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Abstract

We previously demonstrated that an αvβ5 integrin/FAK- mediated pathway regulated the 

phagocytic properties of human trabecular meshwork (HTM) cells. Here we demonstrate that this 

process is mediated by Rac-1 and a previously unreported signaling pathway that utilizes the 

Tiam1 as well as a novel ILK/RhoG/ELMO2 signaling pathway. Phagocytosis in both a TM-1 cell 

line and normal HTM cells was mediated by Rac1 and could be significantly decreased by >75% 

using the Rac1 inhibitor EHop-016. Knockdown of Rac1 in TM-1 cells also inhibited 

phagocytosis by 40% whereas overexpression of a constitutively active Rac1 or stimulation with 

PDGF increased phagocytosis by 83% and 32% respectively. Tiam1 was involved in regulating 

phagocytosis. Knockdown of Tiam1 inhibited phagocytosis by 72% while overexpression of 

Tiam1 C1199 increased phagocytosis by 75%. Other upstream effectors of Rac1 found to be 

involved included ELMO2, RhoG, and ILK. Knockdowns of ELMO2, ILK, and RhoG caused a 

reduction in phagocytosis by 51%, 55% and 46% respectively. In contrast, knockdown of Vav2 

and Dock1 or overexpression of Vav2 Y159/172F did not cause a significant change in phagocytosis. 

These data suggest a novel link between Tiam1 and RhoG/ILK/ELMO2 pathway as upstream 

effectors of the Rac1-mediated phagocytic process in TM cells.
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INTRODUCTION

Glaucoma is a heterogenous eye disease that leads to irreversible blindness. The 

pathogenesis of glaucoma is multifactorial but it is frequently associated with an elevated 

intraocular pressure (IOP). This pressure increase occurs when aqueous humor outflow 

through the trabecular meshwork (TM)-Schlemm’s canal system is restricted. The 

phagocytic properties of TM cells are thought to play an important role in maintaining the 

outflow pathway by clearing cellular debris and degraded extracellular matrix proteins that 

can restrict the outflow pathway (Buller et al., 1990). In both POAG and steroid-induced 

glaucoma, phagocytosis is believed to be impaired thus possibly contributing to the 

reduction in outflow facility.

Recent studies show that phagocytosis in TM cells utilizes an αvβ5 integrin/FAK signaling 

pathway and that this process is inhibited when the αvβ3 integrin is activated (Gagen et al., 

2013), thereby establishing a functional role for integrins in maintaining TM homeostasis. 

The downstream modulators of αvβ5 integrin-mediated phagocytosis in the TM are still 

unknown. It is also unknown how αvβ3 integrin signaling inhibits this process.

To date, a number of other integrins besides αvβ5 integrin have been shown to participate in 

phagocytosis. These integrins include αvβ3 integrin in microglial cells, α2β1 integrin in 

fibroblasts and αMβ2 in macrophages (Dupuy and Caron, 2008). These integrins have been 

associated with a wide range of phagocytic processes including the uptake of apoptotic cells, 

pathogens and matrix proteins such as collagen fibrils. They usually work with co-receptors 

such as Mer and BAI-1 to bind and engulf the cell or matrix protein. However, in some 

instances, an opsonin such as MGF-E8 bound to the integrin is used for the efficient removal 

of apoptotic cells (Akakura et al., 2004). Together, these integrin–mediated complexes 

trigger the signaling pathway(s) that coordinate the reorganization of the actin cytoskeleton 

and the extension of the membrane into a phagocytic cup.

Several different signal transduction pathways have been linked to integrin-mediated 

phagocytosis and the precise pathway(s) may be cell-type specific or depend on what is 

being engulfed. One common thread is that all these pathways appear to converge on various 

members of the Rho GTPase family, particularly Rac1, which are needed to coordinate the 

reorganization of the actomyosin cytoskeleton during the formation of the phagocytic cup 

(Dupuy and Caron, 2008, Sayedyahossein and Dagnino, 2013). Integrins are believed to play 

an important role in coordinating the spatial and temporal recruitment of active Rac1 to the 

membrane site of phagocytosis.

Rac1 activation requires specific guanine nucleotide exchange factors (GEFs) (Goicoechea 

et al., 2014, Rossman et al., 2005, Schmidt and Hall, 2002) that mediate the exchange of 

GDP for GTP. Although there are at least 30 GEFs that can regulate Rac1 activity (Bai et al., 
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2015), only a few have been shown to be involved in phagocytosis. The best characterized 

GEF known to facilitate Rac1 activation during αvβ5 integrin-mediated phagocytosis 

(Akakura et al., 2004, Albert et al., 2000) is the atypical GEF DOCK1 (Dedicator of 

cytokinesis1). By itself DOCK1 cannot activate Rac1 and needs to form a bipartite complex 

with the adapter protein ELMO1 (Engulfment and cell motility) in order to activate Rac1 

(Cote and Vuori, 2007, deBakker et al., 2004, Laurin and Cote, 2014). To date only ELMO1 

has been shown to functionally cooperate with DOCK1 during phagocytosis (Gumienny et 

al., 2001). ELMO2, another member of the ELMO family, is involved in Rac1 activation but 

appears to bind integrin linked kinase (ILK) (Ho et al., 2009) and has never been shown to 

play a role in phagocytosis. In some cases, DOCK1 can activate Rac1 in phagocytosis using 

an alternative mechanism that involves RhoG which is another member of the Rac family of 

GTPases (Cote and Vuori, 2007, deBakker et al., 2004)

The Rac1/DOCK1/ELMO1 pathway, however, is not the only relevant Rac-GEF pathway 

involved in phagocytosis. Members of the Vav family of proteins (Vav1-3) have also been 

implicated to have a role in phagocytosis. Vav1 is exclusively restricted to hematopoietic 

cells, whereas Vav2 and Vav3 are widely expressed (Hornstein et al., 2004). Vav2 has been 

shown to regulate collagen phagocytosis in fibroblasts in vitro (Arora et al., 2008) and to be 

involved in Rac1 activation (Sauzeau et al., 2010). Interestingly, Vav2/Vav3-deficient mice 

display characteristics of a glaucomatous phenotype including elevated IOP and loss of inner 

retinal cells (Fujikawa et al., 2010). Tiam1 (T-Cell Lymphoma Invasion And Metastasis 1), 

which is the best characterized GEF known to activate Rac1 has, to date, not been shown to 

play a major role in integrin-mediated phagocytosis.

In the current study, we investigated the signaling components involved in phagocytosis by 

TM cells downstream of αvβ5 integrin/FAK signaling. Here we demonstrate that αvβ5 

integrin/FAK-mediated phagocytosis by TM cells is regulated by the GTPases Rac1 and 

RhoG. Activation of this pathway utilizes ELMO2, ILK, and Tiam1. A role for Dock1 or 

Vav2, however, could not be established. Together these studies indicate that, although 

phagocytosis in TM cells uses some of the same regulatory mechanisms found in other 

phagocytic cells, TM cells also utilize some unique components to control phagocytosis. 

Finally, these studies suggest there may be a differential use of GEFs by integrins in the TM 

to control phagocytosis. Understanding how integrin-mediated mechanisms regulate 

phagocytosis in TM cells should provide insight into novel approaches and therapies to 

manage signaling pathways governing normal TM function.

METHODS

Materials

The monoclonal antibodies (mAb) EP1067Y (rabbit-anti-Vav2) and 0.T.127 (mouse-anti-

Rac1) were purchased from Abcam (Cambridge, MA). IRDye800-conjugated secondary 

goat anti-rabbit and IRDye700-conjuagted secondary goat anti-mouse antibodies were 

purchased from Li-Cor Biosciences (Lincoln, NE). pHrodo® Red S. aureus bioparticles, 

Hoescht 33342 nuclear stain and CellMask Green were purchased from Invitrogen Life 

Technologies (Carlsbad, CA). siRNA against human Rac1, Vav2, DOCK180, ELMO2, 

Tiam1, and RhoG (ON-TARGETplus SMARTpool, Human ITGB5) and non-targeting 
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siRNA (ON-TARGETplus Non-targeting siRNA#1) were purchased from Dharmacon 

(Lafayette, CO). Rac1 inhibitors NSC23766 and EHop-016 were purchased from EMD 

Millipore (Billerica, MA). The Rac1 inhibitor EHT 1864 was purchased from Tocris 

Bioscience (Bristol, UK). Both the Vav2 and pc.HA plasmids were provided by Dr. Joan 

Brugge (Moores et al., 2000) through Addgene (plasmid #14554; Cambridge, MA). The 

Tiam1 plasmids were gifts from Dr. John Collard (Stam et al., 1997). The Rac1 plasmids 

constructed by Subauste et al (Subauste et al., 2000) were provided by Dr. Patricia Keely 

(University of Wisconsin).

Cell Culture

The immortalized human TM-1 cell line was established as previously described (Filla et al., 

2002). Cells were grown in low-glucose Dulbecco’s modified Eagle’s medium (DMEM, 

Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich), 1% amphotericin B (Mediatech, 

Herndon, VA), and 0.05% gentamicin (Mediatech) in the presence of 10% fetal bovine 

serum (FBS, Atlanta Biologicals, Flowery Branch, GA). The normal human TM (HTM) cell 

strain N25TM-8 was isolated from a corneal rim obtained from a 25-year old donor eye with 

no known history of ocular disease and characterized as previously described (Filla et al., 

2004). N25TM-8 cells were cultured in low glucose Dulbecco’s modified Eagle’s medium 

(DMEM; Sigma, St. Louis, MO), 15% fetal bovine serum (Atlanta Biologicals, Atlanta, 

GA), 2 mM L-glutamine (Sigma), 1% amphoteracin B (Mediatech, Herndon, VA), 0.05% 

gentamicin (Mediatech) and 1 ng/mL FGF-2 (Peprotech, Rocky Hill, NJ).

siRNA and Plasmid Transfections

For the mRNA knock-down experiments, TM-1 cell lines were transfected 48 h prior to the 

phagocytosis assay with 100nM siRNA against human Rac1, Vav2, ELMO2, Tiam1, RhoG, 

ILK, or Dock1 (Dharmacon, Lafayette, CO) respectively using the Mirus siQuest 

transfection reagent (Mirus, Madison, WI) according to the manufacturer’s instructions. 

siRNA concentrations were determined empirically. Non-targeting siRNA (100 nM) was 

used as a negative control. qPCR was used to validate knockdown of gene expression.

In experiments where Rac1, Tiam1 or Vav2 were overexpressed, TM-1 cells were 

transfected with 500 ng of plasmid DNA containing an active Tiam1 fragment (C1199), an 

inactive Tiam1 fragment (Tiam1-PhN-CCEx), constitutively active Rac1-61L, constitutively 

inactive Rac1-17N, pcDNA3 (empty vector control for Tiam1 and Rac1 constructs), 

constitutively active Vav2 (CA-Vav2), or pC.HA (empty vector control for CA-Vav2). Mock 

transfections, receiving no DNA, were also used as negative controls. Transfections were 

done using Mirus TransIT-LT1 transfection reagent (Mirus, Madison, WI). DNA used in the 

transfections was obtained using a Qiagen EndoFree Plasmid Maxi Kit (Qiagen, Germany). 

The CA-Vav2 Y159/172F construct (Moon and Gomez, 2010) was made was using the 

Quik-change II XL Kit (Qiagen) according to the manufacturer’s instructions. The primers 

used to make the CA-Vav2 Y159F mutation were: forward 5′-GGGGAGGAC 

ATCTTCGACTGCGTCCCG-′3 and reverse 5′-CCC 

CTCCTGTAGAAGCTGACGCAGGGC-′3. The primers used to introduce the Y172F 

mutation were: forward 5′-GGGGACGACATCTTCGAGGACATCATC and reverse 

CCCCTGCTGTAGAAG CTCCTGTAGTAG-′3.
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qPCR

The RNeasy ® Mini Kit (Qiagen, Valencia, CA) was used to isolate total RNA from 

transfected or untransfected cells. cDNA was generated using High Capacity cDNA Reverse 

Transcription Kit as per manufacturers’ instructions (Invitrogen). Quantitative RT-PCR 

(qRT-PCR, 7300 Real Time PCR System, Applied Biosciences) was used to evaluate mRNA 

levels using specific primers for Rac1, Vav2, Dock1, RhoG, Tiam1, Tiam2, and ELMO1, 2, 

and 3 made at the UW Biotechnology Center, Madison, WI. Results were normalized to the 

housekeeping gene succinate dehydrogenase complex subunit (SDHA). The primers used for 

the qPCR reactions are listed in Table 1 in the Supplemental Data.

Phagocytosis of S. aureus bioparticles

TM-1 or HTM cells were grown to confluence in 6-well tissue culture-treated plates or on 

sterile glass cover slips (Bellco, Vineland, NJ). Cultures were then challenged with pHrodo® 

Red S. aureus bioparticle conjugates (pHrodo bioparticles; Invitrogen) for 4 h as previously 

described (Gagen et al., 2013). In some experiments, cells were pre-incubated for 30 min 

with a Rac1 inhibitor (NSC23766, EHop-016 or EHT 1864) followed by the 4 h incubation 

with pHrodo bioparticles in the presence of the inhibitor. Following the phagocytic 

challenge, control, Rac1 inhibitor-treated and siRNA-transfected TM-1 cells were prepared 

for FACS or fixed in 1.0% paraformaldehyde, in phosphate buffered saline (PBS) for 20 min 

at room temperature and stained with Hoescht 33342 for fluorescence microscopy. An 

epifluorescence microscope (Axioplan 2, Zeiss, Thornwood, NY) and image acquisition 

software (Axiovision 4.8) was used to image pHrodo™ bioparticles fluorescence and cell 

nuclei.

For all other experiments, cells were seeded onto 4-well chambered glass coverslips (ibidi 

USA, Madison, WI) at a density of 1 × 105 cells/ml for 24 h prior to being transfected. 

Forty-eight hours post-transfection, cells were placed in media containing 1% FBS for an 

additional 24 h prior and then exposed to the pHrodo bioparticles for 4 h. The level of 

phagocytosis was determined using a fluorescence microscopy assay. It was necessary to use 

this assay for these studies, because the transfection reagent needed for the knockdowns 

impaired the ability to process the cells for FACS. The phagocytic activity was calculated by 

determining the ratio of cells containing pHrodo bioparticles versus total number of cells 

from 3–4 separate randomly chosen areas per coverslip. Cells were considered positive if 

they had engulfed ≥3 bioparticles and designated as being a bioparticle-positive cell (BPC). 

Each experiment was independently repeated at least 3 times and between 200–740 cells per 

coverslip were counted. Cells were stained with CellMask Green (1/1000 dilution) to 

identify the cells. All cells were viewed unfixed using an inverted fluorescence microscope 

(Axiovert 200m, Zeiss, Thornwood, NY) and image acquisition software (Axiovision 4.8) to 

image pHrodo™ bioparticles fluorescence and stained cells.

Fluorescence-activated cell-sorting (FACS) analysis

FACS analyses were performed as previously described (Gagen et al., 2013). Cells were 

lifted using either a 0.05% Trypsin/0.25mM EDTA solution or a Cell Dissociation Solution 

(Sigma-Aldrich, St Louis, MO) and then washed in complete medium containing serum 

followed by warm PBS. Cells were then resuspended in 1% paraformaldehyde in buffered 
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saline and the fluorescence intensity of the pHrodo bioparticles was analyzed using the BD 

FACSCalibur System (BD Biosciences). Quantification of phagocytosis was done by 

comparing the geometric mean fluorescence intensity (MFI) of phagocytosed pHrodo 

bioparticles between the different treatment groups and their respective controls, as 

previously described (Gagen et al., 2013). The ratio between the treated MFI and untreated 

MFI × 100% was used to calculate % phagocytic activity relative to control.

Immunoblotting

TM-1 cells were lysed with RIPA lysis buffer (25 mM Hepes, pH 7.4, 150 mM NaCl, 1 mM 

EDTA, 1 mM NaF, 1% NP-40, 0.25% deoxycholate) containing HALT phosphatase 

inhibitor cocktail and HALT protease inhibitor cocktail (Thermo Scientific, Rockford, IL). 

Cells were incubated for 10 min at 4 °C and debris was removed by centrifugation at 10,000 

× g. Protein concentration was determined using a BCA assay (Thermo Scientific). The cell 

lysate (10 μg) was loaded onto a 10% SDS-PAGE gel and transferred to Immobilin-FL for 

imaging on an Odyssey CLx infrared reader (Li-Cor) using Image Studio ver 5.0 imaging 

software (Li-Cor). Membranes were blocked in 3% BSA/TBS for 1 h and then incubated 

with a primary antibody diluted in 1% BSA/TBS/0.1% TX-100 for 1 h. Membranes were 

washed with TBS/0.1% TX-100 and incubated for 1 h with anti-mouse or anti-rabbit 

IRDye® 800CW-conjugated secondary Ab for infrared imaging.

Statistical analysis

Statistical analyses were performed using a Student’s t-test or one-way ANOVA followed by 

a Tukey HSD post-test. A p value < 0.05 was considered significant. FACs data are reported 

as mean percentage of fluorescence intensity (%MFI) ± SEM.

RESULTS

The Rac1 inhibitor EHop-016 selectively impairs phagocytosis in TM-1 cells

To determine if TM cells utilized a Rac1 signaling pathway to regulate phagocytosis, TM-1 

cells were pretreated with the Rac1 inhibitors NSC23766, EHT 1864, and EHop-016 prior to 

being challenged with the pHrodo bioparticles. NSC23766 and EHT 1864 both prevent Rac1 

activation by the Rac1-specific GEFs Trio and Tiam1 (Gao et al., 2004, Shutes et al., 2007), 

while EHop-016 prevents Rac1 activation via the GEFs Vav1 and, to a lesser extent, Tiam1 

(Montalvo-Ortiz et al., 2012). By phase microscopy, none of the inhibitors had any effect on 

cell morphology at the concentrations used compared to vehicle-treated control TM-1 cells 

(Fig 1A). However, the phagocytic activity of the cells differed depending on which inhibitor 

was used. As shown in Figure 1A, TM-1 cells treated with 50 μM EHop-016 demonstrated a 

clear reduction in the uptake of pHrodo bioparticles compared to control cells or cells 

treated with 60 μM NSC23766 or 10 μM EHT 1864. In contrast, NSC2366 and EHT 1864 

caused only a slight decrease in the uptake of pHrodo bioparticles compared to the vehicle-

treated control.

Quantification of the phagocytic activity using FACS verified the observations from the 

fluorescence microscopy study. As shown in Figure 1B, the percent mean fluorescent 

intensity (% MFI) in TM-1 cells treated with the EHop-016 inhibitor was significantly 
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reduced by 75% compared to control cells (p<0.05). In contrast, the % MFI of NSC23766 

inhibitor-treated or EHT 1864 inhibitor-treated cells was not statistically different from 

untreated cells. A similar result was observed in a normal HTM cell strain (Fig 1C). Neither 

the NSC2366 nor the EHT 1864 inhibitor reduced the phagocytic activity of HTM cells, 

while the EHop-016 inhibitor showed a dose dependent reduction in the phagocytic activity 

of the HTM cells compared to the no treatment control cells. At 25 μM, EHop-16 showed a 

49% (*p<0.05) reduction in phagocytosis compared to untreated and cells treated with 50 

μM EHop-16 showed a significant reduction (**) of 81% (p<0.01). Thus, phagocytosis in 

both normal and transformed TM cells appears to utilize a Rac1-dependent pathway.

Knockdown of Rac1 inhibits phagocytosis in TM-1 cells

To further demonstrate that phagocytosis was a Rac1–mediated process, siRNA was used to 

knock down Rac1 expression in the immortalized TM-1 cell line. By qPCR analysis 100 nM 

Rac1 siRNA knocked down Rac1 gene expression by ~68% compared to mock transfected 

cells and 65% compared to cells transfected with 100nM non-targeting (NT) siRNA (Fig 

2A). Immunoblot analysis confirmed that protein levels of Rac1 were reduced following 

transfection with Rac1 siRNA (Fig 2B).

When Rac1 siRNA transfected TM-1 cells were challenged with pHrodo bioparticles to 

determine their level of phagocytic activity, FACS analysis showed that the phagocytic 

activity was reduced by 40% (p<0.05) compared to mock transfected cells or NT siRNA-

transfected cells (Fig 2C). In contrast, there was no difference in the phagocytic activity in 

NT siRNA-transfected cells compared to untreated controls.

PDGF and expression of a constitutively active form of Rac1 (Rac-61L) stimulates 
phagocytosis

Finally, to confirm that Rac1 is necessary for the efficient engulfment of the pHrodo 

bioparticles, TM-1 cells were treated with the growth factor PDGF which is known to 

activate Rac1 or transfected with a constitutively active (CA) form of Rac1 (Rac-61L). As 

shown in Figure 3A, addition of 60 ng/ml PDGF to the media during the phagocytic assay 

caused a statistically significant (p<0.05) increase in the levels of phagocytosis by 32% 

compared to untreated TM-1 cells. Overexpression of Rac-61L in TM-1 cells also caused a 

significant increase in phagocytosis by 83% (p< 0.01) compared to mock transfected cells, 

cells transfected with a dominant negative (DN) Rac1-17N or cells transfected with the 

empty vector (Figure 3B). Collectively, these data suggest that phagocytosis in TM cells is 

mediated by Rac1.

Tiam1 and not Vav2 plays a role in phagocytosis

These data not only indicated that phagocytosis is a Rac1-mediated process, but they 

suggested that a specific GEF may be involved in αvβ5 integrin-mediated phagocytosis by 

TM cells since only EHop-016 showed a significant knockdown of phagocytosis. Since the 

EHop-016 inhibitor was developed to block the association of Vav1 with Rac1 and, to a 

lesser extent, the activation of Rac1 by Tiam1, we wanted to determine if either of these 

GEFs was involved in regulating phagocytosis in TM-1 cells. Of the three members in the 

Vav family, qPCR showed that TM-1 cells (Fig 4A) and HTM cells both expressed Vav2 
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mRNA (data not shown). Vav3 mRNA was not detected in TM-1 cells and HTM cells only 

expressed trace levels of Vav3 mRNA (data not shown). Vav1 mRNA was also not expressed 

by the immortalized TM-1 cell line which was to be expected since Vav1 expression is 

restricted to hematopoietic cells (Hornstein et al., 2004). Both TM-1 (Fig 4A) and HTM 

cells (data not shown) were also found to express Tiam1 and, to a lesser extent, Tiam2 

mRNA. In addition, to Vav2 and Tiam1 and 2, TM-1 cells were found to express Dock1, 

RhoG, and ELMO2 mRNA (Fig 4B). All of these proteins with the exception of ELMO2 

have been implicated in playing a role in phagocytosis.

To determine if Vav2 was involved in αvβ5 integrin mediated phagocytosis, TM-1 cells 

were transfected with human Vav2 siRNA to knockdown Vav2 expression. TM-1 cells were 

used for the remainder of the experiments instead of normal HTM cells because HTM 

express both αvβ3 and αvβ5 integrins whereas TM-1 cells express only the αvβ5 integrin 

and not the αvβ3 integrin (Filla et al., 2011). Thus by using TM-1 cells we could study 

αvβ5 integrin mediated phagocytosis in the absence of αvβ3 integrins which had previously 

been shown to affect phagocytosis in TM cells (Gagen et al., 2013).

Forty-eight hours post-transfection, qPCR showed that Vav2 mRNA was reduced in cells 

treated with 100 nM Vav2 siRNA compared to mock transfected cells or cells treated with 

100 nM NT siRNA (Fig 5A). Furthermore, protein levels of Vav2 were also reduced in cells 

transfected with Vav2 siRNA (Fig 5B). Yet, despite the knockdown of both Vav2 mRNA and 

protein levels, FACs analysis failed to show a statistically significant decrease in 

phagocytosis compared to the untreated controls (Fig 5C). To help determine if Vav2 was 

involved, we then overexpressed a constitutively active form of Vav2 (CA-Vav2 Y159/172F) in 

TM-1 cells. As shown in Figure 5D, overexpression of the CA-Vav2 Y159/172F also failed to 

show a statistically significant increase in phagocytosis. This data suggested that Vav2 may 

not be the primary GEF involved in the activation of Rac1. Given that EHop-016 can also 

block Rac1 activation by Tiam1, we sought to determine if this GEF might be involved in 

phagocytosis.

To determine if Tiam1 was involved in regulating Rac1-mediated phagocytosis, a truncated, 

but active, fragment (C1199) of Tiam1 was expressed in TM-1 cells (Stam et al., 1997). A 

smaller inactive Tiam1 fragment (Phn-cc-Ex) that lacked the Rac1 activation domain 

(Baumeister et al., 2003) and an empty vector were used as negative controls. By fluorescent 

microscopy, TM-1 cells transfected with C1199 Tiam1 appeared to engulf a larger number 

of pHrodo bioparticles compared to the mock transfected controls (Fig 6A). Quantification 

of the images verified this observation and showed that overexpression of Tiam1 C1199 

resulted in a statistically significant increase by 75% in phagocytosis (p<0.01) compared to 

mock transfected cells (Fig 6B). In contrast, overexpression of Phn-cc-Ex Tiam1 or the 

empty vector pcDNA3 had no effect (Fig 6B). Furthermore, siRNA knockdown of Tiam1 

resulted in a 72% decrease (p<0.01) in phagocytosis (Fig 7) compared to NT siRNA 

controls. Together these data suggest that Tiam1 appears to be the GEF primarily 

responsible for the activation of Rac1 during phagocytosis.
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TM-1 cells utilize RhoG and a novel ELMO2 and ILK protein complex during phagocytosis

Finally, we examined whether the unconventional ELMO/Dock1 complex which has been 

implicated in αvβ5 integrin mediated phagocytosis in other phagocytic cells (Akakura et al., 

2004) was involved in the activation of Rac1 during phagocytosis in TM-1 cells. As shown 

earlier in Figure 4B, TM-1 cells express low levels of DOCK1 mRNA and, surprisingly, 

only ELMO2 mRNA. Neither ELMO1 nor ELMO3 mRNA could be detected in TM-1 cells. 

TM-1 cells were also found to contain mRNA for another member of the Rac family known 

as RhoG which has recently been identified as a binding partner for the ELMO1/DOCK1 

complex (deBakker et al., 2004, Kim et al., 2011) and can participate in regulating 

phagocytosis (Tzircotis et al., 2011). To determine if any of these proteins could be involved 

in phagocytosis, the expression of these proteins was knocked down using siRNAs to 

DOCK1, ELMO2, or RhoG, respectively. Knockdown of the β5 integrin subunit was used as 

a positive control. As shown in Figure 7, knockdown of both ELMO2 and RhoG produced a 

statistically significant reduction in phagocytosis by 51% (p<0.05) and 46% (p<0.05) 

respectively compared to NT siRNA controls suggesting that ELMO2 and RhoG may also 

play a role in regulating phagocytosis. In contrast, knockdown of Dock1 expression did not 

show a statistically significant reduction in phagocytosis compared to NT siRNA-transfected 

cells (Fig 8A). This was not due to an inability to knock down Dock1 mRNA, since cells 

transfected with DOCK1 siRNA showed a 91% reduction in DOCK1 mRNA expression 

compared to cells transfected with NT siRNA (Fig 8B).

Since Dock1 did not appear to be involved, we looked for another binding partner for 

ELMO2. ILK is a pseudokinase that has recently been shown to associate with ELMO2 (Ho 

et al., 2009) and participate in phagocytosis (Sayedyahossein et al., 2012) and is found in 

HTM cells (Faralli et al., 2011). As shown in Figure 8C, knockdown of ILK with siRNA 

also resulted in a statistically significant decrease in phagocytosis by 55% (p<0.01) 

compared to NT siRNA control cells. This suggests that Rac1-mediated phagocytosis in 

TM-1 cells is regulated by Tiam1, RhoG and the newly discovered ELMO2/ILK pathway.

DISCUSSION

Previous studies showed that both normal and immortalized TM cells can use an αvβ5 

integrin/FAK-mediated pathway to regulate phagocytosis (Gagen et al., 2013). Here, we 

extend those studies to demonstrate that αvβ5 integrin-mediated phagocytosis in 

immortalized TM-1 and HTM cells is a Rac1-mediated process that involves a number of 

upstream effectors known to activate Rac1 including RhoG, Tiam1, ELMO2 and ILK (Fig 

9). Although it is not surprising that phagocytosis is a Rac1-mediated process, many of the 

upstream effectors involved in the activation of Rac1 for phagocytosis in TM cells are novel. 

This study demonstrated for the first time that Tiam1 as well as ELMO2 and ILK play a role 

in mediating phagocytosis. Another unusual finding was that DOCK1 and ELMO1 which 

had been shown to activate Rac1 in the αvβ5 integrin-mediated phagocytic process in 

phagocytic cells (Akakura et al., 2004), did not appear to play a role in the phagocytic 

process in TM-1 cells. Whether all these GEFs are also active in normal HTM cells remains 

to be determined. However, both TM-1 and HTM cells express Vav2, Tiam1, and ILK 
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suggesting that the αvβ5 integrin-mediated phagocytic pathway may be the conserved in 

both cell types.

The reason for a need for multiple ways to activate Rac1 is not clear. Phagocytosis is a 

multistep process that necessitates the remodeling of the actin cytoskeleton to drive the 

engulfment of the particle. Each step requires the precise spatial and temporal regulation of 

multiple proteins to the membrane site of phagocytosis and the remodeling of the 

cytoskeleton network (Freeman and Grinstein, 2014). Among the first steps involved in the 

remodeling of the cytoskeleton is the depolymerization of cortical actin to increase the 

mobility of integrins and their co-receptors to the phagocytic site. Subsequent steps involve 

the polymerization of a branched actin and myosin network to facilitate the formation of the 

phagocytic cup and its eventual closure. Rac1 activation is involved in both the 

depolymerization of cortical actin and the formation of a branched actomyosin network 

whereas RhoA is involved in closure of the phagocytic cup. Hence the use of the different 

upstream effectors in Rac1 activation may represent a way to control the different spatial and 

temporal roles of Rac1 during the phagocytic process.

Rac1-mediated phagocytosis is not an unusual finding, as many cell types utilize this 

signaling pathway to drive actin cytoskeleton reorganization into phagocytic cups (Dupuy 

and Caron, 2008, Freeman and Grinstein, 2014). What is novel is the use of both Tiam1 and 

ELMO2 to control phagocytosis in TM-1 cells. Although Tiam1 is known to be a Rac1 

specific GEF, its activity has never been associated with phagocytosis before. Yet in TM-1 

cells, Tiam1 seems to be a major player in phagocytosis as knockdown of this GEF resulted 

in nearly complete inhibition of phagocytosis. The most likely role for Tiam1 in 

phagocytosis could be the GTP loading of Rac1. However, recent studies have suggested that 

Tiam1 can also function as an adaptor protein that directs the localized activation of Rac1 at 

the plasma membrane (Liu et al., 2013). This use of Tiam1 as an adaptor protein rather than 

a GTP loading factor could explain why so many GEFs are involved in regulating Rac1-

mediated phagocytosis.

Both RhoG (Tzircotis et al., 2011) and ILK (Sayedyahossein and Dagnino, 2013, 

Sayedyahossein et al., 2012) have previously been demonstrated to play a role in 

phagocytosis. RhoG has recently been implicated to form a complex with ELMO1 and 

Dock1 during phagocytosis whereas ILK has been shown to mediate phagocytosis of 

pathogens in epithelial cells. This raises the question of whether a RhoG/ILK/ELMO2 

complex may substitute for the role that an ELMO1/DOCK1 complex normally plays in 

phagocytosis. ILK has been recently shown to complex with ELMO2 and since ILK and 

RhoG do not bind each other, ELMO2 is thought to be an obligatory bridge in a RhoG/ILK 

complex (Ho et al., 2009). Furthermore an ELMO2/RhoG/ILK complex has recently been 

shown to regulate microtubule dynamics downstream of Rac1 activation (Jackson et al., 

2015). Thus, it seems plausible that an ELMO2/RhoG/ILK complex may be involved in 

regulating Rac1 activation in phagocytosis. Clearly additional biochemical studies are 

needed to verify this.

It is not exactly clear why EHop-016 inhibited phagocytosis in these initial studies and the 

NSC23766 and EHT 1864 inhibitors did not since all these inhibitors have been reported to 
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inhibit Tiam1-Rac1 mediated processes (Gao et al., 2004, Montalvo-Ortiz et al., 2012, 

Shutes et al., 2007). The answer may lie in the specific mechanism of action for each of 

these inhibitors. EHT 1864, in contrast to the other inhibitors, does not block binding of 

Tiam1 to Rac1, but rather interferes with the process of nucleotide exchange and the binding 

of certain downstream effectors associated with Rac1 (Shutes et al., 2007). So in this case 

the downstream effectors used by Rac1 to mediate phagocytosis may not be affected by EHT 

1864. EHop-016 and its parent compound NSC23766, on the other hand, both bind to the 

docking groove in Rac1 that is used by various GEFs including Vav1 and Tiam1. NSC23766 

does not prevent Vav1 binding to Rac1, whereas EHop-016 does. Furthermore, EHop-016 is 

a more potent inhibitor than NSC23766 by 100-fold. Presumably the difference lies in how 

these two different inhibitors fit into the docking groove of Rac1. EHop-016 is able to fit 

deeper into the groove than NSC23766. Theoretically this would mean that higher and 

potentially more toxic concentrations of NSC23766 might be able to inhibit phagocytosis.

Finally, it is interesting that a previous study by Filla, et al. (Filla et al., 2009) showed that 

activation of the αvβ3 integrin also activated Rac1 in TM cells, but that this activation 

resulted in a decrease in phagocytosis (Gagen et al., 2013). At first this finding seems to be a 

contradiction, especially since αvβ3 integrin has been shown to regulate phagocytosis 

(Sayedyahossein and Dagnino, 2013). However, when αvβ3 integrin was activated in TM 

cells it used another GEF called TRIO to activate Rac1 which resulted in the formation of 

cross-linked actin networks (CLANs) (Filla et al., 2006, Filla et al., 2009) that are prevalent 

in glaucomatous TM (Clark et al., 2005, Hoare et al., 2009) and lamina cribosa cells (Job et 

al., 2010). This suggests that there is a differential use of GEFs by integrins which is 

responsible for mediating the various cytoskeleton functions of the TM and not just those 

involved in phagocytosis. If that is the case, targeting GEFS rather than the Rho GTPases 

may represent a viable therapeutic target to treat glaucoma without interfering with all the 

normal cytoskeleton functions of TM cells. The recent finding that SNPs identified in 

ARHGEF12 may influence the risk of developing glaucoma supports this idea 

(Springelkamp et al., 2015).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Rac1-mediated phagocytosis involves the guanine exchange factor, Tiam1

• Identification of ELMO2 as a downstream effector of αvβ5 integrin-mediated 

phagocytosis

• Both ILK and RhoG participate in the αvβ5 integrin-mediated phagocytic 

pathway

• αvβ5 integrin-mediated Rac1 activation is dependent upon multiple guanine 

exchange factors
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Figure 1. The Rac1 inhibitor EHop-016 impairs phagocytosis in TM-1 cells
(A) Following a 4 h challenge with pHrodo bioparticles, TM-1 cells treated with 50μM 

EHop-016 demonstrated a visible reduction in the uptake of the bioparticles compared to 

vehicle-treated control TM-1 cells or cells treated with the other inhibitors. By phase 

microscopy the treatment of TM-1 cells with the various inhibitors did not appear to alter the 

morphology of cells compared to control TM-1 cells. Scale bar = 20μm. Images are 

representative of results from 3 independent experiments. (B) Quantification of the uptake of 

the bioparticles by FACS showed that phagocytosis was significantly reduced (*) by 75% 

(p<0.05) in cells treated with EHop-016 compared to untreated cells. In contrast, uptake of 

the bioparticles was not significantly reduced compared to the control cells following 

treatment with the other inhibitors. Phagocytic activity was determined by measuring the 

mean fluorescence intensity (%MFI) ± SEM of pHrodo particles in 4 independent 

experiments. (C) HTM cells treated with 25 μM EHop-16 showed a 49% (*p<0.05) 

reduction in phagocytosis compared to untreated and cells treated with 50 μM EHop-16 

showed a significant reduction (**) of 81% (p<0.01) compared to untreated in 3 independent 

experiments done in triplicates. The other inhibitors, NSC23766 and EHT 1864, did not 

show a significant reduction in phagocytosis compared to the untreated cells. The lower 

concentration (30μM) of NSC23766 was used in the study with the normal HTM cells, 

because the higher concentration (60μM) proved toxic (data not shown).
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Figure 2. Phagocytosis was inhibited in TM-1 cells transfected with Rac1 siRNA
(A) Level of Rac1 mRNA expression in TM-1 cells transfected with Rac1 siRNA was 

reduced compared to mock transfected cells or cells transfected with a NT siRNA. At least 3 

independent experiments were done in triplicates. Data was normalized to SDHA and 

expressed relative to the untransfected control. (B) Western blot analysis of total Rac1 

following siRNA transfections showed that Rac1 protein levels were also reduced compared 

to mock transfected cells and cells transfected with a NT siRNA. (C) Rac1 siRNA-

transfected cells showed a statistically significant (*) reduction in phagocytic activity by 

~40% compared to cells transfected with NT siRNA or untreated control cells. Phagocytic 

activity of TM-1 cells was assessed using FACS analysis following the phagocytic challenge 

with pHrodo bioparticles and expressed relative to mock transfected control. Each 

experiment was done using triplicate determinations. All results (A–C) were verified in at 

least three independent experiments.
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Figure 3. Phagocytosis was enhanced in cells treated with PDGF or transfected with Rac1-61L
(A) TM-1 cells treated with 60ng/ml PDGF during the duration of the phagocytic assay 

showed a statistically significant (* p<0.05) increase in the number of cells that took up the 

pHrodo bioparticles compared to untreated control cells. (B) Overexpression of a CA-

Rac1-61L also caused a significant increase (**p<0.01) in the uptake of pHrodo bioparticles 

compared to mock transfected cells, cells transfected with DN-Rac1-N17, or cells 

transfected with an empty pcDNA3 vector. Phagocytic activity of TM-1 cells was measured 

after 4 hr challenge with the pHrodo bioparticles in the presence of 60ng/ml PDGF and 

assessed by counting the number of cells containing ≥3 pHrodo bioparticles. The phagocytic 

activity is expressed as the percentage of bioparticle positive cells (BPC) relative to mock 

transfected control. Histograms are representative of the results obtained in three 

independent experiments as described in materials and methods.
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Figure 4. Expression of factors involved in Rac1 activation in TM-1 cells
(A) RT-PCR analysis showed that TM-1 cells expressed mRNA for the GEFs Vav2, Tiam1 

and Tiam2. RNA was normalized to SDHA and expressed relative to Tiam1 mRNA levels. 

(B) RT-PCR showed that RhoG, Dock 180 and ELMO2 mRNA could be detected in TM-1 

cells. Neither ELMO1 nor ELMO3 mRNA could be detected (not shown). Level of Rac1 

mRNA was used as a positive control. RNA was normalized to SDHA and expressed relative 

to RhoG mRNA levels. All experiments were done using triplicate determinations and the 

histograms shown are representative of three independent experiments.
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Figure 5. Phagocytosis was not significantly changed by Vav2 siRNA or overexpression of CA-
Vav2Y159/172F
(A) Levels of Vav2 mRNA expression was reduced in TM-1 cells transfected with Vav2 

siRNA compared to mock transfected cells or cells transfected with a NT siRNA. RNA was 

normalized to SDHA and expressed relative to Vav2 mRNA level in mock treated cells. All 

experiments were done using triplicate determinations and the data shown here are 

representative of 3 independent experiments. (B) Western blot analysis of total Vav2 

following siRNA transfections showed that protein levels for Vav2 were reduced in cells 

transfected with the Vav2 siRNA compared to mock transfected cells and cells transfected 

with a NT siRNA. SDHA was used as the loading control. The western blot shown is 

representative of 3 independent experiments. (C) Quantification of the phagocytic activity of 

Vav2 siRNA transfected TM-1 cells was assessed using FACS analysis following the 4 hr 

phagocytic challenge with pHrodo bioparticles and expressed as %MFI relative to 

untransfected controls. Despite the knockdown of Vav2 mRNA and protein levels, no effect 

on phagocytosis was measured. The histogram is representative of the results obtained in 

three independent experiments as described in materials and methods. (D) Overexpression of 

a CA-Vav2Y159/172F also failed to induce a statistically significant increase in phagocytosis 

compared to mock transfected control cells or cells transfected with the empty vector 

(pC.HA). Data analysis is based on two independent experiments done as described in 

materials and methods and expressed as %BPC relative to mock control.
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Figure 6. Overexpression of Tiam1 C1199 increased phagocytosis
(A) Fluorescence micrographs showed a significant increase in the uptake of pHrodo 

bioparticles (red) in cells transfected with Tiam1 C1199 compared to mock transfected cells, 

cells transfected with the Tiam1 pHn-CC-Ex construct or the empty pcDNA3 vector. Cells 

were counterstained with CellMask Green to visualize the cells. Scale bar = 50 μm. (B) 

Quantification of the number of cells taking up pHrodo™ bioparticles showed that 

expression of the active Tiam1 construct C1199 caused a significant increase (**, p<0.01) in 

the number of cells taking up the pHrodo bioparticles compared to mock transfected control 

cells. Phagocytosis was quantified by counting the number of cells that had taken up ≥3 
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pHrodo bioparticles and then expressed relative to level of phagocytosis in mock transfected 

cells as %BPC ±SEM. All results are representative of the data from three independent 

experiments.
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Figure 7. siRNA knockdown of Tiam1, RhoG, and ELMO2 inhibit phagocytosis
Level of phagocytosis was determined in cells transfected with siRNA to Tiam1, RhoG, 

ELMO2, or β5 integrin subunit. A NT siRNA was used as a negative control. Cells 

transfected with siRNA to Tiam1, RhoG, β5 integrin subunit, or ELMO2 showed a 

statistically significant reduction in the phagocytic properties of the cells compared to cells 

transfected with NT siRNA. The histogram shown is representative of the results obtained 

from three independent experiments. All experiments were done as described for Figure 6 

using triplicate determinations. ** p<0.01. *p<0.05.
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Figure 8. Knock down of ILK impairs phagocytosis
(A) Quantification of the number of cells transfected with Dock1 siRNA that took up 

pHrodo bioparticles. (B) The level of DOCK1 mRNA expression was significantly reduced 

in TM-1 cells transfected with Dock1 siRNA compared to cells transfected with a NT 

siRNA (*p<0.05). RNA was normalized to SDHA and expressed relative to Dock1 mRNA 

level in Mock transfected cells. The histogram is representative of the results obtained from 

three independent experiments. All experiments were done as described for Figure 6 using 

triplicate determinations. (C) The number of cells that took up pHrodo bioparticles was 

reduced in cells transfected with siRNA to ILK compared to cells transfected with non-

targeting siRNA. The histograms shown (A & C) are representative of the results obtained 

from three independent experiments. Phagocytosis was quantified by counting the number of 

cells that had taken up ≥3 pHrodo bioparticles and expressed as %BPC ± SEM relative to 

NT control as described for Figure 6.
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Figure 9. Schematic of the αvβ5 integrin-mediated phagocytic pathway in TM-1 cells
The diagram illustrates that at least two major GEF mediated pathways may be used by 

TM-1 cells to activate Rac1 during αvβ5-mediated phagocytosis. The Tiam1 and ILK/

ELMO2/RhoG pathways were drawn as separate pathways to illustrate that we do not know 

how these GEFs cooperate to regulate Rac1 activity. In addition, a Vav2-mediated pathway 

was drawn with a dotted line to indicate that its role in activating Rac1 is unclear.
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