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SUMMARY

Macrophages measure the “eat-me” signal immunoglobulin G (IgG) to identify targets for phagocytosis. We
tested whether prior encounters with IgG influence macrophage appetite. IgG is recognized by the Fc recep-
tor. To temporally control Fc receptor activation, we engineered an Fc receptor that is activated by the light-
induced oligomerization of Cry2, triggering phagocytosis. Using this tool, we demonstrate that subthreshold
Fc receptor activation primes mouse bone-marrow-derived macrophages to be more sensitive to 1gG in
future encounters. Macrophages that have previously experienced subthreshold Fc receptor activation eat
more IgG-bound human cancer cells. Increased phagocytosis occurs by two discrete mechanisms—a short-
and long-term priming. Long-term priming requires new protein synthesis and Erk activity. Short-term prim-
ing does not require new protein synthesis and correlates with an increase in Fc receptor mobility. Our work
demonstrates that IgG primes macrophages for increased phagocytosis, suggesting that therapeutic anti-

bodies may become more effective after initial priming doses.

INTRODUCTION

Macrophages eat pathogens and infected, cancerous, or dying
cells via phagocytosis. To select targets for phagocytosis, mac-
rophages measure “eat-me” signals, like immunoglobulin G
(IgG) antibodies. 1gG is recognized by the Fc receptor (FcR),
which is phosphorylated and recruits the kinase Syk, triggering
downstream signaling.'+? Therapeutic IgGs like rituximab or tras-
tuzumab trigger antibody-dependent cellular phagocytosis
(ADCP) or antibody-dependent cellular cytotoxicity (ADCC) to
reduce cancer growth.””” Even many antibodies originally de-
signed to block the function of their target actually activate the
FcR for full efficacy.®° Given the therapeutic importance, there
is substantial interest in understanding how to boost macro-
phage phagocytosis.

What affects macrophage appetite? One important parameter
is how sensitive a macrophage is to “eat-me” signals. Antibody-
dependent phagocytosis requires the coordinated activation of
a sufficient number of FcRs.'® Targets with a subthreshold
amount of IgG are not phagocytosed, despite triggering the initial
steps in the phagocytosis signaling pathway.'® In other macro-
phage signaling pathways, low levels of activating signal do not
elicit any response on their own, but prime macrophages for rapid

and intense response to future stimuli."' Whether subthreshold
FcR signaling has any effect on macrophage appetite is not clear.

During an immune response or treatment with a therapeutic
antibody, macrophages encounter multiple potential targets for
phagocytosis sequentially, leading to bursts of FcR activation.
Some encounters with antibody-opsonized cells result in phago-
cytosis of the entire cell,>° but many cells do not have sufficient
antibodies to trigger phagocytosis. Instead, macrophages may
trogocytose, or nibble, a target cell or simply ignore it.">'° In
some circumstances, prior phagocytosis increases macrophage
appetite.’®"” In contrast, other studies demonstrated that
phagocytosing several whole cancer cells reduces macrophage
appetite.'® There is no clear, unifying model explaining these dif-
ferences, which could be dependent on the specific “eat-me”
signal presented, the time since phagocytosis, the intensity of
the “eat-me” signal, digestion of the internalized particle, or
any number of other factors.'®

To unravel how prior IgG exposure affects macrophage appe-
tite, we need to precisely control the timing and intensity of acti-
vating specific phagocytic receptors. Delivering a temporally
controlled, homogeneous antibody stimuli to a population of
cells is very difficult with the current tools. Because soluble
IgG does not activate the FcR, IgG must be presented on
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Figure 1. Optogenetic Fc receptor controls phagocytosis

(A) Schematic of optogenetic Fc receptor (optoFcR) design, containing a myristoylation signal for membrane localization, the ITAM-containing intracellular
domain from the FcR gamma-chain for signaling, mScarlet fluorophore, and the homo-oligomerizing peptide—cryptochrome 2 (CRY?2olig).

(B) The optoFcR in bone-marrow-derived macrophages (BMDMs) starts dispersed on the membrane (TOm; n = 0/22 cells with visible clusters) and clusters after
15 min of constant, high-intensity light (T15m; n = 21/22 cells with visible clusters). The optoFcR is declustered after 30 min in the dark (T45m; n = 0/22 cells with
visible clusters). See also Video S1.

(C) The downstream effector protein, Syk, colocalized with optoFcR in Raw264.7 macrophages stably expressing both the optoFcR and Syk-mNeonGreen. A line
scan (right) shows the Syk and optoFcR intensity at the position indicated by the yellow arrow in the inset. See also Video S2.

(D) Graph shows the Pearson’s correlation coefficient for Syk and optoFcR at the cell cortex. Each data point represents a region of interest (ROI) drawn around a
membrane region of a cell. The same ROI was used for both TO (OFF) and T2 (ON), and the data points from the same ROI are connected by a line.

(E) Schematic of experimental design for (F) and (G).

(F) OptoFcR-expressing (green) macrophages and ICAM-conjugated beads are visualized by atto390 in the supported lipid bilayer (magenta) before (OFF) and
after (ON) 15 min of optoFcR activation with high-intensity light. Internalized beads are labeled with a yellow star. See also Video S3.

(legend continued on next page)
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antibody-bound targets. Controlling precisely the number of tar-
gets a macrophage encounters, or the timing of these encoun-
ters, is very difficult and low throughput.

To quantitatively control the duration and strength of FcR acti-
vation, we developed an optogenetic FcR (optoFcR). We found
that prior FCR activation primes macrophages for greater re-
sponses to subsequent stimuli. Counterintuitively, low levels of
optoFcR activation induced stronger priming than high levels of
optoFcR activation. Macrophage priming is controlled by two in-
dependent mechanisms, one short-term (<1 h) and one long-
term response (starting at 4 h and lasting up to 3 days). The
short-term response is associated with an increase in FcR
mobility, accelerated initiation of phagocytosis, and increased
phagocytic cup formation. The long-term response requires
activation of Erk to drive a transcriptional response that leads to
increases in both initiation and completion of phagocytosis. These
data suggest that macrophages can integrate signaling from pre-
vious encounters with IgG to modify the response to the next
target. This study provides insight into how macrophage appetite
is regulated and may suggest strategies to enhance ADCP.

RESULTS

OptoFcR recapitulates native FcR signaling for precise
temporal control over signaling
To precisely control the temporal pattern of FcR activation
across an entire field of cells, we sought to design an optoFcR
that could be turned on and off with light. Prior work has shown
that the FcR clusters upon IgG binding. Although the FcR has no
inherent kinase activity, clustering promotes phosphorylation of
the intracellular immunoreceptor tyrosine-based activation mo-
tifs (TAMs) and phagocytosis.?®? We hypothesized that clus-
tering may be sufficient to induce FcR activation. To test this,
we designed an optoFcR construct that consists of a myristoyla-
tion sequence for membrane localization, the intracellular
domain for the native FcR y-chain and a light-activatable peptide
CRY2 (Figure 1A). We selected the variant CRY2olig because it
forms multimeric, rapidly reversible clusters.?® Upon blue light
(450 nm) stimulation the optoFcR oligomerizes (Figure 1B; Video
S1). Clusters dissociate when the cells are returned to the dark
(Figure 1B). Like the native FcR when it is bound to IgG, the op-
toFcR clusters increased in size and number with more light
stimulation and partially excluded CD45 (Figures S1A-S1F).
Clustering also results in the recruitment of the downstream
effector protein Syk, suggesting that clustering is sufficient to
induce FcR phosphorylation (Figures 1C and 1D; Video S2).
We next sought to determine whether clustering of the optoFcR
is sufficient to trigger phagocytosis. We incubated ICAM-1-conju-
gated beads with macrophages expressing either the optoFcR or
membrane-tethered mCherry (mCh-CAAX) and exposed them to
15 min of light stimulation (Figure 1E). ICAM-1 mediates bead
binding to the macrophage, but does not trigger phagocytosis
of otherwise unopsonized beads.?**> Macrophages expressing
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the optoFcR engulfed three times as many beads as control mac-
rophages when stimulated with the highest intensity light and
twice as many beads when stimulated with medium intensity light
(Figures 1F and 1G; Video S3). Low-intensity light did not activate
phagocytosis. This dose response is similar to the dose response
seen in IgG-mediated phagocytosis (Figures S1G and S1H).
Together, these data demonstrate that clustering of the FcR-
ITAM domain is sufficient to initiate phagocytosis in macrophages
without a specific “eat-me” signal.

Prior FcR activation enhances the phagocytosis of IgG-
coated beads
With the ability to temporally control FcR activation in bone-
marrow-derived macrophages (BMDMs), we next sought to
determine whether prior FCcR activation influences phagocytic
ability. We stimulated macrophages with low-intensity blue light
to activate the optoFcR for 15 min, which is around the same
timescale that a macrophage interacts with a phagocytic target.
We then waited 1 or 12 h before adding IgG-opsonized beads,
which is sufficient time for the optoFcR to completely decluster.
Then we measured the number of beads engulfed per cell using
microscopy (Figure 2A). We found that prior optoFcR activation
increased the amount of eating roughly 2-fold compared with
cells that either did not receive prior light stimulation or did not
express the optoFcR (Figure 2B). This demonstrates that prior
FcR activation primes macrophages to respond to future I1gG.
Next, we systematically varied the light intensity and stimulation
time used to activate the optoFcR as well as the delay between
activating the optoFcR and measuring phagocytosis of 1gG-
coated beads. In all cases, we found that low doses of light, and
thus less FcR activity, led to the highest macrophage priming
(Figures 2C and 2D). The amount of light that best primed macro-
phages was not sufficient to activate phagocytosis onits own (Fig-
ure 1G). None of the conditions we tested changed the surface
expression of activating or inhibiting FCRs or the inhibitory recep-
tor SIRPa (Figures S2A-S2E). Together, this suggests that a sub-
threshold level of FcR activation, not sufficient to activate phago-
cytosis, primes macrophages for future encounters with IgG.
We then wanted to know whether we could induce macro-
phage priming using IgG and the endogenous FcR. Based on
our data from the optoFcR, we predicted that a low level of
IgG exposure would enhance phagocytosis of a second dose
of lgG-coated beads. To test this, we preincubated macro-
phages with beads containing an IgG density that did not acti-
vate phagocytosis (Figure S1) or with unopsonized beads. We
then extensively washed the macrophages to remove these
beads and added a second color of IgG-bound beads (Fig-
ure 2E). We found that macrophages preincubated with IgG-
coated beads phagocytosed more than macrophages preincu-
bated with unopsonized beads when the second dose was
above the threshold for inducing phagocytosis (Figures 2F and
S2F). This suggests that the native IgG and FcR system primes
macrophages like the optoFcR system.

(G) Quantification of phagocytosis in BMDMs after 15 min of optoFcR stimulation at low (5 pW/cm?), medium (90 uW/cm?), and high (1,390 uW/cm?) intensity light
compared with control cells that do not express the optoFcR but receive the high-intensity light stimulus. Each data point represents the mean of an independent
experiment. Data collected in the same replicate are denoted by symbol shape. In all graphs, bars represent the mean +SEM. *indicates p < 0.05, ***indicates
p < 0.0005 using a paired t test (D), one-way ANOVA with Dunnett correction (G). Scale bars are 10 pm.

See also Figure S1 and Videos S1, S2, and S3.
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Figure 2. Prior FcR activation specifically enhances macrophage sensitivity to IgG

(A) Schematic of experimental design for light-induced priming. Control (mCherry-CAAX) and optoFcR-expressing BMDMs were stimulated with light for 15 min.
The cells were returned to the dark for either 1 or 12 h, and then targets opsonized with 1 nM IgG (approx. 10-18 IgG molecules/um?) were introduced. After 15 min
of phagocytosis, beads were washed out. Cells were imaged and the number of targets phagocytosed per cell was counted.

(B) Quantification of experiment described in (A). OptoFcR-expressing cells that received light phagocytosed significantly more than cells that did not receive
light, or cells that received light but did not express the optoFcR.

(legend continued on next page)
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Prior FcR activation specifically enhances the
phagocytosis of IgG-coated beads, not PS or
unopsonized beads

We next wanted to know whether prior FcR activation specifically
primed macrophages to phagocytose IgG-coated targets or
whether it broadly enhanced phagocytosis. We first determined
whether prior optoFcR activation increased non-specific phago-
cytosis of unopsonized targets. Primed macrophages did not
phagocytose more unopsonized beads than control macro-
phages (Figure 2G). We then determined whether prior optoFcR
activation increased efferocytosis, the engulfment of apoptotic
cells. The molecular regulators of efferocytosis partially overlap
with antibody-dependent phagocytosis, but the processes
require some unique signaling pathways, including different
“eat-me” signal receptors.”® By integrating phosphatidylserine
(PS), an efferocytic “eat-me” signal, into the lipid mixture on our
silica bead targets, we can recapitulate apoptotic corpse engulf-
ment in vitro.?” We incubated PS-coated beads with macro-
phages at 1 and 12 h post light stimulation and measured the
amount of eating. There was no change in the amount of eating
at either time point (Figure 2H). These data suggest that prior
FcR activation primes macrophages to specifically react to IgG.
This also suggests that the molecular regulators of priming are
unique to FcR signaling rather than in one of the pathways shared
by efferocytosis and antibody-dependent phagocytosis.

We then investigated whether prior FcR stimulation changed
macrophage sensitivity for IgG, lowering the threshold of IgG
required for initiating phagocytosis. Alternatively, priming could
increase macrophage capacity—the maximum number of tar-
gets each macrophage can engulf. To do this, we added beads
with various concentrations of IgG to BMDMs and calculated the
fold change in phagocytosis (Figures S2G and 2H). Primed mac-
rophages show enhanced eating of beads with low concentra-
tion of IgG. The total capacity for phagocytosis is not significantly
changed in primed macrophages. This indicates that priming pri-
marily alters macrophage sensitivity to low levels of 1gG, rather
than overall capacity for phagocytosis.

Primed macrophages phagocytose more antibody-
opsonized cancer cells

We next sought to determine whether primed macrophages can
increase whole-cell eating of opsonized cancer cell targets. In
addition to phagocytosis, macrophages often trogocytose or
nibble target cells, stripping the cancer cells of target antigen
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without killing them."® Prior clinical studies have shown that
the anti-CD20 therapeutic antibody (rituximab) is most effective
when administered more frequently at a low dose, which mini-
mizes antigen shaving.”® Given our results, we hypothesized
that prior FCcR activation might also enhance phagocytosis of
cancer cells. We first measured phagocytosis of Raji B cells incu-
bated with increasing concentrations of anti-CD20 antibody to
find an antibody concentration where we could detect a change
in macrophage sensitivity (Figures S3A and S3B). To measure
both the amount of whole-cell phagocytosis and trogocytosis,
we incubated IgG-opsonized Raji cell targets with primed or un-
primed optoFcR-expressing BMDMs and analyzed the cells with
timelapse microscopy (Figures 3A and 3B; Video S4). We found
that the number of Raji cells phagocytosed and the percentage
of phagocytic macrophages increased in primed macrophages
(Figures 3C and 3D). The percentage of primed macrophages
that trogocytosed was not significantly increased compared
with unprimed macrophages (Figure 3E). This suggests that
primed macrophages are better at phagocytosing antibody-
opsonized cancer cells.

We then took the experiment a step further and asked whether
antibody-opsonized cancer cells could prime macrophages via
the endogenous FcR. We incubated macrophages with either
opsonized or unopsonized Rajis for 15 min before washing out
the Rajis. 24 h later, we added opsonized and fluorescently
labeled Rajis to all conditions and measured phagocytosis and
trogocytosis by timelapse microscopy (Figures 3F and 3G; Video
S5). We found that the endogenous system primed macro-
phages for more whole-cell eating (Figures 3H-3J). In contrast,
trogocytosis in primed macrophages was fairly similar to un-
primed macrophages (Figure 3l). Priming macrophages via the
endogenous IgG-FcR system increased phagocytosis even
more than priming with the optoFcR system. These data suggest
that prior exposure to antibody-opsonized cancer cells in-
creases phagocytosis at low IgG densities.

Macrophage priming occurs through a short-term and
long-term mechanism

We next sought to determine the molecular mechanism for
enhanced phagocytosis after FcR activation. We observed
enhanced phagocytosis at both 1 and 12 h after optoFcR stimu-
lation (Figure 2B). Although 12 h post stimulation is likely enough
time for changes in transcription or translation to affect macro-
phage phenotypes, 1 h is likely too short for this mechanism.

(C and D) Heatmaps of fold change in phagocytosis of 1 nM IgG beads in optoFcR-expressing macrophages that received a priming dose of light compared with
optoFcR-expressing macrophages that did not receive light stimulation. In (C) the intensity and delay time between initial stimulation and bead addition were
altered. In (D) the priming dose of light and stimulation time were altered. Data are from 2 independent replicates.

(E) Schematic of experimental design for priming macrophages with IgG beads. Wild-type BMDMs were given either beads with 0.1 or 0 nM IgG for 15 min as a
priming stimulus. Those beads were then washed out and the cells were allowed to recover for 1 h. A second set of different color beads ligated to IgG at the
indicated concentration were added and the amount of phagocytosis was determined after 15 min.

(F) Quantification of phagocytosis for experiment described in (E). Macrophages that were preincubated with 0.1 nM IgG-conjugated beads phagocytosed
significantly more than macrophages preincubated with unopsonized beads.

(G) Phagocytosis of bead targets without an “eat-me” signal. Experiment was performed as described in (A) except the beads did not contain IgG.

(H) Phagocytosis of bead targets with the efferocytic “eat-me” signal, phosphatidylserine. Experiment was performed as described in (A) except the beads were
covered in a 10% phosphatidylserine bilayer to mimic an apoptotic corpse.

In all graphs, each point represents the mean of an independent experiment. Data collected in the same replicate are denoted by symbol shape. Bars represent
the mean + SEM. *indicates p < 0.05, **indicates p < 0.005, ****indicates p < 0.0001 by two-way ANOVA with Sidak corrections (B), multiple t tests with Holm-
Sidak corrections (F), and unpaired t test (G) and (H).

See also Figure S2.
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Figure 3. Macrophages are primed for increased
cancer cell engulfment

(A) Schematic of experimental design for priming with op-
toFcR and secondary stimulation with cancer cell targets.
OptoFcR cells were exposed to light for 15 min, then re-
turned to the dark. Raji B cells opsonized with 5 ng/mL IgG
were added after 12 h, and the cancer cell-macrophage
interactions were captured by timelapse microscopy.

(B) OptoFcR-expressing (mSc; green) macrophages
phagocytosed and trogocytosed Raji B cells (CellTrace far
red; magenta). Yellow arrows point to phagocytosis of a
whole cancer cell and white arrows point to trogocytosis of
cancer cell fragments. See also Video S4.

(C) Percent of BMDMs that engulfed a whole target cell
increased with prior FCR stimulation.

(D) The number of whole Raji B cells engulfed was greater in
primed macrophages.

(E) Percent of BMDMs that trogocytosed a target was not
significantly different with priming.

(F) Schematic of experimental design for priming and sec-
ondary stimulation with cancer cell targets. BMDMs were
primed with opsonized (5 ng/mL IgG) or unopsonized Raji
B cells for 15 min before Raji B cells were washed out. After
14 h, a second stimulation of Raji B cells opsonized with
5 ng/mL IgG were introduced and cancer cell-macrophage
interactions were imaged with timelapse microscopy.

(G) Representative images of phagocytosis in each of the
three conditions. Raji B cells were visualized using
CellTrace far red (magenta) and BMDMs were visualized
with CAAX-mCh expression (green). Yellow arrows denote
phagocytosis of a whole cancer cell. See also Video S5.
(H) The percentage of BMDMs that engulfed a Raji target
increased with prior stimulation with opsonized targets
compared with stimulation with unopsonized targets or no
prior stimulation.

() The number of whole Raji targets engulfed was greater in
primed macrophages.

(J) The percent of BMDMs that trogocytosed was similar in
primed macrophages compared with controls.

Each data point represents the mean of an independent
experiment, denoted by symbol shape, and bars represent
the mean + SEM. *indicates p < 0.05, **indicates p < 0.005,
***indicates p < 0.0001 using an unpaired t test (C)-(E) or
one-way ANOVA with Sidak corrections.

See also Figure S3 and Videos S4 and S5.
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We decided to carefully assay when macrophage priming
occurred. To do this, we activated the optoFcR and varied the
time before presenting a second stimulus of IgG-coated beads
and measuring phagocytosis. We saw robust priming occurring
in two discrete waves: a short-term response that peaks around
1 h after FcR activation and a long-term response that begins at
4 h after FcR activation and persists for at least 72 h (Figure 4A).

As the long-term priming following optoFcR activation persists
for at least 72 h, we speculated that this response requires de
novo protein production rather than a more transient post-transla-
tional modification mechanism. We evaluated priming in macro-
phages treated with cycloheximide (CHX) and actinomycin D
(AD)to inhibit translation and transcription, respectively. Treatment
with either CHX or AD significantly reduced phagocytosis in
primed macrophages compared with DMSO treated control mac-
rophages at 4 and 6 h post light stimulation (Figure 4B). This sug-
gests that de novo mRNA and protein synthesis is required for a
long-term memory response. Blocking new protein synthesis did
not significantly reduce priming at 1 h post stimulation, suggesting
that short-term memory is not reliant on new protein production
(Figure 4B). Overall this suggests that there are two mechanisms
for macrophage priming—one that operates on a short timescale
and does not require synthesis of new proteins and one that oper-
ates on along timescale and requires changes in gene expression.

Erk activation is required for long-term priming

Because long-term priming requires new protein production, we
sought to dissect which transcriptional programs were being
executed by the macrophages. Erk, a nuclear kinase, functions
downstream of the FcR and regulates the macrophage dose-
dependent response to lipopolysaccharides (LPS) as well as
many other immune signaling pathways."' To determine whether
Erk contributes to macrophage priming, we used PD0325901 to
block Erk activity. We then stimulated the optoFcR for 15 min,
waited 1 or 12 h, and measured phagocytosis of IgG-coated
beads. Inhibiting Erk signaling blocked long-term memory with
no effect on short-term memory (Figure 4C). These results indi-
cate that long-term priming requires a transcriptional response
mediated by Erk activation.

Prior FcR activation increases the expression of immune
response genes

Because long-term priming requires changes in gene expression,
we characterized the transcriptional profile of primed and un-
primed macrophages using bulk RNA sequencing (RNA-seq).
We found that differentially regulated genes were enriched for
Gene Ontology (GO) annotations associated with immune
response pathways (Figures 5A and S4A). We additionally as-
sessed the polarization of primed macrophages compared with
classically polarized M1 and M2 macrophages by RNA-seq.
Primed macrophages resemble M2 polarized macrophages but
have a unique transcriptional profile that does not fully recapitu-
late either M1 or M2 polarization (Figures 5B and S4B; Table S1).

Long-term macrophage priming increases both the
frequency of initiating phagocytosis and the speed of
completing phagocytosis

To further understand the effects of the transcriptional changes,
we sought to isolate which step in the phagocytic process was

¢ CellP’ress

OPEN ACCESS

enhanced by prior subthreshold activation of the FcR. To do
this, we quantified the kinetics of engulfment using live cellimag-
ing, breaking the process of phagocytosis into three steps:
target binding, initiation of phagocytosis, and completion®’
(Figures 5C and 5D; Video S6). We then quantified the time be-
tween each step in primed and unprimed macrophages and
the percent of bead contacts that successfully progressed
from one step to the next without membrane retraction and
target release. We also measured the percent of beads that
were bound to macrophages but found no difference between
primed and unprimed macrophages (Figure 5E). Primed macro-
phages were more likely to both initiate and complete phagocy-
tosis and the time between initiation and completion was
decreased (Figures 5F-5I). Additionally, the overall success of
phagocytosis, from bead binding to completion, was roughly
2-fold higher in primed macrophages (Figure 5J). Stimulated
control macrophages that do not express the optoFcR did not
show a difference in any measure of phagocytosis compared
with unstimulated control macrophages (Figures S4C-S4H).
This suggests that the transcriptional changes that cause long-
term priming are affecting phagocytic machinery involved in mul-
tiple stages of phagocytosis.

Short-term priming increases the speed and frequency
of initiating phagocytosis

Having demonstrated that short-term priming does not require
new protein synthesis like long-term priming, we sought to deter-
mine the mechanism for short-term priming. To do this, we
repeated the kinetics experiment on cells 1 h after optoFcR acti-
vation (Figure 6A). Primed macrophages were more likely to bind
beads and initiate phagocytosis, and the time between bead
binding and initiation was less (Figures 6B-6D). The increase in
bead binding did not correlate with a decrease in CD44 expres-
sion, a key protein regulating the pericellular matrix®® (Fig-
ure S5B). In contrast, after initiation, the chance of successfully
completing phagocytosis and the speed of phagocytosis were
the same in primed and unprimed macrophages (Figures 6E
and 6F). Overall, the percent of bead contacts that result in suc-
cessful phagocytic events is significantly increased in primed
macrophages (Figure 6F). Stimulated control macrophages
that do not express the optoFcR did not show a difference in
any measure of phagocytosis compared with unstimulated mac-
rophages (Figures S5A-S5G). These data indicate that prior sub-
threshold FcR activation primes macrophages for faster target
recognition and more frequent signal initiation, implicating early
phagocytic machinery.

Priming is associated with enhanced FcR mobility

As initiation of phagocytosis is faster in primed macrophages,
and our prior data indicated that the molecular regulator of prim-
ing was specific to the FCcR pathway (Figures 2G and 2H), we
decided to look at FcR mobility. Clustering of 19G, and subse-
quently FcR, increases the frequency and speed of initiating
phagocytosis but not the speed of cup closure, similar to the
phenotype we observed in our phagocytosis kinetics analysis.””
FcR cluster formation and subsequent activation is dependent
on the lateral mobility of FcRs, which is constrained by a hetero-
geneous F-actin “fence” and other mechanisms.?* > Increased
FcR mobility correlates with increased binding of IgG-coated
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Figure 4. FcR-mediated priming occurs via a
short- and long-term mechanism

(A) Phagocytosis of 1nM IgG beads added at the
indicated time post 15 min low-intensity light stimu-
lation for macrophages expressing the optoFcR (blue)
or a control mCh-CAAX (red). Enhanced phagocy-
tosis occurs in two discrete peaks and lasts for
at least 72 h. Points denote the mean of 4 indepen-
dent replicates. Phagocytosis is normalized to un-
stimulated control cells.

(B) Macrophages were treated with actinomycin D
(AD, 10 nM) or cycloheximide (CHX, 10 pg/mL) to
block transcription or translation, respectively, start-
ing 7 h before phagocytosis. Macrophages were
stimulated with light to activate the optoFcR at 1, 4, or
6 h before phagocytosis. AD and CHX did not elimi-
nate priming at 1 h post stimulation. AD and CHX
eliminated the enhanced phagocytosis phenotype at
4 and 6 h post stimulation.

(C) Macrophages were treated with Erk inhibitor
(PD0325901, 0.5 uM) or DMSO control for 16 h before
measuring phagocytosis. OptoFcR macrophages
stimulated with light 1 h before bead addition still
showed enhanced phagocytosis. Macrophages
stimulated with light 12 h before bead addition
phagocytosed the same number of beads as con-
trols. Phagocytosis is normalized to unstimulated
control cells.

Each data point represents the mean of an indepen-
dent experiment. Data collected in the same replicate
are denoted by symbol shape. Bars represent
the mean + SEM. *indicates p < 0.05, **indicates
p < 0.005, **indicates p < 0.0005, ****indicates
p < 0.0001 using a two-way ANOVA with Sidak cor-
rections (A)-(C).
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Figure 5. Transcriptional changes drive priming through an increase in both initiation and completion of phagocytosis
(A) GO analysis of genes that were greater than 1logs fold differentially expressed in primed macrophages compared with both stimulated control macrophages
(lentivirally infected with CAAX-mCh) and to unstimulated optoFcR macrophages. Only genes that were differentially expressed in both comparisons were

included.

(B) PCA of primed macrophages gene expression profile compared with M1 polarized (stimulated with LPS and interferon [IFN]-y) macrophages and M2 polarized

(stimulated with interleukin [IL]-4) macrophages.

(C) OptoFcR macrophages received 15 min light stimulus 12 h before bead addition (primed) and were compared with optoFcR macrophages that did not receive
light stimulation (unprimed). Timelapse imaging was used to quantify the kinetics of phagocytosis. Schematic shows each step in phagocytosis: binding (target
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targets and phagocytosis.?*'** We hypothesized that primed
macrophages may have higher FcR mobility, which could
explain the increased speed and frequency of initiating phagocy-
tosis. To determine whether optoFcR priming increases receptor
mobility, we tracked single FCR molecules on optoFcR primed
and unprimed cells (Figure 6H). On average, the FcR molecules
on primed macrophages had a higher mean jump distance (MJD;
average distance traveled between frames) than on unprimed
macrophages (Figure 6l). Graphing the MJD of individual tracks,
primed macrophages had a multi-modal distribution of track
MJDs, suggesting there may be a more mobile population in
the primed macrophages (Figure 6J).

Previous studies have described FcR motion as free or
confined.?**" Confined FcRs have limited mobility and may not
be available to form signaling microclusters required for phago-
cytosis. To see whether primed macrophages had more free
FcRs, we categorized FcR tracks by motion type using a
moment scaling spectrum (MSS) analysis. MSS categorizes
modes of random motion and has previously been used to clas-
sify FcR motion types.®' Consistent with previous studies, we
found a population of confined FcRs that were restricted to small
microdomains or “corals” within the membrane (Figures 6K and
6L).>°*" This population decreased in primed macrophages,
suggesting that more FcRs may be available to join signaling mi-
croclusters. In addition, the average diffusion coefficient, indica-
tive of how far individual receptors travel, was significantly higher
in primed macrophages (Figure 6M). Overall, these data suggest
that there is an increase in the mobile fraction of FcRs on primed
macrophages, which may increase formation of FcR signaling
clusters and the probability of initiating phagocytosis.

DISCUSSION

Our work suggests that the macrophage response to IgG inte-
grates information from sequential encounters with IgG-coated
targets. Prior FcR activation makes macrophages more likely
to phagocytose an IgG-coated target. This enhanced phagocy-
tosis correlates with an increase in FcR mobility in the short term.
Long-term priming requires Erk signaling and transcription of
new proteins.

Clustering of the FcR has previously been linked to its activa-
tion and enhanced phagocytosis.”'?%%*3% We recapitulate this
clustering using an optogenetic method and find that clustering
of the optoFcR is sufficient to drive Syk recruitment, which is
indicative of phosphorylation of the intracellular ITAMs. The
FcR has no inherent kinase activity, so why does clustering pro-

Developmental Cell

mote receptor activation? ITAM phosphorylation is controlled by
the opposing actions of Src family kinases, which favor activa-
tion, and transmembrane phosphatases like CD45 that deacti-
vate the receptor.’ Prior work has shown that CD45 is excluded
from FcR clusters at the phagocytic synapse, and we found that
CD45 was also excluded from optoFcR clusters (Figure S$1).°5-%¢
CD45 exclusion can be driven by the extracellular domain, which
is too bulky to enter the spatially restricted synapse between a
macrophage and its target.>°° The CD45 transmembrane
domain is also excluded from lipid-ordered domains that are en-
riched in immune receptors and Src kinases, and the intracellular
domain is excluded from clusters of purified receptor intracel-
lular domains on a supported lipid bilayer.*®** The optoFcR is
myristoylated, so clustering may exclude CD45 due to inclusion
of the optoFcR in lipid-ordered domains or clustering of the intra-
cellular domain. In addition, there may be factors other than
CD45 exclusion that promote optoFcR phosphorylation and
activation, like the geometry of the clustered intracellular FcR
domains.

Prior work has shown that a critical threshold of FcR activation
is required for macrophages to commit to phagocytosis.'® FcR
signaling that is below this threshold activates the initial steps
in the phagocytic signaling pathway, including recruitment of
the downstream effector kinase Syk.'® Whether this low level
of activation has any effect on macrophages was not clear.
Our data suggest that this low level of activation may have a
function in the macrophage, allowing the cell to prepare for future
encounters with IgG-bound targets.

In the hour following optoFcR activation, the mobility of native
FcRs on the macrophage surface increases. Our working model
is that increased FcR mobility increases the formation of recep-
tor clusters that promote initiating and continuing phagocy-
tosis.”’** This could enhance macrophage sensitivity by
enabling formation of signaling clusters with a lower overall IgG
density. Supporting this model, our kinetic analysis shows that
short-term priming enhances the same steps in phagocytosis
as ligand clustering (Figure 6).>" FcR mobility is constrained by
the actin cytoskeleton and actin-associated transmembrane
pickets.?®®1:324% gyk kinase activation rearranges the actin
cytoskeleton allowing for less constrained FcR diffusion and
greater mobility.®" Because the optoFcR also recruits Syk,
changes in the actin cytoskeleton may underlie the change in
FcR mobility in our system. Prior studies have correlated FcR
or IgG mobility with dramatic impacts on phagocytosis.****
However, our data do not rule out other mechanisms for short-
term priming that could synergize with enhanced FcR mobility.

contact with cell), initiation (formation of the phagocytic cup), and completion (cup closure and bead internalization). Below, the percentage of macrophage-bead

contacts that progress from one stage to the next.

(D) Representative images of each stage. White box shows area of inset. Scale bar is 10 pm. See also Video S6.
(E) Binding is comparable between primed and unprimed macrophages at 12 h post stimulation.
(F) Percent of bead contacts that initiate phagocytosis is higher in primed macrophages at 12 h after stimulation.

(G) Time from binding to initiation is not changed 12 h post stimulation.

(H) Percent of initiated cups that complete phagocytosis is increased in primed macrophages 12 h post stimulation.

(I) Time from initiation to completion is faster in primed macrophages 12 h after stimulation.

(J) The overall success rate of phagocytosis is increased in primed macrophages.

Each filled data point represents the mean of an independent experiment, denoted by symbol shape, and corresponding outlined data points represent individual
bead times. Bars represent the mean + SEM. *indicates p < 0.05, **indicates p < 0.005, ***indicates p < 0.0005, ****indicates p < 0.0001 using an unpaired t test on

the means of each replicate.
See also Figure S4, Table S1, and Video S6.
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For example, we found that bead binding was increased in
primed macrophages, which could potentially be explained by
an increase in FcR mobility, but alternatively could indicate an in-
crease in FcR accessibility.”®

4 h after FcR activation, the macrophage response to IgG re-
lies on changes in gene expression. We found that these
changes in gene expression somewhat correlate with M2 differ-
entiation. Macrophage polarization in vivo is known to be more
complex than these classic examples, so future studies could
determine how exposure to IgG affects the balance of different
macrophage subsets. Our kinetics analysis shows that these
transcriptional changes drive priming by enhancing multiple
stages of phagocytosis, including an increase in the speed of
cup closure. This appears to be a different mechanism from
short-term priming, which specifically affects the early stages
of phagocytosis—bead binding and initiation.

Our data show that lower levels of optoFcR stimulation prime
phagocytosis better than high levels. Prior work has shown that
low levels of Toll-like receptor (TLR) activation prime macro-
phages for a rapid and strong response to future stimuli, without
activating an inflammatory response alone.'’ Our study sug-
gests this may be true for the FcR pathway as well. The effect
of high levels of FcR activation may be different because it is
associated with receptor internalization, which can lead to
decreased phagocytic capacity.'® Previous studies have shown
that phagocytosing many antibody-coated cancer cells causes
macrophage “hypophagia” or reduced phagocytosis. This sug-
gests that the signaling consequences of successful phagocy-
tosis and subthreshold FcR activation may be quite different.

Although the adaptive immune system is traditionally thought
of as the source of immunological memory, a growing body of
evidence shows that the innate immune system also remembers
prior infections and threats. This is often called “trained immu-
nity” and occurs via epigenetic reprogramming of myeloid cells

Developmental Cell

to increase or decrease their transcriptional response to reinfec-
tion."®**+4° Trained immunity can persist for years if myeloid pro-
genitor cells are affected. Most of the work on trained immunity
has focused on a memory of pathogenic molecules or inflamma-
tory cytokines. Our work builds on this, suggesting that FCR
activation also elicits a long-term molecular memory driven by
Erk-dependent transcriptional changes. Whether this memory
persists beyond 72 h will need to be addressed in follow-up
in vivo studies. In contrast, the short-term priming we describe
is distinct from prior descriptions of trained immunity because
it does not involve changes in gene expression. We imagine
this increased appetite after FCR activation could promote
phagocytosis during an infection, when a macrophage is
encountering antibody-bound pathogens, while still maintaining
a high threshold for activating phagocytosis during homeostasis,
when preventing autoimmune disease is a high priority.

The FcR is required for the full efficacy of many cancer immu-
notherapies, including popular immunotherapies like PD-1 and
CTLA-4 blockades.”*® Some therapies, like the anti-CD20 anti-
body rituximab, heavily rely on ADCP as a mechanism for elimi-
nating cancer cells.” Interestingly, more frequent low-dose treat-
ments of rituximab are more effective at treating chronic
lymphocytic leukemia (CLL) patients than higher-dose treat-
ments.?® A key reason for this dosing schedule is to mitigate an-
tigen shaving or trogocytosis of target antigen. Enhancing
phagocytosis without increasing antigen shaving is important
but difficult. Our data show that primed macrophages are better
at phagocytosing whole cancer cells but are equally likely to tro-
gocytose. This suggests that the current dosing regimen of
frequent, low doses may already benefit from the effects of
macrophage priming. Additionally, monocytes expressing
chimeric antigen receptors that signal through the FcR intracel-
lular signaling domain are an exciting avenue of cancer
research.””~°° How can we engineer hungrier macrophages to

Figure 6. Short-term priming is caused by an increase in the speed and frequency of initiating phagocytosis, which correlates with an in-
crease in FcR mobility

(A) OptoFcR macrophages received a 15-min light stimulus 1 h before bead addition (primed) and were compared with optoFcR macrophages that did not receive
light stimulation (unprimed). Timelapse imaging was used to quantify the kinetics of phagocytosis. Schematic shows each step in phagocytosis: binding (target
contact with cell), initiation (formation of the phagocytic cup), and completion (cup closure and bead internalization). Below, the schematic shows percentage of
macrophage-bead contacts that progress from one stage to the next.

(B) The percentage of beads bound to primed macrophages is greater in stimulated macrophages.

(C) Percentage of bead contacts that initiate phagocytosis is higher in primed macrophages.

(D) Time from binding to initiation in optoFcR-primed macrophages is decreased compared with unprimed macrophages.

(E) Probability of completing phagocytosis after initiation is comparable in primed and unprimed macrophages.

(F) The speed of cup closure is comparable in primed and unprimed macrophages.

(G) The overall success rate of phagocytosis is higher in primed macrophages compared with unprimed macrophages.

(H) OptoFcR macrophages were primed with a 15-min light stimulus or were not stimulated. 1 h later, we labeled FcRIll (CD16) with a gDot using a FcRIlI-specific
fab and tracked single FcR molecules for 60 s. All tracks from one representative primed and unprimed image are shown. Scale bar is 1 um.

(I) Quantification of the per-image mean jump distance (MJD) of all tracks. FcRs from primed macrophages had greater MJD compared with unprimed mac-
rophages.

(J) Histogram of MJD from all acquired tracks from primed and unprimed macrophages. Primed macrophages show an increase in the population of FcRs that
have a greater MJD than unprimed macrophages. Histogram was smoothed in prism using a second order polynomial with 6 neighbors on each size.

(K) Examples of “free” and “confined” tracks.

(L) Quantification of motion type analysis shows the proportion of tracks categorized as free (circles) or confined (triangles) for individual images. The percent of
tracks defined as free increases in optoFcR-expressing macrophages exposed to light compared with optoFcR macrophages with no light exposure.

(M) Quantification of the per-image mean diffusion coefficients. Tracks from primed macrophages have a higher diffusion coefficient compared with unprimed
macrophages.

Each filled data point represents the mean from an independent replicate (B)-(G) or a single image (I)-(M), corresponding outlined data points represent individual
bead times (D) and (F). Images were acquired in separate experiments. Bars represent the mean + SEM. *indicates p < 0.05, **indicates p < 0.005, ***indicates
p < 0.0005 using an unpaired t test (B)—(G), (I), and (M) or a one-way ANOVA (L).

See also Figure S5.
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attack cancer cells? Our studies reveal that macrophage priming
could enhance phagocytosis or other anti-cancer signaling path-
ways in these macrophages.

Limitations of the study

In vivo, there are many specialized macrophage sub-popula-
tions. Future studies will need to determine whether IgG primes
all of these populations using a similar mechanism or whether
there are tissue-specific differences. Future studies should
also determine whether therapeutic monoclonal antibodies
prime macrophages in vivo or in human tissues. The FcR family
includes activating and inhibiting receptors. The optoFcR
models activating receptors, so future studies will need to
address the role of inhibitory FcRs in IgG priming.
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Antibodies

AlexaFlour647 anti-biotin IgG

Jackson ImmunoResearch
Laboratories

Cat# 200-602-211; RRID: AB_2339046

Anti-CD20 InvivoGen Cat# hcd20-mab10; RRID: AB_11124933
Mouse Anti-CD16/32 Cell signaling Cat# 88280

Anti-Rat IgG biotin conjugate Invitrogen Cat# 13-4813-85

Anti-CD45 Cell Signaling Cat# 70257T

Anti-Rabbit 488 Cell Signaling Cat# 4412S

Anti-CD44 Superbright 600 Invitrogen Cat# 63-044-82

Anti-CD64 PerCP-eFuor710 Invitrogen Cat# 46-0641-80

Anti-CD16-2 FITC Invitrogen Cat# MA-28253

Anti-CD32b APC Invitrogen Cat# 17-0321-80

Anti-CD16/32 PE Biolegend Cat# 101307; RRID: AB_312806
Anti-SIRPa APC/Cy7 Biolegend Cat# 144018; RRID: AB_2629558
Superbright 600 isotype control Invitrogen Cat# 634031-82
PerCP-eFuor710 isotype control Invitrogen Cat# 46-4714-80

FITC isotype control Biolegend Cat# 402307; RRID: AB_3097095
APC isotype control Invitrogen Cat# 17-4724-81

PE isotype control Invitrogen Cat# 12-4321-80

APC/Cy7 isotype control Biolegend Cat# 400422; RRID: AB_830905
Chemicals, peptides, and recombinant proteins

POPC Avanti Cat# 850457

Biotinyl cap PE Avanti Cat# 870273

PEG5000-PE Avanti Cat# 880230

Atto390-DOPE
Atto647-DOPE
Ni2+-DGS-NTA

DOPS

CellTrace Far Red
CellTrace CSFE

Qdot 655

Casein

PD0325901 - ERK inhibitor
Actinomycin D
Cycloheximide

dNTPs

RNase OUT

Superscript Il Reverse Transcriptase
E. coli DNA Polymerase |
RNase H

DNA magnetic beads
MEGAscript T7

ExoSAP IT PCR reagent
LPS

IFN-y

IL-4

ATTO-TEC GmbH
ATTO-TEC GmbH
Avanti

Avanti
ThermoFisher
ThermoFisher
ThermoFisher
Sigma

Sigma

Cell signaling

Cell signaling
New England Biolabs
ThermoFisher
Invitrogen
Invitrogen
ThermoFisher
AMPure
Invitrogen
Invitrogen

Sigma

Sino Biological
Sino Biological

Cat# AD 390-161
Cat# AD 647-161
Cat# 790404

Cat# 840035

Cat# C34572

Cat# C34570

Cat# Q10123MP
Cat# C5890

Cat# PZ0162

Cat# 15021s

Cat# 2112s

Cat# N0447I

Cat# 10777019
Cat# 1864014
Cat# 18010025
Cat# EN0202

Cat# A63882

Cat# A57622

Cat# 78200.200.UL
Cat# L4516

Cat# 50709-MNAH
Cat# 51084-MNAE
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Critical commercial assays

Pierce Fab Preparation Kit ThermoFisher Cat# 44985

PureLink RNA mini kit Invitrogen Cat# 12183018A

Experimental models: Cell lines

Human: HEK239T ATCC Cat# ATCC CRL-3216

Mouse: RAW264.7 ATCC Cat# ATCC TIB-71; RRID:CVCL_0493
Mouse: L929 ATCC Cat# ATCC CLL1; RRID:CVCL_0462
Sf9 ThermoFisher Cat# 11496015

Experimental models: Organisms/strains

Mouse: C57BL/6

The Jackson Laboratory

Cat# 000664

Recombinant DNA

pHR-optoFcR

pHR-Syk NeonGreen NK83

PHR mCherry-caax

pMD2.G

pCMV-dR8.2

ICAM-tagBFP-His10

This paper

Kern et al.”’

Morrissey et al.*’

pMD2.G was a gift from Didier
Trono, Swiss Federal Institute
of Technology Lausanne

pCMV-dR8.2 dvpr was a gift
from Bob Weinberg, Whitehead
Institute for Biomedical Research

O’Donoghue et al.””

In pHR vector. Myristolization sequence:
MGSSKSKPKDPSQR; cytoplasmic domain
(aa 45-86) of the Fc y-chain UniProtKB - P20491
(FCERG_MOUSE); linker: STSG; fluorophore:
mScarlet; linker: SDPGSGS; Cry2-olig (aa 1-498)
of CRY2_ARATH UnitprotkKB — Q96524 with
E490G mutation followed by: ARDPP

(as described in Taslimi et al.**)

Addgene plasmid # 176610;
http://n2t.net/addgene:176610;
RRID:Addgene_176610

mCherry fused to membrane targeting
sequence from KRAB (amino acids
LEKMSKDGKKKKKKSKTKCVIM)

Addgene plasmid # 12259;
http://n2t.net/addgene:12259;
RRID:Addgene_12259

Addgene plasmid # 8455;
http://n2t.net/addgene:8455;
RRID:Addgene_8455

N/A

Software and algorithms

ImageJ -Fiji NIH RRID:SCR_002285; https://fiji.sc/

Affinity Designer Serif RRID:SCR_016952

Prism Graphpad RRID:SCR_002798

TrackMate Ershov et al.””; Tinevez et al.>® N/A

Moment Scaling Spectrum analysis This paper https://github.com/MZW-Lab/Trajectory_
Analysis_optoFcR/tree/main; Githib:
https://doi.org/10.5281/zenodo.12701581

Blind-Analysis-Tools-1.0 Github https://github.com/ahtsaJ/Blind-Analysis-Tools

JaCoP Bolte and Cordeliéres™ N/A

FlowdJo 10 FlowdJo RRID:SCR_008520

RNAseq analysis Atkins et al.”® N/A

Other

5 um silica beads Bangs Labs Cat# SS05003

MatriPlate Brooks Cat# MGB09-1-2-LG-L

LITOS stimulation plate Hohener et al.*® N/A

Alexa Fluor 647 MESF calibration beads Bangs Labs Cat# 647

RNAseq data This paper DRYAD: https://doi.org/10.5061/dryad.hx3ffbgp1
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Meghan
Morrissey (morrissey@ucsb.edu).

Materials availability
Plasmids generated in this study have been deposited to Addgene or can be obtained from the lead contact.

Data and code availability
® RNA-seq data have been deposited at Dryad and are publicly available as of the date of publication. DOls are listed in the key
resources table. Complete imaging datasets are available from the lead contact upon request.
@ All original code has been deposited on GitHub and is publicly available as of the date of publication. DOIs are listed in the key
resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bone-marrow derived macrophage cell culture

Six- to ten-week-old male and female C57BL/6 mice were sacrificed by CO2 inhalation. Hips and femurs were dissected and bone
marrow was harvested as described in Weischenfeldt and Porse.>” Macrophage progenitors were differentiated for seven days in
RPMI-1640, 10% FBS, 1% PSG supplemented with 20% L929- conditioned media at 37°C. Macrophage differentiation was
confirmed by flow cytometry identifying CD11b and F4/80 double positive cells. Differentiated BMDMs were used for experiments
from days 7 to 11.

Cell lines
HEK293T cells (ATCC CRL-3216) were obtained from ATCC and were cultured in DMEM, 10% FBS, 1% PSG media at 37°C.
RAW264.7 (ATCC TIB-71) cells were obtained from ATCC and were cultured in DMEM, 10% FBS, 1% PSG, 1nM sodium pyruvate.

Lentivirus production and infection

All constructs were expressed in BMDMs using lentiviral infection. Lentivirus was produced in HEK293T cells transfected with
pMD2.G (Gift from Didier Trono, Addgene plasmid # 12259 containing the VSV-G envelope protein), pCMV-dR8.2°¢ (Gift from
Bob Weinberg, Addgene plasmid #8455), and a lentiviral backbone vector containing the construct of interest using lipofectamine
LTX (Invitrogen, Cat# 15338-100). The media was harvested 72 h post-transfection, filtered through a 0.45 um filter (Millapore,
Cat# SLHVMB33RS) and concentrated using LentiX (Takara Biosciences, Cat# 631232). Concentrated lentivirus was added to cells
on day 2 of differentiation. Cells were analyzed between days 7-11.

METHOD DETAILS

Optogenetic stimulation

Cells receiving low intensity light (5 uW/cm?) and medium intensity light (190 uW/cm?) were stimulated using a LITOS LED illumination
plate®® for 15 min. Cells receiving high intensity light were stimulated using the 488 laser at 75% laser power on a spinning disc
confocal microscope for 1 s at 20 s intervals for a total of 15 m (1,389 uW/cm?). Intensity was determined using a slide power meter
set to measure 450 nm light. Light used to prime cells was low intensity (5 uW/cm?) unless otherwise indicated.

Clustering and colocalization analysis

Validating optoFcR clustering and Syk colocalization

50,000 BMDM s expressing the optoFcR were plated in one well of a 96-well glass bottom MatriPlate (Brooks, Cat# MGB096-1-2-
LG-L) between 12 and 24 h prior to the experiment. Cells were then continuously imaged with high intensity light stimulation for
30 min and then imaged for another 60 min without light stimulation.

To measure optoFcR and Syk colocalization, 50,000 RAW264.7 macrophages virally infected with both the optoFcR and Syk-
NeonGreen (Addgene, Plasmid# 176610) were plated in one well of a 96-well glass bottom MatriPlate (Brooks, Cat# MGB096-1-
2-LG-L) between 12 and 24 h prior to the experiment. Cells were then continuously imaged with high intensity light stimulation for
30 min. Colocalization was determined by selecting an ROI at the cell membrane, and measuring the Pearson’s correlation coefficient
at the first and last timepoints using the JaCoP plugin in ImageJ.*”

OptoFcR cluster characterization of CD45 colocalization
50,000 BMDMs expressing the optoFcR were plated in one well of a 96-well glass bottom MatriPlate (Brooks, Cat# MGB096-1-2-
LG-L) between 12 and 24 h prior to the experiment. Cells were then stimulated with low, medium, or high light intensity for 15 min
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and immediately fixed with 4% PFA. Cells were then imaged with TIRF microscopy. The average number and area of optoFcR clus-
ters was determined using ImageJ with manual selection of clusters.

To visualize CD45, cells were plated and stimulated as above. After fixing, cells were washed in PBS and blocked in PBS + 0.5%
BSA for 1 hour. Cells were then incubated in CD45 primary antibody (Cell Signaling, Cat# 70257T) overnight at 4 degrees. Cells were
then washed and incubated in anti-rabbit secondary antibody (Cell Signaling, Cat# 4412S) for 2 hours. Cells were imaged with TIRF
microscopy and colocalization was determined by a Pearson’s correlation coefficient using the JaCoP plugin in ImageJ.>* ROIs were
selected across an entire cell membrane.

ICAM-1 protein purification

ICAM-tagBFP-His;o°' was expressed in SF9 or HiFive cells using the Bac-to-Bac baculovirus system as described previously.*® In-
sect cell media containing secreted proteins was harvested 72 h after infection with baculovirus. His10 proteins were purified by us-
ing Ni-NTA agarose (QIAGEN, Cat# 30230), followed by size exclusion chromatography using a Superdex 200 10/300 GL column (GE
Healthcare, Cat# 17517501). The purification buffer was 150 mM NaCl, 50 mM HEPES pH 7.4, 5% glycerol, 2 mM TCEP.

Supported lipid bilayer coated beads

SUV preparation

For IgG conjugated beads the following chloroform-suspended lipids were mixed and desiccated overnight to remove chloroform:
98.8% POPC (Avanti, Cat# 850457), 1% biotinyl cap PE (Avanti, Cat# 870273), 0.1% PEG5000-PE (Avanti, Cat# 880230, and 0.1%
atto390-DOPE (ATTO-TEC GmbH, Cat# AD 390-161) or 0.1% atto647-DOPE (ATTO-TEC GmbH, Cat# AD 647-161). The lipid sheets
were resuspended in PBS, pH7.2 (GIBCO, Cat# 20012050) at 10 mM concentration and stored under inert nitrogen gas.

For ICAM-1 conjugated beads, the following chloroform-suspended lipids were mixed and desiccated overnight to remove chlo-
roform: 97.8% POPC (Avanti, Cat# 850457), 2% DGS-NTA (Avanti, Cat# 790404), 0.1% PEG5000-PE (Avanti, Cat# 880230, and
0.1% atto390-DOPE (ATTO-TEC GmbH, Cat# AD 390-161). The lipid sheets were resuspended in PBS, pH7.2 (GIBCO, Cat#
20012050) and stored under inert gas.

For PS beads the following chloroform-suspended lipids were mixed and desiccated overnight to remove chloroform: 89.8%
POPC (Avanti, Cat# 850457), 10% DOPS (Avanti, Cat# 840035), 0.1% PEG5000-PE (Avanti, Cat# 880230, and 0.1% atto390-
DOPE (ATTO-TEC GmbH, Cat# AD 390-161). The lipid sheets were resuspended in PBS, pH7.2 (GIBCO, Cat# 20012050) and stored
under inert gas.

For all SUVs, the lipids were broken into small unilamellar vesicles via several rounds of freeze-thaws. The lipids were then stored at
-80°C under argon. To remove aggregated lipids, the solution was diluted to 2 mM and filtered through a 0.22 uM filter (Millapore,
Cat# SLLGO013SL) immediately prior to use.

Bead preparation
Silica beads with a 4.89 um diameter (10% solids, Bangs Labs, Cat# SS05003, Lot # 13427) were washed several times with PBS,
mixed with 1mM SUVs in PBS and incubated at room temperature for 30 min with end-over-end mixing to allow for bilayer formation.
Beads were then washed with PBS to remove excess SUVs and incubated in 0.2% casein (Sigma, Cat# C5890) in PBS for 15 min
before protein coupling (IgG and ICAM-1 beads). For IgG conjugated beads, anti-biotin AlexaFluor647-IgG (Jackson
ImmunoResearch Laboratories Cat# 200-602-211, Lot# 156182) was added at 1 nM (final density approx. 10-18 IgG molecules/
um?) to a 10x dilution of beads (1% solids), unless otherwise indicated. For ICAM-1 conjugated beads, ICAM-1 was added at
10nM. Proteins were coupled to the bilayer for 30 min at room temperature with end-over-end mixing.

The number of IgG molecules per bead was determined by generating a standard curve using Quantum Alexa Fluor 647 MESF
calibration beads (Bangs Labs, Cat# 647) to determine the number of fluorescent molecules per bead. IgG from Jackson Immunor-
esearch labs is labeled with an average of 3.5-5.5 fluorescent molecules per IgG.

Phagocytosis assay

50,000 BMDMs were plated in one well of a 96-well glass bottom MatriPlate (Brooks, Cat# MGB096-1-2-LG-L) between 12 and 24 h
prior to the experiment. ~8 x 10° beads were added to wells and engulfment was allowed to proceed for 15 min. The cells were
imaged using spinning disc microscopy (40 x 0.95 NA Plan Apo air). Internalized particles were identified by their fluorescent sup-
ported lipid bilayer, and counted in ImagedJ by a blinded analyzer using Blind-Analysis-Tools-1.0 Imaged plug in.

Inhibitors

For transcription and translation inhibited priming, 10 nM actinomycin D (Cell signaling, Cat# 15021s) or 10 ug/ml cycloheximide (Cell
signaling, Cat# 2112s) were added to cells 7 hours prior to the start of the experiment. For Erk inhibited priming, 0.5 uM PD0325901
(Sigma, Cat# PZ0162) was added to cells 16 hours prior to the start of the experiment.

Bead priming

50,000 BMDMs were plated in 1 well of a 96-well glass bottom plate 12-24 hours prior to the start of the experiment. A priming dose of
~8 x 10° atto390 beads conjugated to either 1 nM or 0 nM IgG were added to the wells for 15 min. Any unengulfed beads were
washed out 5x with media, then checked with a dissecting microscope to confirm the majority of unengulfed beads had been
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removed. Then the cells were allowed to recover for 1 hour. ~8 x 10° atto647 beads prepared with the indicated IgG concentrations
were then added to the wells and engulfment was allowed to proceed for 15 min in a 37 degree incubator. Cells were dyed with
CellTrace CSFE (Thermo, Cat# C34570) imaged and the number of atto647 beads engulfed per cell were counted.

Flow Cytometry

200,000 BMDMs were plated in 1 well of a 12 well glass bottom plate (CellVis, Cat# P12-1.5H-N) 24 hours prior to the start of the
experiment and stimulated with low, medium, or high intensity light at 1 or 12 hours prior to the start of the experiment. BMDMs
were lifted and then washed in PBS before being resuspended in PBS + 0.5% BSA with the following antibodies for 30 min:
CD44 Superbright 600 (Invitrogen, Cat# 63-044-82), Superbright 600 isotype control (Invitrogen, Cat# 634031-82), CD64 PerCP-
eFluor 710 (Invitrogen, Cat# 46-0641-80), PerCP-eFluor 710 isotype control (Invitrogen, Cat# 46-4714-80), CD16-2 FITC (Invitrogen,
Cat# MA-28253), FITC isotype control (Biolegend, Cat# 402307), CD32b APC (Invitrogen, Cat# 17-0321-80), APC isotype control (In-
vitrogen, Cat# 17-4724-81), CD16/32 PE (Biolegend, Cat# 101307), PE isotype control (Invitrogen, Cat# 12-4321-80), SIRPa APC/
Cy7 (Biolegend, Cat# 144018), APC/Cy7 isotype control (Biolegend, Cat# 400422). Cells were then washed in PBS and analyzed us-
ing an Attune NXxT (invitrogen). Analysis was completed in FlowJo to assess the median fluorescence intensity of each sample.
Compensation was performed using single stain and isotype controls.

Raji eating assay (optoFcR priming)

40,000 BMDMs were plated in 1 well of a 96-well glass bottom plate 24 hours prior to the experiment and stimulated with low intensity
LITOS illumination 12 hours prior to the experiment. Raji cells were dyed with CellTrace Far Red (Thermo, Cat# C34572), incubated
with a human-mouse hybrid aCD20 (InvivoGen, Cat# hcd20-mab10, 5 ng/ml), added to wells at 40,000 cells per well, and imaged
immediately. 25 positions per well were automatically selected and imaged every 3 min for 10 hours. Unless otherwise noted, 100
macrophages were randomly selected and scored by a blind analyzer. Phagocytic macrophages were characterized as BMDMs
that engulfed 1 or more whole Raji cell targets. Trogocytic macrophages were characterized as BMDMs that engulfed portions of
Raji targets. The number of Raji cells engulfed per 100 macrophages was also counted.

Raji eating assay (Raji priming)

40,000 BMDMs were plated in 1 well of a 96-well glass bottom plate 48 hours prior to the experiment. BMDMs were co-incubated
with either control media, Raiji cells that were previously incubated with a human-mouse hybrid aCD20 (InvivoGen, Cat# hcd20-
mab10, 5 ng/ml), or with unopsonized Raiji cells. Plates were spun for 5 min at 300xg to ensure Raji cells reached the BMDMs.
Following the spin, priming occurred for 15 min before the remaining Raji cells were thoroughly washed out (~15x). 24 hours after
the initial stimulus, Raiji cells for the secondary stimulus were dyed with CellTrace Far Red (Thermo, Cat# C34572), incubated with
a human-mouse hybrid aCD20 (InvivoGen, Cat# hcd20-mab10, 5 ng/ml), added to wells at 40,000 cells per well, and imaged imme-
diately. 25 positions per well were automatically selected and imaged every 3 min for 10 hours. Unless otherwise noted, 100 mac-
rophages were randomly selected and scored by a blind analyzer. Phagocytic macrophages were characterized as BMDMs that
engulfed 1 or more whole Raji cell targets. Trogocytic macrophages were characterized as BMDMs that engulfed portions of Raji
targets. The number of Raji cells engulfed per 100 macrophages was also counted.

Gene expression analysis

Macrophage polarization and stimulation

500,000 BMDMs were plated in 1 well of a 6 well glass bottom plate (CellVis, Cat# P06-1.5H-N) 24 hours prior to the start of the stim-
ulation. For M1 polarized cells, 100 ng/ml LPS (Sigma, Cat# L4516) and 50ng/ml IFN-y (Sino Biological, Cat# 50709-MNAH) were
added to the cells for 24 hours. For M2 polarized cells, 20 ng/ml IL-4 (Sino Biological, Cat# 51084-MNAE) was added to the cells
for 24 hours. The BMDMs were then collected for RNA extraction. Optogenetic stimulation was performed as previously described
in these methods with low intensity light for 15 min and cells were collected for RNA extraction 12 hours after stimulation.

RNA Extraction

Total RNA was extracted using PureLink RNA mini kit (Invitrogen, Cat#12183018A) according to the manufacturer’s protocol.
RNAseq

Bulk mRNA sequencing using the CEL-Seq2 technique was performed on 10 ng of total RNA per sample according to previously
established protocol.®® Briefly, mRNA fragments were randomly primed and reverse transcribed using dNTPs (New England Biolabs,
Cat# N04471), 0.1 M DTT, RNase OUT (ThermoFisher, Cat# 10777019) and Superscript || Reverse Transcriptase (Invitrogen, Cat#
18064014). Then, cDNA strands were synthesized using dNTPs (New England Biolabs, Cat# N0447I), E. coli DNA Polymerase | (In-
vitrogen, Cat# 18010025), First Strand Buffer (from Invitrogen Superscript | Reverse Transcriptase, Cat# 18064014), and RNase H
(Thermo Scientific, Cat# EN0202). DNA magnetic beads (AMPure, Cat# A63882) were used to purify and size DNA fragments before
undergoing in vitro transcription to linearly amplify the mRNA reads using the MEGAscript T7 kit (Invitrogen, Cat# A57622). The ampli-
fied RNA was mixed with ExoSAP-IT PCR reagent (Invitrogen, Cat# 78200.200.UL), fragmented using 200 mM Tris-acetate (pH 8.1),
500 mM KOAc, 150 mM MgOAc, and reverse transcribed into cDNA. Second-strand cDNA were ligated to lllumina sequencing
adapters and underwent PCR amplification. DNA sizes were selected with an average of about 400 bp with two 0.8x DNA bead
cleanups (AMPure, Cat# A63882). DNA libraries were sequenced using the NovaSeq™ 6000 system (lllumina), and raw reads
were normalized and mapped to the mouse reference genome mm10 (GRCm38).°%"
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Analysis was performed as described in Atkins et al.>®> RNA-seq raw counts were modeled parametrically assuming a negative

binomial distribution and p-values were adjusted using the Benjamini and Hochberg method to determine differentially-expressed
genes with the DESeq2 package.®” The R packages ashr and LIMMA were used to calculate log fold change shrinkage and remove
batch effects, respectively.®>®* Hierarchical clustering was carried out using ComplexHeatmap in R to identify differentially-ex-
pressed genes in the dataset and displayed using z-scores.®®

Gene Ontology analysis was performed on geneontology.org with all differentially expressed genes that met our significance
threshold. Only GO terms with a significant false discovery rate <0.05 were displayed.
Kinetics of engulfment
BMDMs were plated as described in the bead engulfment assay 12-24 hours prior to the experiment and stimulated with low intensity
LITOS illumination 1 or 12 hours prior to the experiment. Using ND acquisition in Elements, 2-3 positions per well were manually
selected. Approximately 4 x 10° beads were added and phagocytosis was imaged at 20 s intervals through 7 z planes for 15 min.
Only beads that bound within the first 12 min were counted. Bead binding was determined by counting the number of beads bound
to cells in the final frame and is shown as a percentage of total beads.

Receptor labeling and single particle tracking

Fab generation

Fabs from rat anti-mouse FcRiii (Cell signaling, Cat# 101307) and rabbit anti-rat biotin conjugated (Invitrogen, Cat# 13-4813-85) were
generated using the Pierce Fab Preparation Kit (Thermo, Cat# 44985) according to the manufacturer’s protocol. In brief, antibodies
were run through a Zeba desalting column to exchange buffers before cleavage with immobilized papain for 3 hours with end over
end mixing and digestion was confirmed via SDS-PAGE. Fab fragments were then purified using a NAb Protein A column.
Receptor labeling and imaging

Single FcRs were labeled as previously described.®' In brief, cells were blocked for 5 min in RPMI supplemented with 5% goat serum.
Then, cells were incubated with primary fab fragments for 10 min in blocking medium. Next, cells were incubated with biotinylated
secondary fab fragments for 10 min. Finally, cells were washed with blocking media and incubated with streptavidin-conjugated Qdot
655 (Thermo, Cat# Q10123MP) for 4 min and immediately imaged. Images were acquired at 10 fps for 1 min using ND acquisition in
Elements on a spinning disc confocal microscope.

Tracking

Tracks and particle mean jump distance were generated using the trackmate plugin on ImageJ.®>>® Tracks that were less than 50
frames or that contained gaps greater than 3 frames were discarded from analysis. Motion types and diffusion coefficients were
determined using moment scaling spectrum analysis using the formula described in Ewers et al.®"®°°® To characterize each particle
trajectory as confined or free, we first calculated the moments of displacement. Let r;(n) represent the radial position vector of tra-
jectory I, where n = 0,1,2,....N; — 1 where N, is the total number of timepoints in the trajectory. The moment of displacement is
defined by the following equation:

1 N, —An—1 )
Myjan = N, — An n_ZO |ri(n+An) —r;(n)]

Here, u represents the value of the moment, v represents the degree of the moment where v = 0,1,2,3,4,5,6, |.| represents the
Euclidean norm and An represents the spacing between timepoints where An = 0,1,2, 7’\3i

Moments for each trajectory / were calculated for each value of v (each moment) and each value of An (every possible timepoint
spacing). From prior work, we assume that each moment follows the power shift law w,(An) o« An* where y represents the scaling
coefficient of moment ».°° Scaling coefficients for a moment » for a trajectory / were found by first performing a linear least squares
regression to find the slope of log(u, an) Vs log(An). Then, using the power shift law, we used the slope obtained via linear least
squares regressions and divided it by the moment », with the special case of » = 0,y = 0, to obtain . This special case was added
to avoid fitting errors during the next step of our analysis. Once we obtained a vy for each moment v of a trajectory /, we plotted v vs. v
and performed a linear least squares regression to obtain the slope of the line formed by v vs. v. Calculating and then characterizing
each trajectory based off the obtained slope value of v vs. v is known as moment scaling spectrum (MSS) analysis and is commonly
used to characterize diffusion behaviors for small particles.®® Near 0 MSS values represent stationary diffusive or confined behavior
while MSS values between 0 and 12 represent subdiffuse or free behavior. We applied these definitions to our MSS values for each
trajectory I in order to characterize each trajectory as either confined or free. We were also able to calculate the regular diffusion co-
efficient for each trajectory using the formula: D, _ » = %eyo where v = 2 indicates the use of the second moment, also referred to as
the Mean Square Displacement (MSD), and y0 is the y-axis intercept for the line formed performing a linear least squares regression
onAnvs u, _ o, - an- All of the code used to perform this analysis is available on GitHub and can be found in the key resources table.

Microscopy

Images were acquired on a spinning disc confocal microscope (Nikon Ti2-E inverted microscope with a Yokogawa CSU-W1 spinning
disk unit and an Orca Fusion BT scMos camera) equipped with a 40 x 0.95 NA Plan Apo air and a 100 x 1.49 NA oil immersion
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objective. The microscope is also equipped with a piezo Z drive and an OkoLabs stage top incubator for temperature, Co2 and hu-
midity control. TIRF imaging was performed with an iLas2 ring TIRF on the same microscope base and same camera. The micro-
scope was controlled using Nikon Elements.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed in Prism 8 (GraphPad). The statistical test used is indicated in the relevant figure legend. Sample
sizes were predetermined and indicated in the relevant figure legend.
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