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The speed of gene function analyses in mammalian cells was significantly increased by the introduction

of cell chip technology (reversely transfected cell microarray). However, the presently available

technique is restricted to the analysis of autocrine effects of genes in the transfected cells. This limits the

power of this method, as many genes are involved in heterotypic signaling both in physiologic and

pathologic processes. At present, analyses of paracrine effects of transfected genes require trans-well or

conditioned media approaches which are costly and time-consuming. Here, we present a novel method

for the highly parallel analysis of paracrine gene functions on a chip. The basic idea was to adapt the cell

chip technology to be performed with two different cell types which are differentially transfected: (1) an

effector cell which is transfected with the genes of interest, and (2) an indicator cell in order to detect

specific paracrine effects exerted from the transfected effector cells. Spot-to-spot diffusion of the

paracrine mediators was prevented by matrix overlay, ultimately allowing 192 parallel tests for

paracrine gene activations on one chip. In addition, we demonstrate the broad applicability and

robustness of this technique using (1) various responder cell types, (2) various paracrine inducers, and

(3) various indicator genes. The herein described approach allows for the first time a highly parallel

analysis of paracrine gene functions and thus facilitates the characterization of genes involved in

heterotypic cell communication in a broad range of research areas.
Introduction

High-throughput methods for gene expression analyses are

constantly improving. Clusters of 50 to 100 genes that are

differentially expressed within a specific disease or disease stage

are often identified when these methods are applied to the

molecular characterization of diseases.1,2 In most cases, the

pathogenic functions of these genes are unknown and further

investigation is needed to understand these disease-related gene

expression changes.

Ongoing research studies aim to increase the speed of gene

function analyses in mammalian cells by automation of experi-

mental processes and miniaturization of assays (for review see

St€urzl et al.3). Recently, Ziauddin and Sabatini succeeded in

scaling down high-throughput gene function analysis to the
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microarray level, allowing many parallel tests to be performed on

a single chip.4 In this method, different cDNA expression plas-

mids were printed onto slides together with a transfection

reagent; the slides were placed in a culture dish and covered with

adherent mammalian cells in the medium, and the final product,

known as a reversely transfected cell microarray (RTCM, cell

chip), consists of defined cell clusters that have been simulta-

neously transfected with different plasmids.4 The RTCM

procedure has been successfully used to investigate gene function

in different cellular processes including signal transduction,5 cell

division,6 apoptosis,7 and secretion.8 However, all of these

approaches were limited to investigations of autocrine gene

functions in the transfected cells.

Biological processes in multi-cellular organisms critically

depend not only on autocrine but also on paracrine and juxta-

crine gene effects. At present, common analyses of paracrine cell

interactions include either trans-well approaches or harvesting of

conditioned medium from one cell type to be subsequently

applied to another physically separated cell type. Both methods

are large-scale procedures that are costly and time-consuming.

Here, we describe a method for the highly parallel analysis of

gene functions in paracrine cell interactions at the cell chip level.

The basic idea was to adapt the technique of RTCM in order to

be performed with two different cell types which are differentially

transfectable: (1) effector cells which are transfected and
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subsequently secrete the paracrine mediator; and (2) indicator

cells which are exposed to the paracrine mediator(s) released by

the effector cells but are not transfected. Of note, this technology

allows identification of genes involved in paracrine interactions

via multiple ways. This includes that the gene introduced into

the effector cells (1) may code directly for a secreted product

which activates the indicator cells or (2) may induce or modify in

the effector cell another factor which subsequently is secreted

and activates the indicator cells. (3) Moreover, this method

additionally allows screening of combination effects of paracrine

active genes. In order to allow a highly parallel execution

of different experiments on one chip, the diffusion of the

different secreted paracrine mediators needs to be restricted to

the vicinity of the respective transfection areas. Otherwise,

assigning a paracrine gene effect to a specific transfection area is

not possible.

Human embryonic kidney (HEK) cells are epithelial cells

which can be efficiently transfected, exhibit high expression

efficiencies, and are among the three cell lines most commonly

used for protein production.9–11 It has been shown that HEK cells

are able to conduct most post-translational folding and pro-

cessing steps necessary for protein function in mammalian cells.10

HEK cells are small and can be grown to high cell density which

supports the synthesis and secretion of high amounts of proteins.

Due to these features, HEK 293T cells were chosen as effector

cells for the following study. In contrast, indicator cells should be

less efficiently transfected, a fact known from primary cells. We

therefore used human primary fibroblasts (HFIBs) as indicator

cells to establish the methodology. Of note, the paracrine

crosstalk between epithelial cells and fibroblasts plays an

important role in tumor invasion and inflammatory tissue

reconstruction, which are major pathophysiologic processes in

humans (for reviews see Mueller and Fusenig,12 Coussens and

Werb13 and Liotta and Kohn14). Moreover, we demonstrated the

broad applicability of the technique using different indicator cell

types such as primary human umbilical vein endothelial cells

(HUVECs), keratinocytes, and colorectal cancer cells which are

of relevance for angiogenesis, wound healing, and cancer

research, respectively.
Results and discussion

Selective reverse transfection of HEK 293T effector cells in

combination with different indicator cell types

First, conditions had to be established that resulted in efficient

reverse transfection of HEK 293T cells, but not of HFIBs

(Fig. 1). To that goal, HEK 293T cells and HFIBs alone as well

as a mixture of both cell types were subjected to reverse trans-

fections with (1) increasing concentrations of a green fluorescent

protein (GFP) expression plasmid, (2) four different trans-

fection reagents [Effectene, Lipofectamine� 2000 (both lipid-

based), SuperFect (activated dendrimer) or calcium-phosphate

(precipitates)], and (3) varying amounts of gelatin (Fig. 1a).

Addition of gelatin to the transfection mix has been shown to

increase the efficiency of reverse transfection.4,5 GFP expression

indicated that transfection in HEK 293T cells was most efficient

using 0.75 mg to 1.5 mg of plasmid DNA together with Effectene

or Lipofectamine� 2000 (Fig. 1a), whereas no transfection
1364 | Lab Chip, 2012, 12, 1363–1372
occurred with SuperFect or calcium-phosphate (data not

shown). In addition, the transfection efficiency achieved with

gelatin was higher than that achieved in the absence of gelatin

for Lipofectamine� 2000. No further increase was observed

with gelatin concentrations from 0.05% up to 0.8% when using

0.75 mg and 1.0 mg DNA (Fig. 1a). Transfection efficiency

achieved with 1.5 mg DNA and Lipofectamine� 2000 was

constant for gelatin concentrations from 0.2% up to 0.8%

(Fig. 1a). Of note, the use of Effectene, but not of Lipofect-

amine� 2000, resulted in scattered GFP-positive HEK 293T

cells at a significant distance from the respective transfection

areas (Fig. 1a, arrows). This may be due to increased migratory

activity of transfected cells in the presence of Effectene. HFIBs

alone did not show significant GFP expression with any of the

different reverse transfection conditions tested (Fig. 1a, HFIB

chip). On slides overlaid with mixtures of HEK 293T cells and

HFIBs, speckled GFP signals were observed (Fig. 1a, HEK

293T/HFIB chip). In comparison to the homogeneous signals

obtained in transfections with HEK 293T cells alone, this

indicated the presence of a mixture of transfected and non-

transfected cells, likely due to selective transfection of HEK

293T cells only. Based on these findings, all further experiments

were performed using Lipofectamine� 2000 with 1.5 mg DNA

and 0.2% gelatin. These conditions resulted in high transfection

efficiency, were in agreement with previous results5 and caused

the least scattering of transfected cells. Increased magnification

of a transfection spot under these conditions showed that GFP

was almost exclusively expressed in cells with cobblestone

morphology (Fig. 1b, arrow), which is a hallmark of epithelial

cells and indicates HEK 293T cells. In contrast, HFIB-like cells

with spindle-shaped morphology were negative for GFP

(Fig. 1b, arrowhead).

In order to further demonstrate the selective reverse trans-

fection, the SV40 large T-antigen (T-antigen) was used as the

specific marker, since it is selectively expressed in HEK 293T

cells, but not in HFIB (ESI, Fig. S1a and c†). The RTCM was

performed with an RFP expression plasmid using a mixture of

HEK 293T cells and HFIB, followed by immunocytochemical

detection of the T-antigen. Robust RFP expression was detected

on every transfection spot, indicating successful reverse trans-

fection (Fig. 1c). Detection of the T-antigen confirmed the

selective transfection of HEK 293T cells (Fig. 1c, lower panel,

arrow), and not HFIBs (Fig. 1c, lower panel, arrowhead).

In order to show that the assay can be applied to other cell

combinations, HEK 293T cells were analyzed in combination

with different other indicator cell types, such as keratinocytes

(HaCaT), colorectal cancer cells (HT29 and WiDr), and primary

human umbilical vein endothelial cells (HUVECs). These

combinations were tested for selective transfection as previously

described for HEK 293T/HFIB mixtures. Results clearly showed

that in all cases only HEK 293T cells were transfected whereas

none of the indicator cells were (Fig. 1d–g and S1b and d–g†).

In summary, the established conditions allow the selective

reverse transfection of HEK 293T cells in combination with

several different indicator cell types, thus providing a powerful

tool for the analysis of paracrine cell interactions in a broad

range of different applications. If not otherwise noted, a combi-

nation (1 : 3) of HEK 293T cells and HFIBs was used for all

further experiments.
This journal is ª The Royal Society of Chemistry 2012



Fig. 1 Selective reverse transfection of HEK 293T cells in mixtures with various indicator cell types. (a) A GFP expression plasmid, transfection

reagents [Effectene (E) and Lipofectamine� 2000 (L)] and gelatin (concentrations in %, were used as shown in the inset spotting scheme) were printed in

duplicates on glass slides. Subsequently, HEK 293T cells, HFIBs or a mixture of both cell types (1 : 3) were seeded, and GFP-expression was measured.

Arrows indicate scattered GFP-expressing cells distant to the initial transfection area. *Total DNA amount added to the printing solution. (b) Epi-

fluorescence (left) and phase contrast (right) pictures of a representative GFP transfection area on the HEK 293T/HFIB chip. Epithelial HEK 293T cells

(arrows) and spindle-shaped HFIBs (arrowheads) are indicated. Scale bar ¼ 250 mm (c–g) Selective reverse transfection of HEK 293T cells (arrow) with

an RFP expression plasmid in mixture with various indicator cell types (arrowhead) such as: (c) HFIB (1 : 3), (d) HUVEC (1 : 3), (e) HaCaT (1 : 3), (f)

WiDr (1 : 4), and (g) HT29 (1 : 4). An overview of the RFP transfection chip is shown (top), together with fluorescence images of representative

transfection areas with DAPI staining, epifluorescence detection of RFP or immunofluorescence staining of SV40 large T-antigen (T-antigen). Scale

bars ¼ 25 mm.
Paracrine activation of indicator cells upon selective transfection

of effector cells

In order to demonstrate paracrine activation of the indicator

cells in a pretest, we used in the HEK 293T/HFIB setup

interferon-g (IFN-g) as the inducer gene and guanylate binding

protein-1 (GBP-1), a major IFN-g-induced protein, as the

indicator gene.15,16 GBP-1 expression was highly induced by

exogenously added recombinant IFN-g in HFIBs, but not in

HEK 293T cells (Fig. 2a), which allowed us to distinguish

between HEK 293T cells and HFIBs. Moreover, supernatants

harvested from HEK 293T cells classically transfected with an

IFN-g expression plasmid (pcDNA4-IFN-g) contained high
This journal is ª The Royal Society of Chemistry 2012
concentrations of IFN-g (Fig. 2b) and induced GBP-1

expression in HFIBs, whereas supernatants from HEK 293T

cells transfected with a control plasmid did not induce GBP-1

in HFIBs (Fig. 2c). These results showed that the IFN-g

encoded by pcDNA4-IFN-g is efficiently expressed and

secreted from HEK 293T cells and can paracrinely induce

GBP-1 expression in HFIB. Reverse transfection with the

IFN-g expression plasmid or control plasmid on an HEK

293T/HFIB chip showed that (1) GBP-1 was only expressed in

the presence of IFN-g, and (2) GBP-1 was selectively expressed

in HFIBs but not in the T-antigen-positive HEK 293T cells

(Fig. 2d, merge). Furthermore, double staining of GBP-1 and

IFN-g confirmed that only HEK 293T cells (GBP-1-negative)
Lab Chip, 2012, 12, 1363–1372 | 1365



Fig. 2 Paracrine induction of GBP-1 expression by IFN-g in HFIBs. (a) Western blot analysis of GBP-1 expression in HFIBs and HEK 293T cells that

were either left unstimulated (control) or were stimulated for 24 h with 100 U ml�1 IFN-g. Detection of GAPDH shows that equal amounts of protein

were blotted onto the membrane. (b) Conditioned media of HEK 293T cells transfected with pcDNA4-IFN-g (IFN-g-CM) or control vector (control-

CM) were harvested 48 h post-transfection, and the presence of secreted IFN-g protein was determined by IFN-g-ELISA. (c) Western blot analysis of

GBP-1 expression in HFIBs and HEK 293T cells treated for 24 h with 20% IFN-g-CM or control-CM. Detection of GAPDH shows that equal amounts

of protein were blotted onto the membrane. (d and e) Selective reverse transfection of HEK 293T cells (arrow) with an IFN-g expression plasmid

(IFN-g) or empty vector (control) in mixture with HFIB (arrowhead). Panels show DAPI staining and immunofluorescence staining of GBP-1,

T-antigen, or IFN-g. Scale bars ¼ 25 mm.
expressed IFN-g, whereas HFIBs (GBP-1-positive) did not

(Fig. 2e, merge).
Restriction of diffusion by a matrix overlay

Diffusion of paracrine mediators from one transfection area to

another can confound the analysis of highly parallel trans-

fections that employ multiple different genes on a single chip.

Therefore, gelatin, polyacrylamide (PAA), and Low-Melting

Point (LMP) agarose were tested as matrices to be overlaid onto

the chip to restrict diffusion. Each matrix was initially used in the

highest concentration that allowed the formation of a homoge-

neous matrix. None of the matrices had cytotoxic effects in the

used concentrations (data not shown). It was possible to

completely remove the gelatin and LMP-agarose overlay after

incubation for up to 48 h. In the case of PAA, a thin poly-

acrylamide layer remained on the slide, which may have

disturbed subsequent immunocytochemical procedures for the

detection of paracrine gene effects (see below). All three matrices

were applied to HEK 293T/HFIB chips that had been printed

with the IFN-g expression plasmid. In the presence of a gelatin

overlay or in conditions without a matrix overlay, GBP-1-

expressing HFIBs were asymmetrically spread around the

transfection spots without restriction (Fig. 3a). In contrast, PAA

and LMP-agarose restricted diffusion as indicated by the

reduced and more symmetric scattering of the GBP-1 expressing

HFIBs around the transfection area (Fig. 3a). GBP-1 staining
1366 | Lab Chip, 2012, 12, 1363–1372
was clearly stronger in the presence of LMP-agarose than in the

presence of the PAA overlay (Fig. 3a). For quantitative

comparison, the signal distributions were determined in two

areas at the periphery of each transfection spot (Fig. 3b, upper

panel). The mean values of the slopes of the respective linear

regression curves (Fig. 3b, lower panel) were calculated and

termed diffusion restriction index (DRI). An increasing DRI

indicates an increasing capability of a matrix to restrict diffusion.

This index was used to compare the different matrices. The DRI

of LMP-agarose was significantly higher (P < 0.001) than the

DRI values of the other matrices (Fig. 3c). Accordingly, LMP-

agarose was used as matrix overlay for all further experiments.

In the next step, different concentrations of LMP-agarose were

applied to a HEK 293T/HFIB chip with parallel transfections of

pcDNA4-IFN-g. At concentrations of up to 0.5% LMP-agarose,

the DRI was significantly increased compared to the next lower

concentration (Fig. 3d). A further but not significant decrease in

diffusion was observed with 1% LMP-agarose (Fig. 3d). A LMP-

agarose concentration of 2% resulted in a further decrease of

signal spreading, but was also associated with lower signal

intensity and increased spot heterogeneity (Fig. 3d, left). This

decrease in signal spreading and intensity was due to cell loss

during removal of the 2% LMP-agarose, which is no longer

viscous at this concentration. Based on these findings, 1%

LMP-agarose was used in all further experiments.

The diffusion of proteins of differing molecular weights is

expected to vary. For this reason, IFN-g was employed as the
This journal is ª The Royal Society of Chemistry 2012



Fig. 3 Restriction of IFN-g diffusion by matrix overlay after reverse transfection. (a) Immunofluorescence detection of paracrine-activated GBP-1

expression after reverse transfections on chips using an IFN-g expression plasmid (1.0 mg per transfection mix), a mixture (1 : 3) of HEK 293T and

HFIBs, and different matrix overlays [6% gelatin (G), 8000 ppm polyacrylamide (P), 1% LMP-agarose (L)]. Dashed white circles indicate application

areas of the transfection mix. (b) Representative transfection spot with depicted areas (blue and red frames) used for signal quantification (upper panel).

Graphs of fluorescence intensity (FI) distribution in the quantification areas (blue and red, lower panel) and corresponding linear regression curves

(dashed black lines, lower panel). (c) The mean values of the slopes of the linear regression curves (see: b) of all eight transfections on each chip (see: a)

were calculated and are shown as the diffusion restriction index (DRI) of each of the different matrices. The P-value is given in comparison to poly-

acrylamide. ***, P # 0.001. (d) Reverse transfections analogous to (a) with increasing concentrations of LMP-agarose overlay in comparison to no

matrix overlay (left). Bar diagram of the DRIs of the different overlays (right). n.s.: not significant; ***, P # 0.001.
effector gene for the optimization of the assay. IFN-g has

a molecular weight of 20 kDa. It thus represents a rather small

protein with similar size to other physiologically and patholog-

ically relevant paracrine acting factors such as TNF-a, IL-6, or

IL-17.17–20 Proteins of higher molecular weights are expected to

diffuse less far through the matrix and will be even better

restricted to the transfection area.
Highly parallel analysis of paracrine gene activities on one chip

Next, in order to further optimize the density of parallel trans-

fection experiments on one chip, the minimal amount of plasmid

required for paracrine-induced GBP-1 expression in HFIBs was

determined. Decreasing amounts of pcDNA4-IFN-g were prin-

ted on a HEK 293T/HFIB chip overlaid with 1% LMP-agarose.

pcDNA4-IFN-g in concentrations down to 8 ng per transfection

mix still resulted in a clearly detectable GBP-1 signal in HFIBs

(Fig. 4a). Using this concentration, 192 parallel transfection

experiments for the analysis of paracrine gene functions could be

performed on one chip and still allowed for a clear discrimination

of each transfection area (Fig. 4b).
This journal is ª The Royal Society of Chemistry 2012
The comparison of pcDNA4-IFN-g and empty vector trans-

fected cell chips revealed a signal-to-background ratio of 164 and

a signal-to-noise ratio of 13. This indicates that there is a clear

increase between background compared to positive signals. The

Z0-factor of the assay was calculated and is of 0.05, which

corresponds to a ‘‘yes/no’’ type of answer (qualitative assay).21

This demonstrates that the method can be applied to analyse

whether single genes or combinations of genes induce in trans-

fected effector cells paracrine activities on a specific feature of the

indicator cells (for example adhesiveness for leukocytes, prolif-

eration or specific signal transduction pathways).

Of note, the herein described method allows analyses of

paracrine effects of transfected genes on a reduced cost basis

caused by miniaturization of assay as compared to multi-well

approaches. This is due to a significant reduction of the surface

area per experiment (roughly 98% reduction compared to

a 96-well and 90% reduction compared to a 384-well). Conse-

quently, a considerably reduced amount of reagents is required,

such as DNA or transfection reagent. In addition, the different

experiments on a chip are subjected to identical experimental

conditions and are not separated by different wells as compared
Lab Chip, 2012, 12, 1363–1372 | 1367



Fig. 4 Highly parallel analysis of paracrine gene activities on one chip. (a) Reverse transfections analogous to Fig. 3a with decreasing concentrations of

the IFN-g expression plasmid and an overlay with 1% LMP-agarose (upper panel). Diagram of the chip above showing the fluorescence intensities

(lower panel). (b) High density reverse transfection chip with 192 analyses of paracrine IFN-g-induced GBP-1 expression analogous to (a) with 8 ng

IFN-g expression plasmid per transfectionmix (upper panel). Quantitative determination of the fluorescence intensities of the indicated transfection lane

(upper panel, red frame) demonstrates spot to spot separation (lower panel, red line). The blue line represents the background signal obtained from a cell

chip printed with an empty vector.
to multi-well approaches. Moreover, many replica slides can be

produced out of one single spotting experiment, thus allowing to

reproduce identical conditions for different applications and

assay readouts.
Application of the new technique with different indicator cells,

paracrine inducers, and different indicator genes

Finally, we investigated whether this method can be used with (1)

different cell types, (2) different paracrine inducers, and (3)

different indicator genes. We could show that TNF-a, but not

IFN-a or IFN-g transfection resulted in robust paracrine

induction of COX-2 in the HEK 293T/HFIB setup, and of

VCAM-1 and ICAM-1 in the HEK 293T/HUVEC setup (Fig. 5).

All three indicator genes were paracrinely induced in the

respective indicator cells (HFIB and HUVEC) as demonstrated

by immunocytochemical double staining procedures showing

that the indicator gene product was exclusively expressed in the

indicator cells and not in the effector cells (Fig. 5, lower panels).

These results demonstrated that the method is broadly applicable

for many different screening approaches in a broad range of

research areas such as inflammation and cancer.
Conclusion

In many different biological disciplines, the role of the micro-

environment and paracrine intercellular communication is

becoming increasingly appreciated. The method described here

allows, for the first time, the analyses of gene functions in

paracrine cell interactions at the biochip level. The major

advantages of the established methodology are as follows: (1) the

feasibility of highly parallel analyses, (2) the convenience of the

handling procedure with the option to produce slides in advance

for later applications, which may be of specific relevance for

commercial purposes, (3) significantly reduced costs due to the

miniaturization of the chip, which requires fewer cells, less DNA
1368 | Lab Chip, 2012, 12, 1363–1372
and less transfection reagents, and (4) its robust performance

which allows its broad applicability for many different cell types

and indicator systems.

Over the past years, different gene clusters, typically consisting

of 50 to 100 genes, have been identified by comparative tran-

scriptome analyses to be associated with specific diseases or

disease stages. However, in most cases it is still unclear how these

genes contribute to the respective pathogenic process. The

method described herein will be of specific advantage in the

systematic investigation of single and combination effects of

these disease-associated gene clusters in intercellular communi-

cation. In this framework many different applications of this

method can be imagined. The specific examples shown here are

screening approaches on (1) the induction of an IFN-g-regulated

Th1 immune reaction, which is associated with increased patient

survival in colorectal cancer22,23 (HEK 293T/HFIB setup, indi-

cator gene: GBP-1), (2) the induction of tumorigenic pathways in

stromal cells (HEK 293T/HFIB setup, indicator gene: COX-2),

and (3) the inflammatory activation of endothelial cells (HEK

293T/HUVEC setup, indicator genes: ICAM-1 and VCAM-1).

Of note, the screening approaches are not limited to immuno-

fluorescence staining as readout. A wide range of readouts for

the detection of morphologic transformation, proliferation,

apoptosis, and cytotoxicity using respective staining procedures

of indicator proteins or RNA are susceptible to this method.

Moreover, paracrine activation of signaling programs in the

indicator cells can be analyzed. To this goal, one can use indi-

cator cells stably expressing a marker protein (e.g. GFP) under

the control of a promoter which is activated by the signal

transduction pathway of interest (for example NF-kB or p53).

Furthermore, the method can be also used to determine inter-

action with a third cell type, such as immune cells adhering to

endothelial cells which have been paracrinely stimulated by the

effector cells. In this setup the matrix would be removed after the

incubation time and immune cells would be added to the slides.

Attachment of immune cells to indicator cells on or near a certain
This journal is ª The Royal Society of Chemistry 2012



Fig. 5 Detection of paracrinely induced COX-2, VCAM-1, and ICAM-

1 expression on HEK 293T/HFIB- and HEK 293T/HUVEC-chips. (a–c)

Upper panels: overviews of selective reverse transfections of (a) HEK

293T/HFIB cell combinations (1 : 3), or (b and c) HEK 293T/HUVEC

(1 : 3) cell combinations with IFN-g-, TNF-a-, IFN-a-expression plas-

mids [(a) 0.2 mg per transfection mix, (b and c) 0.04 mg per transfection

mix] or empty vector (control) (all in triplicates) and immunofluorescence

staining of (a) COX-2, (b) VCAM-1 and (c) ICAM-1 expression. Lower

panels: DAPI staining and immunofluorescence staining of T-antigen

(arrow) and (a) COX-2, (b) VCAM-1 and (c) ICAM-1 (arrowheads) of

representative TNF-a transfection areas. Scale bars ¼ 25 mm. Dashed

white circles indicate application areas of the transfection mixes.
transfection spot might then indicate paracrine activity of this

specific effector gene. Finally, it is important to note that in the

described setup, effector and indicator cells are in direct contact,

which also allows for the analysis of juxtacrine gene effects. The

described method illustrates a worthwhile approach for

a convenient, low-cost and highly parallel analysis of paracrine

cell communication.

Experimental

Cell culture

HEK 293T cells (CRL-11268�, ATCC, Manassas, VA, USA),

human keratinocytes (HaCaT, DKFZ, Heidelberg, Germany),
This journal is ª The Royal Society of Chemistry 2012
human colorectal cancer cells (WiDr, CCL-218�, ATCC), and

primary human fibroblasts (HFIBs, PromoCell, Heidelberg,

Germany) were cultivated in DMEM-10% FCS [Dulbecco’s

modified Eagle’s medium (PAA Laboratories, C€olbe, Germany)

supplemented with 10% fetal calf serum (FCS; Biochrom, Berlin,

Germany), 2 mM L-glutamine, 100 U ml�1 penicillin and 100 mg

ml�1 streptomycin (all three from PAA Laboratories)] at 37 �C in

a humidified atmosphere with 8.5% CO2. Primary human

umbilical vein endothelial cells (HUVECs, Cambrex Bio Science,

Verviers, Belgium) were cultivated in EGM-2-MV [endothelial

cell culture medium (Lonza, Cologne, Germany) supplemented

with 1� Antibiotic–Antimycotic Solution (100 U ml�1 penicillin,

100 mg ml�1 streptomycin, 250 mg ml�1 amphotericin B; all three

from PAA Laboratories)] at 37 �C in a humidified atmosphere

with 5% CO2. The human colorectal cancer cell line HT29 (HTB-

38�, ATCC) was cultivated in McCoy’s 5A supplemented with

10% fetal calf serum (Biochrom), 2 mM L-glutamine (PAA

Laboratories) at 37 �C in a humidified atmosphere with 5% CO2.

All cells except HUVEC were maintained in uncoated tissue

culture flasks. HUVEC were cultivated in flasks coated for at

least 2 h with 1.5% bovine skin gelatin, type B (Sigma-Aldrich,

Seelze, Germany) in PBS.

For propagation, 90% confluent cells were washed with 1�
phosphate buffered saline (PBS) (Biochrom AG, Berlin, Ger-

many), detached with 1 � 0.5 g l�1 trypsin and 0.2 g l�1 ethylene-

diamine-tetra-acetic acid in HBSS (trypsin/EDTA) (PAA

Laboratories) and reseeded on a fourfold increased area (one

passage). HFIBs were used between passages 5 and 15 and

HUVECs between passages 8 and 11. All cells were monthly

tested for mycoplasma contamination using the MycoAlert

Mycoplasma Detection Kit (Lonza) and were in all cases

negative.

For stimulation with IFN-g, HEK 293T cells and HFIBs were

incubated overnight in DMEM-0.5% FCS and subsequently

treated for 24 h with 100 U ml�1 recombinant human IFN-g

(Roche, Mannheim, Germany) in the same medium. IFN-g was

diluted in PBS containing 0.1% bovine serum albumin (BSA)

(Sigma-Aldrich). As a control, the same volume of PBS/0.1%

BSA was used, without IFN-g.
Plasmids

An expression plasmid for human IFN-g was constructed by

amplifying a 501 bp long cDNA fragment corresponding to the

full-length IFN-g coding sequence (GenBank accession number

NM_000619) from mRNA isolated from phorbol 12-myristate

13-acetate (200 ng ml�1, Sigma-Aldrich) stimulated (18 h) Jurkat

cells. The forward primer harbored a restriction site for

BamHI (underlined) and a Kozak sequence (italics) (50-CGC

GGATCCGCCACCATGAAATATACAAGTTATATCTTGG

CTTTTCAG-30), and the reverse primer contained a restriction

site for EcoRV (underlined) (50-TGCGATATCTTACTGG

GATGCTCTTCGACCTC-30). The PCR product was subjected

to restriction digest with BamHI and EcoRV and inserted into

the BamHI and EcoRV sites in pcDNA4-Myc/His (Invitrogen,

Karlsruhe, Germany). The final construct (pcDNA4-IFN-g) was

confirmed by full-length sequencing of the inserted gene.

Expression plasmids for human TNF-a and human IFN-a were

kindly provided by Zhao, X. J. (Gene Therapy Program and
Lab Chip, 2012, 12, 1363–1372 | 1369



Alcohol Research Center, Louisiana State University Health

Sciences Center, New Orleans, LA, USA) and S. Indraccolo,

respectively (Istituto Oncologico Veneto, Istituto di Ricovero e

Cura a Carattere Scientifico, Padua, Italy). Plasmids encoding

green fluorescent protein (GFP; pEGFP-C1) or red fluorescent

protein (RFP; pDsRed1-N1) were purchased from Clontech (BD

Biosciences, Heidelberg, Germany).

Preparation of conditioned medium

HEK 293T cells were seeded in 1.5 ml at a density of 3 � 105 cells

per well in a six-well plate 24 h prior to transfection. Cells were

transiently transfected with 3 mg pcDNA4-IFN-g or empty

vector (pcDNA4) using the calcium-phosphate precipitation

technique. Seven hours after transfection, the cells were washed

twice with 1� PBS, and 1 ml fresh DMEM-0.5% FCS was added

to each well. The conditioned medium (CM) was harvested 48 h

post-transfection, subjected to centrifugation (4000 � g, 5 min,

4 �C) and directly used for further experiments.

Human IFN-g enzyme-linked immunosorbent assay (ELISA)

IFN-g protein expression in cell culture supernatants was

determined with a Quantikine hIFN-g-ELISA according to the

manufacturer’s instructions (R&D Systems, Abingdon, United

Kingdom).

Western blot analysis

Cell extracts (10 mg) were separated by electrophoresis on 10%

SDS-PAGE gels and analyzed by western blot as described

previously.24 The following primary antibodies were used: mono-

clonal rat anti-human GBP-1 antibody (1 : 500; clone 1B125) and

monoclonal mouse anti-human GAPDH antibody (1 : 70 000;

Chemicon/Millipore, Schwalbach, Germany). Rabbit anti-rat and

rabbit anti-mouse immunoglobulin G antibody coupled to

horseradish peroxidase (both from Dako, Hamburg, Germany)

were used as secondary antibodies at a 1 : 5000 dilution. Protein

detection was performed using the enhanced chemiluminescence

western blot detection system (ECL, GE Healthcare, Munich,

Germany) and Rx-films (Fuji, Tokyo, Japan).

Diffusion restricting matrices

All matrix solutions were prepared fresh before use as follows: (1)

bovine skin gelatin, type B (Sigma-Aldrich) was added to double-

distilled water (56 �C). The solution was stirred for 20 min at

56 �C, cooled down to 37 �C and sterilized by filtration (0.45 mm).

Subsequently, an identical volume of 2� DMEM-10% FCS was

added. (2) UltraPure low melting point agarose (LMP-agarose,

Invitrogen) was dissolved in double-distilled water by heating in

a microwave until the agarose was completely dissolved. After-

wards, the solution was adjusted to 37 �C, and an identical

volume of 2� DMEM-10% FCS was added. In case HUVECs

were applied to the chip, the LMP-agarose was mixed with an

identical volume of EGM-2-MV supplemented with 10% FCS

and 2� Antibiotic–Antimycotic Solution. (3) Neutral poly-

acrylamide (Sedipur NF 106, BASF SE, Ludwigshafen, Ger-

many) was dissolved in DMEM-10% FCS and gently rotated

until completely dissolved.
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Prior to use, all matrices were pre-warmed to 37 �C and then

gently added onto the slides with a serological pipette.
Selective reverse transfection

Plasmid DNA (0 mg to 3 mg per transfection mix) and gelatin

(0% to 0.8%) were used as specified in the manuscript and the

figures. In addition, four different transfection procedures were

tested as described below:

(1) Lipofectamine� 2000 (Invitrogen). The procedure using

Lipofectamine 2000 was carried out according to the protocols

described previously.5,26 Briefly, DNA was resuspended in 5 ml

double-distilled water, and then 3 ml Opti-MEM (Invitrogen)

containing 0.4 M sucrose (Merck, Darmstadt, Germany) was

added. Subsequently, 3.5 ml Lipofectamine� 2000 was added,

and the mix was incubated for 20 min at room temperature.

Finally, 7.25 ml gelatin solution (prepared as described in the

section titled ‘‘Diffusion restricting matrices’’) was added,

resulting in a final volume of 18.75 ml.

(2) Effectene (Qiagen). Effectene was used according to the

protocol described by Ziauddin and Sabatini4 with modifica-

tions. DNA was resuspended in 15 ml DNA-condensation buffer

(Buffer EC, Qiagen) containing 0.4 M sucrose. Subsequently,

1.5 ml enhancer solution was added, and the mixture was incu-

bated for 5 min at room temperature. Then, 5 ml Effectene

transfection reagent was added followed by 10 min incubation.

Finally, 21.5 ml gelatin was added, resulting in a final volume of

43 ml.

(3) SuperFect (Qiagen). SuperFect has not been used for

reverse transfection before (for review see St€urzl et al.3).

Following the procedure described in the SuperFect transfection

kit (Qiagen), DNA was resuspended in 30 ml Opti-MEM con-

taining 0.4 M sucrose. SuperFect transfection reagent (10 ml) was

added and incubated for 10 min at room temperature. After-

wards, 25.2 ml gelatin was added, resulting in a final volume of

65.2 ml. In addition to the ratios of DNA to gelatin, which is

described in the manuscript, the effect of different ratios of DNA

to SuperFect (1.5 mg DNA to 4, 8, 12.5 ml SuperFect) was tested.

No significant differences in reverse transfection were observed

(data not shown).

(4) Calcium-phosphate precipitation. Calcium-phosphate has

not been previously tested in the reverse transfection procedure.

Following the protocol of classical calcium-phosphate precipi-

tation,27 DNA was resuspended in 20 ml of a 0.25 M calcium

chloride solution containing 0.4 M sucrose. A total of 20 ml 2�
HEPES-buffered saline was added and the DNA was incubated

for 10 min at room temperature. Afterwards, 25.2 ml gelatin was

added, resulting in a final volume of 65.2 ml. The formation of

homogeneous precipitates in the printed transfection solution

was verified by phase contrast microscopy of the chip.

(5) Chip production. Chips were generated by using pre-

cleaned Superfrost Plus slides (Thermo Scientific, Menzel

GmbH, Braunschweig, Germany), a VersArray ChipWriter

Pro (Bio-Rad, Munich, Germany) and PTS600 pins (600 mm
This journal is ª The Royal Society of Chemistry 2012



diameter; Anopoli, Eichgraben, Austria). For printing, 18.75 ml

of each transfection mix was transferred into a 384-well plate

(Nunc, Thermo Fisher Scientific, Roskilde, Denmark), which

was used as a template plate. This template plate was kept at

12 �C, and the humidity was adjusted to 65% throughout the

spotting procedure. The printed slides were dried for at least 12 h

prior to use.

(6) Cell seeding, signal detection and restriction of diffusion.

For cell seeding, 8-well FlexiPERM attachable silicone chambers

(Greiner Bio One, Frickenhausen, Germany) were used. The

inner separation walls of the silicone chambers were cut out with

a sterile scalpel to generate a single chamber frame bordering

a surface area of 10 cm2. The resulting FlexiPERM incubation

frame was cleaned with 70% ethanol and sterile double-distilled

water, dried, and attached onto the printed slides. Subsequently,

HEK 293T cells alone (1� 106 cells per slide), HFIB alone (2.4�
105 cells per slide) or a mixture of both (1.2� 105 HEK 293T plus

2.4 � 105 HFIB per slide) were added. Further cell mixtures used

here contained HEK 293T (1.2� 105 cells per slide) together with

HUVEC (2.4 � 105 cells per slide), HaCaT (2.4 � 105 cells per

slide), HT29 (3.6 � 105 cells per slide), and WiDr (3.6 � 105 cells

per slide), respectively. Mixtures of HEK 293T with HFIB,

HaCaT, HT29, or WiDr were seeded in DMEM-10% FCS,

whereas the mixture of HEK 293T and HUVEC was seeded in

EGM-2-MV. The FlexiPERM incubation frame was removed

after 48 h and the slides were gently washed by dipping them once

into Tris-buffered saline (1� TBS) and dried. For detection of

GFP, the cells were fixed with 4% buffered paraformaldehyde

(10 min, Sigma-Aldrich) and mounted with fluorescence

mounting medium (Dako, Hamburg, Germany). The slides were

stored overnight at 4 �C and GFP signals were detected with

a Fuji FLA-5000 laser scanner (Fujifilm, D€usseldorf, Germany)

at a resolution of 25 mm scanning steps.

When diffusion restricting matrices were used, the medium

was removed 5 h after the cells were seeded, and the respective

pre-warmed matrix (37 �C) was gently poured onto the slides.

The slides were further incubated for 43 h at 37 �C. Then, the
matrix was removed, and the slides were washed gently (2 min)

with 1� TBS and subjected to immunofluorescence analysis.
Immunofluorescence analysis

Chips with reversely transfected cells were washed with 1� TBS,

dried at room temperature, and fixed with 4% buffered para-

formaldehyde (10 min, Sigma-Aldrich) 48 h after cell seeding

(in the case of immunofluorescence analysis of VCAM-1

expression, the staining was performed 72 h after cell seeding).

The slides were treated with 0.1% saponin (Sigma-Aldrich) (in

1� TBS, 30 min) and incubated with 10% goat normal serum

(GNS; Dianova, Hamburg, Germany) for 10 min. As primary

antibodies, a monoclonal mouse anti-SV40 large T-antigen

antibody (1 mg ml�1; PAb416, Calbiochem/Merck, Darmstadt,

Germany), a monoclonal rat anti-human GBP-1 antibody

(1 : 100; clone 1B125), a monoclonal mouse anti-human

cyclooxygenase-2 (COX-2; 0.25 mg ml�1; CX229; Cayman

Chemical, Ann Arbor, Michigan, USA), a monoclonal mouse

anti-human vascular cell adhesion molecule 1 (VCAM-1; 10 mg

ml�1; 1.4C3; Sigma-Aldrich) or a monoclonal mouse anti-human
This journal is ª The Royal Society of Chemistry 2012
inter-cellular adhesion molecule 1 (ICAM-1; 2 mg ml�1; BBIG-I1;

R&D Systems) were added in 5% GNS for 2.5 h. The slides were

incubated for 1 h with a goat anti-mouse Alexa488 antibody or

a goat anti-rat Alexa488 antibody (1 : 500, Invitrogen). The

nuclei were counterstained (10 min) with 40,6-diamidino-2-phe-

nylindole (DAPI) (1 mg ml�1, Invitrogen) and the slides were

mounted with fluorescence mounting medium (Dako). All

incubations were carried out at room temperature in a humidity

chamber. Mounted slides were stored overnight at 4 �C before

analysis with a Fuji FLA-5000 laser scanner and/or a Leica TCS

SP5 confocal microscope (Leica Microsystems, Wetzlar,

Germany), equipped with the LAS-LAF software.

Double-immunofluorescence staining was performed as

described above with the following alterations: primary anti-

bodies were applied in mixtures [(1) monoclonal rat anti-human

GBP-1 antibody (1 : 100; clone 1B1) and monoclonal mouse

anti-SV40 large T-antigen antibody (1 mg ml�1; PAb416), (2)

monoclonal rat anti-human GBP-1 antibody (1 : 20; clone 1B1)

and monoclonal mouse anti-human IFN-g antibody (1 : 800;

clone 25718), (3) monoclonal mouse anti-human COX-2 anti-

body (0.25 mg ml�1; CX229) and polyclonal rabbit anti-SV40

large T-antigen antibody (1 : 200; v-300; Santa Cruz, Heidelberg,

Germany), (4) monoclonal mouse anti-human VCAM-1 (10 mg

ml�1; 1.4C3) and polyclonal rabbit anti-SV40 large T-antigen

antibody (1 : 200; v-300), or (5) monoclonal mouse anti-human

ICAM-1 (2 mg ml�1; BBIG-I1) and polyclonal rabbit anti-SV40

large T-antigen antibody (1 : 200; v-300)] for 2.5 h. Detection of

primary antibodies was carried out for procedures 1 and 2 by

adding a mixture of goat anti-rat Alexa488 and highly cross-

absorbed goat anti-mouse Alexa546 antibody (both 1 : 500;

Invitrogen) and for procedures 3, 4 and 5 by adding a mixture of

goat anti-mouse Alexa488 and goat anti-rabbit Alexa546 anti-

body (both 1 : 500; Invitrogen) to the slide.
Analysis of fluorescence intensity

Fluorescence signal intensities were determined with a laser

scanner (FLA-5000, Fujifilm) and analyzed using the Aida

software package (version 4.15; Raytest, Straubenhardt, Ger-

many). Scanning was performed with an increment of 25 mm. In

Fig. 4a and b, the entire indicated area was evaluated.
Statistical analysis

Student’s t tests for independent samples were performed using

the SPSS 18.0 software for Microsoft Windows (SPSS Inc.,

Chicago, IL, USA).

The signal-to-noise ratio and the Z0-factor were calculated as

follows using a chip as described in Fig. 4b: 8 ng of pcDNA4-

IFN-g per transfection mix (positive control; signal) or empty

vector (negative control; background) were printed 192 times on

one slide. The total fluorescence intensity (FI) of each region of

paracrinely induced HFIBs was measured and normalized to

the respective area. The local background was subtracted from

this FI, and these values were used for the calculation of the

mean values and standard deviations (SD) of the positive and

negative control. The signal-to-background ratio (S/B), signal-

to-noise ratio (S/N), and the Z0-factor were calculated as

follows:21
Lab Chip, 2012, 12, 1363–1372 | 1371



S=B ¼ mean signal

mean background

S=N ¼ mean signal �mean background

SD of background

Z0-factor ¼
1� 3SD of positive control þ 3SD of negative control

jmean of positive control� mean of negative controlj
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