaller organs remains difficult to
obtain. This paper describes a new analytical method to quantify diffusion of bioactive proteins in
live tissue, specifically in lymph node slices, and provides the first diffusion coefficients for

cytokines in healthy lymph node tissue.

Several techniques are available to analyze diffusion of macromolecules through
biological tissues (10, 15-17), but these may not be optimal for use with bioactive molecules in
sensitive tissue samples. The gold-standard method is pressure ejection of fluorescently-labelled
proteins coupled to integrated optical imaging, as pioneered by Nicholson (8, 10, 18). Pressure
ejection approximates a point source by delivering a small volume of analyte to the tissue through
a micropipette as small as 1 - 2 ym at the tip (19, 20). Timelapse images are collected and
analyzed by linescan to quantify the spread of the protein over time. This approach has been

used productively for 25 years, predominately in brain, to quantify diffusion of fluorescently



labelled probes and thus elucidate the geometric properties of the extracellular space. However,
probe insertion causes mechanical damage to the tissue that generates rapid reactivity (21, 22).
Diffusion distances for metabolites and proteins through tissue are on the order of 50 - 200 ym
(6), therefore, danger signals could potentially extend within minutes of probe insertion over a
region ~ 100 — 400 uym in diameter, the same length scale as substructures within the lymph node
and other organs. Local damage surrounding the probe may be particularly detrimental to reactive
organs such as the lymph node, whose rapid response to tissue damage (23) may alter the local
microenvironment. An alternative method is fluorescence recovery after photobleaching (FRAP),
in which the sample is saturated with a fluorescently-labelled protein and locally photobleached.
Timelapse images are collected to quantify diffusion of the remaining protein into the bleached
area over time (16). FRAP has been used to quantify diffusion of protein-sized analytes in both
gels (24, 25) and tissue (26—28), using inert dextrans and proteins such as albumin. However,
soaking lymph node tissue in bioactive cytokines may induce a rapid cellular response that could

alter transport properties.

Methods are needed to analyze protein diffusion in the lymph node in order to inform the
development of targeted immunotherapies and reveal mechanisms of cell-cell communication in
adaptive immunity. The lymph node is highly structured, much like the brain, and its organized
structure is critical for proper initiation of adaptive immunity (29-32). Cell-cell communication in
the lymph node is transmitted largely through secreted proteins called cytokines (33, 34), which
serve as drug targets because their local concentrations guide inflammatory and immune events
(35-38). Cytokines act both locally and across the node, indicative of a diffusing signal (39-41).
Many cytokines bind the extracellular matrix, which may contribute to gradient formation (42, 43),
and convection by interstitial flow likely also affects their distribution (44). Despite intense interest

in building predictive models of cytokine signaling for mechanistic studies and immunotherapy



design (45-47), the diffusion coefficient of cytokines through lymph node tissue remains

unmeasured.

In this paper, we describe a new method to quantify diffusion of bioactive proteins in live
lymph node tissue. In order to limit local tissue damage and reactivity, we utilized microfluidic
delivery of the protein in combination with 10l (Micro-l1OI). A microfluidic channel terminating in a
port was used to deliver bioactive cytokines to discrete regions of lymph node tissue. IOl image-
analysis methods were developed to accommodate the background of the microfluidic channel,
and the resulting Micro-IOl method was validated against FRAP in slices of agarose gel and
validated for free diffusion of both dextrans and proteins. Next, the method was used to quantify
the diffusion in tissue of three murine cytokines: IL-2, TNF-a, and IFN-y, which play critical roles
in the immune response and differ in molecular weight, oligomerization, and structure. We sought
to isolate the effect of glycosylation on diffusion by testing cytokines expressed in mammalian
cells versus in E. coli and finally calculated the tortuosity experienced by these proteins through

the tissue. .

2. Materials and Methods:

2.1 Preparation of fluorescently-labelled probes:

Fluorescein-labelled dextran, anionic (FITC-dextran) in varying molecular weights and Alexa
Fluor 647-labelled 10-kDa dextran were obtained from Life Technologies and stored at -20 °C in
1x phosphate buffered saline (PBS: 137 mM Sodium chloride, 10 mM sodium phosphate dibasic,
2.7 mM potassium chloride, and 1.8 mM potassium phosphate monobasic). Recombinant murine
TNF-a, IFN-y, and IL-2, expressed in E.coli, were obtained from Peprotech, and recombinant
human TNF-q, IFN-y, and IL-2, expressed in HEK 293 cells, were obtained from Acro Biosystems.
Cytokines were covalently conjugated to a fluorophore by incubating with excess Alexa Fluor 647

NHS-ester (Life Technologies) for 1 hr at room temperature, followed by 2 hours at 4 °C. Excess



dye was removed by repeated centrifugation through an EMD Millipore Amicon Ultra-2
centrifugation unit (Fisher Scientific) with a 3-kDa molecular weight cut-off. The degree of labelling
was determined using a Nanodrop 1000 (Thermo Scientific), and was 3, 6, and 2 mol dye/mol
protein for mouse IL-2, TNF-a, and IFN-y, respectively. The degree of labelling for human IL-2,
TNF-a, and IFN-y, was 1.4, 2, and 2.6, respectively. Labelled cytokines were stored at -20 °C in

1x PBS.

2.2 Microfluidic device fabrication:

The three-layer device was fabricated according to published procedures (48). Briefly, the top and
bottom layers (tissue culture chamber and microfluidic channels) were fabricated using standard
soft lithography. Transparency masks were drawn in AutoCAD LT 2015 and printed at 20,000 DPI
(CAD/Art Services Inc, Bandon OR). Master molds were fabricated using SU-8 3050 photoresist
(Microchem, Westborough MA, USA) on 3” silicon wafers in a class 1000 cleanroom.
Polydimethylsiloxane (PDMS) was used at a 10:1 ratio of silicon elastomer base to curing agent
(Ellsworth Adhesives, Germantown WI, USA) to create replicas of the device. Inlet and outlet
holes were punched into the top layer prior to bonding using a 0.75 mm I.D. tissue punch (World
Precision Instruments, Sarasota FL, USA) to accommodate nonshrinkable PTFE TT-30 tubing
with 0.012” I.D. and 0.009” wall thickness (Weico Wire, Edgewood NY, USA for delivery. The
tissue culture chamber (top layer) was punched using a 12 mm tissue punch. The middle layer
(exit port) consisted of a 250-um thick PDMS sheet (Stockwell Elastomerics, Inc, PA USA) that
was laser etched (Versa Laser 3.5, Universal Laser Systems, Scottsdale AZ, USA) to create a
80-pum exit port for the microfluidic channel. All three layers were manually aligned and

permanently bonded with air plasma (Tegal Plasmod).



2.3 Free diffusion experiment and Micro-10I validation in gels:

Prior to the experiment, the microfluidic channel was filled completely with the analyte of interest
and the outlet was plugged. Plugging the outlet ensured that the quantity of analyte delivered was
known precisely based on the concentration and flow rate of delivery. The device was placed on
the stage of a Zeiss AxioZoom macroscope (Carl Zeiss Microscopy, Germany) equipped with an
Axiocam 506 Mono camera. For measurements of free diffusion, the tissue culture chamber was
filled with 0.3 % w/v agarose in 1x PBS to minimize convective flow (18). Temperature was
maintained at 37 °C by using a stage-top mini-incubator with heated base and heated lid,
equipped with a temperature probe (Bioscience Tools, San Diego, CA). Analyte solutions were
loaded into a 50 uL Hamilton Model 1710 RN syringe with 26s gauge large hub needle, and
delivered through the microchannel by using a Chemyx syringe pump (Houston TX, USA). FITC-
dextran (0.05 mg/mL in 1x PBS) was delivered for 5 s at 0.4 pL/min. Time-lapse images (14 bit,
using Zeiss filter set #38 for fluorescein) were collected at 1-s intervals for a few seconds prior to
delivery and for the duration of delivery. Immediately after delivery, the pump was stopped to halt
convection, and time-lapse images were recorded every 30 s for 180 s to watch the spread of the
fluorescent signal. Free diffusion of each Alexa Fluor647-labelled cytokine (0.01 mg/mL) was

measured similarly, using the Cy5 (#50) filter set.

To validate micro-I0lI measurements in gels, 300-um thick slices of low-melting point
agarose (2, 4, 6, or 8 % w/v; Lonza, Walkersville MD, USA) were prepared using a Leica VT1000S
(Bannockburn, IL, USA) vibratome. The microfluidic channel was filled and plugged as described
above, and an agarose slice was submerged in 1x PBS in the tissue culture chamber. A stainless
steel washer (10 mm O.D. and 5.3 mm [|.D., Grainger USA) was placed on top of the slice to
anchor it down. The analyte solution (0.05 mg/mL 3-kDa FITC-dextran, 10-kDa FITC-dextran, or
fluorescein-conjugated ovalbumin (FITC-OVA, Life Technologies) was delivered to the agarose

slice for 5 s. Temperature control and imaging were performed as for free diffusion.



2.4 Lymph node slice harvest and staining:

Lymph node slices were prepared as previously reported.(48) All animal work was approved by
the Animal Care and Use Committee at the University of Virginia. Female C57BL/6 mice between
6-12 weeks of age (Jackson Laboratory, USA) were housed in a vivarium and given food and
water ab libitum. On the day of the experiment, mice were anesthetized with isoflurane and
euthanized by cervical dislocation. Six peripheral lymph nodes (inguinal, brachial, and axillary)
were removed and placed in ice-cold DPBS without calcium or magnesium (Lonza, Walkersville
MD, USA, #17-512F) with 2 % v/v heat-inactivated fetal bovine serum (FBS, Gibco, Fisher
Scientific, 100 % US Origin, 1500-500 Lot 106B14). Lymph nodes were embedded in 6 % w/v low
melting point agarose prepared in 1x PBS, which was placed on ice to harden. A 10-mm tissue
punch (World Precision Instruments) was used to collect a block of agarose containing the lymph
node. The block was glued onto a mounting stage and sliced to 300-um thick using a Leica
VT1000S (Bannockburn, IL, USA) vibratome set to a speed of 90 and frequency of 3. Slices were
collected using a paint brush and placed in a “complete RPMI”: RPMI (Lonza 16-167F)
supplemented with 10 % FBS, 1x L-glutamine (Gibco Life Technologies, 25030-081), 50 U/mL
Pen/Strep (Gibco), 50 UM beta-mercaptoethanol (Gibco, 21985-023), 1 mM sodium pyruvate
(Hyclone, GE USA), 1x non-essential amino acids (Hyclone, SH30598.01), and 20 mM HEPES
(VWR, 97064-362). Slices were kept in a sterile incubator at 37 °C with 5 % CO; for one hour
prior to use. Slices of agarose without tissue were prepared similarly for the Micro-10I validation

experiments.

Prior to the experiment, the tissue slices were immunostained to show structure. Slices
were blocked with 20 pL of 25 pg/mL LEAF purified anti-mouse CD16/32 antibody (Clone 93,
Biolegend, San Diego CA, USA) for 10 min, then stained with anti-mouse CD45R/B220 antibody
(10 pL of fluorophore-antibody conjugate added to the 20 puL of block solution) for 60 minutes in

the cell culture incubator. In experiments using Alexa Fluor 647-labelled diffusion probes, slices



were labelled using 6.7 pg/mL FITC-anti-mouse B220 (clone RA3-6B2, Biolegend), which was
imaged using Zeiss filter set #38 for fluorescein. In experiments using FITC-labelled diffusion
probes, slices were labelled using 13 pg/mL Rhodamine-labelled anti-mouse B220 (Biolegend),
which was imaged using filter set #43. After staining, slices were washed three times with 1x PBS
and stored in complete RPMI in the incubator until use. In preliminary work, we found that this
procedure labeled B220-positive B cells selectively, with a low level of Fc-mediated off-target

binding occurring in the sinus and cortical region of the tissue.

2.5 Experimental measurement of diffusion in live lymph node slices:

For delivery to tissue, the channel was filled with the analyte of interest (fluorescently labelled
dextran or cytokine) and the outlet was plugged. A live, immunostained lymph node slice was
placed inside the PBS-filled tissue culture chamber, and a washer was placed on top. The tissue
was aligned manually to place a region of interest over the delivery port. The analyte was
delivered for 3 - 5 s to the T-cell or B-cell/Cortex region of the slice, and imaging was performed
at 37 °C as described above. In most tissue experiments, Alexa Fluor 647-labelled probes were
used in order avoid tissue autofluorescence in the green channel. In one experiment, to test the

extent to which the fluorophore affected diffusion, FITC 10-kDa dextran was used instead.

2.6 Image analysis to determine experimental diffusion coefficients:

Micro-10l image analysis was based on the method developed by Nicholson (see Supplemental
Figure 1 for flow chart) (18, 49). Images were analyzed using Zen Lite software 2.3 (Zeiss) and
Image J 1.50i. For each experiment, a linescan was collected from a background fluorescence
image taken before delivery, and this linescan was subtracted from all later time points.(18) This
background subtraction removed autofluorescence of the tissue and dim scattered fluorescence
from the microchannel below the sample. Images for analysis were collected at 30, 60, 90, 120,

150, and 180 s after delivery. The first 30 s after delivery were excluded due to possible residual



convection from the microfluidic port. When working in tissue, the linescan was drawn so that it
did not extend past the borders of the tissue. In all cases, the linescan was across the channel

rather along it, to minimize its contribution to the background fluorescence.

During measurements made in optically clear samples (i.e. for free diffusion and agarose gel),
an intense fluorescent signal was observed in the center of the linescan due to the fluorescent
solution in the port. This artifact was manually excluded prior to analysis by selecting the x-
coordinates that pertained to the port and a small section surrounding the port (S| Figure 2). The

excluded region was constant for all time points for a given experiment.

Diffusion of the analyte after microfluidic delivery was approximated as 2-dimensional point-
source diffusion. With these flow rates and microfluidic port diameter, the initial distribution was
several hundred microns across (48); thus, the behavior was that of a “virtual” instantaneous point
source at an earlier time (18, 20). We assumed that over the timescale of measurement (up to
180 s), consumption or depletion of the analyte was negligible. The concentration distribution C
[mol/um?3] arising from 2-dimensional point-source diffusion through a thick slice is described by

the following equation,

N 2
C(r,t) = e 7'/4Pt, 1)

where N is the number of moles of analyte released [mol], D is the diffusion coefficient [um?/s], t
is the time since release from the virtual point source [s], L is the vertical thickness of the slice

[um], and r is the radial position from the source [um].

To obtain the diffusion coefficient for each sample, intensity data from each linescan were fit

with a Gaussian Equation (Eq. 2) in Graphpad Prism 7.

y = Ae—O.S(x/a)2 (2)
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where A is the amplitude of the curve, x is the distance along the linescan (um), and o is the
standard deviation of the Gaussian curve. Comparison of Eq. 1 and 2 vyields the following

relationship:

g% = 2Dt 3
Therefore, the diffusion coefficient for each trial was estimated by determining the slope of a

linear regression of g2/2 vs t.
2.7 Prediction of free diffusion coefficients:

Free diffusion coefficients were estimated based on the Stokes radii of the molecules. Stokes radii
for dextrans were obtained from the vendor. For cytokines, the Stokes radius (R) was estimated
based on molecular weight, by assuming the protein was a spherical structure composed of

closely packed atoms. This assumption yields Eq. 4 (50).

1 1
=) =) @
Here, V is defined as the volume of a single protein molecule [cm®], MW is the molecular weight
of the protein [g/mol], Na is Avogadro’s number (6.02 x 102 molecules/mol), and v is the partial
specific volume [cm?/g], i.e. the inverse of the density. Protein density is estimated to be 1.37
cm?®/g, so the partial specific volume is 0.73 g/cm?® (50). The assumption of closely packed atoms
will underestimate the radius of proteins that have a loose tertiary structure; such proteins would

likely diffuse in free solution more slowly than predicted by this estimate.

The free diffusion coefficient was estimated using the Stokes-Einstein equation (Eqg. 5), where
k is the Boltzmann constant (1.38 x 10%® gecm?/ s2¢K), T is temperature [K], n is the solvent

viscosity (0.0069 g/cmes for PBS at 37°C), and R is the Stokes radius [cm].

_ kT
- 6TNR
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2.8 Tortuosity:

Tortuosity (A) describes the degree of hindrance experienced by the molecule within the matrix
compared to diffusion in free solution (10). The equation for tortuosity was expressed in terms of

the free diffusion (D) and effective diffusion coefficient (D) within the tissue (Eq. 6):

A= |2 (6)

Standard errors, SEM, for tortuosity were calculated by propagation of the experimental

standard error of D and D* (Eq. 7), assuming independent errors:

st =4 (252" + () Y

2.9 Statistics:

All values were expressed as mean + SEM unless otherwise indicated. GraphPad Prism 7 was
used to compute all statistics (GraphPad Software Inc., La Jolla, CA USA). Differences were

considered significant at p < 0.05.

3. Results and Discussion:

3.1 Microfluidic integrated optical imaging (Micro-10l) for diffusional analysis of bioactive
proteins:

To analyze diffusion in the highly structured environment of the lymph node (Fig. 1a), we
developed a microfluidic delivery method coupled to integrated optical imaging that limits tissue
damage in the region of interest, is compatible with bioactive molecules, and is easily applied to
any biological tissue. We took advantage of a microfluidic device recently developed by our
laboratory for spatially resolved delivery of proteins to live lymph node slices (48), simplifying the

design for this study to a single channel and delivery port. The device consisted of three stacked
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PDMS layers: a single 100-um x 100-um microchannel (bottom), a thin layer of PDMS with a
single exit port (80-um diameter) aligned over the channel, and a tissue chamber (top) (Fig. 1b-
d). The chamber allows complete submersion of the tissue sample for enhanced viability, and the
use of a microchannel provides non-invasive, controlled delivery of precise volumes to sub-
regions of the tissue (48, 51-53). We have previously shown that lymph node slices retain viability
for at least 6 hours after slicing and at least 4 hours on the microfluidic chip (48); all diffusion

experiments were performed within this timeframe.

Inlet
LN Slice

$==—=—Port

Culture
Chamber
Outlet

Figure 1: Design and prototype of device for microfluidic integrated optical imaging (Micro-10l) to
analyze diffusion in live lymph node tissue. a) Live lymph node slices had substructures that were
visible after live immunostaining, here with Rhodamine-anti-B220 for B cells (green), FITC-anti-
CD4 (Fab), for T cells (pink), eFluor 660-anti-Lyve-1 for lymphatics (blue), and Hoechst nuclear
counterstain (gray). b) Top-view schematic of microfluidic device. ¢) Photograph of assembled
device and d) micrograph image of culture chamber, with the underlying channel and port visible.

To analyze diffusion, the fluorescently labelled analyte was delivered to the sample in a

brief pulse (3 — 5 sec), after which the pump was stopped and the lateral spread was monitored

13



every 30 s using widefield fluorescence microscopy (Fig. 2a-b). Data was analyzed by established
IOl techniques (18): a linescan from each time point was fit with a Gaussian distribution to obtain
the standard deviation (o) of the distribution, and the diffusion coefficient was obtained from a
linear regression of 02/2 versus time (see Methods and S| Figure 1). The linescans were
background subtracted by using an image collected prior to delivery, to account for dim
fluorescence from the microchannel below the tissue. Furthermore, for optically clear samples, a
small central portion of the linescan was excluded to eliminate false signal arising from the port
beneath the tissue (SI Figure 2). The latter step was not required in tissue, which was opaque

enough to obscure the light from the port.

(1) Deliver 5 s

=

(2) Stop pump

-

+ plugged

Channel Probe B220 200 pm

Figure 2: Experimental assay for diffusional analysis in tissue. a) Side-view schematic
representing the two-step experimental procedure. b) Selected time lapse images showing a live
lymph node slice, immunostained with FITC-anti-mouse B220 (green), on the microfluidic chip
during an experiment. A fluorescent protein (red; images show TNF-a) was delivered through the
channel into the tissue, and the end of delivery designated as 0 s. Images collected at 30, 90, and
180 s after delivery are shown. Yellow dotted line represents linescan along which diffusion was
guantified. Timelapse movies of delivery and diffusion are provided in the Supplement (Movies
S1 and S2, respectively).

3.2 Micro-10lI validation:

Micro-10l was validated for diffusion of protein-sized analytes in both free solution and
agarose gel. Dextrans are branched polysaccharides, similar in size to proteins, and are often
used to model diffusion of non-binding analytes in tissue and gels (18, 24, 54). We quantified the
free diffusion of FITC-labelled 10- and 40-kDa dextran and five Alexa Fluor 647-labelled cytokines

14



(Table 1). The results were compared to the predictions of the Stokes-Einstein equation. The free

diffusion coefficients for 10- and 40-kDa dextran were within 8 % and 1 % of the prediction,

respectively; free diffusion coefficients of all cytokines were within 24 % of the prediction. Variation

between trials for free diffusion measurements was similar to that reported using traditional 10l

(55).

Table 1: Diffusion of dextran and cytokines in 2 % agarose and lymph node tissue at 37 °C. All
values of D are x 107 cm?#s and mean = SEM. Number of independent samples (n) shown in

parenthesis.
Molecular Stokes Calculated Measured 2% Micro-IOl Micro-IOl
Analyte Weight Radius Dree! Drreet Agarose T-cell zone B-cell/Cortex
(kDa) (nm) De Dett Defi
Dextran 10 2.30 14 13+4(7) 8.9+1.9(5) 6.7 £2(4) 6.8 £3(6)
Dextran 40 4.50 7.3 7.4+3(4) 4.7+1.4(5)
Mlzlrimceollil;-z 17.2 1.71* 19 25 +6(4) 14 +2.8 (4) 10.5+2.0(7) 6.5+2.0(5)
Human IL-2
(HEK 293) 17 1.71* 19 23 £4.2(5) 18 +3(4) 9.2+2(4) 6.3 +2.5(5)
M“Egi(’)ﬁ)'\lv 15.6 1.65* 20 17+4(5)  15+40(4) 10.6+17(7) 7.5+2.0(8)
Murine TNF-a 17.3 .
(E.coll) (monomen) 1.71 19 19+0.9(4) 17 +3.0(4) 4.4+1.3(8) 5.4 +1.2(5)
Human TNF-a 54
(HEK 293) (trimen) 2.50* 13 15 +3(4) 13 +1.5(5) 11 £3(5) 6.9 +1.0(7)

* Estimated from the molecular weight reported from the vendor (Peprotech for E.coli and Acro
Biosystems for HEK 293), using Eq. 4.

T Calculated from Stokes-Einstein equation (Eq. 5) at 37 °C.

T Measured in 0.3 % agarose in 1x PBS.

Next, the performance of micro-101 was tested in slabs of agarose gel as a model of tissue.

Agarose hydrogel is frequently used to model the physical characteristics of brain tissue and other

complex matrices (56). Linescans for both 10- and 40-kDa dextran decreased in intensity and

increased in width over time, as expected for a process mediated by diffusion (Fig. 3a-b). As
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expected, both probes exhibited restricted diffusion in 2 % agarose compared to in free solution,
and increasing the size of the dextran or the concentration of agarose further restricted diffusion
through the gel. Specifically, 40-kDa dextran experienced higher hindrance to diffusion than 10-
kDa dextran in 2 % agarose (Fig. 3c and Table 1). Similarly, increasing the agarose concentration
over the range 2 — 8 % w/v reduced the effective diffusion coefficient for both dextrans (Fig. 3d
and Table 1; p = 0.02 by two-way ANOVA). This trend was comparable to previous reports

showing protein diffusion in varying percentages of agarose gel using a refractive index method

(57).

— DS
= 90 s
- 180s

/

0 800 1600 2400 0 800 1600 2400
Distance (um) Distance (pm)
¢ d -7
10
X e tokDa  qsp * 10 kDa
-&— 40 kDa ® 40 kDa
[y ] —_—
g 607 %410.04 Tissue
2 E 4 (10 kDa)
o~ 40- o
o w € 5.0~
® 204 =3 i I
0 ] ] 1 1 0'0 1 1 1 1 1
0 50 100 150 200 0 2 4 6 8 10
Time (s) % Agarose

Figure 3: Micro-I0OI reproduced expected trends for diffusion in of dextrans in agarose gel.
Representative linescan data at 3 time points for (a) 10-kDa dextran and (b) 40-kDa dextran,
shown in bold dots. A portion of the data at the peak was excluded to remove an artifact from the
brightness of the port (SI Fig. 2), and the remaining data were fit with a Gaussian distribution (pale
solid line) to obtain the standard deviation of the curve (o). All Gaussian fits in agarose had r? 2
0.90. (c) The slope of mean squared displacement versus time gives the diffusion coefficient. 10-
kDa dextran had a larger diffusion coefficient than 40-kDa dextran in 2 % agarose. r?> = 0.99 for
both curves. Data for individual samples are provided in Sl Fig. 3. (d) The diffusion coefficient
decreased as a function of increasing percent agarose for both dextrans. Diffusion of 10-kDa
dextran in lymph node slices (red) closely resembled the diffusion in 2 % agarose.
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Finally, we directly compared the effective diffusion coefficients from micro-lOl to results
obtained by Pluen et. al using FRAP (24). FITC-labelled 3-kDa dextran, 70-kDa dextran, and
chicken egg ovalbumin (OVA) were delivered to 2 % agarose gel at 25 °C (Table 2, n = 4-5).
Micro-IOl diffusion coefficients were within two-fold of those from FRAP, showing good agreement
(Table 2). Pluen et. al tested 4.4 kDa dextran instead of the 3 kDa dextran used here, which may

partially explain the 35 % difference in values for that probe.

Table 2: Diffusion measurement with Micro-IOl was comparable to FRAP in 2% agarose gel at
25 °C. All values are x 107 cm?/s and mean + SEM (n = 4-5).

Analyte Molecular Stokes Micro 10 FRAP*
Weight (kDa)  Radius (nm) Dc (cm?/s) Dc (cm?/s)
Dextran 3 1.4 16 +1.3 10.57
Dextran 70 6.0 35+1.0 2.9
Ovalbumin 45 3.2 45+1.0 4.0 x10”

*A. Pluen et. al, Biophysical Journal, 1999, 542-552
T Value for 4.4 kDa Dextran

3.3 Diffusion of dextran in live lymph node tissue:

It is useful to analyze the diffusion of non-binding analytes, such as dextrans, in tissue,
because they reveal physical characteristics of the extracellular space such as tortuosity (10).
These characteristics are not well understood in lymph nodes (58). The lymph node can be
roughly subdivided into two regions: a central T-cell zone, or deep paracortex, where T cells
interact with antigen-presenting dendritic cells, and an outer region, or cortex, that contains
multiple ovoid follicles of antibody-producing B cells as well as other cells. B cell follicles and
surrounding cortical tissue have a different underlying stromal structure than the T cell zone (59,
60), and we tested whether diffusion coefficients differed between regions. Zones were
distinguished by incubating the slices with a fluorophore-labelled antibody against B220, a B cell

marker, prior to micro-lIOl. The T-cell zone was defined as the absence of B220 staining in a
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central region of the tissue, while the B220-bright regions were assigned to the B-cell/cortex zone.
We used Micro-10I to quantitate the effective diffusion coefficient of a non-binding analyte whose
size is similar to a typical cytokine, 10-kDa dextran, in substructures within the lymph node in

order to determine their geometric tortuosity.

Diffusion of Alexa Fluor 647-labelled 10-kDa dextran was analyzed in the T-cell zone (Fig.
4a,c) and the B-cell/Cortex zone (Fig. 4b,c) of live lymph node slices (Table 1). The 10-kDa
dextran had the same effective diffusion coefficient in both the T-cell and B-cell/Cortex zones. As
a control, we also tested fluorescein-conjugated dextran, and found that its diffusion was
indistinguishable from the Alexa Fluor 647-conjugate (Sl Fig. 4), confirming that the results were
not due to an artifact related to the choice of fluorophore (61). This result suggests that the
structure of the extracellular space is similar between the T cell zone and the cortex or B cell
zone. The calculated tortuosity for 10-kDa dextran in both zones was estimated to be 1.4 in these
naive, unstimulated slices (Table 3). For reference, measurements of 10-kDa dextran diffusion in
rat cerebral cortex using traditional 10l yielded a tortuosity of 1.6 (18), somewhat higher than our
result for lymph node (2.6-fold vs 2.0-fold reduction in diffusion coefficient in brain and lymph
node, respectively). If upheld by future experiments, we speculate that the difference may be
related to differences in cytoarchitecture; for example, cells in the lymph node are primarily small
and semi-spheroidal, whereas the brain features dense networks of axons. Differences in the

structure of the extracellular matrix could also play a role (62).
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Figure 4: Diffusion of 10-kDa dextran in live lymph node slices. Lymph node slices were
immunostained with FITC-anti-mouse B220 (green) to show structure. Alexa Fluor 647-labelled
10-kDa dextran (red) was delivered for 5 s to either (a) the T cell zone or (b) B cell/Cortex zone
of the slice. (c) The mean squared displacement as a function of time was plotted for both zones.
The slope of the curve gives the diffusion coefficient (tabulated in Table 2; Sl Fig. 5 shows
individual slices). Values are mean £ SEM (n = 4-6).

Table 3: Tortuosity of dextran and cytokines in 2% agarose hydrogel or healthy murine lymph

node. All diffusion coefficients were obtained at 37 °C.

Analyte Tortuosity
2% T cell zone B-cell/ Cortex
agarose zone

10 kDa Dextran 1.2£0.2 1.4£03 1.4£0.9

IL-2 (E.coli) 13:02 15102 2004
Murine

IL-2 (HEK 203) 11401 1602 1.9+04
Human

IFN-y (E.coli) 1.1£0.2 1.3£0.2 15£0.3
Murine

TNF-a (_E.coll) 11+01 21+03 1.9+0.2
Murine
Human

3.4 Cytokine diffusion is restricted in lymph node tissue compared to agarose:

Unlike dextran, cytokines are expected to bind to the extracellular matrix and to cell-

surface receptors, which should reduce the effective diffusion coefficient (9, 43). This
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phenomenon is thought to enhance the local accumulation of cytokines near pockets of secreting
cells, generating local “niches” and gradients of chemokines that mediate cell behavior in
immunity (5, 40, 42). To isolate the effect of binding, we directly compared the diffusion of three
cytokines — TNF-q, IL-2, and IFN-y, in a slice of agarose gel vs in tissue. We selected 2 % agarose
because this density best reproduced the tortuosity of lymph node tissue for a 10-kDa dextran
(Fig. 3d), indicating that in the absence of binding, 2 % agarose presents a similar barrier to
diffusion as the lymph node matrix. Like dextran, all cytokines exhibited slightly restricted diffusion
in 2 % agarose when compared to free solution (Table 1). Additionally, unlike the 10-kDa dextran,
all cytokines experienced increased hindrance in lymph node slices compared to 2 % agarose
(Table 3, Figure 5). This result indicates that binding does impede the diffusion of cytokines in
lymph node tissue. In future experiments, it will be informative to use receptor knockouts, binding
inhibitors, and mutant non-binding cytokines to determine the extent to which specific binding

interactions contribute to local accumulation of cytokines and chemokines.
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Figure 5: Diffusion of cytokines was restricted in live lymph node slices. (a, b) Representative
images of Alexa Fluor 647-labelled human cytokines (red) delivered to the T-cell and the B-
cell/Cortex zones of murine lymph node slices. Slices were stained in advance with FITC-anti-
mouse B220 (green). (¢) Unlike dextran, the cytokines trended towards increased hindrance in
tissue compared to 2 % agarose. Analyzed by 2-way ANOVA with Dunnett’s multiple comparison
test.

We further tested the extent to which diffusion coefficients of cytokines varied between
regions of the lymph node. Microfluidic delivery was able to deliver selectively to the T cell zone,
while deliveries to B cell follicles sometimes spread into the surrounding cortex. On average, most
cytokines trended towards more restricted diffusion in the B-cell/Cortex zone compared to the T-
cell zone (Fig. 5), with the exception of mouse TNF-a, where the diffusion in the T cell zone was
just as restricted as the B cell zone. Despite the trend observed between the two zones, there
was large variability between individual tissue samples (Sl Fig. 6 and 7), and none of the diffusion
coefficients were significantly different in one zone vs another (2-way ANOVA, p>0.05). In
addition, a limitation of the method was that for smaller B cell follicles, the linescan along which
diffusion was analyzed sometimes extended beyond the follicle into the T cell zone. Future work

with higher-resolution delivery may permit better distinction between the various zones.

3.5 Diffusion of glycosylated versus non-glycosylated cytokines in lymph node tissue:
Glycosylation affects protein structure and oligomerization, facilitates binding to receptors
and the extracellular matrix, and regulates multiple immune pathways (63, 64). Most commercially
available recombinant murine cytokines, including the ones used in this study, are expressed in
E. coli and are therefore unglycosylated. We hypothesized that glycosylated cytokines would
experience an increase in restricted diffusion when compared to non-glycosylated cytokines
because of enhanced binding to the extracellular matrix, and, for TNF-a, enhanced
oligomerization from monomer to trimer. Because the murine cytokines were not available in a

mammalian expression system, we chose human cytokines expressed in mammalian cells (HEK
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293) as an alternative. Fortunately, human IL-2 and TNF-a are both active in mouse tissue:
Human IL-2 binds all forms of the mouse IL-2 receptor (65), and human TNF-a binds the mouse
TNFR1 receptor but not the TNFR2 receptor (66, 67). Human IFN-y is not expected to bind mouse
IFN-y receptors (68) and was therefore excluded from the study. When diffusion was measured,
the human IL-2 displayed significantly hindered diffusion in tissue compared to 2% agarose, while
human TNF-a trended in this direction for the B cell zone only (SI. Fig. 8)). Surprisingly, no
significant differences in diffusion were observed for glycosylated vs unglycosylated cytokines,
when comparing within each cytokine (Table 1; unpaired t-test, p>0.05). This suggested either
that glycosylation (and the associated species change) did not impact diffusion to a detectable

degree, or that available binding sites were saturated at the concentrations used.

We note that a large quantity of cytokine (0.01 mg mL?, 590 nM; 3.3 ng total) was delivered
in this assay, to ensure visibility of the probe by fluorescence microscopy. It is possible that this
high concentration saturated all available binding sites and masked any differences in binding
between cytokines. To test whether effective diffusion was inflated by this effect, we tested the
lowest concentration of fluorescently labelled human IL-2 that was visible (0.001 mg mL?, 59 nM).
Human IL-2 was chosen because of its proper glycosylation and ability to bind IL-2 receptors in
mouse tissue. The effective diffusion coefficients were unaffected by the change in concentration
(Sl Fig. 9), suggesting that either glycosylation did not appreciably influence binding, or that the
concentration was still above the saturation point. The Kq for IL-2-receptor binding is 10 pM — 10
nM, depending on which components of its multi-unit receptor are present (69), and the Kqfor
cytokine binding to heparin in extracellular environment ranges from < 10 — 500 nM) (70). Future
experiments will test whether the diffusion of chemokines, whose function depends on matrix

binding (42), would show a larger effect of glycosylation than the cytokines tested here.
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4. Conclusions:

In summary, we present a hovel method to analyze diffusion of bioactive analytes in live
tissue samples, and utilize this method to obtain the first direct measurements of cytokine diffusion
in lymph node tissue. Micro-10I was validated against predictions of the Stokes-Einstein equation
for diffusion in free solution and against data from FRAP in an agarose hydrogel. Cytokine
diffusion within specific substructures of the murine lymph node was analyzed for recombinant
murine and human IL-2 and TNF-a. The diffusion of these cytokines was hindered by binding in
tissue compared to 2% agarose gel, whereas diffusion of non-binding dextran was unaffected.
Diffusion of cytokines was similar in the deep paracortex (T cell zone) and the B cell
follicular/cortex region. Though demonstrated for lymph node, the Micro-10I method is applicable
to any soft tissue sample that can be placed on the microchip and imaged by fluorescence
microscopy, including tumor and brain tissue. In the future, the use of receptor knock-outs and
binding inhibitors will provide insight at the molecular level into the causes of restricted diffusion
in the lymph node. We expect that this method will be useful to quantify the impact of inflammation
on the diffusion of cytokines, chemokines, and immunotherapies through the lymph node, thus

informing the design of cutting-edge immunotherapies.
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