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Macrophages phagocytose nonopsonized silica 
particles using a unique microtubule-dependent 
pathway
Renée M. Gilberti* and David A. Knecht
Department of Molecular and Cell Biology, University of Connecticut, Storrs, CT 06269

ABSTRACT Silica inhalation leads to the development of the chronic lung disease silicosis. 
Macrophages are killed by uptake of nonopsonized silica particles, and this is believed to play 
a critical role in the etiology of silicosis. However, the mechanism of nonopsonized-particle 
uptake is not well understood. We compared the molecular events associated with nonop-
sonized- and opsonized-particle phagocytosis. Both Rac and RhoA GTPases are activated 
upon nonopsonized-particle exposure, whereas opsonized particles activate either Rac or 
RhoA. All types of particles quickly generate a PI(3,4,5)P3 and F-actin response at the particle 
attachment site. After formation of a phagosome, the events related to endolysosome-to-
phagosome fusion do not significantly differ between the pathways. Inhibitors of tyrosine 
kinases, actin polymerization, and the phosphatidylinositol cascade prevent opsonized- and 
nonopsonized-particle uptake similarly. Inhibition of silica particle uptake prevents silica-in-
duced cell death. Microtubule depolymerization abolished uptake of complement-opsonized 
and nonopsonized particles but not Ab-opsonized particles. Of interest, regrowth of microtu-
bules allowed uptake of new nonopsonized particles but not ones bound to cells in the ab-
sence of microtubules. Although complement-mediated uptake requires macrophages to be 
PMA-primed, untreated cells phagocytose nonopsonized silica and latex. Thus it appears that 
nonopsonized-particle uptake is accomplished by a pathway with unique characteristics.

INTRODUCTION
Alveolar macrophages play a major role in the immune response to 
foreign materials and pathogens that enter the body through the 
lungs (Gordon, 1995). Macrophages have cell surface receptors 
that have evolved to recognize antibodies or complement factors 
bound to pathogens or molecular signatures unique to pathogens 
(e.g., mannose polymers). The molecular mechanisms by which al-
veolar macrophages initially interact with inhaled environmental 
particles such as silica, however, are not clear. There is some 

evidence that scavenger receptors play a role in this process, par-
ticularly scavenger receptor-A (SR-A; Kobzik, 1995; Palecanda and 
Kobzik, 2001; Taylor et al., 2005). However, SR-A receptors depend 
on negatively charged ligands, and nonopsonized-particle uptake 
by macrophages occurs regardless of particle charge (Gilberti 
et al., 2008). Even when SR-A function is compromised by pretreat-
ment with an SR-A inhibitor or use of a knockout mouse model, 
uptake of silica particles still occurs (Beamer and Holian, 2005; 
Hamilton et al., 2006; Thakur et al., 2009). These data suggest that 
SR-A receptors are only partially involved in phagocytosing silica 
particles.

Regardless of the mechanism of cell–particle interaction, mac-
rophages rapidly internalize silica particles by phagocytosis. Silica 
particle uptake is lethal to macrophages, and it is this toxicity that is 
believed to be an important contributor to the development of sili-
cosis, as suggested by in vivo and in vitro studies (Iyer et al., 1996; 
Iyer and Holian, 1997; Hamilton, 2000; Chao et al., 2001; Thibodeau 
et al., 2003, 2004; Beamer and Holian, 2005). Within hours of parti-
cle exposure, alveolar macrophages have died by apoptosis or ne-
crosis (Gilberti et al., 2008; Joshi and Knecht, 2013). Because latex 
particles can be taken up as well and are completely nontoxic, there 
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(COZ) shares some features with the FcR-mediated pathway, yet 
there are distinct mechanistic differences (Newman et al., 1991; 
Allen and Aderem, 1996; Caron and Hall, 1998). Unlike FcR-medi-
ated uptake, efficient complement-opsonized-particle uptake by 
CR3 (also known as integrin Cd11b/Cd18 or Mac-1) requires cells to 
be primed with phorbol 12-myristate 13-acetate (PMA) to activate 
protein kinase C signaling (Castagna et al., 1982). Another mecha-
nistic difference is the formation of an actin-rich cellular pedestal in 
the presence of complement-opsonized particles (Hall et al., 2006; 
Bohdanowicz et al., 2010; Lee et al., 2011). The protrusion and up-
take depend on the integrity of both the actin and microtubule cy-
toskeleton (Patel and Harrison, 2008). Phosphorylation of Src and 
Syk tyrosine kinases occurs during both types of uptake (Aderem 
and Underhill, 1999; Shi et al., 2006), but RhoA GTPase is activated 
during CR3-mediated uptake rather than Rac GTPase. The phos-
phatidylinositol lipid signaling cascade that follows phagosome in-
ternalization (Bohdanowicz et al., 2010) is similar for CR3- and FcR-
mediated uptake (Bohdanowicz et al., 2010).

In the present study, we compare the nonopsonized silica and 
latex particle uptake and processing pathway to the well-character-
ized FcR- and CR3-mediated pathways. GTPase and PI3K activation 
is similar to the opsonized-particle pathways except that nonop-
sonized particles activate both Rac and RhoA GTPases. Unlike FcR-
mediated uptake, nonopsonized-particle uptake requires both actin 
and microtubule cytoskeletons. In addition, GTPase and PI3K acti-
vation requires the presence of microtubules. Finally, we establish 
that silica particles need to be internalized to be toxic, since binding 
of silica to the cell surface is insufficient to damage cells. Thus non-
opsonized-particle uptake has unique characteristics that distinguish 
it from both FcR- and CR3-mediated uptake.

RESULTS
Pharmacological inhibitors of phagocytosis
To begin to characterize the nonopsonized-particle phagocytosis 
pathway, we treated cells with various pharmacological reagents 
that have been shown to inhibit FcR- and/or CR3-mediated uptake 
pathways. Phosphorylation of Fc-receptor ITAM regions by 
Src tyrosine kinases (Lyn, Hck, Fgr) and autophosphorylation of Syk 
tyrosine kinase are two of the initial steps of particle recognition 
during FcR-mediated phagocytosis (Kiefer et al., 1998; Suzuki 
et al., 2000). Inhibitors of tyrosine kinases reduce uptake through 
this pathway but have little effect on CR3-mediated uptake (Allen 
and Aderem, 1996). To address the requirement for tyrosine kinase 
activity for nonopsonized particles, we used PP2, a broad-spec-
trum tyrosine kinase inhibitor (Hanke et al., 1996). Uptake of both 
Ab-opsonized and nonopsonized particles by macrophages 
treated with 20 μM PP2 was reduced by approximately 50% (Figure 
1A and Supplemental Figure S1A), indicating a role for tyrosine 
kinases in both processes.

The next step of phagocytosis that is commonly observed is the 
activation of PI3 K-I, leading to the production of PI(3,4,5)P3 (Cox 
et al., 1999). Macrophages were treated with either 20 nM wortman-
nin or 20 μM LY294002 to inhibit PI3 K-I and then exposed to parti-
cles. Uptake of both Ab-opsonized and nonopsonized particles was 
significantly reduced in the presence of either compound (Figure 1B 
and Supplemental Figure S1B). These data suggest that PI3 K-I acti-
vation plays a similar role during both FcR-mediated and nonop-
sonized-particle phagocytosis.

Cytoskeletal actin filaments are polymerized to protrude the 
membrane and surround the particle during internalization 
by macrophages (Swanson, 1995; Machesky, 1999; May, 2000). 
To determine the role of actin filament polymerization during 

is something about the chemistry of silica particles that is responsi-
ble for the surprisingly dramatic effect of such a ubiquitous and 
seemingly innocuous environmental material. After uptake, phago-
lysosomal membranes become compromised, leading to leakage of 
their contents into the cytoplasm (Thibodeau et al., 2004). Many 
hours later, mitochondrial hyperpolarization, caspase-9 and -3 acti-
vation, nuclear changes, and eventually mitochondrial depolariza-
tion, phosphatidylserine exposure, and cell death occur in a tempo-
ral sequence (Shen et al., 2001; Thibodeau et al., 2003; Costantini 
et al., 2011; Joshi and Knecht, 2013).

Of the known phagocytosis pathways, Fcγ receptor IIA (FcR)–
mediated uptake has been studied in most detail. When an anti-
body (Ab)-opsonized particle comes in contact with a phagocyte, 
the Fc domain region of the antibody is bound by transmembrane 
surface receptors to trigger phagocytosis (Griffin et al., 1976; 
Greenberg and Grinstein, 2002). Cross-linking of Fc receptors leads 
to activation by Src family tyrosine kinases Hck, Fgr, and Lyn 
(Ghazizadeh et al., 1994), which phosphorylate the ITAM regions of 
the receptor (Daeron, 1997). The tandem SH2 domains of Syk bind 
to the ITAMs of the receptor, and Syk is activated by autophospho-
rylation (Kiefer et al., 1998; Fitzer-Attas et al., 2000). Phospholipase 
D then activates GTPase ARF6 to activate the Rho family small 
GTPases (Caumont et al., 1998; Honda et al., 1999; Caron, 2000). 
Cdc42 and Rac1 play a role in actin filament polymerization, which 
drives membrane around the particle, leading to phagosome for-
mation (Cox et al., 1997; Caron and Hall, 1998). Rho activation also 
occurs but may not be required for Fc receptor-mediated uptake 
(Hackam et al., 1997; Caron and Hall, 1998).

Along with GTPase activation, a phosphatidylinositol lipid signal-
ing cascade ensues to completely close the phagosome and subse-
quently traffic lysosomal vesicles to the phagosome (May, 2001). 
First, phosphatidyl-4-phosphate 5-kinase phosphorylates phos-
phatidylinositol (4)-phosphate to phosphatidylinositol (4,5)-bisphos-
phate (PI(4,5)P2; Loijens et al., 1996), which activates phosphoinosit-
ide 3 kinase-I (PI3 K-I) in order to phosphorylate PI(4,5)P2 to 
phosphatidylinositol (3,4,5)-trisphosphate (PI(3,4,5)P3; Marshall 
et al., 2001; Greenberg and Grinstein, 2002; Vieira et al., 2002; Gu 
et al., 2003; Yeung et al., 2006). At this stage, AKT can tether its PH 
domain to PI(3,4,5)P3 (Marshall et al., 2001). Subsequently, Arp2/3-
dependent actin filaments assemble by zippering around the pha-
gosome cup (Caron, 2000; May, 2000; Greenberg and Grinstein, 
2002).

Once the phagosome is formed and internalized, the lipid com-
position of the membrane begins to undergo changes. This is also 
when depolymerization of actin filaments surrounding the phago-
some occurs (Scott et al., 2003, 2005; Yeung et al., 2006). A PI(3,4,5)
P3 5′-lipid phosphatase, SHIP-I, dephosphorylates PI(3,4,5)P3 to 
form phosphatidylinositol (3,4)-bisphosphate (Damen et al., 1996). 
Subsequently, PI 3-kinase III (PI3 K-III) phosphorylates phosphati-
dylinositol (PI) to produce phosphatidylinositol (3)-phosphate (PI(3)
P; Toker and Cantley, 1997). Phagosomes adopt early endosome 
markers (Rab5 GTPase and early endosome antigen-1) when endo-
somes fuse with phagosomes (Desjardins, 1995; Vieira et al., 2001, 
2003; Duclos et al., 2003) and then lysosomal markers when lyso-
somes fuse with phagosomes to form a phagolysosome (Pitt et al., 
1992; Desjardins, 1995; Tjelle et al., 2000; Vieira et al., 2002; Duclos 
et al., 2003). If the phagocytosed particle is a microorganism, acid 
hydrolases in the lysosome degrade the microorganism; however, 
there is no mechanism for lysosomal degradation of particles like 
silica and latex.

Complement receptor 3 (CR3)–mediated uptake of comple-
ment-opsonized particles such as complement-opsonized zymosan 
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nonopsonized-particle uptake, we tested inhibitors of cytoskeletal 
filament formation. Cells were treated with either 500 nM latruncu-
lin B or 500 nM cytochalasin D to inhibit actin polymerization be-
fore particle addition. Both drugs dramatically inhibited uptake of 
particles (Figure 1B and Supplemental Figure S1B), consistent with 
the observation of an actin-rich phagosome surrounding nonop-
sonized silica particles (Haberzettl et al., 2007; Costantini et al., 
2011).

CR3-mediated uptake of complement-opsonized particles, but 
not FcR-mediated uptake of Ab-opsonized particles, depends on an 
intact microtubule cytoskeleton (Newman et al., 1991; Allen and 
Aderem, 1996). To determine whether nonopsonized-particle up-
take requires microtubules, we treated cells with nocodazole before 
particle exposure. To minimize potential off-target effects of the 
compound, the minimum concentration of nocodazole necessary to 
depolymerize microtubules, 800 nM, was used (Supplemental 
Figure S2). Consistent with earlier results, Ab-opsonized-particle up-
take was unaffected by nocodazole treatment (Figure 1C and Sup-
plemental Figure S1C; Newman et al., 1991; Allen and Aderem, 
1996). Surprisingly, nocodazole not only inhibited CR3-mediated 
uptake, but it also blocked internalization of both nonopsonized 
silica particles and latex beads (Figure 1C and Supplemental Figure 
S1C). This result indicates that nonopsonized-particle uptake is dis-
tinct from FcR-mediated uptake. It is also distinct from CR3-medi-
ated uptake because in order for cells to take up complement-op-
sonized particles, they must be preactivated with PMA (Castagna 
et al., 1982; Allen and Aderem, 1996). Uptake of nonopsonized par-
ticles does not require PMA activation. Of interest, the fact that un-
treated cells cannot take up complement-opsonized COZ indicates 
that not all types of particles encountered by cells can be taken up 
by the nonopsonized uptake pathway.

Rho-family GTPases are activated during nonopsonized-
particle uptake in a microtubule-dependent manner
FcR engagement with Ab-opsonized particles triggers activation 
of Rac1 GTPase and Cdc42, whereas binding of complement-
opsonized particles to CR3 triggers activation of RhoA GTPase 
(Caron and Hall, 1998; Caron, 2000; Caumont et al., 1998; 
Honda et al., 1999). To establish which Rho-family GTPases are 
activated in the presence of nonopsonized particles, we exposed 
cells to nonopsonized particles, Ab-opsonized particles, or 
COZ and measured the extent of GTPase activation. Within 30 s, 
COZ and nonopsonized particles activated RhoA to a similar ex-
tent and with similar timing (Figure 2A), whereas Ab-opsonized 
particles showed little activation. Cells exposed to Ab-opsonized 
particles activated Rac within 30 s (Figure 2B), whereas it took 
15 min to see a comparable activation of Rac with nonopsonized 
particles (Figure 2B). There was no significant activation of Rac by 
COZ. Thus, unlike FcR- and CR3-mediated phagocytosis, both Rac 
and RhoA GTPases are activated during nonopsonized-particle 
uptake.

FIGURE 1: The effect of pharmacological inhibitors on particle 
uptake. Cells were treated with inhibitors for (A) tyrosine 
phosphorylation (20 μM PP2), (B) PI3 K-I (20 μM LY294002, 20 nM 
wortmannin [Wort]), or actin polymerization (500 nM latrunculin B 
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[Lat-B], 500 nM cytochalasin D [Cyto-D]), or (C) microtubule 
polymerization (800 nM nocodazole [Noc]) and subsequently exposed 
to Ab-opsonized spherical silica or latex (Ab-ssi, Ab-Ltx) or 
nonopsonized spherical silica or latex (Ova-ssi, Ova-Ltx) particles for 
45 min. The presence of inhibitor in A and B results in a decreased 
amount of both Ab-opsonized- and nonopsonized-particle uptake, but 
only nonopsonized-particle uptake in C is affected by the presence of 
nocodazole. Error bars represent SEM of at least three experiments 
performed in duplicate on separate days.
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showed greater Rac activation. In the presence of nocodazole, the 
GTPases were not activated by nonopsonized particles but were 
activated by Ab-opsonized particles (Figure 3, A and B). Therefore 
simultaneous activation of both Rac and RhoA is not sufficient to 
cause cell death. In addition, the data show that the dual GTPase 
activation is not related to some specific characteristic of silica par-
ticle surface chemistry.

PI(3,4,5)P3 accumulation on nonopsonized particle 
phagosomes is a microtubule-dependent process
The data in Figure 1 indicate that PI3 K-I activation is required 
for Ab-opsonized- and nonopsonized-particle uptake. To deter-
mine whether the spatial and temporal dynamics of PI(3,4,5)P3 

Because nocodazole inhibited the uptake of nonopsonized par-
ticles, it was important to determine the stage at which this inhibi-
tion occurs. To establish whether microtubules are required before 
GTPase activation, we treated cells with nocodazole and then ex-
posed them to particles for 15 min. Nocodazole inhibited RhoA and 
Rac activation in cells exposed to nonopsonized particles (Figure 3, 
A and B) and inhibited RhoA activation in cells exposed to COZ 
particles (Figure 3A). As expected, the depolymerization of microtu-
bules did not affect the activation of Rac in cells exposed to Ab-
opsonized particles (Figure 3B). Thus microtubules seem to be in-
volved at an early step in the process of phagocytosis of COZ and 
nonopsonized particles.

Silica is cytotoxic to macrophages and activates both Rac and 
RhoA GTPase. It is possible that activation of both GTPases is an 
important part of the pathway that leads to silica-induced cell death. 
To test this hypothesis, we exposed cells to nonopsonized or Ab-
opsonized 3-μm latex beads, which are not toxic to cells, and mea-
sured the activation of GTPases. The results were similar to those 
obtained with silica particles. Nonopsonized latex beads activated 
both RhoA and Rac GTPases, whereas Ab-opsonized latex beads 

FIGURE 2: Exposure to nonopsonized particles activates RhoA and 
Rac GTPase. Macrophages were exposed to antibody-opsonized 
spherical silica (Ab-ssi; circles), ovalbumin-coated spherical silica 
(Ova-ssi; squares), or COZ (triangles) for increasing time points before 
lysate collection. The kinetics of activation of either RhoA GTPase (A) 
or Rac GTPase (B) was measured by HRP absorbance at 490 nm using 
a G-LISA fluorescence detection assay. The kinetics is slower than 
during other assays due to acclimation to a synchronization 
temperature. Maximum activation of both Rac and RhoA occurs by 
15 min after exposure. Only nonopsonized particles elicit both RhoA 
and Rac GTPase activation. Error bars represent SEM of two 
experiments performed in duplicate on two separate days.
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FIGURE 3: Neither RhoA nor Rac is activated upon nonopsonized 
particle exposure in the presence of nocodazole. Cells were treated 
with 800 nM nocodazole (Noc) and subsequently exposed to no 
particles (Cells), nonopsonized particles (Ova-ssi, Ova-Ltx), antibody-
opsonized particles (Ab-ssi, Ab-Ltx), or COZ for 15 min. Activation 
of RhoA (A) or Rac (B) GTPase was measured by HRP absorbance at 
490 nm using a G-LISA fluorescence detection assay. In the presence 
of Noc (dark gray bars), RhoA and Rac GTPase activation are 
diminished when cells are exposed to Ova-ssi, Ova-Ltx, or COZ but 
not Ab-ssi or Ab-Ltx. Error bars represent SEM of two experiments 
performed in duplicate on two separate days.
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particles were completely internalized, the probe dissociated 
from the phagosome. The extent of accumulation and the time 
course of association and dissociation were similar for Ab-op-
sonized and nonopsonized silica particles (Figure 4D), as well as 
3-μm (Ab-opsonized and nonopsonized) latex beads (unpub-
lished data), suggesting that all particle types activate PI3 K-I 
equivalently. When cells were treated with either wortmannin or 
LY294002 before particle addition, no nascent phagosomes were 
formed, and AKT-PH-GFP did not accumulate at sites where par-
ticles were bound to the cell (unpublished data). To test whether 
microtubules are required for PI3K activation, we treated mac-
rophages transiently expressing AKT-PH-GFP with nocodazole 
and then exposed them to silica particles. AKT-PH-GFP accumu-
lated at Ab-opsonized-particle phagosomes (unpublished data) 
but did not accumulate at sites where nonopsonized particles 
were bound to cells (Figure 4C), suggesting that PI3 K-I activation 
also depends on the presence of microtubules during nonop-
sonized-particle uptake.

Actin polymerization during particle phagocytosis 
is a microtubule-dependent process
The kinetics of F-actin accumulation around Ab-opsonized particles 
during Fc receptor–mediated phagocytosis is well characterized 
(Swanson, 1995; Machesky, 1999; May, 2000). To study F-actin dy-
namics during nonopsonized-particle phagocytosis, we exposed 
macrophages stably expressing GFP-actin to nonopsonized or 
Ab-opsonized particles. Actin accumulates around both particle 
types at a similar rate and to a similar extent during uptake (Figure 
5, A, B, and E). Once particles are internalized, actin dissociates 
from both types of phagosomes at a similar rate. Actin-rich pseudo-
pods also accumulate around COZ particles, but only when cells 
were stimulated with PMA before particle addition (Supplemental 
Figure S3). Without PMA treatment, no actin response was ob-
served, and there was no uptake of particles. Further, when PMA-
treated cells were exposed to zymosan that was not complement 
opsonized, there was no actin localization and no uptake (unpub-
lished data).

We have established that the microtubule network is necessary 
for RhoA and Rac GTPase activation, as well as for PI3 K-I activation. 
To determine whether the presence of microtubules also affects ac-
tin accumulation at sites of phagocytosis, we treated cells express-
ing GFP-actin with nocodazole and then exposed them to nonop-
sonized or Ab-opsonized silica or COZ. F-actin localized around 
Ab-opsonized particles with kinetics similar to untreated cells (Figure 
5, C and F, and Supplemental Video S1). No localization of the actin 
probe was observed at sites where nonopsonized particles (Figure 
5D and Supplemental Video S2) or COZ particles were bound to 
cells (unpublished data).

We noticed that when cells were treated with nocodazole, the 
GFP-actin probe rapidly accumulated in the peripheral cell cortex 
(Figure 5, C and D, and Supplemental Figure S4, A and C). When 
cells were treated with nocodazole and subsequently fixed and 
stained with rhodamine phalloidin, there was an increase in the total 
cortical F-actin as well (Supplemental Figure S4, B and D). This result 
indicates that there is a general change in the structure of the corti-
cal cytoskeleton in response to microtubule depolymerization. This 
change may provide a clue as to why cells without intact microtu-
bules are unable to phagocytose some types of particles.

To better understand whether F-actin polymerization contributes 
to Ab-opsonized- and nonopsonized-particle phagosome initiation 
and maturation to a similar extent, we treated stably transfected 
GFP-actin macrophages with either cytochalasin D or latrunculin to 

accumulation at sites of phagocytosis differ between Ab-op-
sonized and nonopsonized particles, we imaged cells expressing 
AKT-PH–green fluorescent protein (GFP) during phagocytosis. 
When these cells were exposed to Ab-opsonized or nonop-
sonized particles, AKT-PH-GFP rapidly accumulated around both 
types of nascent phagosomes (Figure 4, A and B). Before 

FIGURE 4: PI(3,4,5)P3 concentrates at nonopsonized-particle 
phagosomes but not in the presence of nocodazole. Cells were 
transiently transfected with AKT-PH-GFP to detect accumulation 
of PI(3,4,5)P3 at particle phagosomes. When exposed to 
(A) Ab-opsonized spherical silica or (B) ovalbumin-coated spherical 
silica, AKT-PH-GFP quickly concentrates at the site of the particle and 
dissociates once a particle has been internalized. (C) When cells are 
treated with 800 nM nocodazole, AKT-PH-GFP does not accumulate 
around nonopsonized- particle phagosomes. These data are 
representative of localization visualized on six separate days. (D) The 
rate of AKT-PH-GFP association with and dissociation from particle 
phagosomes. N = 12. Time zero represents maximum localization 
after particle–cell interaction, and error bars represent SEM.
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(unpublished data). Nonopsonized silica 
particles that were attached to the cells were 
not internalized over the next 2 h (Supple-
mental Figure S6, arrowhead). However, 
nonopsonized latex particles added to the 
cells after nocodazole was removed were 
internalized within 10 min (Supplemental 
Figure S6, arrow). The same phenomenon 
was observed when the order of addition of 
the particles was reversed (unpublished 
data). These data indicate that the presence 
of microtubules is not sufficient to drive 
phagocytosis of nonopsonized particles, but 
instead that a dependent sequence of 
events appears to be required.

Endolysosomal vesicle fusion with 
phagosomal membranes occurs once 
actin dissociates from particle 
phagosomes
As FcR-mediated phagosome maturation 
progresses, membrane is contributed to the 
nascent phagosome from endosomal and 
lysosomal vesicles (denoted as endolyso-
somal vesicles) fusing with phagosomes 
(Bajno et al., 2000). GFP-actin–expressing 
macrophages were incubated with red fluo-
rescent dextran for 90 min to label endo-
lysosomal compartments and then exposed 
to silica particles. The phagosomes gradu-
ally increased in fluorescence intensity after 
the particles were internalized (Figure 6A 
and Supplemental Video S3). The actin as-
sociated with phagosomes disappears be-
fore detection of an increase in dextran fluo-
rescence, indicating that it is the internalized, 
actin-free phagosome to which the endo-
lysosomal vesicles fuse. The time course 
and extent of increase in fluorescence inten-
sity due to endolysosomal vesicle fusion 
were similar for Ab-opsonized and non-
opsonized silica particles (Figure 6B).

Appearance of PI(3)P around 
nonopsonized particle phagosomes
After endosomes fuse with phagosomes, 
PI(3)P can be detected in association with the 

phagosomal membrane (Vieira et al., 2001). To determine whether 
the vesicle trafficking pathway reaches this step during nonopsonized-
particle phagosome maturation, we exposed macrophages tran-
siently expressing 2xFYVE-GFP, a probe for PI(3)P, to either Ab-op-
sonized or nonopsonized spherical silica particles. The probe was 
recruited similarly to the membranes surrounding both particle types 
(Figure 7), suggesting that both undergo the same vesicle trafficking 
events once taken up into cells. Cells transiently cotransfected with 
Ruby-Lifeact and 2xFYVE-GFP show that actin associates with both 
Ab-opsonized- and nonopsonized-particle phagosomes before 
2xFYVE-GFP associates with the phagosome (Supplemental Video 
S4). Sometimes the Lifeact signal is completely lost from phago-
somes before 2xFYVE-GFP appears, and sometimes the two signals 
overlap. These results indicate that the later events in vesicle traffick-
ing are similar for opsonized and nonopsonized phagosomes.

inhibit actin polymerization and then exposed them to either Ab-
opsonized or nonopsonized silica. In the presence of cytochalasin D, 
both particle types formed punctate actin spots (Supplemental 
Figure S5A). In the presence of latrunculin, cells exposed to Ab-op-
sonized silica formed a punctate spot at the site of particle binding, 
but the cup never surrounded the particle, whereas cells exposed to 
nonopsonized silica did not show any actin response at all (Supple-
mental Figure S5B).

Because microtubules are necessary for nonopsonized-particle 
uptake, it is possible that surface-bound particles might be internal-
ized after repolymerization of microtubules. Nonopsonized particles 
were allowed to bind to cells in the presence of nocodazole for 
45 min, and then microtubules were allowed to repolymerize by 
changing the cells to fresh medium without nocodazole. Within 
5 min of nocodazole washout, microtubules had repolymerized 

FIGURE 5: Actin-rich protrusions do not extend around nonopsonized-particle phagosomes 
when microtubules are depolymerized. GFP-actin macrophages were exposed to either 
(A) Ab-opsonized or (B) nonopsonized particles and imaged to determine the time course of 
actin ring association with particle phagosomes. Actin-rich phagosomes form around, and 
dissociate from, Ab-opsonized and nonopsonized particles on a similar time scale. When cells 
were treated with 800 nM nocodazole, actin associated with Ab-opsonized-particle phagosomes 
(C) but not nonopsonized-particle phagosomes (D). (E, F) The time course of actin association 
with and dissociation from particle phagosomes is similar when cells are exposed to either 
Ab-opsonized or nonopsonized particles. N = 40. Time zero represents maximum localization 
after particle–cell interaction. (F) The time course of actin association with and dissociation from 
Ab-opsonized particle phagosomes in the presence of nocodazole. Time zero represents 
maximum localization after particle–cell interaction. N = 4. Error bars represent SEM.

-400 -200 0 200 400 600

200

400

600

800

1000

Ab-ssi

Ova-ssi

Time (sec)

P
ha

go
so

m
al

 G
F

P
-A

ct
in

 (
ar

b.
 u

ni
t)

-200 0 200 400 600

100

200

300

400

Ab-ssi + Noc

Time (sec)

P
ha

go
so

m
al

 G
F

P
-A

ct
in

 (
ar

b.
 u

ni
t)

E F

A

B

C

D

Ab-ssi

Ova-ssi + Noc

Ab-ssi + Noc

Ova-ssi
-50" -25" 0" 25"

-148" 0" 222" 296"

0 296" 666" 814"

-175" 0" 25" 50"



524 | R. M. Gilberti and D. A. Knecht Molecular Biology of the Cell

DISCUSSION
When a particle interacts with a cell surface, a transmembrane re-
ceptor typically recognizes the particle and initiates phagocytosis. 
For Ab- and complement-opsonized particles, the receptors and 
their interaction with particles have been extensively studied. How-
ever, whether there is a specific cell-surface molecule that interacts 
with nonopsonized particles is unclear. There is evidence that scav-
enger receptor family-A receptors (SR-A) may play a role in recog-
nizing negatively charged silica particles (Taylor et al., 2005); how-
ever, uptake of silica also occurs in SR-A–deficient cells (Hamilton 
et al., 2006; Thakur et al., 2009), and there is no reason to expect 
SR-A to interact with latex particles, which are also readily internal-
ized. More important, we found no difference in the uptake of silica 
coated with proteins of various charge or of latex beads that have 
negative, positive, or neutral surface charges (Gilberti et al., 2008). 
Furthermore, uptake occurs similarly whether particles are uncoated 
or ovalbumin coated (Costantini et al., 2011). There is no reason to 
suspect that cells have evolved specific uptake machinery for a par-
ticle surface that macrophages rarely encounter. We hypothesize 
that nonopsonized particles are internalized by a nonspecific mech-
anism involving surface charge interaction. There are sufficient mo-
bile charged molecules in the plasma membrane for us to presume 
that local charges can rearrange to allow for a stable particle–cell 
interaction.

Once particles are bound, cells seem to nonspecifically acti-
vate the phagocytosis machinery. This normally occurs due to 
receptor clustering, but it appears that nonspecific binding can 
activate normal phagocytosis. In our model, receptor clustering 
at the site of nonspecific binding triggers phagocytosis. This is 
consistent with the fact that FcR expression in FcR-deficient 
COS-7 cells allows for efficient phagocytosis of Ab-opsonized 
particles in a manner similar to macrophages, which normally ex-
press FcR (Indik et al., 1991). There are notable differences in the 
uptake machinery of FcR- and CR3-mediated uptake. FcR-medi-
ated uptake is independent of macrophage activation and the 
presence of microtubules (Newman et al., 1991; Allen and 
Aderem, 1996). CR3-mediated uptake requires activation of mac-
rophages by PMA (Castagna et al., 1982) and is dependent on 
microtubules (Newman et al., 1991; Allen and Aderem, 1996). 
We have now established the events that occur in nonspecific 
particle phagocytosis once binding occurs, regardless of the 
mechanism of binding.

To investigate the molecular pathway of nonopsonized-particle 
phagocytosis, a variety of markers were chosen that have been well 
characterized for FcR- and CR3-mediated uptake. We considered 
the possibility that some difference in the uptake and vesicle traf-
ficking pathway for nonopsonized particles might play an important 
role in silica particle toxicity. Our results show that, for the most part, 
the opsonized and nonopsonized pathways share many properties. 
More important, nonopsonized silica (toxic) and nonopsonized latex 
(nontoxic) were indistinguishable with the probes we examined. 
There are interesting differences between nonopsonized- and op-
sonized-particle uptake. Nonopsonized particles activate both RhoA 
and Rac GTPase, whereas only Rac is activated during FcR-mediated 
uptake, and only RhoA is activated during CR3-mediated uptake 
(Figure 2). Although it is possible that dual GTPase activation might 
relate to the toxicity of nonopsonized silica, this seems unlikely since 
similar results were obtained upon exposure to nonopsonized, non-
toxic latex beads, suggesting that this is a characteristic of nonop-
sonized-particle uptake. Thus it does not appear that silica toxicity 
is related to a particular pathway associated with nonopsonized-
particle uptake.

PI3 kinase-I activation, actin polymerization, 
and microtubule polymerization are necessary 
for silica-induced cell death in macrophages
Because cells bind but do not internalize particles in the presence 
of several pharmacological inhibitors, we were able to address the 
question of whether silica toxicity requires particle internalization 
or, alternatively, whether particle surface binding is sufficient to in-
duce cell death. In the absence of inhibitors, 50–100% of the cells 
die within 10 h when macrophages are exposed to nonopsonized 
silica particles (Gilberti et al., 2008). Cells were treated with silica 
particles plus concentrations of wortmannin, LY294002, cytochala-
sin D, latrunculin, or nocodazole that inhibit phagocytosis but are 
not toxic to cells (Supplemental Figure S7). The inhibitor-treated 
cells had an equivalent number of surface-bound particles as the 
untreated cells normally internalize (unpublished data); however, 
the surface-bound particles were not toxic (Figure 8). These data 
suggest that particle internalization is necessary to induce cell 
death.

FIGURE 6: Actin dissociation precedes endolysosomal vesicle fusion 
with phagosomal membranes. (A) GFP-actin macrophages were 
preloaded with a red fluorescent dextran before particle addition. 
Actin rings (green) formed around nonopsonized particles 
(arrowheads) and then dissociated rapidly after internalization. 
Phagosomes then increased in red fluorescence intensity due to 
endolysosome fusion (shown in magenta). (B) Quantification of 
phagosomal dextran fluorescence for opsonized and nonopsonized 
silica particles. N = 30. Time zero represents the time when the actin 
ring first begins to form. Error bars represent SEM.
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In the presence of nocodazole, nonop-
sonized particles do not stimulate a signifi-
cant Rac or RhoA GTPase response (Figure 
3), and there is no PI(3,4,5)P3 or F-actin lo-
calization at the site of particle–cell interac-
tion (Figures 4 and 5). Thus microtubules 
are needed to initiate the phagocytosis ma-
chinery from the earliest known part of the 
pathway. To further elucidate the role of mi-
crotubules during uptake, we treated GFP-
actin–expressing macrophages with no-
codazole, exposed them to nonopsonized 
particles that bound to the cells, and then 
removed nocodazole from the culture me-
dia to allow microtubules to regrow. When 
the cells were then exposed to new, nonop-
sonized particles, only the particles that 
were added after removing nocodazole 
were internalized (Supplemental Figure S6). 
The particles initially added to the cells were 
still bound to the cells but never internal-
ized. These data suggest that when a parti-
cle binds to a cell, a signal transduction cas-
cade is initiated that requires microtubules. 
The initial activation event then likely be-
comes attenuated so that even when micro-
tubules are repolymerized, the activation 
signal is not sent, and the particles are never 
taken up.

Another interesting effect of nocodazole 
treatment is a change in overall F-actin dis-
tribution in cells (Supplemental Figure S4). 
Rapid accumulation of F-actin around the 
cell periphery occurs when microtubules are 
depolymerized. This result is consistent with 
evidence for interaction between the micro-
tubule and actin cytoskeletons (Bartolini and 
Gundersen, 2010; Zhou et al., 2010a,b; 
Dent et al., 2011). In the absence of microtu-
bules, cells may lose control of specific sites 
of actin polymerization and/or depolymer-

ization, leading to wholesale accumulation of F-actin around the 
periphery of the cell. Thus it is possible that the lack of uptake may 
be due to an overabundance of F-actin in the cytoskeleton rather 
than an inability to polymerize actin at a specific site. However, it 
should be noted that Ab-opsonized particles are still taken up under 
these conditions.

Even though these studies have provided insight into how non-
opsonized particles are internalized, they do not directly inform us 
about a crucial aspect of the process—how silica particles induce 
cell death. Leakage from phagolysosomal compartments is the ear-
liest known event in silica-induced cell death (Thibodeau et al., 
2004; Costantini et al., 2011; Joshi and Knecht, 2013). Leakage oc-
curs within 90 min after particle exposure, and cell death occurs 
many hours later. Our initial hypothesis was that some aspect of 
signaling or vesicle processing might be altered in silica phagocyto-
sis, and this might make phagosomes particularly sensitive to reac-
tive oxygen or other factors that could lead to lysosomal membrane 
damage (Thibodeau et al., 2004; Costantini et al., 2011; Joshi and 
Knecht, 2013). However, leakage occurs with nonopsonized silica 
but not latex particles (unpublished data), even though both appear 
to be taken up by the same pathway. Our results suggest that 

The most important difference in the uptake pathway of nonop-
sonized particles is that, like complement-opsonized particles, non-
opsonized-particle uptake depends on microtubules. Depolymer-
ization of microtubules blocks particle uptake and toxicity (Figures 1 
and 8 and Supplemental Figure S2). However, whereas CR3-medi-
ated uptake requires macrophages to be primed with PMA, nonop-
sonized phagocytosis does not require preactivation. Of interest, 
non–complement-opsonized yeast or zymosan particles are not 
internalized even if cells are initially primed. These data suggest 
that not all particle types that cells encounter are susceptible to 
nonspecific, nonopsonized-particle phagocytosis. Whether it is the 
microtubules themselves or something associated with the microtu-
bule that is required for phagocytosis remains unclear. We have 
been unable to image individual microtubules in macrophage cell 
lines, so we cannot say whether there is an altered accumulation of 
microtubules at sites of phagocytosis. Evidence indicates that CLIP-
170 plays an important role in CR3-mediated phagocytosis through 
its interaction with mDia (Lewkowicz et al., 2008), so it is likely that a 
similar interplay of microtubules, microtubule-associated proteins, 
and actin nucleation factors is required for nonopsonized-particle 
phagocytosis.

FIGURE 7: PI(3)P tethers to nonopsonized-particle phagosomes. Cells were transiently 
transfected with vector expressing 2xFYVE-GFP to detect accumulation of PI(3)P. When cells 
were exposed to (A) Ab-opsonized or (B) nonopsonized spherical silica, 2xFYVE-GFP 
accumulates at phagosomes within 6 min relative to initial particle–cell interaction and persists 
long after the particle has been internalized. (C) Quantification of the association of 2xFYVE-
GFP with phagosomes. N = 6. Time zero indicates maximum accumulation of 2xFYVE-GFP at 
particle phagosomes. 2xFYVE-GFP accumulates at and dissociates from opsonized and 
nonopsonized particle phagosomes at a similar rate. Error bars represent SEM.
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at 37°C while tumbling. All particles were stored at 4°C for a maxi-
mum of 1 mo and centrifuged and washed three times in 1× sterile 
PBS before addition to cells.

Transfection of MH-S macrophage cells
MH-S macrophages were plated in a 35-mm WillCo (WillCo Wells, 
Amsterdam, Netherlands) or ibidi (ibidi, Munich, Germany) dishes in 
1 ml of RPMI-1640 complete medium at 37°C with 5% CO2 and al-
lowed to adhere overnight. The next day, cells were transiently trans-
fected with FuGeneHD transfection reagent (Promega, Madison, WI) 
and 2 μg of DNA in complete medium according to manufacturer’s 
guidelines and allowed to incubate at 37°C overnight. Fluorescent 
cells were used within 24–48 h. Cells were also transiently cotrans-
fected with Ruby-Lifeact (Riedl et al., 2008) and either AKT-PH do-
main fused to enhanced GFP (AKT-PH-GFP; Varnai and Balla, 1998) 
or 2xFYVE domain fused to green fluorescent protein (2xFYVE-GFP; 
Vieira et al., 2001). To examine actin dynamics during phagocytosis, 
cells were transfected by electroporation with a pEF6-GFP-actin 
probe, and a stably expressing clone was picked after selection of 
transformants with 3 μg/ml blasticidin (Scott et al., 2005). To main-
tain the stable cell line, fluorescent colonies were manually picked 
after limiting dilution cloning.

Time-lapse confocal microscopy
Stable GFP-actin MH-S macrophages expressing fluorescent re-
porter probes were plated at 1 × 105 cells/cm2 in ibidi or WillCo 
dishes in 1 ml of RPMI-1640 complete medium and allowed to ad-
here overnight. Medium was then replaced with 1 ml of CO2-inde-
pendent medium (Invitrogen, Carlsbad, CA), and cells were main-
tained at 37°C in an ambient atmosphere incubator for 15 min 
before being moved to the microscope stage, where they were 
maintained at 37°C in a LiveCell chamber (Pathology Devices, West-
minster, MD). If cells were to be transiently transfected, they were 
plated at a lower density so that they would be at the same density 
of 1 × 105 cells/cm2 for the microscopy assay. The same dish was 
used for transfection and subsequent imaging. Cells were transiently 
transfected in an ibidi or WillCo dish following the same protocol as 
before and remained in the dish in complete medium overnight. 
Medium was replaced with 1 ml of CO2-independent medium, and 
cells were maintained at 37°C in an ambient atmosphere incubator 
for 15 min before being moved to the microscope stage, where they 
were maintained at 37°C in a LiveCell chamber.

Cells that would be exposed to COZ were treated with 100 nM 
PMA in CO2-independent medium for 30 min at 37°C in an ambient 
atmosphere incubator. Time-lapse imaging was initiated, and then 
15 μg/cm2 silica, 40-μl latex beads, or 8 μg/cm2 COZ was added to 
the cells. All three concentrations yield about 5 particles/cell. This 
concentration of silica is toxic to macrophages but also provides a 
low number of particles per cell to analyze phagocytosic processes.

Using a motorized XYZ stage, multiple fields of view and multiple 
Z-planes were captured over time. Differential interference contrast 
(DIC) and confocal fluorescence images were acquired using a Clara 
Interline charge-coupled device camera on an Andor spinning disk 
confocal microscope (Andor Technology, Belfast, Northern Ireland) 
or a Nikon A1R laser scanning confocal microscope (Nikon, Melville, 
NY). Particles were not all internalized in a single plane, so the most 
representative slice was chosen from the stack for each particle. Im-
ages were processed using ImageJ (National Institutes of Health, 
Bethesda, MD) to measure the increase and decrease in probe lo-
calization during uptake. Image stacks were also converted to 
QuickTime movies (Apple, Cupertino, CA) to observe time-lapse 
fluorescent protein localization and particle internalization. To 

nonopsonized uptake of silica and latex are equivalent, indicating 
that the difference in toxicity is due to some aspect of the chemistry 
of the silica particle itself. This is consistent with measurements of 
increased reactive oxygen species (ROS) in cells treated with silica 
particles (Blackford et al., 1994; Vallyathan and Shi, 1997; Fubini, 
1998; Huaux, 2007). Our observation that silica particles need to 
be internalized to be toxic (Figure 8) supports the hypothesis that 
if ROS is the culprit, the focus should be on phagosomal ROS 
formed during the respiratory burst associated with macrophage 
phagocytosis.

MATERIALS AND METHODS
Chemicals
All chemicals are from Sigma Chemical (St. Louis, MO), unless oth-
erwise noted.

Tissue culture
The mouse alveolar macrophage cell line MH-S (ATCC CRL-2019) 
was cultured at 37°C with 5% CO2 in RPMI-1640 medium (Media 
Tech, Pittsburgh, PA) supplemented with 2 mM l-glutamine, 1 mM 
sodium pyruvate, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid, 55 μM 2-mercaptoethanol, 10% fetal bovine serum (FBS; 
Atlanta Biologicals, Lawrenceville, GA), 100 μg/ml ampicillin, and 
100 μg/ml dihydrostreptomycin sulfate.

Particles
The particles used were amorphous 3-μm spherical silica (Allsphere 
silica; Alltech Associates, Deerfield, IL), zymosan A (Sigma Chemi-
cal), and 3-μm plain latex beads (Polysciences, Warrington, PA). 
Ovalbumin-coated (nonopsonized) particles were made by incubat-
ing 2 mg of spherical silica or 100 μl of latex beads in 1 ml of 
10 mg/ml ovalbumin in particle-coating buffer (1.8 mM Na2CO3, 
3.2 mM NaHCO3, 135 mM NaCl, pH 9.5) for 90 min at 37°C while 
tumbling. Ab-opsonized silica and latex beads were made by incu-
bating the ovalbumin-coated particles with 20 μg/ml rabbit anti–
chicken egg albumin (Immunology Consultants Laboratory, 
Newberg, OR) in 1 ml of phosphate-buffered saline (PBS) for 90 min 
at 37°C while tumbling. COZ particles were made by incubating 
2 mg of zymosan A with 1 ml of non–heat-inactivated FBS for 90 min 

FIGURE 8: Phagocytosis is necessary to trigger silica-induced cell 
death in macrophages. Cells were treated with nocodazole (Noc), 
cytochalasin D (C-D), latrunculin B (LatB), LY294002 (LY), or 
wortmannin (wort), at the concentrations used to inhibit phagocytosis, 
in the presence of propidium iodide to measure the extent of 
membrane-permeable cells at 10 h. Nonopsonized, ovalbumin-coated 
3 μm spherical silica (ssi) particles are only toxic to cells in the absence 
of inhibitor. Error bars represent SEM.
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Lysates were processed for the G-LISA assay according to manu-
facturer’s guidelines (Cytoskeleton, Denver, CO). To assay for com-
bined Rac1, 2, and 3 (referred to as Rac) or RhoA GTPase activation, 
0.3 mg of total lysate, in an equal volume of binding buffer, was 
added in duplicate to wells of a G-LISA plate and incubated at 4°C 
for 30 min. The wells were washed, and anti-Rac or anti-RhoA pri-
mary antibody was added and the plate was incubated at room 
temperature for 45 min. The wells were then washed and incubated 
with horseradish peroxidase (HRP)–labeled secondary antibody for 
45 min at room temperature. HRP signal was detected at 490 nm 
using a multiwell spectrophotometer (SpectraMax M2; Molecular 
Devices Sunnyvale, CA).

Measurement of endolysosomal fusion with phagosomes
Cells were plated overnight in an imaging dish as previously de-
scribed. The next day, the medium was replaced with fresh RMPI-
1640 complete medium containing 1 mg/ml 70-kDa tetramethyl-
rhodamine isothiocyanate (Sigma Chemicals) or 10-kDa Texas Red 
(Life Technologies) dextran and incubated for 90 min at 37°C with 
5% CO2 to load the internal vesicle compartments with dextran. 
Medium was gently removed, and cells were washed five times with 
CO2-independent medium. Once cells were on the microscope 
stage, particles were added to the dish and allowed to settle onto 
the cells. Particle types included 15 μg/cm2 spherical silica particles, 
either ovalbumin coated or Ab opsonized. Cells were imaged using 
the Nikon A1R laser scanning confocal microscope every 30 s for at 
least 1 h to capture events of particle phagocytosis. The delivery of 
dextran to the phagosome due to fusion of endosomal and lyso-
somal vesicles was measured using ImageJ by outlining the vesicles 
containing the particle and measuring the increase in mean pixel 
intensity of fluorescent dextran over time. Image stacks were also 
converted to QuickTime movies.

Anti-tubulin immunostaining assay
Cells were plated on 22-mm glass coverslips in 35-mm tissue culture 
plastic dishes in 1 ml of RPMI-1640 complete medium and allowed 
to adhere overnight, after which medium was replaced with 1 ml of 
CO2-independent medium for 15 min at 37°C in an ambient atmo-
sphere incubator. Next cells were fixed and immunostained using a 
modification of the procedure of Yvon and Wadsworth (1997). 
Briefly, cells were fixed at room temperature for 1 min with 1 ml of 
4% formaldehyde and 0.25% glutaraldehyde in PBS containing 
0.1% Tween-20 (PBST). The coverslips were then further fixed with 
1 ml of 4% formaldehyde and 0.25% glutaraldehyde in PHEM lysis 
buffer (0.5% Triton X-100, 1 mM MgSO4, 5 mM ethylene glycol 
tetraacetic acid, and 80 mM 1,4-piperazinediethanesulfonic acid, 
pH 6.8) for 6 min. Next 1 ml of 50 mM NH4Cl was added to each 
coverslip for 2 min to quench the reaction, and the cells were washed 
three times with PBST. Samples were stained with 1:10 anti-tubulin 
antibody (mouse monoclonal 12G10 anti–α- or E7 anti–β-tubulin; 
Developmental Studies Hybridoma Bank, University of Iowa, Iowa 
City, IA) in PBST for 30 min, washed once in PBST, and then 
incubated in 200 μl of 1:200 Alexa 488 goat anti-mouse antibody 
(Jackson ImmunoResearch) in PBST for 30 min. Samples were 
imaged using the Nikon A1R laser scanning confocal microscope to 
visualize the state of the microtubule cytoskeleton.

Detection of actin localization when microtubules 
are depolymerized
Cells were plated overnight in a WillCo or ibidi imaging dish and 
then treated with 800 nM nocodazole for 45 min in CO2-indepen-
dent medium. Cells were fixed at room temperature with 1 ml of 4% 

measure the timing of actin, PI(3,4,5)P3, and PI(3)P association with 
and subsequent dissociation from particle phagosomes, a circle was 
drawn around the circumference of the particle at the initial location 
of particle–cell interaction. Mean fluorescence intensity was deter-
mined as the GFP probe associated with and subsequently dissoci-
ated from the particle phagosome over time. Time zero represents 
the maximum intensity of fluorescent probe association with a par-
ticle, except for panels where no uptake occurred.

To measure the increase in GFP-actin or rhodamine phalloidin 
stain at the cell cortex upon nocodazole treatment, a rectangle was 
drawn in ImageJ to vertically extend from outside to inside the cell 
cortex, and the mean fluorescence intensity was measured.

Quantitative phagocytosis assay in the presence 
of inhibitors of phagocytic processes
Phagocytosis assays were performed as described previously 
(Gilberti et al., 2008) except for the addition of pharmacological in-
hibitors before particle addition. Briefly, cells were plated at 1 × 
105 cells/cm2 on 22-mm-square glass coverslips in 30-mm dishes 
and allowed to adhere overnight. Medium was replaced with 1 ml of 
CO2-independent medium for 15 min and then left untreated or 
treated with tyrosine kinase phosphorylation inhibitor (20 μM PP2), 
phosphatidylinositol 3-kinase inhibitors (20 μM LY294002 or 20 nM 
wortmannin), actin polymerization inhibitors (500 nM latrunculin A, 
500 nM latrunculin B, or 500 nM cytochalasin D), or microtubule 
polymerization inhibitor (800 nM nocodazole) for 45 min at 37°C in 
an ambient atmosphere incubator. Cells were then exposed to par-
ticles in the presence of inhibitor for 45 min before being fixed with 
4% formaldehyde for 6 min at room temperature. Formaldehyde-
containing medium was removed, and 1 ml of 50 mM NH4Cl was 
added to quench the reaction. After fixation, the cells were stained 
with rabbit anti-ovalbumin antibody (Immunology Consultants Labo-
ratory) and then fluorescein isothiocyanate–conjugated goat anti-
rabbit antibody in PBS (Jackson ImmunoResearch, West Grove, PA). 
Particles that were opsonized with anti-ovalbumin antibody (Ab-
silica and Ab-latex beads) were stained with secondary antibody 
only. Imaging was performed with a 63× oil immersion objective on 
a Zeiss Axiovert 200M microscope (Zeiss, Göttingen, Germany) us-
ing a Hamamatsu ORCA-ER camera (Hamamatsu, Bridgewater, NJ).

The surface-bound particles were counted from the fluorescence 
images, and the total number of particles from the DIC images. At 
each time point, the ratio of internalized particles to total particles 
was used to determine the uptake efficiency. In addition, the phago-
cytic index was determined as the number of internalized particles 
per cell per 100 macrophages. The error bars depict SE from three 
separate experiments.

RhoA and Rac GTPase activation
Cells were plated at 3 × 105 cells/ml in 35-mm tissue culture dishes 
in 1 ml of RPMI-1640 complete medium and allowed to adhere 
overnight, after which medium was changed to 500 μl of CO2-inde-
pendent medium for 15 min. Cells that would be exposed to COZ 
were treated with 100 nM PMA as previously described. All dishes 
were chilled on ice, and then 15 μg/cm2 nonopsonized or Ab-op-
sonized 3-μm spherical silica or 8 μg/cm2 COZ was added. The 
dishes were then centrifuged at 4°C at 300 × g for 5 min to spin the 
particles onto the cells. Before placing the dishes back in the 37°C 
ambient air incubator, we added 500 μl of 37°C prewarmed CO2-
independent medium to the dishes to accelerate the process of 
warming the cells back to 37°C. Then, cells were allowed to internal-
ize particles for 0.5, 5, 10, 15, or 30 min before samples were lysed 
with G-LISA lysis buffer.
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silica uptake and toxicity in alveolar macrophages from C57BL/6 mice. J 
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family-selective tyrosine kinase inhibitor. Study of Lck- and FynT-depen-
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Phosphatidylinositol 4-phosphate 5-kinase alpha is a downstream effec-
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formaldehyde and 0.25% gluteraldehyde in PBS containing 0.1% 
Triton X-100 and 0.1 μg/ml rhodamine phalloidin for 6 min and then 
imaged with a Nikon A1R laser scanning confocal microscope. To 
measure the increase in cortical fluorescence intensity in the pres-
ence or absence of nocodazole, the ImageJ Threshold tool was 
used to set maximum and minimum threshold levels so that only the 
phalloidin label at the cortex was highlighted and the mean fluores-
cence intensity of this region was measured.

Cell death assay
Cells were plated as previously described and treated with 800 nM 
nocodazole, 500 nM latrunculin, 500 nM cytochalasin, 20 μM 
LY294002, or 20 nM wortmannin in CO2-independent medium for 
45 min before particle exposure. Cells were then exposed to 
15 μg/cm2 uncoated silica particles or 40 μl of latex beads in me-
dium containing 0.1 μg/ml propidium iodide and imaged on a wide-
field microscope after 0, 4, and 10 h. Approximately 300 cells, three 
fields of view from each time point, were scored manually for nuclear 
fluorescence arising from cell death.
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