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Insolid tumours, the abundance of macrophages is typically associated with
apoor prognosis. However, macrophage clusters in tumour-cell nests have
been associated with survival in some tumour types. Here, by using tumour
organoids comprising macrophages and cancer cells opsonized viaa
monoclonal antibody, we show that highly ordered clusters of macrophages
cooperatively phagocytose cancer cells to suppress tumour growth. In mice
with poorly immunogenic tumours, the systemic delivery of macrophages
with signal-regulatory protein alpha (SIRPa) genetically knocked out or else

with blockade of the CD47-SIRPa macrophage checkpoint was combined
with the monoclonal antibody and subsequently triggered the production
of endogenous tumour-opsonizing immunoglobulin G, substantially
increased the survival of the animals and helped confer durable protection
from tumour re-challenge and metastasis. Maximizing phagocytic potency
by increasing macrophage numbers, by tumour-cell opsonization and by
disrupting the phagocytic checkpoint CD47-SIRPa may lead to durable
anti-tumour responses in solid cancers.

Macrophage engulfment of another cell or microbe helps to maintain
tissue homeostasis and potentially provides a first line of immune
defence* Withinasolid tumour, ifamacrophage is to physically engulf
a cancer cell, then phagocytic forces® must exceed the mechanical
strength of the cohesion between solid tumour cells*. A large imbal-
ance of such cell-cell interactions has long been seen to drive ‘phase
separation’ in mixtures of diverse tissue cell systems’. However,
immune-cell segregation is understudied. Intriguingly, clusters of
macrophages in tumour-cell nests have been correlated with patient
survival for at least two solid tumour types®’. Furthermore, macrophage
aggregation in the contexts of tissue injury has been compared to
platelet clots that contract collectively to close wounds®, and

macrophage aggregation and fusion is widely reported for foreign
body giant cell formation in response to implants and also in osteo-
clast degradation of bone. On the other hand, tumour-associated
macrophages more typically correlate with poor clinical prognoses’,
and such macrophages not only promote growth and invasioninsome
cancers'®but also often lack phagocytic function™.

Phagocytosis of ‘self’ cells is generally inhibited by a key macro-
phage checkpointinteractionbetweensignal-regulatory protein alpha
(SIRPa) on the macrophage and CD47 on all cells including cancer
cells", Tumour-cell engulfment can be driven to some extent by
anti-tumour monoclonal antibodies (mAbs) that bind Fc receptors
on macrophages™, with anti-CD20 in lymphoma being the clearest
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example so far where additional patients benefit when the mAb is
combined with antibody-based blockade of CD47 (ref. 15). However,
similar combinations in solid tumours have considerably lower
response rates'®”. Understanding of biophysical factors that influ-
ence phagocytosis in solid tumours is lacking, despite many phago-
cytosis pathways being well studied with macrophages attached to a
culture dish"'®*, Inthis Article, we hypothesized that a high number of
maximally phagocytic macrophages could work together as a cluster
to overcome the cohesive forces and dominate the growth of
solid tumours.

Major challenges for macrophage checkpoint blockade in solid
tumours include low permeation of anti-CD47 (ref. 20) relative to the
potency of inhibitory signalling®** as well as on-target, off-tumour
binding of antibodies to ubiquitously expressed CD47. Engineered
macrophages that traffic into tumours could conceivably overcome
both challenges toimprove efficacy and safety of checkpoint blockade,
especially if dosing maximizes the number of phagocytic macrophages
and any collective or cooperative functions that counter solid tumours
and their cohesiveness. Unknown is whether macrophages that
certainly constitute afirstline ofinnateimmune defencein vivo could
also contribute to any form of acquired immunity against cancer”*.
Oursecond main hypothesisis that tumour eliminationleads to de novo
anti-cancer immunoglobulin G (IgG) with pro-phagocytic function.
Such antibodies could complement the tumour-opsonizing mAbs
thatinitiate therapy and can potentially identify new tumour-specific
epitopes that can help overcome resistance. Our results with deep
macrophage checkpoint blockade indeed provide evidence for
cooperative phagocytosis and the elimination of solid tumours as
well as for immune memory, including cancer-opsonizing IgGs
driving macrophage clustering.

Results
Macrophages cluster when eradicating tumouroids
To determine the requirements for macrophages to eliminate a proli-
ferating, cohesive mass of cancer cells, we engineered ‘tumouroids’ of
B16 mouse melanomacells in non-adhesive culture plates (Fig.1a). B16
melanomais a widely used tumour model for cancerimmunotherapy
development and does not respond invivo to T-cell checkpoint block-
ade nor to CD47 disruption®. This particular tumour model therefore
represents alarge number of patients thus far unresponsive toimmuno-
therapy”. Moreover, because monotherapy with CD47 blockade shows
no clinical efficacy against solid tumours', it was important to focus on
acancer line such as B16 that is anticipated to be similarly unaffected
by CD47 disruption, rather than study lines that respond to CD47 dis-
ruption alone (for example, MC38 colon cancer”*®). B16 tumouroid
cells adhere to each other and grow as thin, dark cell aggregates with
irregularborders (Extended Data Fig. 1a), akin to early-stage melanoma
inthe upper layer of human skin®. Tumouroids resist deformationasa
single cohesive mass when pulled into a micropipette (Fig. 1b), with a
softness consistent with other neuro-lineage tissues such as brain that
alsorelies for cohesion more on cell-cell adhesion than matrix adhe-
sion’. Sustainable stresses of ~0.5-1kPa are much higher than those
exerted by amacrophage engulfing a microparticle’, but tumouroids
flow after a few minutes as the stress favours disruption of adhesions.
Suchobservationsillustrate ameans by whichadded macrophages can
over time extract B16s from the tumouroid. Viscoelastic behaviour is
typical of culture-aggregated spheroids, including cell mixtures that
sorton the basis of differential adhesion and cortical tension®**. Indeed,
disruptingeither Ca*"-dependent celladhesions or actin polymerization
relaxed tumouroids as evidenced by arapid (<1 h) increase in projected
area (Extended Data Fig. 1b-d). Subcutaneous tumours of B16s from
mice exhibit similar cohesion and softness (Extended Data Fig. 1le-h),
despite the presence of various other cell types, including macrophages.
We hypothesized that cancer phagocytosis could be maximized
fortargets lacking CD47, and we therefore generated tumouroids from

clustered regularly interspaced short palindromic repeats (CRISPR)/
Cas9-engineered B16 cells with either Cd47 knockout (KO) or wild-type
(WT) levels of CD47 (Extended Data Fig. 2a). Bone marrow-derived
macrophages (BMDMs) were added to pre-assembled tumouroids
together with anti-Tyrpl mAb that binds and opsonizes B16 cells
(Extended Data Fig. 2a,b). Tyrpl aids in melanin granule synthesis,
so that anti-Tyrpl is relatively specific to melanocytes in contrast to
the ubiquitous phagocytosis checkpoint ligand CD47 (Extended
Data Fig. 2c). Despite the specificity, anti-Tyrpl was recently found
ineffective in the clinic against melanoma® and shows little to no effect
on B16 tumours established in mice”. Growth of WT tumouroids is
likewise unaffected by anti-Tyrpl with or without added macrophages,
but we do find that opsonization of CD47 KO ‘immuno-tumouroids’
maximizes phagocytic macrophages quantified ~1 day after addi-
tion (Fig. 1c and Supplementary Fig. 1). Conventional assays with
cancer cell suspensions added to immobilized macrophages for
1-2 h show similar phagocytosis trends (Extended Data Fig. 2d), and
despite an important difference elaborated below, the results all
suggest that macrophages in tumouroids can extract and engulf
individual B16s, as clearly visualized for opsonized CD47 KO
tumouroids (Fig. 1d(i)). More than 80% of engulfment events showed
co-localization of green fluorescent protein (GFP) and DNA, which
we considered to represent phagocytosis of an entire cell including
its nucleus and cytoplasm. A minority of engulfment events did not
stain positively for DNA and might instead represent trogocytosis of
cytoplasmic fragments, which will depend on macrophage-to-target
ratios and could conceivably contribute to tumour cell elimination®**
along with other forms of cell death (Extended Data Fig. 2e). Impor-
tantly, only for the maximal phagocytosis condition of CD47 KO and
anti-Tyrpl opsonization is the exponential growth of tumouroids
reversed and tumouroids eradicated (Fig. 1d(ii) and Extended
DataFig. 3a).

Macrophages cooperatively phagocytose targets

Surprisingly, macrophages segregate under maximal phagocytosis
conditions (Fig. 1d(i)). Compared with dispersed macrophages, such
acluster will haverelatively few macrophages next to cancer cells and
will physicallyimpede interactions with cancer cells. Despite the mac-
rophage clustering, adding more macrophages suppresses growth and
fits the calculus of cell proliferation suppressed on a stoichiometric
basis by n phagocytes that form a cooperative unit within the cluster
(Fig. 1e and Extended Data Fig. 3b). The rate constant k. exhibits a
Hillslope n=-2.2 for CD47 KO tumouroids thatindicates cooperative
phagocytosis by nmacrophages as afunction of effector-to-target ratio
(thatis, macrophage:B16) (Supplementary Fig.2a,b). WT tumouroids
could be eliminated by high concentrations of anti-CD47 and anti-Tyrpl
plus high macrophage numbers, and tumouroid area againindicated
cooperativity as a function of added macrophages but not as a func-
tion of anti-CD47 or anti-Tyrp1 (Fig. 1f,g, Extended Data Fig. 3c-fand
Supplementary Fig. 2c-e). High-dose anti-CD47 blockade can be dif-
ficult to achieve clinically given the low permeation of solid tumours®,
but high-dose opsonization does not seemto be required for tumouroid
elimination provided that CD47 signalling is completely disrupted
by genetic KO in target cells as shown here or using engineered mac-
rophages discussed below. The results also underscore a cell-level coop-
erativity thatreflectsacell-level structure such asamacrophage cluster.
Indeed, although CD47 KO or anti-CD47 plus anti-Tyrpl enhanced
engulfment of B16 suspensions in standard 2D phagocytosis assays
relative to controls, the phagocytic index was weakly anti-correlated
with macrophage density (Extended Data Fig. 3g,h)—contrary to coop-
erativity—and engulfmentincreased linearly with macrophage density
until saturating target cells (Extended Data Fig. 3h and Supplemen-
tary Fig. 2f). Tumouroid cohesion might be needed for macrophage
cooperativity, with macrophage clusters providing a structural basis
for this functional cooperativity—in a hypothetical ‘tug-of-war’ on

Nature Biomedical Engineering | Volume 7 | September 2023 | 1081-1096

1082


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-023-01031-3

a b Tumouroid cohesion and creep under stress C ~18 h, dissociate,
) . . ; ; 7 flow cytometr:
Engineered ‘immuno-tumouroids’ " Y/ Y
B16 melanoma - P=0.016
proliferating, + anti-Tyrp1 < P=0.001
cohesive > 26-fold
n-29x10°Pas” < 20 6-fo
7,~n/E=27min o
B
8 10
1 E-180 Pa >
0 2
0O 05 10 15 o 0
Non-adhesive 10 min 0 .
surface 0 50 100 Anti-Tyrpl + -+ -
= Time (min) CD47KO ~ WT
d ) sis(cpa7KO) e Kaigest . M
Division Kon e kM"
eat
£ 2 O R
5 »2 A 4 off =
(5}
= M@:CD47 KO M@:WT o°
= = 0.3 Lp* 0:1 0.8 4(?0:1 5 1 Growth ~ phagoc.
< < =031 =031 3 e )
=3 € + 05 Eo6 - + 05 R ORISR WOt
e > E 024 To; E M 8
z o -o- 31 304 - 31 < wr
< = % 6:1 = % 6:1 *g -1 IC50 ~ 11
B L ooa 9:1 = -+ 91 3 CD47 KO
Day 1 a o 02 ' & | Hillexp.-2.2
Engulfment events o P O, s = O 2 1C50 =31
N crp */DNA’ phagocytosis: ‘ ‘ ‘ - ‘ ‘ 0 i il ‘ ...... g ‘... 2 4
% [
zslices 83 +15% o 1 2 3 4 o 1 2 3 4 £ o0 1 10
GFP*/DNA" trogocytosis, Days of tumouroid Days of tumouroid Mep:B16 ratio
— Az-5pm — and so on.: 17 £12% growth growth (fixed B16, varying M)
f g Repression at: h
(i) = = SUbsat-blHigkh Origin of cooperativity?
o < opson. blocking oy
0.6 { CDA47KO/M@ + 0.6 WT/Meg + 5 Anti-CD47 [mAb] Cellular tug-of-war
& = Medium 7,~1.8 o -# Medium a1 only K}
€ -e- Anti-Tyrp1 € -~ Anti-Tyrpl ° °
E 044 E 04 T,~18 = Anti-Tyrp1 =
s HMe/anti-Tyrpl s +Me/anti-Tyrp1 £ 0 e s, ? nly <
© J © 2 ) 2
o 02 os B 02 o Anti-CDA7/ % <] Easier elimination of
% \‘&; T o Hilli’;tl;’Tf‘j1_2 N > target cells or fragments
0 [0 1 T T TT TN PPP PPN ; -1 1C501.8 v E
T T T T 8 8
o 1 2 3 4 o 1 2 3 4 £ o 1 10 £
. . w w
Days of tumouroid Days of tumouroid Mq:B16 WT ratio Anti-CD47 or anti-Tyrp1 (nM) @zc'}
growth growth (fixed B16, varying M) (3:1 M@:B16 WT or CD47 KO)

Fig.1|Macrophages cooperatively phagocytose IgG-opsonized cancer
cellsin engineered tumouroids. a, Engineered ‘immuno-tumouroid’ model
comprising cohesive cancer cells (B16 melanoma on non-adhesive surfaces),
BMDMs and opsonizing anti-Tyrp1IgG antibody (Ab). The inset depicts a
macrophage-tumouroid ‘phagocytic synapse’ with FcCR-1gG signalling that
promotes phagocytosis and CD47-SIRPa that inhibits phagocytosis.

b, Micropipette aspiration of B16 tumouroids with representative brightfield
images at t = 0 and 10 min of constant aspiration pressure, AP. Scale bar, 50 pm.
Tumouroid creep (L/R,, where L is the extension into the pipette and R, is the
pipette radius) plotted versus time. The solid line is non-linear regression to

the standard linear model to determine the elastic modulus (£) and viscosity

(). Inset: first 90 s of the creep experiment. Forces on the order of 100 nN are
predicted to be sustained by tumouroids without rupture based on typical
aspiration pressures. ¢, Phagocytosis of CD47 KO and WT B16 tumouroids. The
percentage of phagocytic macrophages corresponds to GFP* macrophagesin
disaggregated tumouroid cell suspensions -18 h after addition of macrophages
(mean * standard error of the mean (s.e.m.), n = 3 where each replicate consists
of cells pooled from the same 96-well plate). Statistical significance was assessed
by two-way analysis of variance (ANOVA) and Tukey’s multiple comparisons test.
d, Representative fluorescence images (d, i) depicting growth or repression

of CD47 KO (green) inimmuno-tumouroids from days 1to 4 when untreated
(top row) or treated with anti-Tyrpl (bottom row). Macrophages (magenta, -1:1
ratio to initial B16 number) and anti-Tyrpl were added immediately after the

day limages were acquired. Scale bar, 0.5 mm. Inset: confocal z slices of CD47
KO immuno-tumouroids depicting B16s engulfed by macrophages (white
arrows). Engulfment events were considered cellular phagocytosis when the
internalized GFP signal colocalized with DNA signal from an internalized nucleus

(mean * standard deviation (s.d.), n =3 tumouroids). Tumouroid growth (d, ii)
was measured by quantifying the projected GFP* area atindicated timepoints
(mean ts.e.m., n =6 tumouroids for WT+anti-Tyrpland 5 tumouroids for other
conditions). Solid lines are non-linear regression of the data to the exponential
A(t) = A, €Y, e, Areaction-kinetic model accounts for division of cancer cells
(A) intumouroids and phagocytosis by n macrophages (M). Growth curves (left)
for CD47 KO and WT tumouroids with varying ratios of macrophages:B16 fit
asind (mean *s.e.m., n = 8 tumouroids per condition, representative of five
experiments). Effective growth rate (k) plotted against the macrophage:B16
ratio (right). The solid lines are non-linear regression of k. to the Hill-like
equation shown above the plot. f, Effective growth rates of WT tumouroids
with133 nM anti-CD47 and anti-Tyrpl as a function of macrophage number
(mean +s.e.m., n=7-8 tumouroids with exact n given in Extended Data Fig. 3c,
representative of three experiments). g, The effective growth rate of WT
tumouroids at a fixed 3:1 macrophage:B16 ratio and 133 nM anti-Tyrplasa
function of anti-CD47 concentration, and the effective growth rate of CD47

KO tumouroids at a fixed 3:1 macrophage:B16 ratio as a function of anti-Tyrpl
concentration (mean + s.e.m., n = 6-8 tumouroids per concentration with exact
ngivenin Extended Data Fig. 3d,e). Statistical significance was assessed by
comparing the mean at each Ab concentration to O using the one-sample ¢-test
(two-tailed, reported Pvalues are not corrected for multiple comparisons). The
shaded region of the plot approximates concentrations of anti-CD47 or anti-
Tyrplthat exceed the apparent affinity (K,,,) shown in Extended Data Fig. 2a.

h, Proposed cooperative tug-of-war by phagocytic macrophages to disrupt target
cancer cell adhesions and subsequently phagocytose cells or cell fragments
thatare no longer attached to neighbours. Hill exp., Hill exponent; intermed.,
intermediate; subsat. opson., subsaturating opsonizing Ab concentration.
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Fig.2|Macrophage clusters in tumouroids are consistent with cooperative
phagocytosis. a, The informational entropy approximated by image file
compression analysis (mean + s.e.m.) summarizes macrophage clustering

within CD47 KO tumouroids across multiple experimental conditionsincluding
anti-Tyrplopsonization (n = 8 tumouroids per condition), kinetic studies

(n=8), myosin-Ilinhibition (n = 4) and macrophage priming with [IFNy or IL-4
(n=7and8), as well as CD47 antibody blockade on opsonized WT tumouroids
(n=8).For details, see Extended Data Fig. 4. Corresponding GFP* tumouroid
areas (normalized to day 1, mean + s.e.m.) are shown for the same conditions.
Images were acquired -24 h after addition of macrophages and Abs exceptin the
case of t = 3 h tumouroids. Statistical significance was assessed by Welch’s ¢-test
(two-tailed, unpaired) for comparisons between two experimental conditions
and one-way ANOVA with Tukey’s multiple comparisons test for the macrophage-
priming experiment with three conditions. The representative thresholded
macrophage images (top left) and fluorescence images (bottom left) are from 3:1
macrophage:CD47 KO tumouroids without anti-Tyrp1(grey frames) and with anti-

Time (h)

Tyrpl(green frames). Scale bar,200 pm. b, Representative maximum intensity
projections of confocal fluorescence images (top) of CD47 KO tumouroids 1 day
after addition of macrophages with and without anti-Tyrpl. Scale bar, 100 pm.
Radial profiles (bottom) of macrophage and B16 fluorescence within CD47

KO tumouroids (mean + s.d., n=3). c-e, Disruption of macrophage clustersin
tumouroids. Integrin activation (c) downstream of Fc receptor signalling when
the CD47-SIRPa checkpoint is disrupted potentially enhances phagocytosis and
increases macrophage adhesion in tumouroids. Representative images (d) of
opsonized, CD47 KO tumouroids ~24 h after addition of macrophages and anti-
Tyrpland 3 hlater after addition of chelating agents (2 mM EDTA or EGTA) with or
without 5 mM Mg?". Scale bars, 100 pm (left) and 25 pm (right). The macrophage
cluster projected area (e) (normalized to ¢ = 0) after addition of chelating

agents and Mg?' (mean + s.e.m., tumouroid numbers n givenin plot legend,
representative of two experiments). Statistical significance at t =3 hwas
assessed by one-way ANOVA, and adjusted Pvalues were determined by
Dunnett’s multiple comparisons test between PBS control and other conditions.

cohesive tumouroids by macrophages before successful phagocytosis
of target cells (Fig. 1h).

To assess whether macrophage clustering consistently associ-
ates with tumouroid suppression, aninformation entropy approach®
was applied to our many images obtained under a wide range of time-
points and perturbations. Image files of clustered macrophages are
digitally compressed more than images of dispersed (that is, more
disordered) macrophages (Fig. 2a and Extended Data Fig. 4a,b), and
tumouroid area measurements at the same timepoint show the same
trend. Cell density profiles further show a central cluster of macro-
phages displaces B16 cells in tumouroids only under maximum

engulfment conditions (Fig. 2b). Kinetic studies indicate that clus-
tering takes more than 3 h but is clear by 24 h (Fig. 2a). Following
tumour cell elimination, macrophages disperse again (Extended Data
Fig.4c,d). Tumouroid elimination and tight macrophage clusters are
also promoted by pre-treating cultured macrophages with interferon-y
(IFNy), which increases phagocytic surface receptors (FcRs) but also
induces a low contractility mechanobiological state" consistent with
soft tumouroid engulfment (for example, Myosin-Il inhibition has
no effect); interleukin-4 (IL-4) has the opposite effects and disperses
macrophages (Fig. 2a and Extended Data Fig. 5a—e). The macrophage
priming approach notably avoids direct cytokine effects on B16
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growth”. Further studies show that macrophage clusters are not suf-
ficient for efficient phagocytosis and tumouroid elimination, but the
various analyses doindicate that, when macrophages engulf maximally,
they cluster.

Cell-cell adhesion for macrophages is mediated by a diversity
of inducible integrins®®*’, with integrin ligand binding for adhesion
depending on Mg?" and integrin activation occurring downstream of
phagocytic FcR signalling when CD47-SIRPa is inhibited®. Consistent
with FcR expression increased by IFNy and decreased by IL-4, mono-
cultures of macrophages cluster with IFNy and disperse with IL-4 with
changesin CD47 and SIRPa levels also suggesting net signalling changes
(Extended Data Fig. 5b,e-g). To test the effects of such a pathway on
clustering (Fig. 2c), macrophage clusters engulfing CD47 KO cells
(-24 h) were treated with chelators (EDTA for Mg** and Ca**; EGTA
for Ca*). Only EDTA led to a rapid disaggregation of macrophages
(Fig. 2c), whichis consistent with the pathway, but EGTA did disrupt B16
aggregates (Extended DataFig. 1c), consistent with cadherinadhesion.

High doses of phagocytic macrophages can eliminate tumours
To assess whether maximization of phagocytic macrophage dosage
is effective in vivo, we first established CD47 KO tumours in mice (for
4 days) and then gave an intravenous (i.v.) injection of anti-Tyrplinto
thetail vein.Just 24 hlater, the mAb caused three-fold smaller tumours
and three-fold more tumour macrophages (F4/80" cells) versus con-
trols (Fig. 3a—d). Other immune cells (CD45" and F4/80°) did not
differ. Macrophages also clustered and segregated within treated
tumours and circumscribed B16 nuclei and melanin (Fig. 3c,e), con-
sistent with macrophage activation for phagocytosis per tumouroid
studies (Fig. 1d and Extended Data Fig. 2f).

Longer-duration experiments showed that anti-Tyrpl tail-vein
injections eliminated CD47 KO tumours in ~40% of mice, whereas
various control tumours, including untreated or IgG2a isotype and
phosphate-buffered saline (PBS)-treated CD47 KO tumours and both
treated or untreated WT tumours all showed the expected exponential
growth (Fig. 3f,g and Extended DataFig. 6a). Partial responders are less
frequent with treatment than complete or non-responders (Fig. 3g,
inset); assuming that phagocytic macrophage numbers vary broadly
invivoacrossacohort, then this bimodal response of tumoursinvivois
consistent with the tumouroidsin vitro showing cooperative-sigmoidal
suppression and elimination (Fig. 1e). The lack of a survival benefit
of anti-Tyrpl on established WT tumours is consistent with recent
studies®. Previous work established that monocyte-derived
macrophages expressing activating FcRs are critical effector cells
in subcutaneous B16 tumours treated with anti-Tyrpl at early time-
points (thatis, the day of tumour cellinoculation)*°. To begin to assess
the effect of increased macrophage numbers and any cooperative
effects on established CD47 KO tumours, fresh bone marrow cells
(containing 5-10% monocytes and macrophages) were intravenously
injected together with anti-Tyrpl. The combination eliminated CD47
KO tumours in ~80% of mice (Fig. 3g).

WT tumours are unaffected by i.v. injections of anti-CD47 and
anti-Tyrp1 (Fig. 3g), similar to past studies®, and so we hypothesized
that we could eliminate WT tumours by adding i.v. injections of mar-
row cells engineered most simply by addition of anti-SIRPa to block
CD47 interactions (A’PB cells in Fig. 4a). This strategy enabled high
levels of phagocytosis and eliminated tumouroids in vitro at high
macrophage:B16 ratios (Fig. 4b and Extended DataFig. 6b). Although
this particular anti-SIRPa enhanced phagocytosis of IgG-opsonized
red blood cells (RBCs)* but had no effect with unopsonized cancer
cells*, it does not directly block CD47 interactions* but instead
immobilizes SIRPa to preventitsaccumulationin the phagocytic syn-
apse** (Extended Data Fig. 6d-g). The A’PB approach indeed gave
complete responsesin ~-10% of mice with WT tumours (Extended Data
Fig.6¢), whichincreased to-17% with anti-CD47 injections and to ~38%
with a second i.v. injection of the engineered marrow cells (Fig. 4c).

Our recent studies” with injection of fluorescent A’PB showed regres-
sion of tdTomato-expressing, opsonized tumours in NOD-scid IL2Ry™"
(NSG) mice, and A’PB cells in these tumours were activated for
phagocytosis on the basis of gene expression and ontdTomato uptake,
consistent with images of B16 engulfment here (Fig. 3b).

To confirm macrophages are the key effector cells in vivo and to
improve upon transient antibody-based SIRPa blockade with a genetic
engineering approach, we deleted SIRPa in conditionallyimmortalized
macrophage (CIM) progenitors that retain macrophage differentiation
ability and phenotypes***® (Extended Data Fig. 7a). These engineered
macrophages, SIRPa-KO CIM, also readily phagocytosed target B16s
with anti-Tyrpl opsonization in vitro (Fig. 4d). Tail-vein injection of
SIRPa-KO CIMs with anti-Tyrp1 (but no added anti-CD47) produced
complete anti-tumour responses against WT tumours in~60% of mice
(Fig.4e). Thus, maximizing phagocytosis favours tumour elimination
and high numbers of phagocytic macrophages maximize efficacy
(Fig. 4f and Extended Data Fig. 6h).

Macrophages and related phagocytic immune cells provide just
afirst line of defence but often initiate acquired immunity**, We
therefore challenged surviving mice withasecondinjection of CD47 KO
cells 80 days after the initial challenge and again treated with anti-Tyrpl
(a prime-boost strategy for an anti-cancer vaccine). From the initial
cohort in which the complete response rate was about 40% (Fig. 3g),
about 80% of the re-challenged mice survived (Fig. 5a). Age-matched
naive mice receiving their first challenge with or without treatment
responded similarly to the younger cohorts. A third tumour chal-
lenge was left untreated (thatis, no anti-Tyrpl), and 75% again resisted
tumour growth, which indicates a durable immunological memory.
Whitening of the melanized fur was evident across all three challenges
oftreated micein the KO cohorts, consistent withanimmune response
against normal melanocytes that occurs over time with anti-Tyrpl as
mediated by Fc or complement receptors®. A second model of B16s
involving metastasis to lung with CD47 KO cells showed that anti-Tyrpl
prolongs survival of naive mice until all mice succumb with clinical
symptoms (Fig. 5b). Importantly, however, mice that previously showed
complete responses against subcutaneous tumours could achieve a
complete anti-tumour response against lung metastasis when treated
with anti-Tyrpl, asdemonstrated by long-term survival of ~35% of mice.

Although the increased survival rates with engineered macro-
phages indicate that these are key effector cells, we assessed tumour
growth in NSG mice that lack all adaptive immunity (no antibodies
and no T cells, B cells or NK cells) but have macrophages that display
suitable Fcreceptors. Growth of CD47 KO B16 tumours proves similar
in NSG mice to growth in C57 mice, and anti-Tyrpli.v. injections again
slowed the growth of tumours in NSG mice by up to 50% (Fig. 5¢).
WT B16 tumours are similarly suppressed by SIRPa-KO CIM treatments
(Fig.5d).Suchresults underscore thekey initiating role of macrophages
as effector cellsin the B16 tumour suppression.

Convalescent serum IgG drives tumour phagocytosis and
macrophage clustering

Despite the importance of anti-Tyrpl for tumour elimination in
immunocompetent C57, this mAb was not used in a third challenge
of CD47 KO tumours cells in which 75% of mice resisted the tumour
(Fig. 5a). We hypothesized therefore that an acquired immune
response is generated that might also extend beyond Tyrpl. We thus
knocked out Tyrplin the CD47 KO cells (double knockout, DKO) and
engrafted these DKO cellsin complete responders from theinitial CD47
KO treatment cohort. We found that, without monoclonal anti-Tyrpl
treatment, whichwould not be effective against DKO tumours anyway,
50% of mice survived (Fig. 5e).

Serum collected throughout tumour challenge and treatment
experiments was used to immunoblot B16 lysates, which revealed an
increasing number of bands with progression of challenges in support
of our hypothesis of immune responses against B16 antigens beyond
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a-e, Analysis of tumour size and immune infiltrate following treatment with
anti-Tyrpl. Tumours were isolated on day 5 after subcutaneous (s.c.) injection of
2 x10°CD47 KO cells. Treated mice had received a single dose of 250 pg anti-Tyrpl
onday 4. Representative photographs (a) of CD47 KO tumoursin dissected

mice that had received anti-Tyrpl treatment or were left untreated. Scale bar,
1mm. Tumour area was measured from photographs (mean + s.e.m., n =3 mice
per group). Statistical significance was assessed by Student’s ¢-test (unpaired,
two-tailed). Representative fluorescence and brightfield images (b) of tumour
sections stained for F4/80 (magenta). Arrows denote nuclei within the dashed
white border of amacrophage engulfing two B16s (green dashed lines, B16
nuclei; orange dashed line, macrophage nuclei). Scale bars, 0.5 mm (4x), 50 pm
(40x) and 25 um (40x zoom). CD45 and F4/80 staining (c) of cells isolated from
disaggregated tumours (mean + s.e.m., n =3 tumours per group). Statistical
significance was assessed by Welch’s t-test (unpaired, two-tailed) for CD45*
staining and by Student’s t-test (unpaired, two-tailed) for F4/80" staining (P values
are not adjusted for multiple comparisons). Relationship between tumour area
and F4/80" macrophage infiltrate (d), fit with an exponential curve. Radial profile
analysis (e) of F4/80" signal in CD47 KO tumours based on 4x images (mean + s.d.,
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analysis of mice injected subcutaneously with 2 x 10° WT or CD47 KO cells and
treated intravenously with 250 pg anti-Tyrplondays4,5,7,9,11,13and 15 or left
untreated. Representative growth curves (f) depict projected tumour area versus
days after tumour engraftment. Each symbol represents measurements from a
separate tumour, and tumour area is fit with the exponential growth equation
A=A,€e"(solid lines). Complete anti-tumour responses in which a tumour was
never palpable are all depicted with the same symbol (filled circle) and solid
linesatA = 0 (n=15CD47 KO tumours across two independent experiments and
n=5WT tumours from one representative experiment). Survival analysis (g) of
mice with WT tumours (treated n =5, untreated n =9 across 1and 2 independent
experiments, respectively) or CD47 KO tumours (treated n = 82 across 10
independent experiments, untreated n = 60 across 12 independent experiments).
Insome experiments, mice with CD47 KO tumours were treated with donor

bone marrow injections combined with i.v. anti-Tyrpl treatment (n = 11across
2independent experiments). Statistical significance was determined by the
log-rank (Mantel-Cox) test. The inset bar graph depicts response types for mice
with CD47 KO tumours that were treated with anti-Tyrpl. A partial response was
considered survival longer than 1 week beyond the median of the untreated
CD47KO cohort (16 days + 7 days = 23 days) and shorter than 80 days.

Tyrpl (Fig. 5f and Supplementary Fig. 3). To test whether such serum
antibodies are functional to promote phagocytosis, we added serum
from various mice to CD47 KO and DKO B16 cells and then added this
mixture to macrophagesin culture. Most convalescent seraincreased
phagocytosis relative to naive serum (Fig. 6a), with similar results for
CD47 KO, DKO and WT B16 parental cells as targets for phagocytosis
(Extended DataFig.7b). As expected, anti-Tyrpl does not drive phago-
cytosis of DKO cells, and neither anti-Tyrpl nor the serum from com-
plete responders has any effect on engulfment of YUMM2.1 melanoma
cells that were also derived from mice on the C57 background*® (Fig. 6a).
Convalescent serum antibodies thus target B16-specific antigens
beyond Tyrplbut not antigens expressed by a syngeneic melanoma or
xenogeneic antigens present on cultured cell lines (for example, bovine

antigens from media containing foetal bovine serum (FBS)). Assays
of IgG subclasses confirm the presence of pro-phagocytic IgG2a/c
and IgG2b (ref. 49) that bind CD47 KO cells and DKO cells after second
and third challenges (Fig. 6b and Supplementary Fig. 4), with other
IgG subtypes also detected on CD47 KO and DKO but not YUMM2.1
(Extended Data Fig. 8a,b and Supplementary Fig. 4). Further consist-
ent with a progressive prime-boost vaccination and antigenic spread
beyond Tyrpl, survivors of the third B16 challenge (with no monoclonal
anti-Tyrplinjected) showed higher levels of IgG2a/c compared with
non-survivors.

Definitive de novo anti-B16 IgGs that bind DKO cells were detected
in serum weeks after the first challenge (approximately day 45 in
Fig. 6b). Immunocompromised NSG mice do not survive this long
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Fig. 4 | Engineered macrophages phagocytose cancer cells efficiently

and clear WT tumours in a dose-dependent fashion. a, Two engineered
macrophage approaches. Top: A’PB are freshly collected bone marrow cells
thatare subsequently antibody primed (Fc receptors bound with anti-Tyrpl, A),
Plus (P) SIRPa-blocked (by anti-SIRP«, B). Bottom: CIM progenitors

(by oestrogen receptor (ER)-fused Hoxb8) with SIRPa KO as animprovement

to anti-SIRPa blockade. To treat tumour-bearing mice, A’PB or SIRPa KO CIM
progenitor cells (also Fc-primed with anti-Tyrp1) were injected intravenously
onday 4 with subsequent antibody i.v. injectionsondays 5,7,9,11,13 and 15.

b,c, Phagocytosis of WT B16 cells by BMDMs and adoptive transfer of antibody-
engineered bone marrow cells. In vitro phagocytosis (b) of WT B16 by BMDMs
with CD47-SIRPa signalling disrupted through anti-CD47 or anti-SIRPa.
Statistical significance was assessed by one-way ANOVA with Sidak’s multiple
comparisons test (mean + s.e.m., n =3 wells per condition). Survival curves

(c) of WT (non-KO guide control B16) tumour-bearing mice treated intravenously
with anti-CD47 and anti-Tyrpl combined with either one (1x) or two (2x) doses

of A’PB (2 x 10" marrow cells intravenously per dose). The second A’PB dose was
administered on day 7. Statistical significance was determined by the log-rank
(Mantel-Cox) test (untreated n =22 mice across four independent experiments,
anti-Tyrpl/anti-CD47 n = 6 in one experiment, anti-Tyrpl/anti-CD47/1xA’PBn =6
inone experiment, anti-Tyrpl/anti-CD47/2x A’PB n = 8 in one experiment).

d,e, Phagocytosis of WT B16 cells by differentiated CIMs and adoptive transfer of
SIRPa KO CIM progenitors. In vitro phagocytosis (d) of WT B16 by unedited (left)
or SIRPa KO (right) CIM progenitors that were differentiated to macrophages.
Statistical significance was assessed by one-way ANOVA with Sidak’s multiple
comparisons test (mean + s.e.m., n =3 wells per condition). Survival curves (e) of
WT (parental B16) tumour-bearing mice treated with SIRPa KO CIM progenitors
asindicated ina. Significance was determined by the log-rank (Mantel-Cox)

test (n =5 mice per group). f, Summary of complete anti-tumour response data
across different approaches to maximize phagocytic activity and increase
macrophage numbers.

evenwithinjection of SIRPa-KO CIMs (Fig. 5¢,d), suggesting that other
acquired immune cells (for example, T cells) contribute to survival
even before IgG is detectable. Nonetheless, anti-B16 IgG conceivably
contribute to acquired immunity by opsonizing tumour cells and by
antigen presentation®® among other effector functions. To test the
function of convalescent seruminvivo, CD47 KO B16s were opsonized
with the serum just before subcutaneous implantation in naive mice
(Fig. 6¢). Tumour growth was suppressed by days 11 and 13 similar to
anti-Tyrpl and relative to controls. However, because any pre-bound
IgG will be diluted by B16 proliferation or else lost by dissociation, we
assessed complete elimination of tumour cells by convalescent serum
and macrophages with tumouroids.

Convalescent serum IgG added with macrophages to CD47 KO
tumouroids eliminated tumouroids for the most potent samples
(Fig. 6d). Importantly, serum activity against tumouroids correlated
with macrophage clustering at day 2 similar to anti-Tyrp1 (Fig. 6d),
consistent with effects of monoclonal anti-Tyrpl (Fig. 2a). Serum alone
had no effect (Extended DataFig. 8c), indicating that macrophages are
the effector cells for the anti-B16 serum IgG.

CD47-SIRPa disruption plus IgG opsonization in other
immunocompetent tumour models

To begin to generalize some of the findings from our extensive stud-
ies with B16, we used the RM-9 prostate cancer model and targeted
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left untreated (n =18 across five independent experiments). Right: survival
analysis of mice challenged a third time without further treatment (tx) (n =12
re-challenged and n =12 age-matched naive mice across three independent
experiments). b, Survival analysis for experimental CD47 KO lung metastases

in mice that previously eliminated subcutaneous CD47 KO tumours (n =11
treated with anti-Tyrplacross two independent experiments) or naive mice
(n=11treated with anti-Tyrpl across two independent experimentsandn=>5
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untreated). ¢, Treatment scheme and survival curves of NSG mice engrafted with
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group). d, Treatment scheme and survival curves of NSG mice engrafted with

WT B16 tumours (non-KO guide control) and treated on day 2 or 4 with SIRPa KO
CIMs and anti-Tyrplintravenously as described in Fig. 4a or left untreated (n =5
per group). e, Flow cytometry surface staining of Tyrpl, CD47 KO B16 cells (DKO).
2°,secondary antibody. Survival analysis for DKO re-challenge in mice that were
long-term survivors from Fig. 3g (n = 4 re-challenged mice and n = 3 age-matched
naive mice challenged a first time with CD47 KO). Statistical significance in a-e
was determined by the log-rank (Mantel-Cox) test. f, Western blotting of CD47
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MW, molecular weight. Uncropped blots are shown in Supplementary Fig. 3.
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Statistical significance was assessed by one-way ANOVA with Sidak’s multiple
comparisons test between selected groups (mean + s.e.m., anti-Tyrpland
unopsonized controls: n = 6 wells for B16 and n = 3 wells for Yummz2.1; serum
opsonized: n =3 wells each for 9 convalescent sera and 1 naive serum). b, Kinetic
profiles of anti-B16 IgG levels in convalescent sera across the three tumour
challenges or in naive sera. Binding of IgG2a/c and IgG2b to CD47 KO (filled
symbols) or DKO (open symbols) was measured by flow cytometry with subclass-
specific secondary antibodies and is reported as the median fluorescence
intensity (mean + s.e.m., serafrom n =4 survivors, n=3non-survivorsandn=>5
naive). ¢, CD47 KO B16 pre-opsonization with serum or anti-Tyrpl just before
(s.c. flank injection. Tumour area at early timepoints where growthis still in the
linear regime (mean + s.e.m.). Statistical significance was assessed using the
extrasum-of-squares F-test (two-tailed, not corrected for multiple comparisons)
to compare linear fits (dashed lines) between the pre-opsonized (n = 5 mice for
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the clinically relevant tumour antigen GD2, a ganglioside-lipid on
multiple tumour types®. Combination of FcR-engaging anti-GD2
mAbs with anti-CD47 recently showed suppression of neuroblastomas
and osteosarcomas inimmunodeficient NSG mice (with little effect
in monotherapies) and also with one syngeneic neuroblastoma in
immunodysfunctional 129x1/Sv) mice. In immunocompetent C57
mice, anti-GD2 IgG3, which is ineffective as monotherapy, has been
combined with cytokines to suppress RM-9 tumours?. The IgG2a
anti-GD2 used here strongly promoted engulfment of RM-9 only in
combination with anti-CD47, and exponential growth of established
RM-9 tumours in C57 mice (which is similar to B16s; Fig. 3a) was sup-
pressed in some mice by tail-vein injections of SIRPa-KO CIMs plus
anti-GD2 (Extended Data Fig. 9a). In fullyimmunocompetent models,
thisisthefirstinvivo success with opsonizing anti-GD2 combined with
CD47-SIRPa disruption—particularly with an engineered cell therapy.

TC-1mouse lung cancer cells*® were also assessed, but a tumour-
specific opsonizing mAb is lacking—and a major challenge for many
cancers in mice and in the clinic—so we opsonized TC-1 with a
polyclonal IgG raised against mouse RBCs that works in RBC

phagocytosis* and more generally with mouse cells. Pre-opsonization
of TC-1 suppressed initial tumour growth in vivo (Extended Data
Fig. 9b), analogous to B16 studies (Fig. 6¢). Tumour-specific IgG were
also soughtin C57 mice that survived CT-2A glioma tumours because
of vaccine-enhanced CAR-T therapy®*, but serum did not promote
phagocytosis even though all murine-IgG subclasses bound to CT-2A
(Extended Data Fig. 9¢). Binding of Abs far from the cell surface is
known to beiinefficientin phagocytosis'. Anti-cancer IgGs in survivors
from a T-cell therapy could thus differ in key functional ways from
IgGs induced via phagocytosis in amacrophage therapy.

Discussion

Macrophage immunotherapy of solid tumours benefits from maxi-
mizing three factors in combination: first is a high number of phago-
cytic macrophages, which canlead to cooperativity; second is tumour
opsonization, which classically activates Fcreceptors for engulfment;
and third is deep disruption of the macrophage checkpoint (Fig. 7).
Immunocompetent mice that survive develop de novo anti-tumour
IgG that are pro-phagocytic and pro-clustering. This might be a first
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Fig.7| Cooperative macrophages eliminate tumour cells to initiate an
acquired immune response with phagocytic feedback. Macrophage density
and cooperativity combine with IgG opsonization and efficient blockade of the
macrophage checkpointin successful macrophage immunotherapy of solid
tumours. Phase-separating macrophages cooperatively engulf cancer cells when
CD47 signallingis disrupted deeply and cancer cells are opsonized with IgG to
maximize engulfment. Macrophage phagocytosis in tumours treated with anti-
tumour IgG mAb initiates an acquired immune response required for long-term
survival, whichincludes the production of de novo endogenous anti-tumour IgGs
thatare capable of further opsonization for phagocytic feedback.

for tumours, but immunodeficient NOD mice with KO of CD47 can
develop anti-RBC IgG and die with anaemia*’, which suggests IgG
opsonization of normal host cells and whichraises issues of treatment
safety. Various effector functions for the anti-cancer IgG are possible
invivo and require further study, but their isolation and cloning (from
mouse or eventually patients) could help address a major need for
pro-phagocyticIgGs that combine with clinically relevant CD47 block-
ade for anti-tumour therapy—including resistance with antigen loss.
Our approach is thus poised to take advantage of biopharmaceutical
expertise in therapeutic mAbs and of new vaccine technologies (such
as messenger RNA-based vaccines) to produce tumour-specific IgGs.

The most promising clinical application of CD47-SIRPa blockade
so far combines anti-CD47 (magrolimab) and anti-CD20 (rituximab)
against the liquid tumour non-Hodgkin’s lymphoma®, but rituximab
depletion of B cells prevents the development of anti-tumour IgG and
of any phagocytic feedback. Anti-cancer IgGin cancer patientsinclude
anti-(human Tyrp1) from a patient with melanoma®**’, but anti-Tyrpl
lacks clinical efficacy against melanoma®. High TYRPI in metastatic
melanoma associates with poor survival (Extended Data Fig. 10a),
suggesting that Tyrplis targetable; and although low CD47 associates
with poor survival, even moderate CD47 levels are protective (Fig. 1f).
Importantly, engineered macrophages canenhance via their function
and their numbers the efficacy of otherwise ineffective Abs. For the
many patients with melanoma unresponsive to current therapies,
our results specifically suggest that anti-Tyrpl can be combined
with deep CD47-SIRPa disruption and phagocytic macrophages;
no such trials are currently registered, and serum could yield
new anti-melanomaIgG.

CD47 deletiononits own has no effect on B16 tumoursinimmuno-
competent mice (Fig. 3b). This result aligns well with monotherapy
with anti-CD47, which has shown no efficacy in the clinic, particularly
against solid tumours'. In contrast, some mouse-engrafted tumours
show that CD47 monotherapy is efficacious. In particular, one pair of
studies has shown that anti-CD47 or CD47 KO*** are effective on their
own against liquid and solid tumours (such as MC38 colon tumours)
while ruling out any role for macrophages. T-cell depletion abrogated
any tumour-growth suppression. Relevance to human patients is now
questionable and probably attributable to the highimmunogenicity of
the tumours. Compared with B16s, many tumour lines (such asMC38)
areindeed more immunogenicinimmunocompetent mice (Extended

Data Fig. 10b). Importantly, RM-9 prostate cells are poorly immuno-
genic® (similar to B16 cells) and show similarly rapid growth (Extended
Data Fig. 9a), which anti-correlates with immunogenicity (Extended
Data Fig. 10b). Numerous immune cell types and factors probably
contribute to the suppression of patient-relevant B16 tumours and
could be perturbed or depleted in future studies, including studies of
T cells, B cells and especially dendritic cells that are often phagocytic
and widely implicated in acquired immunity. Nonetheless, our two
approaches with suitably engineered macrophages maximize survival
(Fig.4) eveninthe absence of any acquired immune cells (Fig. 5d). This
indicates akey initiating role for phagocytic macrophages. Such cells
accumulate early in tumours and engulf, while the number of other
immune cell types (CD45", F4/80°) remains overall constant (Fig. 2c).

Tumour-associated macrophages are generally not phagocytic®
but are often abundant, and are associated with a poor prognosis in
human tumours such as melanoma®’. However, phagocytic macro-
phage clusters in thyroid cancer associate with a decreased risk of
metastasis®, and a negative correlation between macrophage abun-
danceandsurvivalin patients with follicular lymphoma was potentially
reversed with rituximab®“*, Critical forimmunotherapiesis a deeper
understanding of the biophysics of the tumour microenvironment,
including how various IgGs diffuse and function and how immune cells
infiltrate and interact. In particular, subsaturating doses of opsoniz-
ing anti-Tyrpl are highly effective against CD47-disrupted targets,
with deep disruption of CD47 or SIRPa necessary for efficacy (Fig. 1f).
SIRPa-KO CIM progenitors indeed showed better efficacy than
anti-SIRPa engineered macrophages (Fig. 4d). Anti-SIRPa will disso-
ciate, butinhibition viaanti-SIRPa crosslinking (Extended Data Fig. 6d)
isalsoasurprising biophysical mechanism that suggests anew class of
checkpoint antagonists based on receptor crosslinkers. Nonetheless,
limits to passive permeation of opsonizing and blocking antibodies can
potentially be overcome with engineered macrophages (as we show
in this work and as has been shown elsewhere®**%) because they can
actively permeate through tight spaces™ and potentially contribute to
acquired immunity with phagocytic feedback. Lastly, chemotherapy
had been observed longago in cancer patient samples to cause mono-
nuclear macrophages in cooperation with giant fused macrophages to
engulfkeratinized tumour cells®®, and so future studies should address
possible connections to phase separation in tumours of highly phago-
cytic macrophages evenin the absence of achemotherapy.

Methods

Cell culture

All cell cultures were maintained in a humidified incubator at 37 °C, 5%
CO,.Basal mediawere supplemented with10% (v/v) FBS (Sigma F2442),
100 U mI™ penicillin and 100 pg ml™ streptomycin (1% P/S, Gibco
15140122). B16-F10 (CRL-6475) cells were obtained from American
Type Culture Collection (ATCC) and cultured in either RPMI-1640
(Gibco 11835-030) or Dulbecco’s modified Eagle medium (DMEM;
Corning 10-013-CV or Gibco 11995-065). B16 KO cell lines were
generated as described previously®” using single guide RNA (SsgRNA)
constructs targeting Cd47 (5’-TCCCCGTAGAGATTACAATG) and
Tyrpl (5’- CTTGTGGCAATGACAAATTG) and cultured under the
same conditions as the parental WT B16-F10 cell line. J774A.1 mouse
macrophages (ATCC TIB-67) and TC-1 cells (generously provided
by Dr Sunil Singhal from the University of Pennsylvania) were both
cultured in RPMI-1640. YUMMZ2.1 cells expressing GFP (a gift from
Dr Chi Van Dang at the Wistar Institute) and CT-2A EGFRvIII cells
(described previously**) were cultured in DMEM. RM-9 (ATCC
CRL-3312) were cultured in DMEM:F12 (Gibco 11320-033).

Antibodies

Antibodies used for in vivo treatment and blocking, in vitro phago-
cytosis, western blotting, immunofluorescence microscopy and flow
cytometry are reported in Supplementary Tables 1-3.
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Mice

C57BL/6) mice (Jackson Laboratory 000664) were 6-12 weeks old at
the time of first challenge unless otherwise specified. Age-matched
mice were used as controls in re-challenge experiments. NSG mice
aged 6-12 weeks old were obtained from the Stem Cell & Xenograft
Coreat the University of Pennsylvania. All experiments were performed
in accordance with protocols approved by the Institutional Animal
Care and Use Committee of the University of Pennsylvania.

BMDMs

Bone marrow was collected from donor mice, lysed with ACK buffer
(Gibco A1049201) to deplete RBCs and cultured on Petri dishes for
7 days in Iscove’s modified Dulbecco’s medium (Gibco 12440053)
supplemented with10% FBS, 1% P/S and 20 ng ml™ recombinant mouse
macrophage colony-stimulating factor (M-CSF, BioLegend 576406).
Successful differentiation was confirmed by flow cytometry staining
withantibodies against macrophage markers. Cytokine-primed BMDMs
were cultured in RPMIgrowth medium + 20 ng mI™ M-CSF +20 ng mI™*
IFNy (BioLegend 575302) or 20 ng mI™IL-4 (BioLegend 574302) for48 h
before use in tumouroid assays or before analysis of protein expression
by flow cytometry. For immunofluorescence microscopy, differenti-
ated BMDMs were detached and re-plated on bare glass coverslips ata
density of ~5.5 x 10* per cm*in RPMI growth medium + 20 ng mI™ M-CSF.
Cytokineswere added 3 hlater when cells were mostly attached to the
glass, and cells were fixed and stained 48 h later.

CIM progenitors and gene KO

CIM progenitors were generated previously**°. For KO of SIRPa by
CRISPR~-Cas9, CIMs were transduced with a lentiviral expression sys-
tem. The sgRNA targeting Sirpa (5-TAATTCTAAGGTCATCTGCG) was
designed with the Broad sgRNA design algorithm and cloned into the
lenti-sgRNA blast vector (Addgene plasmid 104993) using a BsmBI
restriction digest. Plasmids pMD2.G and psPAX2 were used to gene-
rate lentivirus with HEK293T cells as previously described*c. CIMs
were cultured insuspensionin10 cm Petri dishes in RPMI-1640 (Gibco
A1049101) supplemented with 10% FBS and 1% P/S. Medium was also
supplemented with 2 pM B-oestrogen (Sigma-Aldrich E2758-250MG)
and 10 ng mI recombinant mouse GM-CSF (BioLegend 576302). Cells
were passaged every 2 days at subconfluent concentration of 1 x 10°
cells mI™. To differentiate for phagocytosis assays, cells were washed
twice with 5% FBS/PBS to remove excess [3-oestrogen and plated in
DMEM supplemented with10% FBS, 1% P/S and 20 ng ml™ recombinant
mouse M-CSF for 7 days.

Invitro phagocytosis

For 2D phagocytosis assays, BMDMs were detached and re-plated
in 24-well plates at a density of 1.8 x 10* per cm? in Iscove’s modified
Dulbecco’s medium supplemented with 10% FBS, 1% P/Sand 20 ng ml™
M-CSF. The next day, BMDMs were labelled with 0.5 pM CellTracker
Deep Red dye (Invitrogen C34565) according to the manufacturer’s
protocol. Following staining, macrophages were washed and incubated
in serum-free medium supplemented with 0.1% (w/v) bovine serum
albumin (BSA). In some experiments, target cells were labelled with
carboxyfluorescein diacetate succinimidyl ester (Invitrogen V12883)
also according the manufacturer’s protocol. B16 were detached and
opsonized inserum-free medium for 30 min onice with10-20 pg ml™
anti-Tyrpl, with mouse IgG2a isotype control antibody, or with 5%
(v/v) mouse serum collected during the course of tumour challenge
as described below. RM-9, TC-1 and CT-2A were opsonized similarly
with 10 pg ml™ anti-GD2, 25 pg ml™ anti-mRBC and 5% (v/v) serum,
respectively. For CD47 blockade experiments, 20 pg ml™anti-CD47 or
ratlgG2aisotype control antibody was added during opsonization. For
SIRPa blockade, 10 pg ml™ anti-SIRPa was added to adherent BMDMs
at37 °Catthistime. Opsonized B16 suspensions were added to BMDMs
at a-2:1ratio and incubated at 37 °C, 5% CO, for 2 h. Non-adherent

cells were removed by washing with PBS, and the remaining cells were
fixed with 4% formaldehyde, counterstained with Hoechst 33342
(Invitrogen H3570), and imaged on an Olympus IX71 inverted micro-
scopewith a40x/0.6 numerical aperture (NA) or 20x/0.4 NA objective.
The Olympus IX71 microscope was equipped with a Prime sCMOS
camera (Photometrics) anda pE-300 LED illuminator (CoolLED), which
were controlled with puManager software v1.4 or v2 (ref. 68).

To visualize SIRPa on phagocytic macrophages, assays were
performed similarly using J774A.1 mouse macrophages to which
mouse RBCs opsonized with anti-mouse RBC were added. Staining for
SIRPa and phospho-tyrosine was performed as previously described*.

Tumouroids
To generate surfaces conducive to B16 tumouroid formation, 96-well
plates (Greiner Bio-One 650161) were either coated with 70 pl of 2% aga-
roseinwater or PBS or, more commonly, treated for 20 min with 100 pl
anti-adherence rinsing solution (StemCell Technologies 07010). The
wells were washed with PBS, and then blocked with 0.5-1% (w/v) BSA
(Sigma) at37 °Cfor1h.Bl6 were detached by brieftrypsinization, resus-
pended in RPMI supplemented with 10% FBS, 1x non-essential amino
acid solution (Gibco 11140050) and 1 mM sodium pyruvate (Gibco
11360070) at aconcentration of 1 x 10> or1 x 10* per millilitre, and added
to passivated wellsinavolume of 100 pl. A single aggregate of B16 cells
formedineach well, typically within12 h. For tumouroid disaggregation
studies, EDTA or EGTAwas added in PBS to obtain afinal concentration
of 2mM, and in some cases magnesium sulfate was also added for a
final concentration of 5 mM Mg?". Similarly, Latrunculin A (Invitrogen
L12370) dissolved at 1 mM in dimethyl sulfoxide (DMSO) was further
diluted in PBS and added to obtain a final concentration of 1 pM. For
phagocytosis versus growth studies, CellTracker Deep Red-labelled
BMDMs and antibodies (final concentration 20 pg ml™ anti-Tyrpl
and/or 20 pg ml™anti-CD47 or 10 pg ml™ anti-SIRPa unless otherwise
specified) or mouse serum (final concentration 1:200) were added
24 h later in a volume of 20 pl RPMI growth medium with 120 ng mi™*
M-CSF. For myosin-Il inhibition studies, 20 pM p-amino-blebbistatin
(Cayman Chemical 22699-500) or an equal volume of DMSO vehicle
was added to B16 tumouroids for 1 h before addition of BMDMs. The
p-amino form of blebbistatin was used for enhanced photostability
and solubility and to limit phototoxicity and interference measuring
GFP fluorescence. Tumouroids were imaged on the Olympus IX71
microscope with 20x/0.4 NA, 10x/0.3 NA or 4x/0.13 NA objectives.
Tumouroid projected areas were measured in Fiji/Image] (ref. 69) after
thresholding GFP fluorescence using built-in thresholding algorithms
(MaxEntropy or Li) and manually adjusting the threshold as needed.

Macrophage aggregate monocultures were prepared similarly
in anti-adherence rinsing solution-treated 96-well plates by adding
100 pl suspensions containing 1 x 10° BMDMs with 20 ng mI™ M-CSF
inRPMIgrowth mediumto each well. For cytokine studies, IFNy or IL-4
was added the next day in a volume of 20 pl RPMI growth medium for
a final concentration of 20 ng ml™. For myosin-Il inhibition studies,
blebbistatin (EMD Millipore 203390) or p-amino-blebbistatin
was added in a volume of 20 pl RPMI growth medium for a final drug
concentration of 20 pM.

For confocal imaging, tumouroids were fixed -20 h after addi-
tion of BMDMs and antibodies by adding an equal volume of 4% (w/v)
formaldehyde directly to the media in each well for 30 min at room
temperature. Half of this solution was removed and replaced with an
equal volume of 2% (w/v) formaldehyde for 30 min. The tumouroids
were washed with PBS to remove fixative, repeating the procedure
of removing and replacing half the volume at each step. The fixed
tumouroids were transferred viaawide-bore pipette tip to an eight-well
chambered coverglass (Lab-Tek) and counterstained with 5 pg ml™
Hoechst33342. Confocalimages were acquired onaLeica TCSSP8 with
a20x/0.75NA objective. Radial fluorescence profiles were calculated
inImageJ by thresholding maximum intensity projections of GFP and
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Deep Red fluorescence and calculating the tumouroid centroid, which
was used as the input for r= 0 in the Radial Profile Image] plugin applied
individually to the GFP and Deep Red channels. This plugin calculates
the average fluorescence intensity /(r) for a circle of radius r centred
at the inputted position of the tumouroid centroid. /(r) values were
normalized by dividing by the total average fluorescence intensity
Y/(r)forallr.

Entropy image analysis

Fluorescence images of CellTracker Deep-Red-labelled macrophages
were converted to binary images of black cells on awhite background
using the Otsuthreshold algorithmin ImageJ. The number of dark pixels
was determined from the image histogram, and the image was saved
asaPNGfile, whichisaformoflossless file compression, to determine
the compressed file size as a measure of entropy. Random images for
normalization and structured images were generated using the Python
NumPy and PIL/Pillow packages and analysed with Fiji/ImageJ. Python
codeis provided in Supplementary Information.

Transcriptomic analysis

Public microarray datafor BMDMs treated with IFNy for 18 h versus con-
trol BMDMs (GSE60290) (ref. 70) and for BMDMs treated with IL-4 for
24 hversus control BMDMs (GSE69607) (ref. 71) were accessed through
the National Center for Biotechnology Information Gene Expression
Omnibus (GEO) repository and analysed using the GEO2R interactive
web tool (https://www.ncbi.nlm.nih.gov/geo/geo2r/). Differential
expressionwas considered significant for P < 0.05, where the adjusted
Pvalues were computed by the default method in GEO2R that uses the
false discovery rate method of Benjamini and Hochberg. The B16-F10
RNA-seq dataset (GSE162105) (ref. 72) analysed for cell adhesion genes
was also accessed through the GEO repository.

Flow cytometry

Phagocytosis of B16 by macrophages in tumouroids was assessed
by pooling identically treated tumouroids from a single 96-well
plate, disaggregating them to single-cell suspensions and analysing
cell suspensions by flow cytometry. Tumouroids were collected into
fluorescence-activated cell sorting (FACS) buffer (PBS plus 1% (w/v) BSA
and 0.1% (w/v) sodiumazide) ~18 hafter addition of BMDM s + anti-Tyrpl,
pelleted by centrifugation and resuspended in FACS buffer + 0.5 mM
EDTAfor15-30 minat room temperature. The suspension was pipetted
up and down until the cells were deemed to be disaggregated by inspec-
tion onahaematocytometer. Viable cells were distinguished by staining
with Zombie aqua fixable viability dye (BioLegend 423101) in PBS for
15 min at room temperature. The cells were washed with FACS buffer,
fixed with 4% (w/v) formaldehyde for 15 minat room temperature and
stored at 4 °C until analysis. Flow cytometry was performed on a BD
LSRII (Benton Dickinson), and data were analysed with FCS Express 7
software (De Novo Software). Doublets, cell debris and non-viable cells
were excluded, and GFP* DeepRed" events were considered phagocytic
macrophages.

For mAb and serum binding analyses to tumour cell lines, B16,
YUMM2.1,RM-9 or CT-2A cells were detached, washed and resuspended
in FACS buffer containing primary antibody or 5% (v/v) mouse serum
collected as described below. Cell suspensions wereincubated at 4 °C
for30 min and agitated to prevent cell settling. Cells were washed three
times with FACS buffer and incubated with fluorophore-conjugated
secondary antibodies in FACS buffer for 30 min at 4 °C and later with
PE-streptavidin if required to label biotinylated anti-mouse IgG3.
Finally, cells were washed three times and resuspended in FACS buffer
containing 0.2 pg ml™ 4’,6-diamidino-2-phenylindole (Cell Signaling
Technology). For samples that could not be analysed on the day of stain-
ingandrequired fixation, cells were stained with Zombie aqua fixable
viability dye in PBS for 15 min at room temperature before staining with
antibodies or serum, and 4’,6-diamidino-2-phenylindole was omitted

from the final fixed cell suspension. Those samples were fixed with
FluoroFix Buffer (BioLegend 422101) or 2-4% (w/v) formaldehyde. For
experiments analysed in the same plot, the same lots of primary and
secondary antibodies and identical staining conditions were used.
When these analyses were performed on different days, UltraRainbow
calibration beads (Spherotech URCP-38-2K) were used to adjust the
photomultiplier tube voltage in each channel to maintain the median
fluorescenceintensity of the brightest peak within atolerance of +5%.

For surface marker expression on BMDMs and CIMs, samples
were prepared and analysed similarly to cell lines except that Fc
receptors were blocked with 10 pg ml™ anti-mouse CD16/CD32 clone
2.4G2 (BD Biosciences 553142) and 2.5 pg ml™ anti-mouse CD16.2
clone 9E9 (BioLegend 149502) for 10 min on ice before addition of
fluorophore-conjugated antibodies. Blocking antibodies were
excluded from samples of BMDMs stained for Fc receptors.

Tumour models

B16, RM-9 and TC-1 cell lines were detached by brief trypsinization,
washed with PBS and resuspended at 2 x 10° per millilitre in PBS. Cell
suspensions remained on ice until injection. Fur on the injection site
(usually the right flank) was wet slightly with a drop of 70% ethanol and
brushed aside to visualize the skin. A 100 ul bolus (containing 2 x 10°
tumour cells) wasinjected beneath the skinin the subcutaneous model
orintravenously inthe experimentally induced lung metastasis model.
Treated mice with B16 tumours received i.v. injections of anti-Tyrp1
(250 pg antibody in 100 pl PBS) via the lateral tail vein on days 4, 5,
7,11,13 and 15 post tumour cell inoculation. Where indicated, mice
alsoreceivedi.v.injections of anti-CD47 (83 pg antibody dosed in the
same in 100 pl PBS volume as anti-Tyrpl). Mice with RM-9 tumours
received 250 pg (in 100 pl PBS) anti-GD2 intravenously on the same
scheduleinstead of anti-Tyrpl. Tumours were monitored by palpation
and measured with digital callipers. The projected area was roughly
elliptical and calculated as A =1t/4 x L x Wwhere L is the length along
thelongest axis and Wis the width measured along the perpendicular
axis. A projected area of 125 mm?was considered the terminal tumour
burden for survival analyses.

For B16 pre-opsonization, tumour cells were prepared as above
with resuspension at 1x 107 cells mI™ in PBS containing 10 pg ml™
anti-Tyrpl,10 pg ml™" migG2aisotype control or 5% (v/v) convalescent
serum and incubated for 30 min on ice. For TC-1 pre-opsonization
experiments, tumour cells were incubated with 25 pg ml™ anti-mRBC
and 10 pg ml™anti-CD47 in the same manner. Just before subcutaneous
injection, pre-opsonized cell suspensions were diluted 1:5 to the target
density of 2 x 10° cells mI™in PBS.

Serum collection

Blood was drawn retro-orbitally and allowed to clot for 30-60 min at
room temperatureinamicrocentrifuge tube. The serum was separated
fromthe clot by centrifugationat1,500gand stored at —20 °C for usein
flow cytometry, phagocytosis assays and western blotting.

Immune infiltrate analysis of tumours

For flow cytometry of immune cell markers in tumours, mice were
treated with asingle dose of i.v. anti-Tyrplat day 4 (96 h) postinocula-
tion and killed 24 h later. Tumours were photographed, then excised
and placed into 5% FBS/PBS. Tumours were then disaggregated with
Dispase (Corning 354235) supplemented with 3 mg ml™ Collagenase
Type IV (Gibco 17104019) and DNAsel (Sigma-Aldrich 10104159001)
for 30 minat37 °C, centrifuged for 5 minat 300g and resuspended in
1 mlof ACK lysing buffer for 12 min at room temperature. Samples were
centrifuged for 5 min at 300g, washed with FACS buffer and incu-
bated in FACS buffer containing fluorophore-conjugated antibodies
to immune markers on ice for 30 min. Samples were then washed
with FACS buffer and fixed with FluoroFix Buffer for 30 min at room
temperature before analysis on a flow cytometer.
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Forimmunofluorescence staining of tumour sections, mice were
treated inthe same manner. Whole tumours were then excised, fixed in
4% paraformaldehyde overnight at4 °Candstoredin 70% ethanol. The
Comparative Pathology Core (University of Pennsylvania) embedded
thetissuesin paraffin, and sectioned and stained the tumour sections
with anti-F4/80 according to their standardized protocols. Sections
were imaged on the Olympus IX71 microscope as described above.
Radial profile analysis was conducted with the Radial Profile Plot plugin
for Image]). Sectioning and trichrome staining of B16 tumours were
performed by the Molecular Pathology and Imaging Core (University
of Pennsylvania). Tile scan images of the trichrome-stained tumour
sectionwere acquired onthe EVOS FL Auto Imager with a10x/0.25NA
objective (Thermo Fisher).

Adoptive cell transfers

Fresh bone marrow was collected as above through the RBClysis step.
Marrow cells were then counted onahaemocytometer and resuspended
at8 x 107 cells ml™in 5% FBS/PBS. To block SIRPa, cells were incubated
with anti-SIRPa (18 pg mI™) for 45 min at room temperature on arotator,
centrifuged to remove unbound P84 and resuspended again at 8 x 10’
cells mI™ in 2% FBS/PBS with or without 1 mg ml™ anti-Tyrpl. Marrow
cells (2 x 107 cellsin 250 pl 2% FBS/PBS) were injected intravenously into
tumour-bearing mice 4 days after tumour engraftment. SIRPa KO CIM
progenitors (4 x 10® cells in 250 pl2% FBS/PBS with1 mg ml™ anti-Tyrpl
or anti-GD2) were injected intravenously in the same manner.

Immunofluorescence staining and microscopy

B16 and RM-9 cells were cultured for 24 h on glass-bottom dishes
(MatTek) coated with 10 pg ml™ fibronectin from human plasma
(Corning354008) to facilitate attachment. The cells were fixed with 4%
paraformaldehyde, blocked in1% (w/v) BSA or 5% (v/v) normal donkey
serum in PBS, and stained with primary (anti-Tyrpl or anti-GD2) and
secondary antibodies diluted inblocking buffer with 5 pg mI™ Hoechst
33342 counterstain. The cells wereimaged on the Olympus IX71witha
60%/1.2NA oil objective. BMDMs were cultured on bare in the presence
of cytokines coverslips as described above for 48 hand then fixed with
4% paraformaldehyde for 15 min at room temperature and permeabi-
lized with 0.2% v/v Triton X-100 for 10 min at room temperature. The
fixed, permeabilized cells were blocked in 5% (v/v) normal donkey
serumin PBS, stained with primary (anti-lamin A/C and anti-lamin B1)
and secondary antibodies, and counterstained with1 pg ml™ Hoechst
33342. Stained coverslips were mounted on glass slides with ProLong
Gold Antifade (Thermo Fisher Scientific P36930) and imaged on the
OlympusIX71with a40x%/0.6 NA objective.

Western blotting

Lysate was prepared from B16 CD47 KO cells using RIPA buffer con-
taining 1x protease inhibitor cocktail (Sigma P8340) and boiled in
1x NuPage LDS sample buffer (Invitrogen NPO0O07) with 2.5% (v/v)
B-mercaptoethanol. For detection of N-cadherin, B16 proteins were
fractionated by ultracentrifugation. Proteins were separated by elec-
trophoresis in NUPAGE 4-12% Bis-Tris gels run with 1x MOPS buffer
(Invitrogen NP0323) and transferred to an iBlot nitrocellulose mem-
brane (Invitrogen IB301002). The membranes were blocked with 5%
non-fat milk in Tris-buffered saline (TBS) plus 0.1% (w/v) Tween-20
(TBST) for 1 h and stained with primary antibodies or with 5% (v/v)
mouse serum overnight at 4 °C with agitation. The membranes were
washed with TBST and incubated with 1:500 secondary antibody
conjugated with horseradish peroxidase or with 1:5,000 secondary
antibody conjugated with IRDyeS80OCW in 5% milk in TBST for1h
at room temperature with agitation. The membranes were washed
again three times with TBST, then TBS. Membranes probed with
horseradish-peroxidase-conjugated secondary were developed
with a 3,3",5,5"-teramethylbenzidine substrate (Genscript LO022V or
SigmaT0565). Developed membranes were scanned and analysed with

Image). Membranes probed with IRDye800CW-conjugated secondary
wereimaged on an Odyssey near-infra-red scanner (LiCor). Uncropped
blots and details of cropping are shown in Supplementary Figs.3and 5.

Pipette aspiration rheology

Tumouroids were formed in non-adhesive well plates and transferred
viawide-bore pipette to a glass-bottom dish. Fresh tumours were col-
lected and stored in RPMI +10% FBS. The tumour was held inachamber
consisting of glass coverslips separated by silicone spacers on three
sides and filled with RPMI +10% FBS. For aspiration of the tumour
interior or for large tumours, the tumour was sliced with a scalpel
or razor blade before placement in the chamber. A glass capillary
(1 mm outer diameter/0.75 mminner diameter, World Precision Instru-
ments TW100-3) was pulled ona Browning/Flaming type pipette puller
(Sutter Instruments P-97), scored with a ceramic tile and broken to
obtain micropipettes with diameters 40-100 pm. Only cleanly broken
tips were used for aspiration. Whenrequired, micropipettes were bent
with aDe Fonbrune microforge. The micropipette was backfilled with
3% (w/v) BSA in PBS to prevent tissue adhesion and connected to a
dual-stage water manometer. Aspiration was applied manually witha
syringe (0.5-10 ml), and the pressure difference APwas measured with
a calibrated pressure transducer (Validyne). Time-lapse brightfield
microscopy of aspiration was performed on a TE300 inverted micro-
scope (Nikon) with a20x/0.5NA objective and images were acquired on
anEvolve Delta EMCCD camera (Photometrics) using pManager v1.4 or
v2 software. Tissue elongation L(¢) was determined by image analysis
with Fiji/lmage] and fit to the standard linear solid model” assuming a
wall shape parameter ® of -2. Tumour strain typically reached a plateau
value after several seconds that was maintained for the short timescale
ofthese experiments, allowing the elastic modulus to be approximated
asE-AP(L/R;)™ asdescribed previously, where Ry is the pipette radius™.
Tumouroid flow on longer timescales was modelled by including a
viscosity term in the standard linear model**.

Fluorescence recovery after photobleaching

Confocal time-lapse imaging was performed at 37 °C with 5% CO, in
a humidified chamber with an SP8 inverted laser scanning confocal
microscope. Time-lapse images were acquired with a 63x/1.4 NA oil
immersion objective up to 10 min after photobleaching. Cells were
imaged in phenol-red-free low-glucose DMEM (Gibco 11054-020) with
10% FBS and 1% P/S. Image sequences were analysed using Fiji/Image].

Statistical analysis and curve fitting

Statistical analyses and curve fitting were performed in Prism v8.4-v9.5
(GraphPad). Hypothesis testing was used to assess the null hypothesis
that the means of groups being compared are the same. Details for
each analysis are provided in figure captions, and exact P values are
provided. Standard assumptions were made regarding the normality
of the data, the homogeneity of the variances among groups (except
for Welch’s t-test) and theindependence of measurements. Tumouroid
and tumour growth data (projected area versus time) were fit to the
exponential growth model (A(¢) = A, e“for tumoursand A(t) = A, €“? for
tumouroids) using non-linear least squares regression with pre-factors
A, or A;, and exponential growth rate k. In some experiments, early
tumour growth was fit to a linear model A(t) = A, + kt. In tumouroid
experiments, outliers in samples of the fitted parameter k were iden-
tified by ROUT’s method (maximum false discovery rate, Q =1%) in
Prism. Cleaned data were fit to mathematical models described in
Supplementary Fig. 3 for the dependence of kon macrophage number.
Akaike’s information criterion was used to compare which one of two
models better fit the data under the null hypothesis that the simpler
model with fewer parameters was correct. The extra sum-of-squares
F-testwas used to assess fitted parameters for data from two different
experimental conditions under the null hypothesis that the parameters
were shared for both datasets.
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Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The main data supporting the results in the study are available within
the paper andits Supplementary Information. Source dataare provided
with this paper. Source data for the tumour-growth curves in Figs. 3f
and 6¢ and in Extended Data Figs. 6a and 9a,b are provided with this
paper. No large sequencing datasets were generated as part of this
study, yet publicly available data from The Cancer Genome Atlas,
The Human Protein Atlas and the National Center for Biotechnology
Information GEO repository were accessed viathe identifiers provided
inMethods and in the relevant figure captions.

Code availability
Python code to generate random and structured simulated images is
provided in Supplementary Information.
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Extended Data Fig. 1| Characterization of B16 tumouroids and subcutaneous
tumours. a, Brightfield and confocal microscopy of B16 tumouroids. Left:
Brightfield image of a B16 tumouroid three days after 1000 cells were seeded
atop an agarose gel. Scale bar: 0.5 mm. Right: Confocal max intensity projections
(xy,xzplanes) of GFP (green) and Hoechst 33342 (blue) in a B16 tumouroid fixed
~24 h after 100 cells were seeded in anon-adhesive well. Scale bar: 100 pm. b-d,

Tumouroid cohesion depends on Ca*"and the actin cytoskeleton. Transcriptomic

analysis (b-i) of cadherin gene expression in cultured B16 cells (GSE162105)

(ref. 72) and immunoblotting (b-ii) of Bl6 membrane, cytoplasmic, and nuclear
protein fractions for N-cadherin, lamin-A/C, and tubulin. The uncropped blots
are shownin Supplementary Fig. 5. Tumouroid (GFP*) area (c) following addition
of 2mM EDTA or EGTA (n = 16 tumouroids for PBS control or EGTAand n =14
tumouroids for EDTA). In the box plots, the centreline is the median, the box is
the interquartile range (IQR) from the 25" to 75" percentiles, and the whiskers
extend over the entire range of the data. Statistical significance was assessed

by one-way ANOVA at t=1hor 3 h, and adjusted p values were determined by
Dunnett’s multiple comparisons test between PBS and EDTA or EGTA (p < 0.001
for all comparisons). Representative images depict GFP fluorescence in
tumouroids at ¢ =3 h after EDTA (top) and PBS (bottom) treatment. Scale bar:
200 pum. Tumouroid area (d) following addition of 1 uM Latrunculin A (LatA)

or DMSO vehicle (n =16 tumouroids per condition, box plot as described in c).
Statistical significance was assessed by Welch'’s t-test (unpaired, two-tailed)
between DMSO control and LatA treatmentatt=1hor3 h (p <0.001for both
comparisons). Representative images depict GFP fluorescence in tumouroids
att=3hafter treatment with LatA (top) and DMSO (bottom). Scale bar: 200 pum.
e, Photographs of subcutaneous (s.c.) B16 tumours in mice dissected on day 4,
8, or12 after tumour cell injection. Elongation of early-stage tumours was often
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d

p < 0.001

+1 pM LatA

p <0.001

<0.001
LatA 4

h

g (,‘) Soft interior Stiff periphery
3 AP=0.8kPa AP=4.8kPa n=40 n=50 n=52
large L mall L 15 periphery
© 104
& 10
— = 5]
; g
(i) Aspiration. AP Release 5 o0 ; . -
-RtEIRL S, velease, 2
2 000008 g n=41 n=37 n=51
9 1.5 interior =
1 1.0
w
elastic 0.54
0 % ] response o
0 30 60 90 120 150 180 0 4 8 12
Time (s) Days of tumour growth

observed inthe directionin which the needle was inserted during s.c. injection
(left). Tumour area calculated in Image] is reported beneath each photograph.
Scale bars: 10 mm (left) and 5 mm (right). f, Trichrome-stained B16 tumour
section. Insets depict the cellular (maroon cytoplasm and black nuclei) tumour
interior (region1) and fibrous ECM (blue) and large, round fat droplets (white)
atthe tumour periphery (region 2). Scale bar:1 mm. Inset scale bar: 50 pm.

g h, Exvivo pipette aspiration rheology of B16 tumours. Brightfield images

(g-i) depict the extension (L) of tumour into the pipette after 90 s of aspiration
attheindicated APfor aninterior tumour region that exhibited large L and
required low AP (left) and for a peripheral tumour region (fibrotic capsule and
adjacent subcutaneous tissue) that exhibited small L and required higher AP for
measurable deformation (right). Scale bar: 50 um. Tissue strain L/R;, where R, is
the radius of the pipette, is plotted (g-ii) for the constant pressure creep phase
(0-90 s) and after the pressure was released back to AP = O for arepresentative
interior tumour region. The black line depicts non-linear regression of L(¢)/R,

to the standard linear solid model, whichincludes the elastic modulus £as a
fitted parameter. Elastic moduli (h) fit from the plateau in the strain vs. time
plotforinterior and peripheral regions of tumours excised days 4, 8, and 12
after engraftment. In the box plot, the centreline depicts the median, the box
depicts the IQR, and the whiskers depict the 5" and 95" percentiles. The number
of measurements nis combined from two or three tumours per time point. The
solid lines are fits of simple exponential growth for the periphery (E - 0.8e”°) and
exponential decay for the interior (£~ 0.5¢'° + 0.3), where non-linear regression
ofthe datawas constrained so rates and y-intercepts would be shared for the
periphery and interior. The shaded box denotes the range of E reported for B16
cells’” thatis also typical for B16 tumouroids.
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Extended Data Fig. 2| Analysis of CD47 and Tyrpl expression and engulfment
of B16 tumouroids and cell suspensions. a, Flow cytometry analysis of CD47
and Tyrplexpression on B16 cell lines. Representative histograms (a-i) show
binding of 10 pg/mL anti-CD47 (left) and 20 pg/mL anti-Tyrp1 (right) to CD47

KO (top) and WT (bottom) B16 cell lines. Binding was detected with secondary
antibodies conjugated with Alexa Fluor (AF) 647. The populations shownin

the histograms were gated on live, single cells using forward/side scatter and
DAPI staining. Median fluorescence intensity (MFI) values (a-ii) of CD47 KO

and WT B16 incubated with varying concentrations of anti-CD47 or anti-Tyrpl
followed by secondary antibody (n = 3 tests per antibody concentration, mean
+s.d.). Thesolid lineis a fit of MFI to a hyperbolic model of the formy = A*x/

(K +x). The shaded regions correspond to blocking and opsonizing antibody
concentrations that are required for tumouroid elimination in Fig. 1g. b, Tyrpl
protein expression on B16 melanoma cells. Immunofluorescence image (b-i) of a
B16 cell surface-stained (fixed, unpermeabilized) with anti-Tyrpl and anti-mouse
1gG AF647 (green) and counterstained with Hoechst 33342 (blue). Brightfield
image (b-ii) of a B16 cell. Inset: Pigmented melanosomes. Scale bars: 25 pum (left)
and 10 pm (right). ¢, Protein expression data from The Human Protein Atlas™
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for CD47 (https://www.proteinatlas.org/ENSGO0000196776-CD47/tissue)

and Tyrp1 (https://www.proteinatlas.org/ENSGO0000107165-TYRP1/tissue)
across different normal tissues. d, Conventional 2D phagocytosis (d-i) of CD47
KO and WT B16 from single-cell suspensions by primary mouse bone marrow-
derived macrophages (BMDMs). Representative fluorescence image (d-ii) of
phagocytosis of opsonized CD47 KO (green) by BMDMs (magenta). Yellow
arrows denote phagocytic events. Scale bar: 25 pm. The phagocytic index (d-iii)
is calculated as the percentage of macrophages engulfing a target cell multiplied
by the number of engulfed cells per macrophage (mean +s.e.m., n =3 wells per
condition). Statistical significance was assessed by two-way ANOVA and Tukey’s
multiple comparisons test. e, Putative tumouroid trogocytic engulfment events
consisting of GFP signal without co-localizing DNA signal (yellow arrows) and
putative necrotic cell death observed as large, swollen B16 cells in tumouroids
(orange arrow). Scale bars: 10 pm (left) and 100 um (right). f, Co-localization

of phagocytic macrophages in tumouroids with melanin pigments, which are
visualized as adark shadow in the GFP channel where the signal intensity is below
background asillustrated in the colour heat map. Scale bar:100 um.
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Extended Data Fig. 3| Cooperative tumouroid phagocytosis and non-
cooperative phagocytosis in the conventional 2D assay. a, CD47 KO and

WT tumouroid growth curves with or without anti-Tyrpladded on day lin the
absence of macrophages (mean +s.e.m., n = 6 tumouroids per condition). b,
CD47 KO or WT tumouroid growth curves and effective growth rates at varying
macrophage:B16 ratios without anti-Tyrpl (mean +s.e.m., n =8 tumouroidsin
arepresentative experiment). c-e, Growth curves for WT tumouroids treated
with133 nM anti-CD47 and/or 133 nM anti-Tyrpl at varying macrophage:WT
ratios (c), 3:1 macrophage:WT tumouroids with133 nM anti-Tyrpland varying
concentrations of anti-CD47 (d), and 3:1 macrophage:CD47 KO tumouroids
with varying concentrations of anti-Tyrpl (e) (mean * s.e.m. with exact sample
numbers givenin the plotlegend). The tumouroidsin panels (c-e) correspond
to those used to determine k¢ as a function of macrophage:WT ratio, anti-CD47
concentration, or anti-Tyrpl concentration plotted in Fig. 1f, g. f, Max intensity
projection of confocal images of a WT tumouroid one day after addition of
macrophages, anti-Tyrpl, and anti-CD47. Scale bar: 100 pum. The expansion
depicts asingle zslice with a cluster of macrophages that have engulfed B16
(white arrows). Scale bar: 25 um. g, Phagocytic index for conventional 2D

300

0

100 200
Mo per FOV

300

phagocytosis (g-i) with adherent macrophages and single-cell suspensions of
CD47KO or WT B16 opsonized with anti-Tyrpl and treated with either anti-CD47
orratlgG2aisotype control antibody (mean +s.e.m., n =3 wells per condition).
Statistical significance was assessed by two-way ANOVA and Tukey’s multiple
comparisons test. The phagocytic index (g-ii) calculated for each field of view
(FOV) across all four conditions (2 cell lines x 2 blocking conditions) is plotted
against the number of macrophages per FOV (Pearsonr=-0.32,p=0.01,
two-tailed). h, Conventional 2D phagocytosis assay with varying macrophage
surface densities and a fixed density of CD47 KO B16 opsonized with anti-Tyrpl.
Representative FOVs with low and high macrophage density are shown (h-i).
Scale bar: 50 pm. The phagocyticindex (h-ii) calculated for each FOV is plotted
against the number of macrophages per FOV as in g-ii (Pearsonr=-0.36, p = 0.02,
two-tailed). Alternatively, the data are fit with asegmental linear regression
model (h-iii) relating the number of engulfed B16 to the number of macrophages
per FOV (see Supplementary Fig. 2f for details). The dashed line approximates
the expected number of B16 per FOV based on the density of the cell suspension,
whichis the theoretical maximum number of B16 that can be engulfed evenif
macrophage density increases.
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Extended Data Fig. 4 | Informational entropy calculation of macrophage
orderbased onimage compression. a, Simulated 1024 x 1024 pixel (px)
images containing 10,000 dark px on a white background that are arranged in
random squares varying in size from 10,0001 x 1 px squares to one 100 x 100 px
square. Theimages were compressed in the lossless portable network graphics
(PNG) file format. The PNG file size (in bytes) below each image is the average
of 50 randomly generated images with the same specifications. b, To compare
images with different numbers of dark pixels (V), anormalization procedure
involved subtracting the PNG file size of an equal dimension white image and

dividing this value by the PNG file size of an equal dimension random image with
Ndark pixels (minus a white image). ¢,d, Macrophages disperse spontaneously
following phagocytosis of tumouroids. Representative images (c) of a 3:1
macrophage:CD47 KO tumouroid with anti-Tyrpl on days 1-4. Scale bar: 100 um.
Macrophage entropy (d) during and after elimination of CD47 KO cells from
tumouroids. The centreline depicts the median, the box depicts the IQR, and the
whiskers depict the range of the data (n = 18 tumouroids). Statistical significance
was assessed by one-way repeated measures ANOVA followed by Tukey’s multiple
comparisons test.
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Extended Data Fig. 5| Effects of cytokine priming or myosin-Il inhibition

on tumouroid growth suppression and macrophage clustering.

a, Tumouroid growth curves (a-i) following addition of macrophages primed
for 48 hwith 20 ng mI™ IFNy or 20 ng mlI™ IL-4 (mean +s.e.m, n = 8 tumouroids).
Statistical significance was assessed by one-way ANOVA and Dunnett’s multiple
comparisons test between the mean area of tumouroids with unprimed
macrophages and tumouroids with cytokine-primed macrophages at each time
point. Growth curves for CD47 KO tumouroids (a-ii) in the presence of 20 pM
p-amino-blebbistatin (NH,-blebb) to inhibit myosin-Il or DMSO vehicle control
(mean ts.e.m., n =4 tumouroids). b, Transcriptomic microarray analyses of
BMDMs treated with IFNy (GSE60290) (ref. 70) or IL-4 (GSE69607) (ref. 71)
versus untreated BMDMs. The p values for differentially expressed genes were
adjusted for multiple comparisons by the method of Benjamini and Hochberg
to control the false discovery rate. The heat map depicts log,(fold change) for
selected genes. Proteins encoded by differentially expressed genes are depicted
inthe schematic detailing a putative cytoskeleton and nuclear mechanosensing
pathway and membrane receptors involved in phagocytosis and macrophage
adhesion. c-e, Measurements of protein expression of selected differentially

expressed genes in BMDMs treated with IFNy or IL-4 for 48 h. Flow cytometry
histograms (c) for surface staining of MHCIland CD206 in IFNy- or IL-4-treated or
untreated BMDMs. Similar staining was performed with antibodies against FcR’s,
CD47, and SIRPa. The ratio of lamin-A to lamin-B and the projected nuclear area
were quantified (d) by immunofluorescence microscopy (individual values for
n>140 cells per condition across 8 fields of view with aline denoting the median).
Statistical significance was assessed by one-way ANOVA followed by Tukey’s
multiple comparisons test. Scatterplot (e) of the fold change (cytokine-primed
vs. untreated) of indicated proteins from flow cytometry (panel ¢) (mean s.d.,
replicates were BMDMs from n = 3 mice for MHClI staining and 4 mice for all
other proteins) and lamin-A immunofluorescence staining (panel d) versus the
fold change in gene expression from microarrays (panel b). f,g, Representative
fluorescence images and entropy analysis for cytokine-primed (f) and
blebbistatin-treated (g) macrophage monocultures on non-adhesive surfaces
(mean ts.e.m, n=_8wells per condition). Cytokines and drugs were added

after 6 hand images were acquired 20 h later. Scale bars: 100 pum. Statistical
significance in panels f,g was assessed by one-way ANOVA followed by Tukey’s
multiple comparisons test.
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Extended Data Fig. 6 | Isotype control, vehicle injections, and FcR-primed,
SIRPa-blocked marrow cell injections; Biophysical crosslinking mechanism
for SIRPa blockade by the anti-mouse SIRPa mAb clone P84. a, Growth curves
of tumours in mice injected with 2 x 10° CD47 KO cells and treated i.v. on days 4,
5,7,9,11,13, and 15 with 250 pg mouse IgG2a isotype control, with PBS vehicle,
orleftuntreated (mean +s.e.m.,n=6 mice per group). b, WT tumouroid growth
curves and effective growth rates at varying macrophage:B16 ratios with anti-
Tyrpland/or anti-SIRPa (mean £ s.e.m., n = 6-8 tumouroids in arepresentative
experiment with exact n for anti-SIRPa + anti-Tyrpl tumouroids reported in the
plotlegend). Statistical significance was assessed at each macrophage:B16 ratio
by one-way ANOVA and Tukey’s multiple comparisons test. The p values reported
inthe plot correspond to differences in mean area between tumouroids treated
with anti-SIRPa + anti-Tyrpland with anti-Tyrpl only. ¢, Survival curves of mice
bearing WT B16 tumours (parental line) treated with 2 x 10’ A'PB (n = 22 mice),

A’ (FcR-primed only, no SIRPa block; n =14), or B (no FcR priming, only SIRPa
block; n=5) marrow cellsi.v. on day 4 after tumour engraftment or left untreated
(n=21mice). APBand A’ conditionsincluded additional 250 pg anti-Tyrpli.v.on
days5,7,9,11,13, and 15. Statistical significance was determined by the log-rank
(Mantel-Cox) test. d-g, Anti-mouse SIRPa antibody clone P84 binds to mouse

log (# of macrophages)

macrophages and immobilizes SIRPa. Representative fluorescence images (d)
and quantification (e) of fluorescence recovery after photobleaching (FRAP) for
SIRPa-GFP + anti-mSIRPa clone P84. Bleached regions (yellow arrow) are shown
prior to bleaching and at early and late time points of recovery (n = 3). Scale bar:
10 pm. Experimental schematic and representative images (f) of J774A.1 mouse
macrophages + anti-mSIRPa clone P84 incubated with IgG-opsonized mouse
RBCs for 30 min prior toimmunostaining for SIRPa and phospho-tyrosine
(p-Tyr). Quantification (g) of SIRPa.and p-Tyrimmunofluorescence at the
phagocytic synapse between the macrophage and target RBC. Scale bar:10 um.
Fluorescence intensity in the phagocytic synapse was normalized to fluorescence
from macrophages that were not undergoing phagocytosis (mean+s.e.m.,n=7).
Statistical significance of each imaging bin along the phagocytic synapse was
assessed by Welch’s t-test (two-tailed, unpaired with Holm-Sidak correction for
multiple comparisons). h, Summary of macrophage number versus therapeutic
outcome for tumouroids in vitro and tumours in vivo. Growth rate is controlled
by tumour cell proliferation and macrophage phagocytosis. CD47 signalling
dominates pro-phagocytic signalling at low and high macrophage numbers, but
CD47 depletion, IgG opsonization, and macrophage infiltration can eliminate
tumours.
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Extended Data Fig. 7 | Conditionally immortalized macrophage progenitor
engineering and opsonization of various B16 lines with convalescent serum.
a,b, Flow cytometry analysis of surface markers on conditionally immortalized
macrophage (CIM) progenitors. Staining for myeloid markers (a) on CIM
progenitors and freshly harvested bone marrow cells for comparison. Flow
histograms of SIRPa staining (b) on SIRPa KO CIM progenitors and unedited
wild-type CIM progenitors. Anti-SIRPa binding was detected with AF546 anti-rat
1gG. c-f, Convalescent serum IgG from CD47 KO tumour complete responders
opsonizes CD47 KO, DKO, and WT B16. (c) Representative fluorescence image of
serum-opsonized CD47 KO B16 engulfed by BMDMs (yellow arrows). Scale bar:
50 um. (d) Quantification of the phagocytic index for macrophages engulfing
CD47 KO B16 opsonized with convalescent sera, naive serum, or mAb controls.

Convalescent sera were collected from second challenge survivors 70 days after
tumour challenge (mean +s.e.m., n = 3 wells for antibody conditions, n =3 wells
per serum sample for one naive serum and three convalescent sera). (e) Percent
phagocytic macrophages engulfing DKO B16 (lacking CD47 and Tyrpl) opsonized
with convalescent sera collected from first challenge survivors 99 days after
tumour challenge, naive sera, or mAb controls (mean +s.e.m., n =3 wells for
antibody conditions, n =3 wells per serum sample for four naive or convalescent
sera). (f) Percent phagocytic macrophages engulfing WT B16 opsonized with
convalescent serum from a third challenge survivor, naive serum, or anti-Tyrpl
(mean +s.e.m.,n=3wells per condition). In panels (d-f), statistical significance
was assessed by one-way ANOVA and Sidak’s multiple comparisons test between
selected groups.
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generation revealed by flow cytometry of CD47 KO (filled symbols) and DKO B16
cells (open symbols) stained with serum followed by a polyclonal anti-mouse
IgG [H+L] secondary antibody (row 1) or secondary antibodies specific for
mouse IgGl and IgG3 (rows 2 and 3). The corresponding data for IgG2a/c and
IgG2b are shown in Fig. 6b. The median fluorescence intensity was corrected by
subtracting the background fluorescence equal to the signal of cells incubated
withsecondary antibodies only. Symbols and error bars depict the mean +
s.e.m. of each group. The range of staining observed with 10 pg ml™ anti-Tyrpl
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is denoted by the pink boxes or lines. The gating strategy and representative
histograms are shown in Supplementary Fig. 4. b, Median fluorescence intensity
of B16 WT or Yumma2.1 cells incubated with 5% (v/v) serum collected from a
mouse that survived the third challenge, with naive serum, or with anti-Tyrp1
followed by staining with monoclonal secondary antibodies as in Fig. 6b and
panel (a) of this figure. ¢, Growth curves for CD47 KO tumouroids treated with
convalescent serum, naive serum, anti-Tyrpl, or mlgG2aisotype control Ab
without macrophages. Solid lines are non-linear regression of the data to asimple
exponential of the form A(¢) = A,e/“? (mean  s.e.m., n =3 or 4 tumouroids each
for anti-Tyrpl, mIgG2a, 9 convalescent sera, and 9 naive sera).
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Extended Data Fig. 9 | Generalization of CD47 disruption and macrophage
phagocytosis in prostate, lung, and glioblastoma tumour models. a,
Targeting RM-9 prostate tumours for phagocytosis. Immunostaining of RM-9
(a-i) with anti-GD2 and mlgG2a isotype control Ab. Bound primary antibodies
were detected with a secondary antibody conjugated with AF647. Clusters of anti-
GD2 are consistent with ‘cap formation’ as should occur due to GD2 association
with rafts” or due to the polyclonal secondary antibody. Scale bar: 100 pm.

Flow cytometry histograms (a-ii) of anti-GD2 (left) and anti-CD47 (right) and
their isotype (iso.) controls binding to RM-9. Bound primary antibodies were
detected with secondary antibodies conjugated with PE and AF647, respectively.
Phagocytosis of RM-9 cells (a-iii) by BMDMs with anti-GD2 opsonization and/or
CD47 antibody blockade. Statistical significance was assessed by one-way ANOVA
with Tukey’s multiple comparisons test (mean ts.e.m., n =3 wells per condition).
WT RM-9 tumour growth curves (a-iv). Mice were treated with 4 x 10° SIRPa KO
CIM progenitorsi.v.on day 4 and 250 pg anti-GD2i.v.on days 4, 5,7,9,11,13,and
15(n=10) or left untreated (n = 5). Each symbol represents a separate tumour,
and complete responses (‘survivor’, 1) in which a tumour was never palpable

are depicted with the half-filled squares. b, Targeting TC-1lung tumours for

phagocytosis. (b-i) Phagocytosis of CD47 KO TC-1by BMDMs with anti-mouse
RBCIgG opsonization (mean +s.e.m., n =3 per condition). Statistical significance
was assessed by Welch'’s t-test (two-tailed, unpaired). (b-ii) Tumour growth
curves at early timepoints following injection of TC-1 cells pre-opsonized with
anti-mouse RBC and anti-CD47 or unopsonized controls (mean £s.e.m.,n=10
mice per group). Statistical significance at each timepoint between control
(squares) and pre-opsonized (circles) was assessed by Student’s ¢-test (two-tailed,
unpaired). The dashed lines are linear fits, which were compared by the extra
sum-of-squares F test (p = 0.002, two-tailed). ¢, Binding and functional analysis
of convalescent serum IgG from vaccine-enhanced CAR-T therapy against

CT-2A glioma®*. Median fluorescence intensity (c-i) (corrected by subtracting

the background signal measured on unstained cells) of CT-2A stained with 5%
(v/v) convalescent or naive serum followed by the same secondary Ab panel

used for Fig. 6b and Extended Data Fig. 8a, b (median with all data points,n =35
convalescent and 3 naive sera). (c-ii) Lack of phagocytosis of CT-2A cells treated
with convalescent sera even when CD47 was blocked. As a positive control, CT-2A
were opsonized with 5% (v/v) anti-mRBC polyclonal antiserum (mean +s.d.,n=3
wells per condition).
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Extended Data Fig. 10 | Potential for combination immunotherapy in human
melanoma and rationale for CD47 combination therapy versus monotherapy
insyngeneic mouse models. a, TCGA analysis of TYRPI and CD47in human
melanoma. Survival analysis of metastatic melanoma patients in The Cancer
Genome Atlas (TCGA SKCM) based on expression of TYRPI (left) and CD47

(right) above or below the median. Significance was determined by the log-rank
(Mantel-Cox) test. Expression levels of TYRPI (left, one-way ANOVA, p = 0.68) and
CD47 (right, p = 0.36) across different treatment modalities reported in TCGA.
Inthe box plots, the centreline depicts the median, the boxes span the IQR, and
the whiskers span 1.5 x IQR with outlier pointsincluded. b, Meta-analysis of

r=-0.79,p = 0.11

— r=-0.83,p=0.044

N Immunogenic tumour

-CD47 KO tumour growth repressed vs. WT

-Responsive to anti-CD47 monotherapy,
unlike human clinical trials

-Anti-CD47 tumour suppression depends
entirely on T cells

tumour growth from data reported by Mosely et al.’”® and Lechner et al.”’ across
different syngeneic mouse tumour models plotted against animmunogenicity
score defined as the summation of log,(expression) of MHC class I-related genes
reported by Mosely et al. (Pearson correlation coefficients r and two-tailed p
values are reported in the plot legend). Graphical growth data were digitized
using WebPlotDigitizer version 4.2, and growth curves were fit to the exponential
growth equation V(¢) = V,e* to determine the tumour growth rate k (+ standard
error). Tumour types are: melanoma (B16), lung (LLC), kidney (RENCA), breast
(4T1), and colon (CT26 and MC38). Note that B16 doubling rates in our studies are
consistent with the data here, even with CD47 knockout.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
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A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  BD Diva, Micro-Manager, Leica LAS X, LiCor Odyssey Application Software, Validyne USB-COM Data Logger

Data analysis FCS Express 7 Research Edition, GraphPad Prism v8-9, Microsoft Excel, ImageJ/FIJI (Bio-Formats, Radial Profile plugins), GEO2R Webtool,
Python 3 with Numpy and PIL/Pillow packages, WebPlot Digitizer version 4.2

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The main data supporting the results in the study are available within the paper and its Supplementary Information. Source data for the tumour-growth curves in
Figs. 3f and 6¢ and in Extended Data Figs. 6a and 9a,b are provided with this paper. No large sequencing datasets were generated as part of this study, yet publicly
available data from The Cancer Genome Atlas, The Human Protein Atlas, and the NCBI GEO Repository were accessed via the identifiers provided in Methods and in
the relevant figure captions.
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Data exclusions  Images were excluded from analyses if debris obstructed accurate measurement or interfered with cell growth.
Outlier analysis for growth rates in tumouroid studies was performed in Graphpad Prism using the ROUT method (Q = 1%).
At most, one outlier was removed from samples of 7 or 8 tumouroids.
Replication The results were reproducible and in most cases replicated by multiple researchers.
Randomization  We allocated mice randomly using a random number generator to sort mice into treatment groups.
Blinding When possible, given practical considerations, mouse experiments included blinding of the researcher performing tumour inoculations and

treatments and of the researcher measuring tumor growth. Some in vitro assays analysing phagocytosis also included blinding wherein the
researcher performing and analysing the experiment did not know the identity of the samples until the analysis was complete.

Reporting for specific materials, systems and methods
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Materials & experimental systems Methods
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X] Antibodies X[ ] chip-seq
X| Eukaryotic cell lines [ 11X Flow cytometry
D Palaeontology and archaeology X] D MRI-based neuroimaging

[X] Animals and other organisms
D Human research participants

[ ] Clinical data

XNXXOXOOS

[ ] Dual use research of concern

Antibodies

Antibodies used Details, including clone names for monoclonal antibodies, suppliers, catalogue numbers, lot numbers, conjugations where applicable,
and concentrations or dilutions, are detailed in Supplementary Tables 1-3.

Validation The binding of antibodies used in phagocytosis assays for opsonization or CD47/SIRPalpha blockade was confirmed on relevant cell

types by flow cytometry and/or immunofluorescence staining (as in Extended Data Figs. 2a,b, 6d—g and 9a). Otherwise, experiments
conformed to the recommended applications listed by the antibody suppliers.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) B16-F10 were obtained from ATCC (CRL-6475), and engineered versions are described in this paper and/or in Hayes et al. JCS
2020 (ref. 66).
YUMM2.1 cells were a gift from Dr. Chi Van Dang. The original derivation of the cell line is described in ref. 48.
TC-1 cells were a gift from Dr. Sunil Singhal. The original derivation of the cell line is described in ref. 52.
CT-2A EGFRUVIII cells were engineered, as described in Ma et al. Science, 2019 (ref. 54).
RM-9 cells were obtained from ATCC (CRL-3312).
1774A.1 cells were obtained from ATCC (TIB-67).




Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

Conditionally immortalized macrophage (CIM) progenitors were a gift from Dr. Igor Brodsky. The original derivation of CIMs is
described in ref. 45 and the derivation of Cas9+ CIMs in ref. 46.

B16-F10 produced melanin pigment consistent with melanoma and surface stains with Tyrp1, as reported by Takechi et.,
Clinical Cancer Research 1996 (PMID: 9816138). Other cell lines were not additionally authenticated.

Cell lines were not routinely tested for mycoplasma.

The cell lines used in this study are not found on version 11 of the ICLAC register.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Male and female C57BL/6J mice were acquired from Jackson labs (> 6 weeks old; 6—-12-week-old mice were used for first challenge
experiments, and aged mice up to 52 weeks were procured for age-matched controls).
Male NSG (NOD scid gamma) mice were bred at the Stem Cell Xenograft Core at the University of Pennsylvania (6—10 weeks old).

Wild animals The study did not involve wild animals.

Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All experiments were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee of the
University of Pennsylvania (IACUC protocols 804455 and 803177).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

X] The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

X] The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

X] All plots are contour plots with outliers or pseudocolor plots.

X] A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Cell lines and primary mouse macrophages differentiated in culture were detached from flasks or dishes and counted prior to
staining. Tumour tissues were minced with a razor plate or scalpel and disaggregated enzymatically by Dispase and
collagenase at 37 °C. Single-cell suspensions in FACS buffer [PBS + 1% (w/v) bovine serum albumin or 2% (v/v) fetal bovine
serum + 0.1% (w/v) sodium azide] were stained on ice or on a tube rotator located in a 4 C cold room. Cells were washed 3x
in FACS buffer to remove unbound Ab's by centrifugation at 300-500g for 3—5 min. Final re-suspensions were in 500 ulL FACS
buffer with 0.2 ug/mL DAPI if cells were to be analysed immediately. Otherwise, cells were stained with Zombie aqua fixable
cell viability dye prior to Ab staining. Cells were fixed in formaldehyde solutions as described in Methods and stored at 4 °C
until analysis (within a week).

BD LSRII, maintained by the Penn Cytomics and Cell Sorting Resource Laboratory (instruments A and B).

FCS Express 7 Research Edition

No post-sorted fractions were generated.

Events were gated on FSC-H vs FSC-A (and SSC-H vs SSC-A) for singlet vs. doublet discrimination. Cell events were gated from
debris events based on SSC-A vs. FSC-A. Further gating for live cells was performed with DAPI or Zombie aqua, or for

nucleated events with Hoechst. Examples are provided in the Supplementary Information. Gates for the positive expression
of a marker or dye label were set based on unstained or isotype-control-stained samples.

X] Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

>
QD
Q
(e
=
)
§o;
o)
=
o
=
_
D)
§o)
o)
=
S
Q
wn
(e
=
S}
Q
<L




	Cooperative phagocytosis of solid tumours by macrophages triggers durable anti-tumour responses

	Results

	Macrophages cluster when eradicating tumouroids

	Macrophages cooperatively phagocytose targets

	High doses of phagocytic macrophages can eliminate tumours

	Convalescent serum IgG drives tumour phagocytosis and macrophage clustering

	CD47–SIRPα disruption plus IgG opsonization in other immunocompetent tumour models


	Discussion

	Methods

	Cell culture

	Antibodies

	Mice

	BMDMs

	CIM progenitors and gene KO

	In vitro phagocytosis

	Tumouroids

	Entropy image analysis

	Transcriptomic analysis

	Flow cytometry

	Tumour models

	Serum collection

	Immune infiltrate analysis of tumours

	Adoptive cell transfers

	Immunofluorescence staining and microscopy

	Western blotting

	Pipette aspiration rheology

	Fluorescence recovery after photobleaching

	Statistical analysis and curve fitting

	Reporting summary


	Acknowledgements

	Fig. 1 Macrophages cooperatively phagocytose IgG-opsonized cancer cells in engineered tumouroids.
	Fig. 2 Macrophage clusters in tumouroids are consistent with cooperative phagocytosis.
	Fig. 3 Macrophages infiltrate, cluster and repress CD47-depleted syngeneic tumours in vivo only in combination with therapeutic IgG opsonization.
	Fig. 4 Engineered macrophages phagocytose cancer cells efficiently and clear WT tumours in a dose-dependent fashion.
	Fig. 5 Acquired anti-tumour immunity is required for long-term survival and protects against tumour re-challenge, experimental metastases and target antigen loss.
	Fig. 6 Convalescent serum IgG drives B16-specific phagocytosis and clustering in tumouroids, and suppresses tumour initiation in vivo.
	Fig. 7 Cooperative macrophages eliminate tumour cells to initiate an acquired immune response with phagocytic feedback.
	Extended Data Fig. 1 Characterization of B16 tumouroids and subcutaneous tumours.
	Extended Data Fig. 2 Analysis of CD47 and Tyrp1 expression and engulfment of B16 tumouroids and cell suspensions.
	Extended Data Fig. 3 Cooperative tumouroid phagocytosis and non-cooperative phagocytosis in the conventional 2D assay.
	Extended Data Fig. 4 Informational entropy calculation of macrophage order based on image compression.
	Extended Data Fig. 5 Effects of cytokine priming or myosin-II inhibition on tumouroid growth suppression and macrophage clustering.
	Extended Data Fig. 6 Isotype control, vehicle injections, and FcR-primed, SIRPα-blocked marrow cell injections Biophysical crosslinking mechanism for SIRPα blockade by the anti-mouse SIRPα mAb clone P84.
	Extended Data Fig. 7 Conditionally immortalized macrophage progenitor engineering and opsonization of various B16 lines with convalescent serum.
	Extended Data Fig. 8 Convalescent sera from CD47 KO tumour complete responders contain multiple subclasses of IgG that bind CD47 KO and DKO B16, but not syngeneic YUMM2.
	Extended Data Fig. 9 Generalization of CD47 disruption and macrophage phagocytosis in prostate, lung, and glioblastoma tumour models.
	Extended Data Fig. 10 Potential for combination immunotherapy in human melanoma and rationale for CD47 combination therapy versus monotherapy in syngeneic mouse models.




