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Migration of human T cells can be differentially
directed by electric fields depending
on the extracellular microenvironment

Karen Ende,1 Fabião Santos,2,3,4 Judith Guasch,2,3,4 and Ralf Kemkemer1,5,6,*

SUMMARY

T cell migration plays an essential role in the immune response and T cell-based therapies. It can be modu-
lated by chemical and physical cues such as electric fields (EFs). The mechanisms underlying electrotaxis
(cell migration manipulated by EFs) are not fully understood and systematic studies with immune cells
are rare. In this in vitro study, we show that direct current EFs with strengths of physiologically occurring
EFs (25–200 mV/mm) can guide the migration of primary human CD4+ and CD8+ T cells on 2D substrates
toward the anode and in a 3D environment differentially (CD4+ T cells show cathodal and CD8+ T cells
show anodal electrotaxis). Overall, we find that EFs present a potent stimulus to direct T cell migration
in differentmicroenvironments in a cell-type-, substrate-, and voltage-dependentmanner, while not signif-
icantly influencing T cell differentiation or viability.

INTRODUCTION

Cell migration plays a crucial role in various physiological and pathophysiological processes, such as wound healing, cancer, and the immune

response.1 Specifically, immune cells can switch between differentmigrationmodes (in 2D amainly adhesion-dependent ‘‘mesenchymal’’ and

in 3D an adhesion-independent ‘‘ameboid’’ migration mode), as they are required to migrate efficiently and autonomously in various envi-

ronments of different chemical and physical compositions (e.g., within lymph nodes, blood vessel walls, peripheral tissue, tumors, etc.) to fulfill

biological functions in an immune response.2–10

Cell migration appears randomwhen no directed external stimulus is applied, but can bemanipulated and directed by external cues, such

as chemical gradients (chemotaxis), topography (topotaxis), substrate stiffness (durotaxis), surface-bound ligands (haptotaxis), temperature

(thermotaxis), and electric fields (electrotaxis or galvanotaxis).3,7,11–13 Electrotaxis has been minimally assessed in the context of T cells and

specifically in 3D environments; furthermore, the underlying general cellular mechanisms of electrotaxis remain to be fully elucidated.

Endogenous EFs appear in many physiological and pathophysiological processes such as wound healing, embryonic development, tumor

growth, and regeneration.14–17 For example, when an epithelial layer is disrupted, an EF is generated by ion flux, leading to transepithelial

potential differences at the wound site, resulting in EF voltages of 15–200 mV/mm near the wound.18 Furthermore, EFs of similar strength

could be detected on the tumor surface of murine tumor allografts.17

EFs can direct the cell migration of various cell types and can even override biochemical and topographical signals.13,19,20 Moreover, it has

been shown that the effects of EFs are cell-type specific, and even cells from the same lineage can show different migration directionality in

EFs.21,22 Next to EFs, the extracellular microenvironment affects cell migration and can also alter the directionality of cells in an EF, especially

when comparing 2D vs. 3D environments.23 Additionally, EFs have the ability to affect various cell functions, including activation, proliferation,

and differentiation.22,24,25 Only a few studies have focused on immune cells22,26 or specifically, on T cell electrotaxis,20,25,27,28 even though

electrotaxis might be promising for conditions where T cell functions are dysregulated such as the tumor microenvironment. T cells can

be mainly divided into two types, which are important in mounting immunological responses toward cancer29,30 as well as inflammatory

and autoimmune diseases.31,32 In general terms, CD4+ T cells, known as helper T cells, direct the immune response by activating effector

T cells. CD8+ T cells, known as cytotoxic T cells, can recognize and destroy cancer cells.

Electric fields might offer future potential for in vivo applications in T cell-based therapies. Despite the great success of T cell therapies for

hematological cancers,33 the effectiveness of such immunotherapies for solid tumors is dependent on the successful tumor infiltration of en-

gineered T cells.34–36 EFs might offer the possibility to improve T cell infiltration, by guiding T cells efficiently into the tumor and might be

specifically useful against ‘‘cold’’ tumors. Cold tumors have an immunosuppressive microenvironment including a high-density ECM that
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needs to be overcomeby T cells in order to infiltrate and fight the tumor.37 Furthermore, it was found that tumors themselves generate endog-

enous small EFs on the tumor surface (measured ex vivo).17 Thus, it is important to elucidate the impact of tumor EFs on T cells, specifically on

engineered or cytotoxic T cells to improve T cell-based tumor therapies.

Since directed migration is a key functionality of T cells in physiological and pathophysiological processes, we investigated the migration

of primary humanCD4+ andCD8+ T cells, and their ability to respond to EF exposure, at various physiologically relevant EF strengths, ranging

from 25 to 200 mV/mm. We further evaluated how the extracellular microenvironment is affecting T cell electrotaxis. More specifically, CD4+

and CD8+ T cell electrotaxis was experimentally assessed on various 2D substrate coatings, namely human fibronectin (FN), human intercel-

lular adhesionmolecule 1 (ICAM1), and bovine collagen type I (collagen), and additionally in 3D collagen gels. Moreover, we investigated the

influence of EFs on T cell functionality and analyzed cell viability, apoptosis, and the differentiation of different T cell subtypes.

RESULTS

The influence of physiological strength direct current (dc) EFs on T cell migration was investigated, and the electrotactic response was found

to be dependent on cell type, voltage, and substrate coating. However, previous studies, have reported that humanT cellsmigrate toward the

cathode when exposed to dc EFs.25,27,28 While, in this case, the results show a significantly directed migration toward the anode (except for

CD4+ T cells in 3D collagen gels showing cathodal electrotaxis) when primary human CD4+ and CD8+ T cells are exposed to dc EF strengths

between 25 and 200 mV/mm on different 2D substrates and in 3D environments.

Cells were observed with time-lapse video microscopy, and cell movement was tracked for three conditions: without EF stimulus (noEF),

applied EF stimulus (EF), and after reversal of EF polarity (EFrev). Representative images and migration tracks of CD8+ T cells on three sub-

strate coatings at an EF strength of 100 mV/mm are shown in Figure 1 (see Figure S1 for representative images and migration tracks at

different EF strengths revealing a voltage-dependent directedmigration of CD8+ T cells). The cell migration tracks in Figure 1 reveal a random

migration of CD8+ T cells without EF application. A directedmigration toward the anode (left) can be observedwhen an EF of 100mV/mmwas

applied. The migration direction is changed to the ‘‘new anode’’ (right) after the EF polarity was reversed. Depending on the substrate

coating, different characteristics of the electrotactic migration can be observed.

T cells show anodal electrotaxis on fibronectin and ICAM1-coated substrates and migration directionality increases with

increasing electric field strength

On FN- and ICAM1-coated substrates, primary humanCD4+ (Figure 2A) andCD8+ (Figure 2B) T cells show electrotaxis toward the anode. The

cell migration tracks in Figures 2A and 2B reveal a directed migration toward the anode (left) and a changed direction to the ‘‘new anode’’

(right) after the EF was reversed.

Figure 1. Representative phase-contrast images of CD8+ T cells migrating on differently coated substrates

FN, ICAM1, or collagen at 100 mV/mm. Cells were manually tracked for 30 min (colored lines), without stimulation (noEF), during EF exposure (EF) (anode (+) on

the left, cathode (�) on the right), after 30 min the EF direction was reversed (EF rev) (EF polarity was changed: anode (+) on the right, cathode (�) on the left). On

collagen-coated substrate (lower row) cells were tracked for shorter time periods (15 min), due to fast directed T cell migration. Scale bar: 100 mm.
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Figure 2. CD4+ and CD8+ T cells migrate toward the anode on FN- and ICAM1-coated substrates

Migration directionality and speed are dependent on T cell type, substrate coating, and EF strength. Migration of CD4+ and CD8+ T cells on FN- or ICAM1-

coated substrates, stimulated with 3 different EF strengths (100, 150, and 200 mV/mm), and without stimulation (noEF) was studied. The EF was applied for a

total of 60 min: 30 min with EF and 30 min with reversed EF direction (EF rev) (EF polarity was changed) (frame rate 10 s). Migration tracks of CD4+ (A) and

CD8+ (B) T cells on FN- or ICAM1-coated substrates and at 3 different EF strengths, without stimulation (no EF), EF stimulation (EF), and after EF reversal (EF

rev), over the 30 min time-period respectively. Boxplots of cell migration speed and migration directionality of CD4+ (C) and CD8+ (D) T cells (error bars are

SD). Velocity autocorrelation and mean squared displacement (error bars are SEM) of CD4+ (E) and CD8+ (F) T cells. Statistical significance was determined

with Mann-Whitney Test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). For all: min. 3 independent experiments (Ndonors R 3) were performed.
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Both T cell types show a stronger directed migration with increasing EF strengths on FN-coated substrates compared to electrotaxis on

ICAM1-coated substrates. To further reveal differences in the electrotactic response of the T cells, we analyzed additional motility param-

eters: migration speed and directionality (Figures 2C and 2D), mean squared displacement (MSD), and velocity autocorrelation (Figures 2E

and 2F).

Themigration speed of primary human T cells on FN differs significantly compared to T cells on ICAM1-coated substrates (Figures 2C and

2D).Without EF stimulation T cellsmigrate significantly faster on ICAM1 than T cells on FN-coated substrates (for examplewith average speed

(GSD) of CD4+ T cells: 12.0 mm/minG3.0 mm/min (on FN) vs. 19.7 mm/minG6.2 mm/min (on ICAM1)). When an EF is applied, migration speed

increases with increasing EF strength (e.g., average speed (GSD) for CD4+ T cells on FN: 13.4 mm/minG3.9 mm/min (100 mV/mm), 18.0 mm/

min G5.7 mm/min (150 mV/mm), 19.7 mm/min G7.3 mm/min (200 mV/mm)). Migration speed is significantly altered in CD4+ T cells on both

coatings (p < 0.0001 (FN), p < 0.0001 (ICAM1 EF steps 100–200 mV/mm, and p < 0.05 (ICAM1 no EF vs. 200 mV/mm), whereas CD8+ T cell

migration speed is mainly significantly altered on FN-coated substrates (p < 0.5 – p < 0.0001 (on FN) vs. p < 0.5 or not significant (on ICAM1))

but less significant than CD4+ T cells (see also Figure S2). T cells show heterogeneity in their migration behavior already without EF stimula-

tion, whichwe contribute to the cellular heterogeneity of primary human T cells coming fromdifferent donors. However, the effect of electrical

stimulation on T cell migration is significant compared to the noEF controls shown for each experiment.

The migration directionality increases with increasing EF strength, from 100 to 200 mV/mm. CD8+ T cells show a stronger response

measured by migration directionality (CD8+ mean cos(q): 0.5–0.7) than CD4+ T cells (CD4+ mean cos(q): 0.2–0.6) (see also Figure S2). Further-

more, additional experiments showed a directed response of CD8+ T cells at 50 mV/mm (see Figure S3), whereas CD4+ T cells show a signif-

icantly directed migration from 150 mV/mm for cells on ICAM1 and at 200 mV/mm for cells on FN-coated substrates, indicating a lower EF

threshold for electrotaxis in CD8+ than in CD4+ T cells.

The results in Figures 2C–2F further support the observation, that CD8+ T cells have a stronger directional response to the EF cues than

CD4+ T cells, which seem less receptive to the EF when considering the migration directionality, the MSD, and the velocity autocorrelation.

There is no significant difference between cell migration behavior during the exposure of the EF and after the reversed EF (EFrev). No lag time

could be observedwithin the 10 s frame rate, indicating that T cells sense the field reversal within a time frame shorter than 10 s and adapt their

response accordingly.

Velocity autocorrelation (Figures 2E and 2F) was calculated to quantify migration persistence. For both cell types, velocity autocorrelation

declines significantly (p< 0.05) faster in cells without EF stimulation or with small EF stimulation (no EF and EF% 100mV/mm), indicating a less

persistent and more random migration, than cells stimulated with EF strengths of 150 or 200 mV/mm.

The MSD calculates the mean surface area a cell explores over a certain time period, and is a measure of how randomly or efficiently a cell

migrates in one direction. MSD curves of CD4+ and CD8+ T cells increase significantly faster (p < 0.05) when an EFR 100 mV/mm is applied

compared to no EF curves (randomwalk) and further increase with increasing EF strength compared to no EF. This tendency can be observed

for both cell types and on both coatings.

At higher EF strength T cells migrate faster, more directed, more persistent and with higher efficiency in the direction toward the anode.

Furthermore, electrotactic migration effects are influenced by T cell type and substrate coating.

T cells show electrotaxis toward the anode on collagen-coated substrates and a strong dose-response relationship

To further study the effect of the extracellular environment on T cell electrotaxis, we studied the migration of T cells on 2D collagen-coated

substrates (Figure 3) and in 3D collagen gels (Figure 4).

Primary human CD4+ and CD8+ T cells on collagen-coated substrates were exposed to three different EF strengths: 25, 50, and 100 mV/

mm. Both cell types show a strongly directed migration toward the anode in an EF (Figure 3). In the absence of EF exposure, T cells on

collagen migrate randomly and at a slower speed compared to T cells on FN- or ICAM1-coated substrates (collagen: Figures 3A–3C versus

FN and ICAM1; Figures 2A–2D). When exposed to an EF, CD4+ and CD8+ T cell migration speed is significantly increased (CD4+ and CD8+

T cell mean speed (noEF) = 8–9 mm/min, mean speed (25 mV/mm) = 15–17 mm/min, mean speed (50 mV/mm) = 25–30 mm/min, mean speed

(100 mV/mm) = 48–56 mm/min) (Figure 3C). Due to the strong electrotactic response of T cells on collagen, smaller EF strengths compared to

prior experiments on FN- and ICAM1-coated substrates were applied (25, 50, and 100mV/mmvs. 100, 150, and 200mV/mm). CD4+ andCD8+

T cells change migration speed and direction already at 25 mV/mm significantly (CD4+ median cos(q): noEF %0.27 vs. 25 mV/mm R 0.95;

CD8+ median cos(q): noEF%0.25 vs. 25 mV/mmR 0.86) (Figure 3B). Migration speed and directionality significantly increase with increasing

EF strength (Figures 3A–3C).

The analysis of velocity autocorrelation andMSD also show significant differences between T cells exposed to 0 mV/mm (noEF) and T cells

exposed to 25, 50, and 100 mV/mm (Figure 3D). Velocity autocorrelation decreases significantly slower for T cells migrating during EF expo-

sure, indicating a more persistent migration compared to no EF (randommigration). This effect increases significantly (p < 0.0001) with each

step of increasing EF strength. The MSD (Figure 3D) of CD4+ and CD8+ T cell migration on collagen-coated substrates also increases signif-

icantly (p < 0.0001) with increasing EF strength, indicating a highly directed and efficient migration toward the anode.

The electrotactic responses and the dose-response relationship of migration directionality and speed of CD4+ and CD8+ T cells on

collagen-coated substrates are significantly stronger, than those observed on FN and ICAM1-coated substrates (Figures 2 and 3). For

example, our data shows an increase of CD4+ median cell migration speed (no EF-max EF) for collagen: 7–59 mm/min vs. for FN: 11–

19 mm/min and for ICAM1: 17–23 mm/min. Moreover, CD4+ T cell median directionality cos(q) (0–100 mV/mm) increases: for collagen

cos(q): 0.2–0.9 vs. for FN cos(q): 0.2–0.7, and for ICAM1 cos(q): 0.1–0.5).
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T cell electrotaxis in 3D collagen gels differs significantly from 2D electrotaxis and depends on the T cell subtype

From our 2D experiments, we found that the protein coating has a significant impact on T cell electrotaxis. However, T cell migration on 2D

surfaces is considerably different thanmigration in 3D environments. To observe cell migration in 3D, cells were embedded into collagen gels

and exposed to EFs of two different strengths (50 and 150 mV/mm) (Figure 4). The EF was applied for a total of 3 h, after 1.5 h the polarity was

changed (1.5 h of EF, following 1.5 h of EFrev). Cell migration was tracked and analyzed over 1.5 h (= 90 frames) for each condition (noEF, EF,

and EFrev) respectively (Figure 4A). T cells migrate significantly slower in 3D collagen gels than on 2D collagen surfaces (CD4+ and CD8+

T cells without EF: mean speed (3D) z 4 mm/min; mean speed (2D) z 8 mm/min).

In 3D electrotaxis, cell migration directionality (Figure 4B) increases significantly with increasing EF strength, whereas the migration speed

is not significantly altered when T cells are exposed to an EF (50–150 mV/mm). However, T cell migration speed is higher in CD4+ T cells

(average cell speed CD4+ = 4.7 mm/min) than CD8+ T cells (average cell speed CD8+ = 3.7 mm/min) but only significantly at 50 mV/mm (Fig-

ure 4C). In 3D electrotaxis, CD8+ T cells show a stronger directional response (median cos(q) CD8+ = 0.45 (50 mV/mm) and 0.74 (150 mV/mm))

than CD4+ T cells (median cos(q) CD4+ = 0.1 (50 mV/mm) and 0.6 (150 mV/mm)) at both EF strengths (Figure 4B) which is in accordance with

our observations in the electrotaxis experiments on FN- and ICAM1-coated 2D surfaces. We observed a directed migration of CD4+ and

CD8+ T cells toward the anode in all 2D experiments (Figures 2 and 3). Accordingly, CD8+ T cells in 3D collagen gels migrate in the direction

toward the anode when an EF of 50 or 150 mV/mm is applied (Figure 4B). They reverse their migration direction after EF reversal. However,

CD4+ T cells migrate in the opposite direction in the 3D experiments, toward the cathode, when an EF of 50 or 150mV/mm is applied. Further-

more, no significant change in migration directionality toward the ‘‘new cathode’’ can be observed when the polarity of the EF is reversed;

however, a tendency that the direction of CD4+ T cell migration changes toward lower or slightly negative cos(q) can bemeasured (Figure 4B).

Figure 3. CD4+ and CD8+ T cells migrate toward the anode on collagen-coated substrates

Migration speed and directionality increase significantly with increasing EF strength. Electrotaxis experiments were performed with 3 different EF strengths: 25,

50, and 100 mV/mm, over a total time period of 60 min: 30 min EF and after 30 min EF was reversed (EFrev) (frame rate 10 s).

(A) Migration tracks of CD4+ and CD8+ T cells on collagen I coated substrates over the 30 min time period.

(B and C) Cell migration speed and directionality (error bars are SD), and (D) velocity autocorrelation and mean squared displacement (error bars are SEM) of

CD4+ and CD8+ T cells on collagen-coated substrates over 30 min, at the highest applied EF (100 mV/mm) cells were tracked for a shorter time period of

15 min due to fast directed migration. Statistical significance was determined with Mann-Whitney Test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

For all: min. 3 independent experiments (Ndonors R 3) were performed.
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The 3D environment has a significant influence on T cell electrotaxis, and a change in migration direction for CD4+ T cells compared to elec-

trotaxis in 2D can be observed. The 3D environment influences the T cell electrotaxis differently depending on the two T cell subtypes.

We further analyzedCD4+ andCD8+ T cell electrotaxis in 3D collagen gels by calculating theMSD and velocity autocorrelation (Figures 4D

and 4E). Both characteristics do not seem to be significantly affected by the EF application, compared to the noEF condition. However, MSD

and velocity autocorrelation curves show a trend toward directed migration compared to noEF random migration curves. Together with the

significant response inmigration directionality (Figure 4B) these data support our general observation that T cells show electrotaxis in 3D, but

less pronounced compared to 2D environments.

Electric fields do not alter T cell differentiation and viability

EFs cannot only impact cell migration but also influence cell functions.24,25,38–40 Therefore, we studied the influence of EFs on T cell differen-

tiation, T cell viability, and apoptosis. Phenotypes of electrically stimulated primary human CD4+ and CD8+ T cells were analyzed 3 days after

EF exposure (Figures 5A, 5B, and S7).

The following T cell subpopulations were analyzed by flow cytometry: naive (T(N), CD45RO�/CD62L+), effector (T(EFF), CD45RO�/

CD62L�), effector memory (T(EM), CD45RO+/CD62L�), and central memory (T(CM), CD45RO+/CD62L+) T cells. Differentiation was

analyzed for CD4+ and CD8+ T cells, cultured on FN and ICAM1-coated substrates, stimulated with a small EF strength (50 mV/mm) or a

high EF strength (200 mV/mm) for 1 h, and without EF stimulation (noEF) as control.

The application of EFs does not have a significant impact on the mean percentage ratios of T cell subpopulations. However, the percent-

ages of T(EM) and T(EFF) are almost unchanged (1–2%) compared to T(CM) and T(N) subpopulation ratios with EF stimulation (e.g., on FN:

CD4+ T(N) decreased from 30% (noEF) to 21% (50mV/mm) vs. T(CM) increase from 59% (noEF) to 67% (50mV/mm)). Furthermore, CD4+ T cells

show larger differences in T(CM) and T(N) percentage ratios than CD8+ T cells with EF stimulation (e.g., CD4+ T cells on ICAM1 T(CM) in-

creases 5% from no EF to 50 or 200mV/mmvs. CD8+ increase 0–3% from no EF to 50 or 200mV/mm). In any case, our results show that electric

Figure 4. CD4+ and CD8+ T cells show directed migration during EF stimulation in a 3D collagen gel

Migration of CD4+ and CD8+ T cells was observed in a 3D collagen gel with time-lapse microscopy, at two different EF strengths (50 and 150mV/mm), over a time

period of 1.5 h (frame rate 1 min).

(A) Migration tracks of CD4+ and CD8+ T cells over 1.5 h without stimulation (noEF), with EF stimulation (EF), and with reversed EF (EFrev) respectively. CD4+

T cells migrate toward the cathode, whereas CD8+ T cells migrate toward the anode.

(B) Migration directionality and (C) cell migration speed of CD4+ and CD8+ T cells (error bars are SD). Velocity autocorrelation andMSD of CD4+ (D) and CD8+ (E)

T cells in a 3D collagen gel (error bars are SEM). Statistical significance was determined with Mann-Whitney Test (*p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001). For all: min. 3 independent experiments (Ndonors R 3).
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stimulation with small electric fields up to 200 mV/mm does not alter T cell differentiation, independent of EF strength, substrate coating, or

T cell subtype (Figures 5A and 5B).

To quantify cell viability or apoptosis after EF treatment, T cells were stained with Annexin V and DAPI and analyzed by flow cytometry

(Figures 4 and S7). The percentage of apoptotic cells is around 35% with and without EF application (35.2% G 7.7% (noEF), 34.6% G 3.8%

(50 mV/mm), 34.6% G 0.3% (200 mV/mm)). The percentage of viable cells is slightly decreased from 35.2% G 4.3% (noEF) to 32.3% G

7.4% (200 mV/mm) (Mean G SD). The percentage of dead, apoptotic, and viable T cells is not significantly influenced by the EF treatment.

Thus, EF exposure in the range of 50–200 mV/mm does not damage T cells. Nevertheless, the overall cell viability is rather low since the cells

were cultured inside the channel slide of the electrotaxis platform for 3 days (8 days since isolation) until the viability and apoptosis analysis

were performed together with differentiation analysis by flow cytometry. Moreover, the cell number inside the channel was optimized for sin-

gle-cell migration and therefore was lower than the optimal culture condition would require.

DISCUSSION

In our study, we show, that T cell migration is affectedby small dc EFs. The electrotactic response depends on the T cell type (CD4+ andCD8+),

the substrate coating (FN, ICAM1, collagen I), the electric field strength (25–200mV/mm), and on the dimensionality of themicroenvironment

(2D surfaces or 3D gels).

T cells are known for their ability to change between different migrationmodes, depending on their environment and external stimuli.6,9,11

T cell migration can be manipulated with small electric fields, but so far only a few studies have been published.20,25,27,28 In contrast to our

study, cathodal migration in T cells was observed on 2D substrates and in vivo.20,25,27,28 A possible explanation is the difference in the used

T cell subtypes and the methodologies of how the experiments were performed. Since the effects of T cell type, T cell activation, substrate

coating, and the differences of electric field applications e.g., electrodematerial, agar bridges, or platformdesign, are very complex, it seems

difficult to compare the data on a one-to-one basis.41 To fully elucidate this phenomenon, more studies are needed.

We show that T cells migrate with increased directionality and migration speed in dc EFs, which is consistent with other findings.25,27 In

addition, we demonstrate, that these T cell responses can differ significantly in their magnitude, depending on the applied EF strength,

the T cell subtype, the substrate coating, and in 2D or 3D environments, indicating that native electrotaxis is a complex phenomenon depend-

ing on various environmental factors.

Our data show that CD8+ T cells are generally more responsive to the applied EF than CD4+ T cells, meaning electrotaxis can be observed

at lower EF strength. Moreover, CD8+ T cell migration direction is overall more significantly changed by EFs, compared to CD4+ T cells. Thus,

CD8+ T cells seem to be more sensitive to EF exposure than CD4+ T cells. We hypothesize that this observation could be explained by the

heterogeneous CD4+ T cell population. Comprising several different helper subtypes, each CD4+ T cell subtypemight show slightly different

motility patterns,42 thus leading to amore heterogeneous electrotaxis response compared to CD8+ T cells, which are supposed to be a more

homogeneous T cell population. This observationmay show further potential for EFs to differently control T cell migration dependingon T cell

subtypes. Stronger CD8+ T cell electrotaxis could improve tumor infiltration, which could be beneficial in cancer treatment as CD8+ infiltration

is associated with a good prognosis and increased efficacy of immunotherapies.37 In agreement with our results, electrotaxis of various cell

types has been studied, and the effects of EFs were reported to be cell type specific, with even cells from the same lineage showing different

directionality during electrotaxis.21,22 Further, it was reported that T cell migration is influenced by the state of activation, differentiation, and

function of the T cell; thus, different T cell subsets respond differently to the same environmental cues.9,42–44 Since CD4+ and CD8+ T cells

Figure 5. T cell differentiation and viability are not significantly altered by EF stimulation

T cell differentiation was analyzed for CD4+ andCD8+ T cells on (A) FN (Ndonors = 7) and (B) ICAM1 (NdonorsR 5) coated substrates, cells were exposed to an EF (0,

50, and 200 mV/mm) for 60 min. Differentiation was analyzed by flow cytometry, 3 days after EF stimulation. T(EM) effector memory, T(CM) central memory, T(N)

naive, and T(EFF) effector T cell phenotypes were identified.

(C) CD4+ T cell (cultured on ICAM1-coated substrates) death and apoptosis (Mean G SD) were analyzed 3 days after EF treatment (0, 50, and 200 mV/mm)

(Ndonors = 3).
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have different responsibilities in the immune system, a differentiated electrical manipulation of the two cell types could be beneficial for the

regulation of the immune response and therapeutic use of EFs.

Furthermore, our data show that T cell migration in 2D is strongly influenced by the substrate coating. Themigration behavior differedwith

and without EF application, but differences in migration behavior on the different substrates became more significant when an EF was

applied. T cells showed the strongest electrotactic effect in terms of migration directionality and speed, and the highest dose-response rela-

tionship on collagen-coated substrates, compared to FN- and ICAM1-coated substrates. However, with EF application cell speed is stronger

influenced on FN- than ICAM1-coated substrates, whereas directionality seems not to be significantly affected by FN or ICAM1 coating. How-

ever, no change or reorganization of FN, ICAM1, or collagen coating before and after EF application could be observed with immunofluo-

rescence staining before and after EF application.Without EF application, T cells on ICAM1 show the fastest migration, whereas the slowest is

observed on collagen-coated substrates. Furthermore, T cells exhibit different cell sizes or adhesion areas on the three different coatings

(ICAM1 > FN > collagen). We propose that T cells use different migration modes on FN, ICAM1, and collagen-coated substrates, due to

different adhesivity and the different integrins involved in T cell adhesion on the three different protein coatings.4,40,45–47 Indeed, Jacobelli

et al. reported different T cell motility modes dependent on the adhesivity of the substrate. They compared T cell migration on high adhesive

ICAM1-coated substrates versus low adhesive blocked substrates without LFA1-ligands.46 T cells are low adhesive cells, but integrins play a

role in T cell migration, especially in 2D.40,48,49 Different integrins are involved in adhesion and migration on the three different protein coat-

ings studied here, such as the binding of LFA1 (integrin alphaLbeta2) to ICAM1 versus integrin alpha4beta1 and alpha5beta1 binding to FN

and integrin alpha1beta1 and alpha2beta1 binding to collagen I.50–52

To further study the influence of the microenvironment on T cell electrotaxis, T cell migration was observed in 3D collagen gels. We could

not only observe a strong decrease in cell migration speed, but also that directionality was not as strongly influenced as it was by electrotaxis

on 2D substrates. Interestingly, we observed different electrotaxis behavior between CD4+ and CD8+ T cells in the 3D environment. Specif-

ically, the two T cell types migrated in opposite directions when an EF was applied, and CD4+ T cells changed their electrotactic migration

direction in 3D compared to 2D environments. This change in electrotaxis in different directions suggests different migration modes and

cellular differences in the migration mechanisms of CD4+ and CD8+ T cells in 3D environments. Huang et al. also found that brain tumor-initi-

ating cells can change their migration directionwhen electrotaxis is studied in 2D and 3Denvironments. In their studies, they showed a change

from anodal cell migration in 2D to cathodal cell migration in 3D. They suggest mechanistic differences between 2D and 3D electrotaxis in

terms of PI3K (in 2D) and myosin II contractility (in 3D).23

We could further show that CD4+ and CD8+ T cell differentiation is not significantly influenced by exposure to EFs of physiological

strengths independently of the substrate coating. Thus, EFs seem to be a potent stimulus for the manipulation of T cell migration without

altering T cell physiology. Additionally, we could not observe a negative impact on T cell viability or an increase in apoptosis after EF

exposure.

These results are in accordancewith the results published byArnold et al. They investigated the influence of EF exposure of 150mV/mmon

T cells and observed no significant increase in apoptotic or necrotic T cells.25 They also further studied T cell parameters after EF exposure

(such as cytokine secretion and proliferation), and suggested a broad attenuation of the immune response by EF exposure.25

However, it remains to be fully elucidated which cellular mechanisms are involved in the sensing of EFs. It is speculated that similar path-

ways are involved in chemo- and electrotaxis. EFs are a stimulus that is easy to regulate in its strength and direction, but it is difficult to predict

its influence on cellular mechanisms and themicroenvironment. It is widely assumed that small EFs do not only alter cellular behavior through

their influence on ion channels and cell membrane potentials,19,24,53–55 but also influence other charged components within the microenvi-

ronment. It is assumed that EFs generate ion concentration gradients, electroosmotic flow, and electrophoretic separation of proteins in the

microenvironment, which are effects that can be complicated to fully estimate and thoroughly define in terms of their underlying molecular

mechanisms.19,53,56

In summary, the results of our study demonstrate that physiological strength dc EFs have no negative influence on primary human CD4+ and

CD8+ T cell differentiation and viability, but present a potent stimulus to direct T cell migration dependent on the T cell subtype (CD4+ or CD8+),

applied EF strength, substrate coating, and in 2D or 3D environments. Keeping this in mind, EFs present an effective physical stimulus to direct

T cell migration in various 2D and 3Denvironments, and even in vivo as shownby Lin et al..28 As the electrotactic responses are differing, depend-

ingon the T cell subtype and themicroenvironment, EFs have thepotential toguide T cellmigration in different directionsorwithdifferentmigra-

tion speeds. These effects could be further studied inmore complexmicroenvironments to bettermimic the conditions in vivo, e.g., using tumor

microenvironments or organoids.57 Furthermore, it is important to elucidate the impact of endogenous tumor EFs on T cells, specifically on en-

gineered or cytotoxic T cells to improve T cell-based tumor therapies. The ability of exogenous EFs to reliably guide the T cell migration of

different T cell subtypes differentially, would allow to modulate (improve or limit) the access of T cells to specific tissues. Due to strong electro-

tactic cell response, evenoverriding chemotactic stimuli, EFsmight offer thepossibility to improveT cellmigration and infiltration specifically into

solid and ‘‘cold’’ tumors. Byguiding specifically CD8+ T cells andengineeredT cells efficiently into the tumor, EFs could improve the effectiveness

of immunotherapies against solid and immunosuppressive cancers. In future therapeutic applications, in diseaseswhere the immune system and

T cell activity are malfunctioned (e.g., inflammatory and autoimmune disorders), EFs could further help to control the immune response.

Limitations of the study

In conclusion, we demonstrate that EFs present an effective physical stimulus to direct T cell migration in various 2D and 3Denvironments. The

results of our study demonstrate that physiological strength dc EFs have no negative influence on primary human CD4+ and CD8+ T cell
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differentiation and viability, but present a potent stimulus to direct T cell migration dependent on the T cell subtype (CD4+ or CD8+), applied

EF strength, substrate coating, and in 2D or 3D environments. However, we showed partially opposite results of electrotaxis direction,

compared to previously published studies, illustrating the complexity of electrotaxis experiments and the unpredictable influences of

different experimental set-ups, limiting the comparability of electrotaxis studies without standardized experimental parameters. EFs are a

complex physical stimulus that impact all chargedmolecules in their surroundings. Thus, it is difficult to predict its influence on cellular mech-

anisms and themicroenvironment. Therefore, these effects should be further studied inmore complexmicroenvironments to bettermimic the

conditions in vivo and to elucidate the behavior of integrins and other membrane and cytoskeletal proteins in an EF and their involvement in

electrotaxis. Moreover, it remains to be fully elucidated which cellular mechanisms are involved in the sensing of EFs. Furthermore, deeper

insight into the underlying molecular mechanisms of T cell electrotaxis is needed and should be studied more extensively in the future. We

believe that this will be crucial for the further development of therapeutic applications.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-human CD3 mouse IgG2ak - FITC Miltenyi Biotec Cat#: 130-113-128

Lot: 520080617

Anti-human CD4 recombinant human IgG1 - APC Miltenyi Biotec Cat#: 130-113-784

Lot: 5200908342

Anti-human CD8 recombinant human IgG1 - APC Miltenyi Biotec Cat#: 130-110-817

Lot: 5200908333

Anti-human CD45RO mouse IgG2a - FITC ImmunoTools Cat#: 21336453

Lot: 277066

Anti-human CD62L mouse IgG1k - PE BioLegend Cat#: 304805

Lot: B311805

Mouse IgG2a isotype control - FITC Miltenyi Biotec Cat#: 130-113-271

Lot: 5200908299

REA control recombinant human IgG1- APC Miltenyi Biotec Cat#: 130-113-434

Lot: 5200900805

Mouse IgG2a isotype control - FITC ImmunoTools Cat#: 21275523

Lot: 276940

Mouse IgG1k isotype control - PE BioLegend Cat#: 400111

Lot: B314064

Biological samples

Human buffy coat from healthy male blood donors

(for T cell isolation)

Institute for Clinical Transfusion

Medicine in Tübingen, Germany

N/A

Chemicals, peptides, and recombinant proteins

Bovine Collagen I (5 mg/mL) Viscofan Cat# 500060635

Annexin V - FITC Miltenyi Biotec Cat# 130-097-928

Dynabeads human T-Activator CD3/CD28 Gibco Cat# 11131D

Human FN (fibronectin) (1 mg/mL) Gibco Cat# PHE0023

Human ICAM1 (intercellular adhesion

molecule 1) (200 mg/mL)

Invitrogen Cat# A42523

Human IL-2 (interleukin-2) Miltenyi Biotec Cat# 130-097-744

Critical commercial assays

MACS negative isolation kits for

CD4+ / CD8+ T cells

Miltenyi Biotec Cat# 130-096-533; Cat# 130-096-495

Software and algorithms

Excel Macro DiPer Gorelik et al.58 https://doi.org/10.1038/nprot.2014.131

ImageJ NIH https://imagej.net/ij/

ImageJ macro MTrackJ Meijering et al.59 https://imagescience.org/meijering/software/mtrackj/

OriginPro OriginLab https://www.originlab.com/

Flowing Software Turku Center for Biotechnology https://bioscience.fi/services/cell-

imaging/flowing-software/

FlowJo FlowJo LLC, BD https://www.flowjo.com/flowing soft

Other

Ibidi m-slide I (0.4 mm, ibiTreat) ibidi Cat# 80106
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ralf Kemkemer

(ralf.kemkemer@reutlingen-university.de; ralf.kemkemer@mr.mpg.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Primary human T cells

Primary human CD4+ and CD8+ T cells were isolated from human buffy coats from healthy male blood donors. Buffy Coats were supplied by

the Centre for Clinical Transfusion Medicine in Tübingen (Germany) after the ethical approval of the ethics committee of the University Clinic

Tübingen (Germany).

METHOD DETAILS

T cell isolation and activation

Primary human CD4+ and CD8+ T cells were isolated from human buffy coats from healthy male blood donors, using a previously described

protocol.52,60–62 Buffy Coats were supplied by the Centre for Clinical TransfusionMedicine in Tübingen (Germany) after the ethical approval of

the ethics committee of the University Clinic Tübingen (Germany). Peripheral blood mononucleated cells (PBMCs) were isolated by density

gradient centrifugation with Lymphoprep (Stemcell technologies). T cells were isolated from PBMCs by negativemagnetic activated cell sort-

ing (MACS) using CD4+ and CD8+ T cell isolation Kits (Miltenyi Biotec). Cell purity was confirmed by flow cytometry, T cells were stained with

anti-human CD3-FITC and anti-human CD4-APC or anti-human CD8-APC antibodies, and respective controls (all Miltenyi Biotec) cells were

gated for viable cells and analyzed for FITC and APC fluorescence. Cells of purity >90% (usually >95%) were used for experiments. T cells were

activated according tomanufacturers’ protocol withDynabeads, humanT-Activator CD3/CD28 (Invitrogen), in a 1:1 (bead : cell) ratio, 30 U/mL

interleukin-2 (IL-2) (Miltenyi Biotec) in supplemented cell culturemedium (10% fetal bovine serum (FBS) and 1%penicillin/streptomycin (P/S) in

RPMI 1640 GlutaMAX) (all Gibco) and cultured at 37�C, 5% CO2, and high humidity in a cell culture incubator. After 3 days, Dynabeads were

removed from the cell suspension with a magnet, dead cells were removed by centrifugation and T cells were seeded for experiments.

T cell migration experiments

For all experiments (except 3D collagen gels), channel slides (m-slide I ibiTreat (Ibidi)) were coated with 100 mL of either 10 mg/mL human fibro-

nectin (FN) diluted in DPBS (both Gibco), 1 mg/mL human ICAM1 (Invitrogen) diluted in DPBS (Gibco), or 1.5 mg/mL bovine collagen I (Vis-

cofan) diluted in 0.1% acetic acid (Carl Roth), for 4 hours at 37�C. Channel slides were washed 3 times with DPBS (Gibco) before 50,000 T cells

were seeded inside the channel, and 500 mL of supplemented RPMImedia was added to each reservoir of the channel slide. T cells were left to

adhere for 17 hours inside the cell culture incubator (37�C, 5% CO2, high humidity) before experiments were started.

For migration experiments in 3D collagen gels, a collagen gel with a final concentration of 1.5 mg/mL was freshly prepared of 51 mL gel

neutralization solution (20% RPMI 1640 10x (Sigma Aldrich), 1% P/S (Gibco), 2% GlutaMAX (Gibco), 25mM HEPES (Gibco), 0.002% folic acid

(SigmaAldrich), 0.4%NaHCO3 (SigmaAldrich), in sterile ddH2O), 4 mL 1MNaOH (Th. Geyer), and 45 mL bovine collagen I (5 mg/mL, Viscofan).

Then 50 mL cell suspension of a concentration of 106 cells/mL (= 50,000 cells) was added, to the gel-mix, and pipetted into the channel slide.

For polymerization, the gel-cell mix was left in the incubator (37�C) for 30 min before 1 mL of supplemented cell culture media was added to

each of the channel reservoirs. Electric field experiments were started 3 hours after cell seeding.

Electric field application

EF stimulation of T cells was performed in an electrotaxis platform (see Figure S8) using modified channel slides (m-slide I ibiTreat (Ibidi)) with

channel dimensions 50 x 5 x 0.4 mm (l x w x h)) similar to Arnold et al.25 Two reservoirs for PBS were additionally glued next to the slide. The

reservoirs of the channel were filled with 1 mL cell culture medium and connected to the PBS reservoirs with agar-salt bridges (glass tubes:

length: 50 mm, inner diameter: 2 mm, and filled with 2% agarose-PBS gel). Silver/silver chloride electrodes (electrochemical deposition AgCl

on silver foil for 10min at 10 mA in 1M hydrochloric acid) were inserted in the PBS reservoirs and connected to the direct current power source

and an amperemeter. The EF strength inside the channels was determined by measuring the voltage with a voltmeter between two platinum

electrodes (platinum wire), one at each end of the channel. Electric current and voltage were measured throughout the whole experiment.
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T cells inside the channel slides were exposed to a direct current electric field (dc EF) for 60min in total, for 2D experiments, and for 3 hours

in total for experiments in 3D collagen gels. After half of the time of the EF exposure, the polarity of the supply voltage was changed, and the

direction of the EF was reversed (EF rev). Prior to the EF treatment, cells were observed for 1-1.5 hours without EF (noEF) as control. Therefore,

cell migration at noEF, EF and EFrev, can be directly compared (all 3 conditions are performed with the same set-up and cells). Time-lapse

movies were recorded over the whole duration of the experiment. The EF was set up with the anode (positive pole) to the left of the electro-

taxis chambers and was then changed to the right when the EF was reversed.

Cell imaging and analysis

Time-lapse video microscopy was performed with standard inverted cell culture microscopes (Axiovert Zeiss or Olympus CKX 53, equipped

with a camera AxioCam105color (Zeiss), 10x phase contrast objective) inside a cell culture incubator (5% CO2, 37
�C, and high humidity). Im-

ages were taken at a frame rate of 10 s for 2D experiments or 1min for 3D experiments, and every second imagewas analyzed (analyzed frame

rate: 20 s for 2D, for 3D: 2 min).

Cells were trackedmanually with themacroMTrackJ59 provided by ImageJ (NIH). For each condition and each experiment (NdonorsR3), at

least 10 - 20 cells were tracked (Ncells analyzed >30, usually >45). All motile cells that remained in the observation area throughout the 30 min

time-period (90 frames) were analyzed for noEF, EF, and EFrev conditions respectively. Except for experiments on 2D collagen at 100mV/mm:

15min (45 frames), and 3D experiments: 90min (45 frames) were analyzed. X- and Y-coordinates from cell tracks were transferred from ImageJ

into Excel for further data processing. All graphs were created in OriginPro (OriginLab).

Migration speed and directionality analysis

Migration speed was calculated with the total migration track length, divided by the total migration time period for each condition (over

30 min for FN and ICAM1, over 15 min for collagen I, and 90 min for 3D experiments).

Migration directionality was calculated as the cosine of the angle (q) between the straight line between the first and the last point of the

migration track and the X-axis (parallel to the EF vector). The cosine values lie between +1 and -1. Cells moving very directed toward the left

would have a directedness of -1, whereas cells moving to the right would have a directedness of +1. A value of 0 indicates randommigration.

Mean squared displacement (MSD) and autocorrelation analysis

To evaluate directional persistence over increasing time intervals andmigration efficiency at different EF strengths in T cells, MSD analysis was

performed on the tracked cell migration data. MSD is calculated over 1/2 of the migration time for each condition using the program MSD

available in DiPer Excel macro provided by Gorelik et al.58 MSD relates to the average surface area explored by the cells in a given time

interval.

To evaluate directional persistence at different EF strengths in T cells, velocity autocorrelation analysis was performed on the data of the

cell migration tracks. Normalized velocity autocorrelation approximates the direction autocorrelation and was computed over 1/3 of the

migration track for each condition using the programVel.Cor available in DiPer excelmacro provided byGorelik et al.58 The analysis produces

decaying curves, and the rate at which these curves decay reflects how much a cell changes its migration direction.

Flow cytometry

Flow cytometry experiments were performed with a BD FACS Canto II (BD Biosciences) of the FACS Core Facility Berg at the University Clinic

Tübingen. For cell purity measurements, a FACS buffer of DPBS with 0.5% bovine serum albumin (BSA), 2 mM EDTA was used. For all other

measurements, a FACS buffer of DPBS with 0.1% FCS was used. Analysis of flow cytometry data was performed with Flowing Software (Turku

Center for Biotechnology) or FlowJo software (FlowJo LLC, BD).

T cell differentiation

For T cell differentiation experiments, T cells were stained 3 days after EF stimulation with anti-human CD45RO-FITC (Immunotools) and

CD62L-PE (BioLegend), and the corresponding controls. T cells were washed out of the channel slides, cells were resuspended in 50 mL

FACS buffer and incubated with antibodies for 30 min on ice, in the dark. After washing cells with FACS buffer, cells were gated with

SSC-A vs. FSC-A for living cells and analyzed for FITC and PE fluorescence by flow cytometry. Quadrants were defined by positive and nega-

tive/control PE and FITC signals.

T cell viability and apoptosis

For cell viability and apoptosis measurements, 3 days after EF treatment on ICAM 1 coated substrates CD4+ T cells were stained with Annexin

V-FITC in Annexin binding buffer (both Miltenyi Biotec) for 15 min at room temperature, according to the manufacturer’s protocol. Cells were

washed and resuspended in FACS buffer. Prior to flow cytometry measurements, DAPI (Miltenyi Biotec) was added and cells were gated for

dead and alive cells (excluding cell debris) with SSC-A vs. FSC-A and analyzed for DAPI and FITC-fluorescence. Quadrants of viable,

apoptotic, and dead cell populations were defined by positive and negative/control DAPI and FITC signals.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data treatment and statistical analysis

Data visualization and statistical analysis were performed with OriginPro (OriginLab). In box plots and bar graphs, each data point represents

one cell. Box plots show the distribution of data points, the box extends from the 25th to the 75th percentile. Thewhiskers represent 1 standard

deviation (1 SD), the line inside the box shows the median, and the black square is the mean. In bar graphs, the bar represents the mean and

the error bars are 1 SD. In the dot-line graphs, the dots represent the mean, and the whiskers show the standard error mean (SEM). Migration

data is not normally distributed (tested with the Shapiro-Wilk test). Non-parametric Mann-Whitney U-test was used to test for statistical dif-

ferences between data sets (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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