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Summary
Binding of particulate antigens by antigen presenting cells (APC) is a critical step in immune
activation. Previously, we demonstrated that uric acid crystals are potent adjuvants, initiating a robust
adaptive immune response. However, the mechanisms of activation are unknown. Using atomic force
microscopy as a tool for real time single cell activation analysis, we report that uric acid crystals can
directly engage cellular membranes, particularly the cholesterol components, with a force
substantially stronger than protein based cellular contacts. Binding of particulate substances activates
Syk kinase-dependent signaling in dendritic cells (DCs). These observations suggest a mechanism
whereby immune cell activation can be triggered by solid structures via membrane lipid alteration
without the requirement for specific cell surface receptors, and a testable hypothesis for crystal-
associated arthropathies, inflammation and adjuvanticity.

Introduction
Receptor and ligand interactions are the pillar of modern biomedical research. They permeate
vast categories of cellular activities. The tenet of receptor activation is the specificity. Antigen
presenting cells (APCs) are the sentinels of the immune system. They detect signals of infection
and tissue stress. Some well-studied triggers of APCs are PAMPs (Pathogen-associated
molecular patterns), first suggested by Charles Janeway in the late 80s’ and subsequently
verified experimentally (Janeway, 1989). These substances, such as lipopolysaccharides,
double-stranded RNA, etc., are only produced by microbes and trigger a set of conserved
receptors (Toll-like Receptors, TLRs) on mammalian host cells. Upon detecting these
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substances, APCs are activated with a very well-characterized signaling cascade involving
adaptor molecules Myd88, Trif, and others, and eventually leading to nuclear translocation of
NFκb (Fitzgerald and Chen, 2006; Takeda et al., 2003).

APCs, particularly dendritic cells (DCs), are also triggered by environmental factors, such as
physical disturbance and the presence of particulate structures. The related activation
mechanisms are largely unknown. For example, we identified several years ago that
monosodium urate (MSU) crystals, as an endogenous stress signal, strongly activate DCs (Shi
et al., 2003). Several reports have since implicated its involvement in various aspects of the
immune system, including inflammation (Chen et al., 2006), tumor immunity (Hu et al.,
2004), autoimmune diabetes (Shi et al., 2006) and antibody response (Behrens et al., 2008).
There have also been studies on the mechanisms of MSU-mediated cellular activation. IL-1β
(Chen et al., 2006) and Nalp3 inflammasome (Martinon et al., 2006) are reportedly involved.
Historically, MSU has been known to induce robust inflammation from epithelial and
monocytic cells, and are the causative agent of gout (Smyth and Holers, 1998). Despite its
biological relevance, how MSU crystals interact with our tissues, particularly the initial contact
with APCs, remains unknown. It has been suggested that certain structures related to the TLR/
PAMPs might contribute to the biological activities (Liu-Bryan et al., 2005; Scott et al.,
2006). However, the fact remains that MSU crystals trigger APCs even under Myd88/Trif
double deficiency and none of the TLR knockouts showed reduced response to MSU (Chen et
al., 2006) (and see the results), ultimately ruling out any similarities with the canonical TLR
signaling mechanisms. Being a continuous crystalline surface, it is difficult to imagine any
protein-based receptor that would specifically recognize the structure, and our attempts to
isolate such receptors have not been successful. It stands to reason that being nearly omni-
responsive, even to post-industrial materials, there will be no evolutionarily co-developed
receptors on APCs that can see everything. Therefore, conventional receptor ligand interactions
might not explain this category of events. This is a clear caveat of the PAMP/TLR paradigm.
Many years ago, it was proposed that a crystal's surface electrostatic state and its molecular
"ruggedness" determined their potential to induce inflammation in host cells. In other words,
it was attributed to a generic membrane activation event that led to subsequent cellular activities
(Mandel, 1994; Mandel, 1976). This line of research has diminished under the elegance of
receptor-based activation. We, however, decided to study whether non-receptor based modes
of engagement of MSU could lead to DC activation.

In this report, we present an alternative hypothesis that membrane affinity for external objects
might lead to plasma membrane lipid sorting. Specifically, using atomic force microscope as
a tool for single cell affinity analysis, we present evidence that a solid surface may form
electrostatic bonding with plasma membrane cholesterol. This bonding may lead to the
aggregation of lipid rafts which in turn use their associated intracellular ITAMs to recruit Syk
kinase, leading to PI3K activation and permitting subsequent DC activation. This hypothesis
may explain why DCs respond to solid structures even without a clear receptor ligand
interaction, and opens an intriguing new window into how crystals interact with tissues.

Results
1. MSU crystal mediated DC activation does not require Myd88/Trif

We previously reported that DC activation by MSU was independent of TLR4, and MSU
crystals were not recognized by any known TLRs (Chen et al., 2006; Shi et al., 2003). To more
thoroughly eliminate the involvement of PAMPs, we tested this activation in Myd88 (not
shown) and Myd88 + Trif double knockout (DKO) DCs because they lack both arms of TLR
mediated signaling. We found that CD86 upregulation was present (Fig. 1A), similar to
wildtype DCs. In search of any potential mechanisms that do not require cell surface receptors,
we first removed membrane cholesterol from cells with methyl-β cyclodextran (MBCD) and
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blocked actin microfilament movement with cytochalasin B. Both treatments dramatically
reduced DC activation following exposure to MSU crystals (Fig. 1B and C) while most PAMP-
mediated activations were far less sensitive. This preliminary work implicates more forcefully
the involvement of activation mechanisms other than PAMPs/TLRs, hinting at a role of cell
membrane lipids and cellular morphology. We verified the result by testing DC-like THP-1
cells (induced by PMA) of their production of IL-1β in response to MSU crystals, which is a
robust and well-documented standard assay. It is clear that MBCD and cytochalasin B blocked
this activation as well (Fig. 1D).

2. MSU/DC interaction study with AFM based single cell analysis
To study cell surface engagement of MSU crystals, it was important to design a single cell-
based analysis tool. Because large continuous crystalline surfaces are difficult to control in
their contacts with DCs (much longer and narrower than a regular cell), we decided to use
Atomic Force Microscopy (AFM) to study the detailed interactions between MSU and DC
surface. Using laser forceps or the AFM itself and assisted by a microscope, MSU crystals
were individually glued to the tip of an AFM cantilever (Fig. 2A upper left panel). The modified
cantilever was lowered to make contact with an assortment of DCs grown on glass disk (Fig.
2A upper right panel). Specifically, the crystal-coated cantilever was continuously scanned
towards and away from the cell over a range of five microns at 3 seconds per cycle. The cycling
was initiated even before the microscope head was close enough to the sample to establish a
contact. The microscope head was then gradually lowered to the surface in 0.5 to 2 um
increments of vertical descent (Fig. 2A lower panels) until an intermitted contact between the
crystal and the cell was established upon each cycle. We started to collect force curves at the
first contact indicated by any force of adhesion. Each individual force curve was analyzed for
its maximum adhesion force (i.e. the force needed to separate the crystal from the cell). This
circular mode was chosen because longer, stationary contacts yielded binding forces beyond
the optimal ranges of our current AFM setup. Moreover, measuring the adhesion force every
three seconds allowed us to plot the binding strength over time. DCs produced increasing
affinities measured by the AFM tip, from initial values between 50–200 pN (pico Newton)
basal readings to the point of enormous strength where the plasma membrane was likely
ruptured in some cases in the elevating phase of the tip (over 10 nN) (Fig. 2B). This interaction
was seen with bone marrow-derived (BM) DCs and DC lines (DC2.4 and PMA induced THP-1)
(Shen et al., 1997), but only in the presence of the MSU crystal as control blank cantilevers
produced only basal affinities (Fig. 2C). The binding force was present with DCs from Myd88
+Trif DKO, but eliminated with cytochalasin B or MBCD treatment (Fig. 2D and E). These
data suggest that the contact with the small crystal induced a cellular event that was defined
by extremely strong affinities. This contact force appeared to be associated with DCs since
control cell lines (NIH Balb/c 3T3, a fibroblast, and B16, a melanoma) did not sense the
presence of the crystal and produced no increased force curve (Fig 2F).

3. MSU/DC interaction is of high affinity and does not require specific surface receptors
To our knowledge, force contacts generated during cellular interactions are in the range of pN
(Panorchan et al., 2006a; Panorchan et al., 2006b). We are not aware of any report that described
such a strong interaction. To compare this to a more defined immune activation, we stimulated
T cell antigen receptor (TcR) transgenic T cells (OT-1 CD8+ T cells and OT-2 CD4+ T cells),
and by using biocompatible glue Cell-Tak (Waite and Tanzer, 1981), attached individual T
cells on to the tip of an AFM cantilever, and lowered the T cells to make contact with DCs
(Fig. 3A). In the absence of peptide antigen, we observed forces in the range of low pN, whereas
with peptides, (SIINFEKL and ISQAVHAAHAEINEAGR for OT-1 and OT-2, respectively),
the forces went up 10-fold for both MHC class I (about 200 pN) and class II (about 100 pN)-
mediated interactions (Fig 3B), but never reached the magnitude between the MSU crystal and
the DCs (in nN range) (Fig. 2). This indicated that MSU and DC engagement was different
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from a protein-based interaction. To this end, we removed cell surface proteins with pronase,
which eliminated at least 90% of total surface proteins, as determined by the loss of biotin
labeling (Fig. 3C). Treated DCs were no longer able to bind to a glass surface because that
class of binding is protein dependent. To circumvent this difficulty, we stabilized treated cells
with a nickel grid with pore size of 5 uM by gentle centrifugation, so that trapped cells were
no longer able to move freely (Fig. 3C). When the MSU tip was lowered to the exposed part
of the treated cells, the contact force was again reproduced (Fig. 3D). To determine whether
what we observed was a specific event, we reversed that orientation of our setup and attached
the DCs to the tip and lowered the tip to be in contact with an assortment of crystals and control
surfaces (Fig. 3E). Because in this setup the contact surfaces were larger, the forces were
accordingly stronger (Fig. 3E). We detected increased forces between the tip and MSU, and
latex beads, two structures that are known to interact with DCs (Kovacsovics-Bankowski and
Rock, 1995; Shi et al., 2003). Interestingly, control crystals, including basic calcium phosphate
(BCP) and allopurinol, which we reported before to be unable to activate DCs, failed to produce
the force curves by this assay as well (Fig. 3E) (Shi et al., 2003).

4. Syk recruitment to membrane associated ITAMs is required for MSU/DC binding
We were interested in the downstream intracellular events of this membrane protein-
independent activation. We treated cells with Wortmannin and LY-294002, blockers of PI3
kinases (PI3K), and detected a complete abolishment of the interaction (Fig. 4A). In
inflammatory phagocytosis, which we speculate is mechanistically related to our observations,
PI3K activation results from the recruitment of Syk to the cell membrane. This recruitment is
mediated by the interaction between receptor complexes bearing immunoreceptor tyrosine-
based motifs (ITAMs), which are present in FcṚγ and DAP12 adapter proteins in myeloid cells
(Lanier et al., 1998), and the SH2 domains on Syk (Aderem and Underhill, 1999;Underhill and
Ozinsky, 2002). Because Syk-deficient mice are non-viable, we first tested the effect of
Piceatannol, a general blocker of Syk, and saw a complete blockage of affinity binding and
cellular activation (Fig. 4A). A Syk inhibitor specificity control, ER 27319, which only blocks
the interactions between Syk and the ITAM on FcR ε chain on mast cells but not other Syk/
ITAM interactions (Moriya et al., 1997), did not alter the force curve (Fig. 4A). In these
experiments, it is important to note that DCs removed of surface proteins are sensitive to Syk
and PI3K inhibitions as well, suggesting that a signal is delivered across the membrane to these
kinases without the presence of specific receptors (Fig 4B). We tested the MSU activation of
DCs prepared from mice lacking either or both FcRγ/DAP12 (Humphrey et al., 2005). The
forces curves were still detectable in most cases (Fig. 4C), suggesting that additional ITAM-
containing proteins contribute to the Syk membrane recruitment. Further supporting our
hypothesis, external blocking with an anti-FcR γ antibody (2.4G1) did not diminish the binding
force (Fig. 4A). A role for Syk was confirmed by using DCs prepared from irradiation bone
marrow chimeric mice reconstituted with fetal liver from Syk−/− C57BL/6 mice (Crowley et
al., 1997). Activation by MSU was abrogated in the Syk−/− DC (Fig. 4D). Because basal
phosphorylation of ITAMs requires upstream Src kinase activities, we also tested Hck/Fgr/Lyn
triple knockout DCs (Src TKO) (Fitzer-Attas et al., 2000). We detected a delayed binding force
(Fig. 4E) in some DC preparations while the other preparations of Src TKO DCs had very low
binding (not shown). Similar to their role in other cell functions, such as FcR-mediated
phagocytosis where Src family kinases are required for the Syk phosphorylation, Src TKO
might not block all the related biological events, owing to other Src activities (Fitzer-Attas et
al., 2000) (personal communication with L. Lanier). This notion was confirmed in our analysis
with SU6656, a highly potent Src inhibitor. SU6656-treated DCs completely lost their
interaction with MSU crystals (Fig. 4F) after 2 hour or longer incubation, presumably allowing
ITAM phosphorylation turnover. Since Syk involvement in MSU mediated activation was new,
we measured its phosphorylation status with intracellular staining. Clearly, phosphorylated
Syk was detectable after the MSU engagement, and subsided in less than 60 minutes (Fig. 4G).
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The requirement for Syk and Src family kinases for MSU crystal stimulation were also
observed in assays measuring upregulation of CD86 (Fig. 4H), suggesting the binding forces
be an indicator of DC activation, or at least function in parallel to the latter event. We certainly
do not know if there are any mechanistic connections between the two sets of events. We
postulate that in Src TKO, the basal ITAM phosphorylation is weaker and influenced by
variations in DC preparations that led to the somewhat variable readings of Figure 4E.

In addition, to ascertain that such a binding event is not unique to MSU crystals, we glued latex
beads to the AFM tip because of their strong affinity shown in Figure 3E, and detected a parallel
sensitivity to cholesterol, actin, Syk and Src kinase blockage (Fig. 4I). This result suggests that
such a receptor independent binding event is possibly applicable for other solid structure
phagocytosis, although this point has not been experimentally substantiated.

5. MSU aggregates DC membrane cholesterol
Without surface protein receptors, we hypothesize that MSU surface binds to certain membrane
lipid moieties and triggers a series of progressive membrane events. The most critical question
remains which surface moiety is mediating such a contact, and how Syk is activated in response
to this interaction. We loaded DCs with multiple fluorescence lipid probes and used a confocal
fluorescence microscopy to capture the lipid distribution on the cell surface. While distribution
and intensity of various labels may not be exactly similar, it is still noteworthy that
phosphatidylcholine (PC) and phosphatidylethanolamine (PE) did not show any redistribution
upon crystal binding, cholesterol showed a visible accumulation at the points of crystal contact
(Fig. 5A), although not all sites of contact demonstrated this enhanced fluorescence, possibly
suggesting that the membrane lipid ligation is a transient event, or that most functional
cholesterol (lipid rafts) aggregates are under the limit of optical diffraction. The finding is
nevertheless in line with our earlier observation that MBCD inhibited DC activation and their
force curves. It is important to note that LPS treated DCs do not show the cholesterol
redistribution characteristic of MSU binding (Fig. 5A). To ascertain that the distribution of
cholesterol is indeed caused by MSU binding, we decided to study both light field and UV
field for the location of cell and crystal. It should be noted that most MSU crystals bound to
the DC surface and cause cholesterol sorting are no longer visible in the bright field. To
circumvent the problem, we selected a rare case where a larger crystal was in contact with a
cell. Although such an encounter is not representative, it does show that cholesterol undergoes
substantial redistribution upon the binding of this crystal (Fig. 5A). We then tested monomeric
fluorescence lipids for their binding to MSU crystal surfaces, and saw a stronger binding of
cholesterol than other control lipids, PE and PC, despite their similar emission intensities (Fig.
5B). This testing method is only suggestive, as lipids do not interact with crystals in this manner.
To definitively prove that the interaction between cholesterol and MSU is of high affinity, we
produced an artificial outer plasma membrane leaflet with pure phosphatidylcholine (PC), as
well as mixtures of PC/cholesterol and PC/sphingomyelin. The synthetic membranes were laid
on a freshly cleaved mica surface and a MSU AFM tip was lowered to produce contact. It was
clear that the monolayer containing cholesterol produced higher binding forces (Fig. 5C).

6. Synthetic cholesterol in its physiologic orientation shows direct binding to MSU
To more precisely define the role of cholesterol, we chemically attached a hydrocarbon chain
ending with a thiol group to the cholesterol hydroxyl group (Fig. 6A). This thiol group was
then attached to a gold-coated AFM cantilever by the self-assembly membrane. We then
lowered the tip to a surface coated with MSU crystals. This procedure produces an “upside
down” configuration in reference to cholesterol’s natural orientation in the plasma membrane,
and accordingly produced binding forces very close to zero (Fig. 6B). To produce cholesterol
in the correct orientation, the thiol group was to be attached from the other side of the molecule.
Since it is chemically infeasible to directly modify cholesterol in this manner, a second analog
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was prepared starting from cholic acid which contains a carboxylic acid group. A hydrophobic
chain terminated with a thiol group was attached to the carboxylic acid group (Fig. 6A). The
positioning of the alphatic chain at the other end of the cholesterol skeleton allowed us to
produce a cholesterol configuration mimicking its natural orientation. When this synthetic
cholesterol analog was attached to the cantilever, it produced significantly higher binding
forces with MSU coated glass surface (Fig. 6B), suggesting that cholesterol in its biological
configuration may interact with MSU crystals.

Discussion
Our work suggests that at least for DCs, surface contact is sufficient to introduce an activation
signal across the plasma membrane, leading to an intracellular signaling cascade that involves
Syk. It is well established that lipid raft aggregation significantly facilitates many signaling
events. In IgE-mediated mast cell activation, one theory states that the function of surface
receptors is to bring together sufficient amounts of lipid rafts of which cholesterol is an
important component (Brown, 2006; Brown and London, 1998). The function of different
membrane lipids in segregating surface proteins is well-known (Zacharias et al., 2002). ITAM-
containing receptors are attracted to cholesterol rich regions on the cell surface. However,
because lipid rafts prior to receptor ligation are small (less than 60 nM in diameter), random
accumulation of receptors with activating motifs such as ITAM at any given point is low,
balanced by efficient dispersion (Kusumi et al., 2004). If cholesterol is stabilized, the
aggregation of lipid rafts may by themselves allow certain membrane events to take place,
leading to cellular activation. Evidence supporting this mechanism comes from the assay where
GM1, another component of lipid rafts, was crosslinked. The crosslinking induced significant
membrane reorganization (Dietrich et al., 2001). This process is clearly not activated by protein
receptor interaction. Syk membrane recruitment is triggered by protein receptor ligation that
leads to phosphorylation of ITAMs, such as those present in BCR and FcR (Abram and Lowell,
2007). However, basal level ITAM phosphorylation is commonly observed. Since MSU
engages a large continuous membrane surface, it may trigger sufficient recruitment of Syk to
the inner leaflet (Fig 7). This hypothesis also explains why control cell lines do not interact
strongly with MSU crystal as Syk is a hematopoietic kinase. Approaching the issue from a
different angle, in several separate studies, it has been reported that membrane sorting occurs
under the influence of membrane curvature and force (van Meer and Vaz, 2005), leading to
highly concentrated lipid species confined in a space, such as an elongated tube, as a
consequence. Reasoning from this prospective, the binding of any particular lipid moiety may
not be crucial, as long as an external object has affinity to the plasma membrane. Because such
an affinity based contact inevitably leads to membrane curvature. We noted with interest that
in a most recent paper, it was shown that Shiga toxin may bind to surface structure, which leads
to invagination and endocytosis as a pure lipid membrane event (Romer et al., 2007). Under
our experimental settings, we have collected some evidence to suggest that MSU may interact
with cholesterol. Whether it occurs under any biological conditions, and if so whether it has
any biological meanings remains to be ascertained. However, even if another membrane moiety
plays some or a large part of crystal binding, our proposal of force-induced lipid sorting may
still stand. As one of our many possibilities, we would like to suggest on theoretical grounds
that MSU crystal surface with a collective zeta potential of −37.4 mV (data not shown) might
allow hydrogen bonding with properly packed cholesterol following lipid sorting. This
suggestion is certainly speculative and solid surface chemistry work is needed to delineate the
interaction.

Regarding the possibility of cholesterol sorting mediated by the crystal, some theoretical
considerations may suggest that such an interaction could take place, unlike other H-bond
forming partners. One feature of membrane lipids is their propensity to produce dense
molecular “packing” into a structure that could even be aligned with the lattice of the crystal.
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This would allow for a large number of H-bonds to occur per given surface area explaining the
strong adhesive interaction. H-bonds formed with protein molecules are by comparison
dispersed, because individual polypeptide chains cannot be sorted to such a density. Another
detail that may facilitate this steady interaction is the ability of cholesterol to increase the
bending rigidity of bilayer membranes and thus strongly suppresses their thermal undulations
(manuscript in preparation). This in turn significantly reduces the entropic repulsion between
the approaching surfaces. How these factors are incorporated into our specific case will be a
topic of study for years to come.

We propose a two step, receptor-independent APC activation mechanism as follows: 1. MSU
forms a spatially tight inter-molecular bonding (possibly hydrogen bond) with cholesterol
within the first 30 seconds or less and the binding leads to lipid sorting due to the fluidity of
the membrane. The force at this stage by our measurement is no more than 200 pN. 2. Lipid
sorting aggregates ITAM-containing receptors which are preferentially segregated into
cholesterol/sphingolipid rich regions of lipid rafts. It should be noted that ITAM-containing
receptors are common in immune cells. 3. On DCs, Syk kinase is recruited by this accumulation
and subsequently turns on PI3K. Syk is a hematopoietic kinase, and its functional association
with downstream PI3Ks is unique in DCs or other phagocytes (Greenberg and Grinstein,
2002), and 4. This activation may trigger activities mediated by PI3Ks that is tightly linked to
actin/microfilament movement, and the structural alterations brought about by the cytochalasin
sensitive entities lead to auto amplification, permitting further accumulation of signaling
molecules at the plasma membrane with higher degrees of phosphorylation, and larger contacts
to be formed with the crystal. The force at this stage is in the nN range. Since these two steps
are experimentally continuous, they manifest as a two phased force curve change. It is important
to note that while Syk and PI3K are required for the binding, it was interesting the ITAM DKO
and Src TKO DCs retained the affinity, although in some cases they were lower than WT DCs.
We would like to suggest that additional ITAM-containing membrane structures, such as GVPI
and WSL-1 (Gardiner et al., 2008; Lohi and Lehto, 1998) and Src kinases, such as Src itself
and Abi and Csk provided the residual functionality (Hughes, 1996).

It is worth further emphasizing that the central hypothesis of our work is the ability of sorted
lipid domains to attract ample signaling molecules to a highly localized area on the cell surface.
The ITAM containing adaptor molecules, often associated with lipid rafts, are an important
intermediate although their identities may not be crucial. They serve to nonspecifically attract
Syk kinases to the surface as they do in the receptor-based Syk recruitment. How the specific
activation events mediated by this generic kinase recruitment differ from other receptor
mediated counterparts need to be analyzed in greater details in the future. From our work, it
appears that an event akin to phagocytosis does take place.

An important question yet to be addressed is how "complete" the signaling cascade is in such
a lipid based interaction, in terms of common markers of DC activation (CD86, cytokine and
phagocytic capacities etc). The pronase treatment is harsh and cells die within 2 hours and
before any subsequent activation events can be measured. Any evidence deduced from assays
without complete removal of surface proteins should be viewed with suspicion of residual
receptor based activities. This report therefore, is incomplete in this regard due to the limits of
our technologies as far as blocking all protein based interactions without affecting overall state
of cellular viability. Syk mediated PI3K activities are well documented (Aderem and Underhill,
1999; Greenberg and Grinstein, 2002; Underhill and Ozinsky, 2002). However, MSU mediated
"complete" DC activation requires Nalp3 inflammasomes (Martinon et al., 2006). Information
directly linking these two categories of signaling events is yet scarce and suggestive. For
instance MAPK activation is triggered by Syk (Wan et al., 1996) which in turn may be linked
to inflammasomes and other cellular activations (Shaw et al., 2008). In our view, our study
illustrates the link between surface lipid sorting and Syk kinase activation. Since the Syk/PI3K
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pathway is suggested to be inflammatory such as in the case of FcR gamma mediated
phagocytosis, MSU mediated lipid sorting by inference may be linked to "inflammatory
phagocytosis". Associations with other downstream events are a matter of speculation, and
they only serve as "readouts" for this study. It is entirely possible that Nalp3 mediated DC
activation depends on some protein-based recognition of the crystal surface, and the lipid
binding merely serves as a pre-requisite for other events to take place.

This report provides an explanation of how particulate materials, even without any known
mechanism, may trigger strong DC activation, in cases independent of opsonization and
antibody binding (Fig 7). Broadly speaking, there is no reason to rule out this class of cellular
interaction in other signaling settings, including those with receptors, as ligation forces/
membrane contact are integral parts of signal exchange. It was a surprise finding that DCs
showed ever-increasing affinity to a solid structure without its surface proteins (Fig 3D). Being
adoptive to the enormous variances of binding targets and being independent of the surface
proteins, our results seem to imply that outer membrane undergoes some form of lipid sorting/
reconfiguration to maximize the binding affinity following each contact, although this
suggestion needs intense scrutiny. How membrane lipids engage diverse solid surfaces with
increasing binding strength as a consequence of intracellular signaling is puzzling and will be
a topic of future studies.

Our work has several implications. First, crystal-induced diseases, such as gout and calcium
salt deposition, are historic topics of medicine that so far have not been explained at molecular
levels. Our work provides a testable hypothesis for that line of research. Second, phagocytosis
has long been regarded as a receptor-based event (Stuart and Ezekowitz, 2008). That reasoning
at times falls short in explaining why nearly all particulate substances including man-made
synthetic materials, once entering tissues, trigger strong innate recognition. Our work puts this
important topic under new light. Lastly, it should be pointed out that some of the best known
adjuvants are crystals. Alum, the only FDA approved human vaccine enhancer, is a mixture
of aluminum salt crystals. Despite its extensive usage in human and significant research on its
cellular modulation (Jordan et al., 2004), we still do not have any understanding on its
facilitating effect on antigen uptake. Membrane lipid interaction is a clear candidate for its
mechanism. Overall, our work suggests that innate recognition has an extension unrelated to
TLR/PAMPs.

Beyond proposing a new mechanism for Syk mediated DC activation, several lines of
techniques employed in this work will likely have value for research in immunology. AFM
based force measurements (cell hesion) are a valid alternative to conventional imaging analysis
and other readings of cellular activation, as they obtain quantitative binding affinities in real
time and the contacts are reversible on the fly, unlike stationary readings of imaging methods.
They also have the advantage of efficiency as optimized experiments can be carried out in
hours or minutes rather than days, and in theory, with one cell. The nickel mesh based trapping
enables readings for non-adherent cells, which to our knowledge, has never been attempted
before. We therefore believe these biophysical approaches will add functional tools for
immunologic research and beyond.

Experimental Procedures
Mice, cells and reagents

All mouse strains were housed at University of Calgary Animal Research Centre (C57BL/6,
OT-1, OT-2, Myd88 + Trif DKO) or University of California San Francisco animal facilities
(FcR γ KO, DAP12 KO, FcR γ + DAP12 DKO, Hck +Fgr + Lyn triple KO, and Syk KO ->
B6 fetal liver chimera). Some FcR γ KO mice were purchased from Jackson laboratories. Syk
KO -> B6 BM DCs are microscopically indistinguishable from other DCs. Myd88 + Trif KO
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mice were gifts from Dr. Paul Kubes (University of Calgary) and Dr. LianJun Shen (University
of Massachusetts Medical School). Dendritic cell cultures, cell lines, cytokine kits, antibodies,
flow cytometric analysis, and most reagents used in this work have been described previously
(Desrosiers et al., 2007). Total Syk and Phos Syk antibodies were purchased from Santa Cruz
and BD respectively and were used as instructed. Cytochalasin B, MBCD, LY-294002,
Piceatannol, and PMA were purchased from Sigma. Wortmannin was from A.G. Scientific;
SU6656 Calbiochem; and ER 27319 Tocris. THP-1 cells and DC2.4 cells were gifts from Dr.
Peter Cresswell of Yale University and Dr. Kenneth Rock of University of Massachusetts
Medical School, respectively. For THP-1 cytokine production, cells were plated at 2.5 ×105

cell per well in 12 well plate with 10 ng/ml PMA for 48 hours. Cells were then washed and
treated with 5 ug/ml CpG or 100 ug/ml MSU for 24 hrs before ELISA analysis. All lipid probes
were purchased from Molecular Probes (Invitrogen) and Avanti Lipids. SIINFEKL peptide
was a gift from Dr. Kenneth Rock of University of Massachusetts Medical School, and
ISQAVHAAHAEINEAGR was purchased from Cedar Lane.

Atomic Force Microscopy
The AFM work was performed on a Zeiss Axiovert 200 microscope under a JPK NanoWizard
II AFM. Blank tipless cantilevers were purchased from Novascan and MikroMasch. MSU and
control crystals (BCP and allopurinol) were produced as previously described (Shi et al.,
2003). The crystal modified cantilevers (Novascan NPOWS 0.06 n/m) were custom made by
Novascan assisted by a pair of laser tweezers for crystal selection and adhesion. They were
also produced in house (University of Calgary) by adding freshly mixed epoxy resin and
catalyst (Epoxy, etc. 10-3004C) to the tip of the cantilever under AFM control and subsequently
moved to be on top of a MSU crystal of proper size for the adhesion after the contact. The
modified cantilevers were heated on a hot plate to stabilize the glue. Latex tips (4.5 um) were
produced similarly.

A similar modification process was used to glue individual DC2.4 cells to a Novascan NSC12
(0.06/m) cantilever. Glass disks coated with various crystals were produced as follows:
allopurinol and basic calcium phosphate (BCP) crystal surfaces were produced by drying
preformed crystal to glass disks which provide sufficient binding strength for AFM reading.
MSU crystal surface was produced by first coating the disk with MSU crystal specific IgM
antibody E6C7, and then the preformed MSU was allowed to bind to the underlying antibody.
The production and biological relevance of MSU-specific IgM antibodies will be described in
a separate manuscript (in preparation). Details of AFM operation are depicted in the
supplemental data.

Blocking reagents, CD16/CD32 FcR blocker 2.4G1 (Ebioscience, clone 93), Wortmannin
(A.G. Scientific W1022, 60 nM), cytochalasin B (Sigma 30380, 5 ug/ml), LY-294002 (Sigma
L9908, 50 uM), Piceatannol (Sigma P0453, 50 uM), and ER 27319 (Tocris 2471, 30 uM) were
added 30 minutes to 1 hour before the readings were taken. SU6656 (Calbiochem 572635, 10
nM) was added 2 hr or over night before the reading to allow the turnover of basal ITAM
phosphorylation. For MBCD treatment for the AFM purpose, cells were washed twice with 10
mM of MBCD in cell culture media prior to the reading. The cells remained attached to the
glass after this treatment.

The number of repeats of AFM force curve readings are indicated in the parenthesis in the
figure legend. The ones without numbers are the basic readings, such as between MSU and
DC2.4. All those curves were obtained more than 50 times for each interaction.
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Affinity Force Reading between T cell and DC, and between tip bound and crystal surfaces
Eight million OT-1 and OT-2 splenocytes in 4 ml of culture media were stimulated with
10−10 M SIINFEKL peptide for one day and 200 ug/ml ovalbumin for 3 days, respectively. T
cell blasts were laid on a glass disk under the AFM. A Novascan cantilever (NPOWS, 0.06 n/
m) was first to make contact with a Cell-Tak (BD) droplet and then with the T cell. The cell-
attached cantilever was immediately moved to another disk cover with DC2.4 cells and a
procedure identical to the crystal and DC contact was performed. In some assays, 10−8 M
SIINFEKL and 10−6 M ISQAVHAAHAEINEAGR were added to the DC disks prior to their
contact with OT-1 and OT-2 cells, respectively, to measure force curves in the presence of
antigens.

Surface protein removal and nickel grid cell trapping
Biotin (Sulfo-NHS) was purchased from Pierce. DC2.4 or THP-1 cells were labeled either in
the plate directly or first removed by light trypsin treatment (which showed a much reduced
biotin labeling). 0.5 mg/ml biotin in PBS was used to label cells at 37°C for 45 min. Cells were
then washed and treated with 1 mg/ml pronase for 25–45 minutes either at RT or 37°C. The
cells were then washed and stained with FITC-conjugated streptavidin for flow cytometric
analysis. Some cells were lightly spun at 1000 rpm (Beckman Allegra X-15, SX4750 rotor,
pre-warmed to 37°C) for 5 min onto a Tecan nickel mesh (8 um thick, with 5 um square holes)
for the EM, and trapped cell binding force analysis. Under the AFM light microscope, the holes
with cells trapped were identified by their partial blocking of AFM light source underneath.
The tip of the cantilever was then moved to cover the remaining light as a guide for cell contact
(the optical field is dark with nickel mesh except for the holes).

Producing cholesterol-coated AFM tips
On silicon probes with overall conductive Cr-Au coating from MikroMasch CSC38/Cr-Au
(Wilsonville, OR), thiolated cholesterol analogs were allowed to form a self-assembled
monolayer. The probes were immersed in 1 mM thiolated cholesterol in ethanol at 37°C for 5
days. The probes were then removed from ethanol prior to use.

Details of chemical syntheses of cholesterol and cholic acid derivatives, critical point dry, EM
imaging and artificial membrane synthesis, as well as lipid/crystal binding and flow cytometry
are provided as supplemental data.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1. DC MSU crystal recognition depends on membrane cholesterol
A. BM DCs from C57BL/6 WT and Myd88 + TRIF DKO mice were grown as described, and
stimulated with 10 ng/ml LPS, 5 ug/ml CpG, or 200 ug/ml MSU crystals for 5 hrs. CD86
expression on CD11c+ cells was analyzed by flow cytometry. B. B6 BMDCs were extracted
twice with 10 mM of MBCD in culture media (20 min each). Cells were treated as in A plus
100 ug/ml poly IC or 0.1 ul of killed E. coli (BAC) in 2 ml for 6 hrs in the presence of 2 mM
MBCD to prevent membrane cholesterol restoration. Cells were analyzed as in A. C. Identical
B except for cytochalasin B (1 ug/ml in the wells throughout the assay) was used in place of
MBCD. D. THP-1 cells were stimulated as BM DCs for 6 hours and IL-1β production was
measured by ELISA. The error bars represent 2 s.d..
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Fig 2. Binding of MSU crystal to DC membrane is of high affinity
A. Upper left: a SEM picture of a MSU crystal glued to the tip of an AFM cantilever; Upper
right, a SEM picture of a DC2.4 cell that was cultured at low density; Lower left, a light camera
picture of a MSU coated cantilever making contact with a DC, Lower right: a schematic abstract
of cantilever with a MSU making contact with a DC. B. A sample force interaction generated
by the technique illustrated in A. The distance measurement is at the center of the cell. The
blue arrow indicates the maximum adhesion between crystal and the cell in pN or nN. The
displacement indicated by the arrow was collected as one data point to plot the binding force
change over time in the subsequent figures. Usually, 15 to 30 data points were collected for
each binding force curve from which one maximal binding point was determined. C. Binding
curves for DC2.4, THP-1, and B6 BM DCs with the MSU tip and a blank control tip (10, 8,
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and 3). D. B6 BMDC binding force vs. Myd88+TRIF DKO DC (27). E. DC 2.4 binding curves
in the presence of MBCD (4) or cytochalasin B (20), THP-1 and BM DCs produced identical
data (not shown). F. Binding force of DC2.4 vs. two control non-hematopoietic cell lines, B16
(2) and NIH 3T3 (2).
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Fig 3. Binding of MSU to DCs does not require cell surface protein
A. Left: a SEM picture of an OT-2 cell glued to an AFM tip with Cell-Tak; insert: an image
of a similarly glued OT-2 cell in pure alcohol without SEM processing, taken with a Nikon
metallurgical white light epi-illumination microscope. Right: a schematic depiction of
cantilever with a T cell making contact with a DC. B. Left, the binding force change of an OT-1
T cell glued to a cantilever to a DC2.4 with or without SIINFEKL peptide (7 and 6); right, the
same set up except that an OT-2 T cell and ISQAVHAAHAEINEAGR peptide were used in
place (7 and 4). C. Left. Pronase-treated DC2.4 cells were centrifuged to a nickel grid, and
treated and analyzed similarly as in A. Right. A higher magnification of one cell trapped in the
grid. The inserts are flow cytometric analysis of the biotin and FITC-conjugated streptavidin
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staining of the DC2.4 cells with or without the pronase treatment, and an uncovered hole in
the nickel mesh. D. The force curve of a DC2.4 cell trapped in the mesh after pronase treatment
and its control (27). E. Force curves between a DC2.4 cell glued to a cantilever with the
indicated crystal surfaces allopurinol (3), MSU (11) and BCP (3) or 1 um diameter latex beads
attached (by heating/drying) to glass disks (7).
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Fig 4. Syk kinase and basal ITAM phosphorylation are required for MSU binding and activation
A. As in Fig 2, force curves between DC2.4 and a MSU cantilever were analyzed in the presence
of indicated Syk (Piceatannol 6 and ER27319 3), PI3K (Wortmannin 3 and Ly294002 6) or
extracellular FcR γ blocker 2.4G1 (10). Similar data with other DCs are not shown. B. Similar
to Fig. 3D for the pronase treatment. Cells were treated with either Syk (6) or PI3K inhibitor
(6). C. Force curves between the MSU cantilever and the indicated BM DCs with ITAM-
deficiencies: DAP12 KO (14), FcR γ KO (27) or DAP12 + FcR γ DKO (17). D. Force curves
between MSU cantilever and BM DCs from Syk KO (21). E. Force curves between MSU
cantilever and Hck + Fgr + Lyn triple Src KO BM DC (9). F. DC2.4 cell in the presence of the
total Src activity blocker SU6656 (15). G. Phos Syk and total Syk were measured in
permeabilized DC2.4 cells following MSU treatment as in Fig 1. H. Flow cytometric analysis
of CD86 expression after MSU treatment as in Fig. 1 on BM DCs from the indicated KO or
control mice. I. Similar to Fig. 4A except that latex tips were used in place of MSU tips, with
or without (7) indicated MBCD (6), cyto B (10), SU6656 (7) or Piceatannol (5).
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Fig 5. MSU crystals directly engage and sort membrane cholesterol
A. NBD (PC and PE) or Bodipy (cholesterol)-labeled lipids were used to label DC2.4 cells and
MSU crystals were added to the labeled cells and analyzed under an AFM UV camera. Green
arrows indicate the cholesterol sorting upon binding of MSU crystals. Cholesterol distribution
on DC2.4 cells with LPS treatment were used as control. Also shown is a larger MSU crystal
in contact with a DC2.4 cell to illustrate the cholesterol sorting underneath the crystal (most
lipid sorting crystals are small and are only visible under UV when bound to cells). B. Equal
amounts of labeled lipids (PE, PC or cholesterol) were used to stain MSU crystals and the
stained crystals were analyzed by flow cytometry for the lipid binding. C. Synthetic bilayer
plasma membrane with PC alone or with a mixture of PC/cholesterol or PC/sphingolipid was
laid on freshly cleaved mica. A MSU cantilever was used to measure the binding forces after
a hold of 1, 5, or 30 sec. P values were calculated by the t-test on maximum attraction forces.
The black bar among the symbols is the average value for that group.
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Fig 6. Synthetic cholesterol in its biological configuration shows directly binds to MSU surface
A. A schematic depiction of the substrates and end products for a modified cholesterol molecule
(SW.I.30) suitable for binding to gold coated AFM cantilever in the orientation as in the plasma
membrane, and its control in the reverse orientation. B. The binding forces between the AFM
tip coated with SW.I.30 by SAM and the control. P values were calculated by the t-test on
maximum adhesion forces. The black bar among the symbols is the average value for that
group.
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Fig 7. One possible/hypothetical scheme of the receptor independent Syk kinase activation
Left: Resting state DC membrane where lipid rafts are dispersed, and Syk recruitment to the
inner membrane is limited. Middle: upon MSU binding, a lipid sorting event occurs as a
consequence of potential interaction between the crystal surface and cholesterol (this point
remains speculative). Such a sorting aggregates raft associated ITAM containing signaling
molecules, leading to the recruitment of Syk, which in turn recruits PI3K. Right: Syk/PI3K
leads to actin/microfilament and topological membrane changes that resemble phagocytosis,
which further allows stronger and larger binding contacts in a manner of self-amplification.
Since the binding strength increases without extracellular proteins (Fig. 3D), it remains
unknown if the increased affinity is a result of more cholesterol binding or other lipid alterations
that permit more intense membrane/solid surface interaction.
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