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FcyR engagement reprograms neutrophils into
antigen cross-presenting cells that elicit acquired
anti-tumor immunity

Vijayashree Mysore!, Xavier Cullere!, Joseph Mears?34, Florencia Rosetti®, Koshu Okubo"'©, Pei X. Liew® 10,

Fan Zhang® 234, Iris Madera-Salcedo® >, Frank Rosenbauer® ©, Richard M. Stone’, Jon C. Aster',
Ulrich H. von Andrian® 8, Andrew H. Lichtman', Soumya Raychaudhuri34° & Tanya N. Mayadas® '®

Classical dendritic cells (cDC) are professional antigen-presenting cells (APC) that regulate
immunity and tolerance. Neutrophil-derived cells with properties of DCs (nAPC) are
observed in human diseases and after culture of neutrophils with cytokines. Here we show
that FcyR-mediated endocytosis of antibody-antigen complexes or an anti-FcyRIlIB-antigen
conjugate converts neutrophils into nAPCs that, in contrast to those generated with cytokines
alone, activate T cells to levels observed with cDCs and elicit CD8* T cell-dependent anti-
tumor immunity in mice. Single cell transcript analyses and validation studies implicate the
transcription factor PU.1 in neutrophil to nAPC conversion. In humans, blood nAPC frequency
in lupus patients correlates with disease. Moreover, anti-FcyRIlIB-antigen conjugate treat-
ment induces nAPCs that can activate autologous T cells when using neutrophils from
individuals with myeloid neoplasms that harbor neoantigens or those vaccinated against
bacterial toxins. Thus, anti-FcyRIlIB-antigen conjugate-induced conversion of neutrophils to
immunogenic nAPCs may represent a possible immunotherapy for cancer and infectious
diseases.
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lassical DCs (cDCs) are highly effective at presenting

peptides derived from internalized extracellular antigens

on MHC class II molecules (MHCII) to CD41 T cells and
on MHC class I molecules (MHCI) to CD8*" T cells. The latter
process referred to as cross-presentation, is essential for anti-
tumor immunity and eradication of pathogens!. Among antigen-
presenting cells (APC), only c¢DCs are specialized for cross-
presentation? and robust activation of immunologically naive
CD4%" and CD8T T cells?, which have a higher activation
threshold than memory T cells*. However, cDC-based cancer
therapy is difficult in practice due to the low abundance of DCs
that cross-present antigens®~, and the need to administer short-
lived, toxic TLR agonists!®!! to convert cDC populations into
immunogenic APCs.

Neutrophils are widely considered terminally differentiated,
short-lived innate immune effector cells'2. However, neutrophils
with DC markers are present in patients with cancer!3,
infections!4-16, and autoimmune diseases!’-20, and several stu-
dies show that neutrophils upregulate the cDC surface molecules
CDll1c, MHCII, and T cell co-stimulatory molecules when cul-
tured with cytokines (e.g., GM-CSF) or autologous T cells, while
retaining select neutrophil markers and functions2!22, These cells
were described as transcriptionally similar to monocyte-derived
DCs?3 and their generation required the downregulation of the
transcription factor Ikaros!3. Although in vitro studies demon-
strate that cytokine-generated neutrophil-derived APCs (nAPC)
can promote CD47T T cell responses!>24-26 it is debated whether
they efficiently cross-present antigen or if mature, differentiated
neutrophils can acquire DC-like features?!27. Furthermore, the
molecular drivers of conversion are poorly understood and
whether nAPCs are pathogenic or can be harnessed for immu-
notherapy remain largely unexplored.

IgG antibody-antigen immune complexes (ICs) trigger several
neutrophil effector functions by binding to activating Fcy receptors
(FcyRs). Mouse neutrophils express activating FcyRs, FcyRI,
FcyRIII, and FcyRIV, each associated with a Fcy-chain that is
required for their expression and function. Notably, Fcy-chain-
deficient (y~/~) mice are protected from IgG-mediated tissue
injury?$2°,  Human neutrophils, by contrast, express FcyRI,
FcyRITA (which promotes cytotoxic functions), and FcyRIIIB, a
glycosylphosphatidylinositol ~ (GPI)-linked  neutrophil-specific
receptor of uncertain function?8-3%, We have explored the in vivo
functions of human FcyRs3! by expressing human FcyRITA and/or
FcyRIIIB selectively on neutrophils of mice that lack the Fcy-chain
(FcyR/y~/~) and therefore their endogenous activating FcyRs. Our
studies revealed that FcyRIIA and FcyRIIIB both promote IgG-
mediated neutrophil accumulation in tissues®!, while only FcyRIIA
induces tissue injury31-32

Here, we investigate whether neutrophils can convert to cells
with the antigen-presenting capabilities of ¢DCs following
engagement of their FcyRs and explore the therapeutic poten-
tial of this conversion. Our data demonstrate that neutrophil
endocytosis of antibody-antigen complexes via FcyRs or
FcyRIIIB engagement with an anti-FcyRIIIB-antigen conjugate
rapidly converts them into fully immunogenic nAPCs, and the
number of nAPCs in lupus patient blood correlates with disease
outcomes. We also define the transcriptome of nAPCs and
the transcriptional program driving neutrophil to APC con-
version downstream of GM-CSF and/or FcyRs. Of therapeutic
relevance, we show that nAPCs induce anti-tumor immunity in
mice and when generated from human neutrophils can re-
activate autologous antigen-specific memory T cells in vitro.
Thus, neutrophil FcyRs provide a direct link between innate
and adaptive immunity and may be targeted as a strategy to
generate a large number of immunogenic nAPCs for T cell-
based immunotherapy.

Results

Immune complexes engage activating FcyRs on mature neu-
trophils to promote their conversion to nAPCs. Murine per-
ipheral blood mature neutrophils (Supplementary Fig. 1a) were
treated with Ovalbumin (Ova)-anti-Ova immune complexes
(Ova-IC), anti-Ova, or Ova for 2 h, washed and cultured with
GM-CSF, known to preserve viability’3. At day 3, Ly6GT neu-
trophils under all three conditions exhibited >65% survival
and acquired DC surface markers (CD11ctMHCII), as pre-
viously reported for neutrophils cultured in GM-CSF alone?3,
Importantly, Ova-IC treatment significantly increased the per-
centage of neutrophils expressing CD1lc, MHCII, T cell co-
stimulatory molecules (CD80 and CD86), and CCR7 (which
promotes DC migration to secondary lymphoid organs)®* as
compared to the other treatments (Fig. 1a, b). We obtained similar
results with bone marrow neutrophils (BMNs) from G-CSF
(Supplementary Fig. 1b-d) and non-G-CSF (Supplementary
Fig. le) treated mice and with ICs made with antibody to bovine
serum albumin (BSA) or hapten-conjugated-Ova (Supplementary
Fig. 1f); levels of DC markers on converted BMNs were equivalent
to those of splenic and monocyte-derived cDCs (Supplementary
Fig. 1g) while monocyte and macrophage markers were mini-
mal (Supplementary Fig. 1h). Neutrophils treated with Ova-ICs
may release cytokines that contribute to nAPC conversion, inde-
pendent of FcyR engagement with ICs. To test this, neutrophils
isolated from mice expressing CD45.1 or CD45.2 isoforms were
differentially pre-treated and co-cultured with GM-CSF. We
found that CD45.17 Ova-IC-pretreated neutrophils were unable
to upregulate nAPC markers in CD45.27 Ova or anti-Ova pre-
treated neutrophils (Fig. 1c). Thus, ICs enhance the conversion of
neutrophils to nAPCs in a cell-autonomous manner.

Systemic Lupus Erythematosus is a prototypical IC-mediated
disease associated with circulating ICs containing autoantibodies
against double-stranded DNA and RNA-protein complexes3>. We
observed that sera from SLE patients, as well as ICs formed
in vitro with IgG isolated from SLE patients and Ribonucleoprotein,
RNP (SLE-IC), promoted conversion of neutrophils to nAPCs.
(Fig. 1d); neutrophil survival in samples treated with human sera or
ICs was high despite the absence of GM-CSF, possibly reflecting the
ability of human IgG to promote neutrophil survival®®. SLE-IC did
not promote nAPC conversion of y~/~ neutrophils lacking
activating FcyRs, whereas neutrophils from FcyR humanized mice
expressing either human FcyRITA or FcyRIIIB?! yielded nAPCs in
numbers comparable to wild-type neutrophils (Fig. 1e). TLR ligands
such as dsDNA and RNP are present in SLE patient sera®’.
However, MyD88~/~TRIF~/~ neutrophils, which lack all TLR
signaling®® converted to nAPCs following SLE-IC treatment
(Supplementary Fig. 1i). Thus, SLE-IC engage activating FcyRs to
promote neutrophil to nAPC conversion in the absence of GM-CSF
and TLR signaling and, notably, engagement of either human
FcyRIIA or FcyRIIIB triggers this conversion.

Immune complex induced conversion of neutrophils to nAPCs
is rapid and is accompanied by polymorpho- to mononuclear
changes. To assess the kinetics of neutrophil to nAPC conversion
after IC treatment and potential changes in nuclear morphology
that accompany this change, we imaged mature peripheral blood
neutrophils obtained from mice with YFP “knocked-in” to the
CD11c locus (CD11c-YFP), labeled with a nuclear dye and treated
with SLE-IC (in the absence of GM-CSF). At day 2 of SLE-IC
treatment, CD11c-YFP negative neutrophils acquired YFP signal,
became mononuclear-like with decondensed nuclear chromatin,
as observed by confocal imaging of several fields (Fig. 1f, Sup-
plementary Fig. 2, Movie S1-52). While in vitro treatment of band
neutrophils (immature, immediate precursors of end-stage
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neutrophils®®) with GM-CSF for 6-9 days has been shown
to results in nuclear morphology changes?34Y, we demonstrate the
capacity of fully segmented, mature blood neutrophils to undergo
changes in nuclear shape. Using live cell imaging, we tracked the
conversion of individual neutrophils to nAPCs to examine the
kinetics of conversion and thus exclude the possibility that the
observed CD11c* cells are derived from contaminating mono-
nuclear cells. Within 11 h of SLE-IC stimulation, segmented blood
neutrophils acquired CD11c-YFP and a mononuclear appearance
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with decondensed chromatin (Fig. 1g, Supplementary Fig. 3a, b,
Movie S3). In summary, SLE-IC treatment rapidly converts fully
differentiated blood neutrophils into nAPCs that exhibit marked
alterations in nuclear morphology.

nAPC frequency in blood of patients with systemic lupus
erythematosus correlate with clinical scores. Given the ability of
SLE-IC to promote neutrophil to nAPC conversion, we looked for
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Fig. 1 Engagement of FcyRs on mouse neutrophils generates nAPCs. a, b Wild-type (WT) blood neutrophils treated with Ova, anti-Ova, or Ova-IC,
cultured with GM-CSF and evaluated 3 days later by flow cytometry for survival and acquisition of CD11c and MHCII on Ly6GT cells (left panel), and CD80,
CD86, and CCR7 on Ly6GTCD11ctMHCIIT cells (right panel) (a). Representative gating strategy for Ova-IC generated nAPCs (b). ¢ Neutrophils from
CD45.1 (45.1) or CD45.2 (45.2) mice pre-treated with Ova or Ova-IC, or anti-Ova or Ova-IC, co-cultured with GM-CSF and analyzed for percent of Ly6G*
cells expressing CD11c and MHCII. d WT bone marrow neutrophils (BMN) pre-treated with SLE patient or normal human (NH) sera, or SLE-IlgG+ RNP
(SLE-ICs) or normal human sera-IgG+RNP, cultured without GM-CSF and analyzed as in (a). Representative FACS plots are shown. RNP alone resulted in
0.38 +0.11% conversion. @ BMNs from WT, y=/—, FcyRIIIB(3B)/y~/~ or FcyRIIA2A)/y~/~ mice treated with SLE or NH sera and analyzed as in (a).
f Blood neutrophils from CD11c-YFP (yellow fluorescent protein) reporter mice treated with SLE-ICs, labeled with a nuclear stain and imaged at day O and 2
of culture for nuclear changes (i, iii) and CD11c induction (YFP positive) (ii, iv). Arrows: YFPT cells with nuclear change. Arrowheads: Unconverted
neutrophils. Scale bar =5 pm; all images are at the same magnification. g Live cell imaging of cells treated as in (f). Representative images, taken at
indicated hours, of nuclear changes and CD11c-YFP acquisition in tracked cells (left) and quantitation of the same (right). Scale bar = 5 pm; all images are
at the same magnification. Data are mean +s.e.m. a, d One-way analysis of variance and Dunnett's multiple comparison test, ¢, e Student t-test for
unpaired comparisons with Dunn-Bonferroni **p < 0.005, *p < 0.05.
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Fig. 2 The frequency of nAPCs in lupus blood correlates with disease scores. a, b Blood samples from normal human controls (N) and SLE patients were
analyzed for CDTlc and HLA-DR markers on lineage negative (Lin—) cells. CD11c-HLA-DR positive cells were examined for neutrophil markers, CD10 and CD15. In
SLE samples, CD10 and CD15 positive cells were further evaluated for CD80, CCR7, and Clec9A. Gating strategy for the samples is shown (a). The percent of
neutrophils with indicated markers was determined and correlated with SLE disease activity index (SLEDAI) scores (b). Data are mean + s.e.m. Non-parametric
test using Mann-Whitney analysis; correlation analyzed by a Spearman test. *p < 0.05.

phagocytose E. coli and IgG coated beads (Fig. 3a) and generate
ROS in response to E. coli and Zymosan (Fig. 3b). Therefore,
nAPCs retain some functions of canonical neutrophils.

an association between the frequency of nAPCs in the blood of
SLE patients (Supplementary Table 1) and clinical disease. We
observed that CD1lc and MHCII cells expressing neutrophil
markers were more frequent in SLE patients than in normal
donors, and that these cells expressed CD80, CCR?7, and Clec9A,
which is implicated in antigen cross-presentation®! (Fig. 2a).
Importantly, the frequency of nAPCs expressing these markers
correlated with SLE clinical severity (SLEDAI) scores (Fig. 2b),
suggesting that nAPCs may contribute to the pathogenesis of SLE.

nAPCs generated with antibody-antigen complexes present
antigen to naive CD4™" T cells, cross-present to CD8T T cells
and generate immunogenic cytokines. To address whether
IC-generated nAPCs can activate naive T cells and cross-present
to CD8 T cells, we assessed their ability to stimulate the pro-
liferation of Ova-peptide specific naive CD4* and CD8* T cells
isolated from OT-II and OT-I TCR transgenic mice,
respectively?243, nAPCs were generated by pretreating neu-
trophils with Ova-IC, soluble Ova or vehicle (—) and culturing
them with GM-CSF. After 3 days, adherent cells, which were
primarily nAPCs (Supplementary Fig. 4a) were harvested and co-
cultured with T cells. Ova-IC generated nAPCs stimulated pro-

nAPCs retain the ability to phagocytose and generate reactive
oxygen species. Previous studies showed that GM-CSF treatment
of immature neutrophils generates nAPC that capture E. coli,
release DNA neutrophil extracellular traps (NETs)2? and generate
reactive oxygen species (ROS)!” like neutrophils. We found that
nAPCs generated from mature bone marrow-derived neutrophils

treated with SLE-IC, Ova-IC + GM-CSF, or GM-CSF (i.e., anti-
Ova alone) were equivalent to neutrophils in their ability to

liferation of greater than 80% of naive CD41 (Fig. 3¢c) and CD8+
(Fig. 3d) T cells. Ova-IC-B2-microglobulin deficient nAPCs
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Fig. 3 Ova-IC generated nAPCs retain neutrophil functions, promote naive CD4+ and CD8* T cell proliferation and generate immunogenic cytokines. a
Freshly isolated FcgRIIIB(3B)/y~/~ BMNs (Neut) or the same treated with anti-Ova, Ova-IC or SLE-IC and cultured to generate nAPCs were incubated with
inactivated FITC-E. coli or 1gG-coated, FITC-labeled latex beads and analyzed for FITC-uptake by flow cytometry. b Reactive oxygen species (expressed as
relative light units/sec, RLU/s) generated over time by GM-CSF-primed 3B/y~/~ Neut and Ova-IC- or SLE-IC- generated nAPCs incubated with serum
opsonized E. coli or zymosan. ¢, d Proliferation of CellTrace Violet-labeled CD4+ (OT-II) (¢) and CD8% (OT-1) (d) T cells after co-culture with Ova, Ova-IC or
vehicle (—, GM-CSF alone) generated nAPCs of indicated genotypes assessed by CellTrace Violet dilution. In d, vehicle generated nAPCs pulsed with Ova
SIINFEKL-peptide (pSIINF) is a positive control. Representative profiles for CD8% T cells (d) are shown. e, f CellTrace Violet-labeled CD47 (e) or CD8% (f)
T cells co-cultured with Ova- or Ova-IC generated nAPC, and Ova or Ova-IC treated splenic monocyte-derived (mDC) or Flt3L-induced splenic DCs, and
analyzed as in (¢, d). g, h Cytokine concentrations in supernatant of Ova- and Ova-IC generated nAPCs (g) and splenic cDCs (h). Data are mean +s.e.m. For
c-f one-way analysis of variance and Dunnett's multiple comparison test; g, h Multiple t test between pairs of samples. *p < 0.05, **p < 0.005.
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lacking MHCI failed to stimulate CD8T T cells, confirming the
dependence of this response on MHCI-restricted cross-pre-
sentation of Ova, while presentation to CD41 T cells was normal
as expected (Supplementary Fig. 4b). TLR agonists, known to
enhance antigen presentation by DCs*4*> were not required, as T
cell proliferation was unimpaired in MyD88/TRIF-deficient Ova-
IC-nAPCs (Supplementary Fig. 4c). By contrast to Ova-IC-
nAPCs, Ova-nAPCs stimulated the proliferation of less than 20%
of T cells (Fig. 3¢, d), none of which were CD8* (Fig. 3d). As a
positive control, nAPCs generated in all conditions promoted
CD87T T cell proliferation when pulsed with high concentrations
of Ova-SIINFEKL peptide (Fig. 3d), which directly binds MHC I
and bypasses the need for antigen processing and co-stimulatory
molecules®¢. Consistent with a requirement for IC engagement of
FcyRs to generate immmunogenic nAPCs, Ova-IC-nAPC derived
from y~/~ neutrophils were impaired in their ability to activate
T cells; levels of activation were similar to nAPCs generated with
soluble Ova. On the other hand, Ova-IC-nAPCs generated from
neutrophils expressing FcyRIIA or FcyRIIIB and WT neutrophils
robustly activated T cells (Fig. 3c, d). Differences in antigen
internalization cannot account for the significantly greater T cell
stimulation by Ova-IC-nAPCs versus Ova-nAPCs as neutrophil
uptake of Ova-IC was only twice that of soluble Ova (Supple-
mentary Fig. 4d). The degree of CD41 and CD8* T cell pro-
liferation supported by Ova-IC nAPCs was comparable to that
observed with Ova-IC stimulated Flt3-induced splenic DCs*” and
monocyte-derived cDCs*® (Fig. 3e, f). Thus, nAPCs generated by
engaging FcyRs with Ova-IC are far superior to nAPCs made
with soluble Ova in stimulating CD4* T cells, and only Ova-IC-
nAPCs with functional FcyR cross-present antigen to CD8T
T cells. Moreover, levels of T cell proliferation were comparable
in Ova-IC-nAPCs and Ova-IC treated c¢DCs.

Cytokines secreted by c¢DCs promote T cell priming,
differentiation and polarization®°0. Notably, levels of the key T
cell immunomodulatory cytokines IL-1B, TNFa, IL-15, and IL-23,
were 5- to 3500-fold higher in supernatants from cultures of Ova-
IC versus Ova generated nAPCs (Fig. 3g). In comparison to Ova-
IC-nAPCs, cultures of Ova-IC treated splenic ¢DCs also had
significantly less IL-1PB, and TNFa (Fig. 3h) and undetectable
levels of IL-15 and IL-23. Other cytokines and chemokines
examined were present at similar levels in culture supernatants
of Ova- and Ova-IC- generated nAPCs and, for the most part,
cDCs (Supplementary Fig. 4e, f).

Adoptively transferred nAPCs generated with
antibody-antigen complexes migrate to draining lymph nodes,
support a delayed-type hypersensitivity response and are anti-
tumorigenic. Tissue-resident DCs traffic to draining lymph
nodes to activate T cells>%. We observed by intravital microscopy
that Ova-IC-nAPCs injected into the mouse footpad accumulated
in the draining popliteal lymph node, where they displayed
dendritic extensions and made prolonged contacts with Ova-
peptide specific CD8 T cells. Only a few T cells were present in
areas without nAPCs (Fig. 4a, Movies S4 and S5). We also
observed that adoptively transferred Ova-IC-nAPCs, but not
Ova-nAPCs, elicited a delayed-type hypersensitivity (DTH)
response, which requires an effector CD4" Thl T cell-driven
recall response to antigen®! (Fig. 4b). ¢cDCs can acquire pre-
formed peptide-MHC complexes from the surface of antigen-
loaded APCs, referred to as cross-dressing®2. However, cross-
dressing is unlikely to explain the stimulatory in vivo effects of
Ova-IC-nAPCs, as splenic ¢cDCs from CD45.2% mice that
received adoptively transferred CD45.17 Ova-IC-nAPCs failed to
promote CD4" and CD8T T cell proliferation ex vivo, while
CD45.1"7 Ova-IC-nAPCs retrieved from the same organ did

(Fig. 4c). In parallel, as a control, we show that in vitro Ova-IC-
loaded ¢DCs and Ova-IC-generated nAPCs comparatively pro-
moted T cell proliferation (Fig. 4c).

We next assessed whether Ova-IC-nAPCs can promote CD8"
T cell-dependent immunity to B16F10 melanoma cells expressing
Ova (B16F10-Ova)®3. In vitro generated nAPCs were injected
intravenously into WT mice prior to the subcutaneous implanta-
tion of B16F10-Ova cells. Mice given Ova-IC-nAPCs showed no
tumor outgrowth, whereas tumor growth in Ova-nAPC immu-
nized mice was comparable to that of mice given nAPCs without
loaded antigen (Fig. 4d). Tumor immunity in Ova-IC-nAPC
treated mice was associated with higher accumulation of Ova-
specific endogenous CD8T T cells in draining lymph node and
spleen compared to Ova-nAPC immunized mice (Fig. 4d). Ova-
IC-generated nAPC-anti-tumor immunity was CD8% T cell-
dependent (Fig. 4e). Anti-tumor immunity was intact in mice
given Ova-IC-generated MyD88—/~TRIF~/— nAPCs (Fig. 4d),
which excludes a role for TLR ligands, potentially present in
experimental reagents and known to elicit anti-tumor
responses”4, in the observed results. To examine nAPC traffick-
ing, labeled Ova-IC nAPCs were adoptively transferred into mice
implanted with B16F10-Ova tumor cells 6 days prior; 24 h after
transfer, Ova-IC-nAPCs were found mostly within the tumor
bed, whereas by 96 h these cells were present in draining lymph
node and spleen (Fig. 4f). Thus, it is possible that, like cDCs>,
nAPCs facilitate T cell recruitment to tumors and migrate to
draining lymph nodes to cross-present endocytosed tumor
antigens to CD8T T cells.

An anti-FcyRIII-antigen conjugate promotes neutrophil to
nAPC conversion. FcyRIIIB is sufficient for IC-induced conver-
sion of neutrophils to nAPCs (Fig. 1e) and for antigen presentation
(Fig. 3¢, d) in vitro. We therefore next asked if binding of a
FcyRIIIB antibody conjugated to Ova antigen reproduced the
effects of ICs as this could have therapeutic potential. A murine
IgG1 antibody specific for FcyRIII, 3G8°°, was conjugated to FITC-
labeled Ovalbumin (fOva) and is hereafter referred to as 3G8-fOva.
We observed that 3G8-fOva treated humanized neutrophils
expressing both FcyRITA and FcyRIIIB and cultured with GM-CSF
acquired DC markers while similar treatment of y~/~ neutrophils
failed to do so (Fig. 5a). The effect of 38-fOva was seen consistently
with several independent conjugate preparations. 3G8 isotype
control had no effect (Fig. 5a). Conversion also occurred in
humanized neutrophils expressing only FcyRIIIB (FcyRIIIB/y—/~),
while it did not occur in y~/= or FcyRIIA/y—/~ neutrophils
(Fig. 5b), indicating that 3G8-fOva specifically binds FcyRIIIB
to promote neutrophil to nAPC conversion.

To explore how the GPI-linked FcyRIIIB triggers neutrophil
conversion, we first evaluated whether monomeric 3G8 alone is
sufficient or whether 3G8-fOva, a heterogeneous species (gener-
ated by conjugation of antibody to fOva) is required. 3G8-fOva
treatment of FcyRIIIB/y~/~ neutrophils was accompanied by
receptor internalization (Fig. 5¢) and acquisition of CD11c and
MHCII (Fig. 5d), which were not observed with monomeric 3G8
or isotype control (Fig. 5¢, d). The endocytic machinery is known
to promote receptor signaling and gene transcription®’~-% and
our prior work demonstrated that FcyRIIIB and FcyRIIA
internalize ICs via a lipid-raft, actin, and cdc42 regulated
pathway®!. Cytochalasin D and MBCD, which disrupt the actin
cytoskeleton and lipid rafts, respectively, both abrogated nAPC
generation following 3G8-fOva treatment (Fig. 5d) without
affecting binding of 3G8 (Supplementary Fig. 5a). Interestingly,
these treatments also disrupted FcyRIIIB internalization (Fig. 5e)
and nAPC generation (Fig. 5f) induced by Ova-IC or SLE-IC,
while generation of nAPCs by GM-CSF alone (in presence of
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soluble Ova control) was unaffected (Fig. 5f). Thus, with the
caveat that we cannot exclude endocytosis independent effects of
chemical inhibitors, these findings suggest that FcyRIIIB
endocytosis is a common proximal mechanism in 3G8-fOva-
and IC-induced neutrophil to nAPC conversion.
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Anti-FcyRIII-antigen conjugate induces FcyR internalization
and human neutrophil conversion to nAPCs. We next evaluated
the ability of the 3G8-fOva conjugate to convert human peripheral
blood neutrophils from normal volunteers to nAPCs. Ova, a model
protein antigen conjugated to 3G8 for mouse models, is irrelevant
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Fig. 4 nAPCs migrate to draining lymph nodes, elicit a delayed-type hypersensitivity (DTH) response, promote anti-tumor immunity, and accumulate
in the tumor and draining lymph nodes. a Ova-IC generated RFPTnAPCs injected in the footpad and GFP-CD8* T cells injected intravenously detected in
the draining lymph node at day 3. Dwell time and number of CD8 cells in field of view (FOV) and interacting with RFPTnAPC are given. Data are average
of three FOV per mouse. Representative images of OT-| cells (green) distribution in areas without (left) and clustering around (red) (right) nAPCs. Scale
bar: 15 um. b DTH response in mice given Ova or Ova-IC generated nAPC in footpad and re-challenged with Ova or vehicle. Footpad swelling and
inflammation score are given. Representative images of Ova challenged mice immunized with indicated nAPCs. ¢ Experimental scheme for analysis of
“cross-dressing”. Endogenous cDC and Ova-IC loaded nAPCs (injected 3 days prior) were retrieved from spleen and co-cultured with Cell Trace Violet
labeled CD4+ (OT-II) and CD8* (OT-I) T cells ex vivo. In parallel, CD4+ and CD8* T cell proliferation on in vitro generated Ova-IC-nAPCs and Ova-IC
loaded cDCs was assessed. Direct loading of nAPCs and cDCs with Ova-peptide for CD4+ (p323-339) or CD8+ (pSINFEKL) T cells were controls.
Proliferation of CD4% or CD8% T cells for ex-vivo (left panels) and in-vitro (right panels) samples are shown. d Tumor volumes in wild-type (WT) mice
immunized with no Ova- (—), Ova- or Ova-IC- generated WT nAPCs or Ova-IC-MyD88/TRIF~/~ nAPCs 7 days prior to s.c. BI6F10-Ova tumor cells (left
panel). Number of mice per group is in parenthesis. Flow cytometric plots for MHCI-tetramer-PE*, Ova-specific CD8% T cells from spleen and draining
lymph nodes (dLN) and gated on CD8+TCD62'°CD44N population (right panels). e Experimental scheme for examining the effect of CD8% or CD4+ T cell
depleting antibodies (arrows) on Ova-IC-nAPC induced reduction in tumor growth over time (left panel). The number of mice per group is in parenthesis.
CD8* and CD4™ T cell depletion quantitated by FACS analysis of blood samples (right panels). f Quantification of Ova-IC-nAPCs accumulated in organs
24 h or 96 h after their i.v. injection in mice injected 6 days prior with B16F10-Ova cells. Data are mean + s.e.m. a unpaired student t-test, b, ¢, d one-way
ANOVA and Dunnett's multiple comparison test, @ Two-way ANOVA and Tukey's multiple comparison test (left panel) and Student t-test for unpaired

comparisons with Dunn-Bonferroni (right panel), and f Wilcoxon signed-rank test. *p < 0.05; **p < 0.005.

for all studies with human samples. Whole blood was first treated
with 3G8-fOva or isotype control, and neutrophils were isolated and
cultured with GM-CSF. 3G8-fOva treatment resulted in the rapid
internalization of FcyRIIIB and a slower internalization of FcyRIIA
(Fig. 5g). Subsequent culturing of purified human neutrophils in
GM-CSF for 2 days led to a significant increase in CD11c, HLA-DR,
T cell co-stimulatory molecules, and CCR7 in 3G8-fOva versus
isotype control treated samples (Fig. 5h). High purity of the starting
neutrophil population (Fig. 5i, Supplementary Fig. 5b) and a
representative flow cytometric profile of nAPCs at day 2 of culture
are shown (Fig. 5i). Greater than 15% of neutrophils converted to
nAPCs in 4 of 7 healthy volunteers, while the 3 remaining volunteers
tested had lower conversion (<3% conversion) and were not inclu-
ded. The basis for this donor-dependent variation could reflect the
presence of neutrophil subpopulations of varying sensitivity®263
and/or differences in neutrophil priming® by soluble chemokines/
cytokines, which can vary 2-3 log fold® in blood of normal humans.
To assess whether human nAPCs adopted a mononuclear mor-
phology, as observed for murine nAPCs, we flow-sorted 3G8-fOva-
and isotype-treated neutrophils based on CD1l1lc and HLA-DR
surface markers. CD11ctHLA-DR' cells in 3G8-fOva treated
samples exhibited a mononuclear appearance (Fig. 5j), were positive
for CD15 and CD66b, markers of mature neutrophils®®, and lacked
monocyte (CD14) and T cell, B cell, and NK cell lineage markers
(Fig. 5j), whereas residual unconverted neutrophils, in both 3G8-
fOva and isotype control treated samples, retained their poly-
morphonuclear appearance (Fig. 5j).

Anti-FcyRIIIB-antigen conjugate generates functional nAPCs
that elicit CD8" T cell proliferation and target cell killing
in vivo. We next sought to determine whether infusion of 3G8-
fOva converts neutrophils into functional nAPCs in vivo. Blood
neutrophils in FcyRIIIB/y~/~ mice internalized intravenously
injected 3G8-fOva (Supplementary Fig. 6a), leading to the appear-
ance of FITCTLy6G*CD11c*MHCII™T cells expressing CD80 and
CCR7 (Fig. 6a) by 24h. These changes were not observed in
similarly treated y~/~ mice. FcyRIIIB and FcyRIIA are expressed
on a subpopulation of CD11b+CD115+Ly6Chi monocytes in our
humanized mice3! (Supplementary Fig. 6b), but >97% of 3G8-
fOva-positive CD11ctMHCIIT cells in the spleen expressed the
neutrophil marker Ly6G and were Ly6Cl® (Supplementary Fig. 6c),
consistent with an origin from converted neutrophils. Moreover,
FcyRIIA and FcyRIIIB were undetectable in macrophages®! and
CD11ct splenic DCs (Supplementary Fig. 6d). Next, we examined
the accumulation of nAPCs in tissues and secondary lymphoid

organs in mice given 3G8-fOva conjugate or monomeric 3G8
control in the absence or presence of GM-CSF. By 72h, nAPCs
generated in mice given 3G8-fOva accumulated in lymph nodes,
spleen, lung and liver (Fig. 6b), similar to the reported tropisms of
blood cDCs®”, whereas 3G8 treatment did not result in significant
nAPC accumulation in any organs. Although GM-CSF treatment
produced a small increase in the frequency of nAPCs in some
tissues of mice given 3G8 alone (Fig. 6b), it did not in mice treated
with 3G8-fOva.

We next examined the ability of 3G8-fOva-induced nAPCs
generated in vivo to promote CD4T T cell proliferation, using
MHCII deficient mice to rule out effects of endogenous APCs on
outcomes. These mice were infused with FcyR humanized
neutrophils, treated with vehicle, 3G8 antibody, or 3G8-fOva,
and then administered naive CellTrace Violet-labeled Ova-specific
CD41 T cells. Robust CD4™" T cell proliferation was observed in
the spleen and lymph nodes of MHCII deficient recipient mice
treated with 3G8-fOva, whereas no proliferation was observed in
mice given 3G8 or vehicle control (Fig. 6¢). In addition, 3G8-fOva
treatment of humanized FcyRIIIB/y~/~ mice promoted the
proliferation of adoptively transferred Ova-specific CD8" T cells
(Fig. 6d). Next, the function of endogenous CD8™ T cells activated
by nAPCs in vivo was assessed in a target cell killing assay. For
this, 3G8-fOva immunized humanized mice expressing FcyRIIIB
and/or FcyRIIA, or mice lacking FcyRs (y~/~) were injected with
Ova-SIINFEKL peptide pulsed and unpulsed target splenocytes,
each loaded with a different amount of fluorescent label to
distinguish the populations by FACS analysis. We observed killing
specifically of splenocytes pulsed with the Ova peptide only in
FcyRIIIB expressing humanized mice (Fig. 6e), an effect that was
abrogated by neutrophil depletion (Fig. 6f). Thus, 3G8-fOva
creates nAPCs that promote the proliferation of CD4* and CD8+
T cells and the generation of endogenous, cytotoxic CD8" T cells.

Anti-FcyRIIIB-Ova antigen conjugate is anti-tumorigenic in
mice. Given the anti-tumorigenic activity of Ova-IC-nAPCs
generated in vitro in the presence of GM-CSF (see Fig. 4d) and
the success of anti-tumor strategies involving GM-CSF%8-72, we
combined a single dose of 3G8-fOva with sequential doses of
GM-CSE. Tumor growth in 3G8-fOva-immunized mice expres-
sing FcyRIIIB and FcyRIIA was significantly reduced compared
to unimmunized, GM-CSF treated humanized mice (Fig. 7a,
Supplementary Fig. 7a) and two additional sets of GM-CSF
treated controls: Wild-type mice given fOva, which will lead to
an anti-tumor immune response driven by endogenous APCs,
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such as ¢cDCs, and y~/~ mice given 3G8-fOva that do not make
nAPCs as they lack the FcyRIIIB but nonetheless, like wild-type
plus fOva, will mount an immune response to fOva (contained in
the 3G8-fOva conjugate) (Fig. 7a). The reduction in tumor
growth in 3G8-fOva immunized mice expressing FcyRIIIB and
FcyRIIA correlated with the generation of Ova-specific CD8™
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effector T cells and higher CD87 effector to Treg cell ratios in the
spleens of these mice versus other groups (Fig. 7b, Supplemen-
tary Fig. 7b). In summary, a single immunization of GM-CSF
treated mice with 3G8-fOva attenuates melanoma growth and
results in the generation of antigen-specific CD8T effector
T cells.
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Fig. 5 An anti-FcyRIIIB-antigen conjugate converts murine and human neutrophils to nAPCs that is dependent on FcyRIIIB endocytosis. a Blood
neutrophils from 2A3B/y~/~ and Y=/~ mice incubated with isotype (Iso) or 3G8-fOva, cultured with GM-CSF and analyzed after 3 days for CD11c, MHCII
on Ly6G positive cells. CD11ctMHCIITLy6G+ cells in 2A3B/y~/~ + 3G8-fOva sample further analyzed for CD80, CD86, and CCR7. b CD1ic and MHCII
acquisition after 3G8-fOva or isotype treatment of murine neutrophils from indicated mouse strains and culture with GM-CSF for 3 days. ¢, d 3B/y~/~
bone marrow neutrophils pretreated with vehicle, methyl-beta cyclodextrin (MBCD) or Cytochalasin D (Cyto D) and treated with isotype, 3G8-fOva or
3G8 antibody. FcyRIIIB on the cell surface evaluated using anti-FcyRIIIB, clone REA589 (c). Cells from ¢ analyzed for the percent of cells acquiring CD11c
and MHCII after 3 days in culture with GM-CSF (d). e, f Cells treated with Ova, Ova-IC, or SLE-IC and analyzed for surface FcyRIIIB (e) and acquisition of
CD11c and MHCII on Ly6G cells (f) as in (¢, d). g, h Human blood neutrophils treated with 3G8-fOva or isotype control. Evaluation of surface FcyRIIIB
(assessed with REA589 antibody), FcyRIIA (assessed with V.3 antibody) and FITC (fOva) positivity over time (g). The percent of CD11c and HLA-DR
positive cells with neutrophil markers (CD15, CD10) after 2 days in culture with GM-CSF. CD11c and HLA-DR double-positive cells further examined for
CD80, CD86, and CCR7 (h). i Flow plots assessing the purity of human neutrophils at day O (upper panels) using markers for neutrophils (CD15, CD66b),
DCs (CD11c), monocytes (CD14), B cells (B220), NK cells (NK1.1), and T cells (CD3) (Lin—). Gating strategy for nAPC markers at day 2 after 3G8-fOva
treatment (lower panels). j Images of purified human neutrophils, treated as in (g, h), FACS sorted on day 1 and stained with Wright-Giemsa. FACS profiles
of day O human blood neutrophils stained for markers of neutrophils (left), monocytes (middle) and NK, T and B cells (right). Data are mean £ s.e.m. c-g

One-way analysis of variance and Dunnett's multiple comparison test; a, b, h Multiple t-tests between pairs of samples. **p < 0.005.

FcyRIIIB engagement of human neutrophils from patients
with myeloid neoplasia or vaccinated normal human volun-
teers generate nAPCs that activate autologous memory T cells.
To explore the therapeutic relevance of our results, we tested if
3G8-fOva treatment of human neutrophils expressing endogen-
ous tumor antigens or loaded with exogenous pathogen asso-
ciated antigens could generate nAPCs that stimulate autologous
T cells. As already noted, the Ova in the 3G8-fOva conjugate is
irrelevant in the human samples. For tumor antigen responses, we
used neutrophils isolated from patients with myeloid neoplasms,
in which neutrophils are components of the malignant clone and
hence express tumor neoantigens’3. We selected two patients that
harbored several driver mutations; based on high variant allele
frequencies and differential cell counts (Supplementary Table 2),
these mutations can be inferred to be present in the neutrophil
fractions of these patients. 3G8-conjugate treatment converted
neutrophils from both patients into nAPCs, which activated
autologous CD31 T cells as assessed by IFNy secretion. No IFNy
production was observed with nAPCs generated from three
normal human volunteers incubated with autologous T cells
indicating that the response seen in patient samples is due to
neutrophils carrying neoantigens (Fig. 7c). For responses to
exogenous pathogen antigens, neutrophils from normal volun-
teers previously immunized with the Tdap (tetanus, diptheria,
and pertussis) vaccine’* were treated with 3G8-fOva or isotype
control antibody, pulsed with the vaccine antigens, and incubated
with autologous T cells. IFNy generation was observed in cultures
of 3G8-fOva- but not isotype-treated neutrophils loaded with
vaccine antigens (Fig. 7d). Together, these studies indicate that
human nAPCs can stimulate the response of autologous memory
T cells to neutrophils carrying tumor neoantigens and exogen-
ously provided vaccine antigens.

Transcriptional profiling reveals the uniqueness of nAPCs and
transcription factor PU.1 as a potential driver of neutrophil to
nAPC conversion. We next sought to define the transitional cell
states and uncover potential molecular mechanisms underlying
neutrophil to nAPC conversion by conducting single-cell RNA-
seq (scRNA-seq) on (i) splenic Ly6GTCD11c*MHCIIt and
Ly6GTCD11c"MHCII~ cells (presumptive nAPCs and neu-
trophils, respectively) isolated from FcyR humanized mice
3 days after iv. injection of 3G8-fOva treatment and (ii) iso-
lated neutrophils harvested at day 0 and cultured in vitro with
3G8-fOva for 1 to 3 days. We also analyzed splenic cells from
untreated wild-type mice and FcyR humanized mice as reference
cell types (Supplementary Fig. 8). We identified five neutrophil
subpopulations, Nt.1-Nt.5, and two CD11c*MHCII clusters,

referred to as nAPCs, which could be further divided into six sub-
clusters (Fig. 8a). Importantly, similar neutrophil and nAPC cell
states were identified in vitro and in vivo (Fig. 8a). These states
were robust with respect to potential batch effects (Supplemen-
tary Fig. 9) despite the challenges of profiling neutrophils, which
are fragile and have low RNA content’>77. These factors explain
the observed cluster of monocytes on day 0 in vitro, as these cells
(which were >99% neutrophils as assessed by flow cytometry,
Supplementary Fig. 1a) are likely to be disproportionally repre-
sented in scRNA-seq analyses relative to neutrophils. Impor-
tantly, these contaminating monocytes are transcriptionally
distinct from Nt and nAPC populations (Fig. 8a). We also
observed DC, monocyte, macrophage, and NK clusters in splenic
samples from untreated wild-type and humanized FcyR mice
(Fig. 6a, Supplementary Data 1).

Next, we wanted to understand the transcriptomic features that
are associated with two identified nAPC clusters that were
heterogeneous and separated from each other in UMAP space, in
both trajectory and correlational analyses (Fig. 8a, ¢, Supplemen-
tary Fig. 10a, Supplementary Data 2). A heatmap of differentially
expressed genes revealed greater similarity of neutrophils and the
nAPC.1 subset than of the nAPC.1 and nAPC.2 subsets
(Supplementary Fig. 10b). The close relationship between
neutrophils and the nAPC.1 subset was further supported by
pseudo-bulk gene correlation analysis (Supplementary Fig. 10a)
and the expression of neutrophil-specific chemokines by
nAPC.1 cells (e.g., Cxcr2) (Supplementary Fig. 11). nAPC.1 cells
differed from Nt.1 cells by showing upregulation of immune
stimulatory pathways (e.g., NFkB, JAK/STAT, cytokine, and
chemokine signaling) (Supplementary Fig. 12). In contrast to Nt.1
and nAPC.1 cells, nAPC2 cells shared many differentially
expressed genes with DCs, including MHCII and genes associated
with antigen processing and presentation (Supplementary Figs. 11
and 12). Most nAPC.2 cells (particularly subset d) also expressed
high levels of Ccl17, Ccl22, and Cxcl16 (Supplementary Fig. 11),
known to stimulate effector T cell function and/or migration’8,
and included a larger fraction of cells expressing Ccr2 and Cer5,
which promote DC activation and maturation’80, Comparison
of the nAPC.1 and nAPC.2 subsets revealed that nAPC.2 cells
showed upregulation of genes within the antigen processing and
presentation pathway and pathways related to protein processing
and endocytosis (Supplementary Fig. 13a). Within the neutrophil
compartment, Nt.1/Nt2 cells showed high expression of
canonical neutrophil markers and genes associated with cyto-
toxicity (e.g., Lcn2, Cybb, Camp) (Supplementary Fig. 11), while
Nt.5 cells corresponded to a more mature neutrophil subset
(Supplementary Fig. 13b, Supplementary Data 3) previously
described in peripheral blood and mouse spleen®3,
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Characterization of neutrophil to nAPC transition based on
in vitro time-course data suggested two lineage trajectories: Nt.1 to
nAPC.1 cells; and Nt.1 through Nt2-Nt4 cells to nAPC2 cells
(Fig. 8b, Supplementary Fig. 13b). We further explored these
trajectories by using Monocle to order cells along a pseudo-time
gradient, with Nt.1 cells defined as the starting node (Fig. 8c).

Monocytes exhibited large transcriptomic differences from Nt and
nAPC cells (Fig. 8c), indicating that they are unlikely nAPC
progenitors. Consistent with neutrophil transition to a cDC-like state,
the pseudo-time gradient of Nt.1 to nAPC.2 transition correlated
with reduced Ly6G expression and increased expression of CD11c
and genes related to antigen presentation (Fig. 8¢, Supplementary
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Fig. 6 Intravenously injected anti-FcyRIIIB-antigen conjugate in FcyR humanized mice generates nAPCs that accumulate in secondary lymphoid organs
and promote T cell proliferation and target cell killing. a Representative flow cytometry plots for blood 24 h after i.v. injection of indicated mice with 3G8-
conjugate (3G8-fOva) (left panel). Percent of 3G8-fOva uptake (FITC*) (upper panel), acquisition of CD11c and MHCII on Ly6G cells (middle panel) and CD80
and CCR7 on the CD11ctMHCIITLy6G™T population (lower panel) at indicated time points. b Percent CD1lctMHCII+ CD80+CD86TCCR7+ of Ly6G™cells in
indicated organs 3 days after i.v. injection of 3G8-fOva or 3G8 without or with GMCSF. ¢ Timeline of indicated treatments to assess CD4+ (OT-1I) T

cell proliferation in mice lacking MHCII; percent dividing Cell Trace Violet-labeled adoptively transferred CD4+ (OT-II) T cells, as assessed by CellTrace Violet
dilution, in indicated organs. d Proliferation of adoptively transferred CellTrace Violet-labeled CD8* (OT-1) T cells in spleen of indicated mice immunized 10 days
prior with 3G8-fOva (left panel). Representative histograms of dividing (bar) and starting (Con, light gray) population of CD8% T cells are shown. e Epitope-
specific, target cell killing by endogenous CD8* T cells following injection of Ova-peptide, SINFEKL, pulsed or unpulsed target cells in indicated mice immunized
7 days prior with 3G8-fOva. FACS plots displaying CellTrace Violet-high (right peak) represent epitope-specific target cells, while low CellTrace Violet (left peak)
represent unpulsed target cells. A relative reduction in the right versus the left peak indicates epitope-specific target cell killing. f Epitope-specific killing assay as in
(e) in indicated mice treated with the neutrophil-immunodepleting antibody 1A8 or an isotype control. Data are mean + s.e.m. One-way analysis of variance and
Dunnett's multiple comparison test was used for comparison of multiple groups. *p < 0.05, **p < 0.005.

Fig. 13c). We then used a linear model to identify all genes correlated
with pseudo-time and constructed a trajectory gene score for all cells
obtained from spleen (Supplementary Data 3). Predictions based on
in vitro trajectories captured inferred differences among in vivo cells,
with sorted Ly6GtCD11¢c"MHCII~ and Ly6GTCD11ctMHCII*
cell populations, which are presumptive neutrophils and nAPCs,
respectively, falling at two ends of the gene score (Fig. 8d).

Since GM-CSF alone promotes expression of DC-like markers on
neutrophils, we investigated whether FcyR engagement induced a
gene program distinct from that of GM-CSF by analyzing bulk
RNA-seq data obtained from nAPCs generated in vitro with Ova-
or Ova-IC (in the presence of GM-CSF), or SLE-IC alone. Principal
component analysis revealed that PC1 separates neutrophils and
nAPCs in each of the four treatment groups (Supplementary
Fig. 13d), differences that were also captured by the trajectory gene
score for these samples (Fig. 8e). While changes induced by these 4
distinct treatments were similar, we also identified a set of genes
that were differentially regulated in Ova-IC versus Ova generated
nAPCs that may account for the immunogenicity of the former
(Supplementary Data 4).

Inhibition of PU.1 prevents neutrophil to nAPC conversion.
To identify transcription factors involved in reprogramming neu-
trophils to nAPCs, we performed transcription factor motif
enrichment analysis (using MARGE-cistrome)®! on genes whose
expression significantly correlated with pseudo-time in the single
cell data set, capturing the transition to nAPC.2. STRING
database8? analysis revealed the activation of two transcriptional
factor networks in nAPCs, PU.1 and NF«xB/Stat/Irf8%3 (Fig. 9a).
PU.1 is a myeloid-specific transcription factor with chromatin
remodeling activity®4. Two compounds (DB2313 and DB2115) that
selectively inhibit PU.1 interaction with DN A% blocked neutrophil
to nAPC conversion in response to Ova, Ova-IC and SLE-IC
in vitro without affecting cell survival (Fig. 9b, Supplementary
Fig. 14a). PU.1 inhibitors also abrogated 3G8-conjugate-induced
conversion of human neutrophils to nAPCs (Fig. 9c). Conditional
deletion of PU.1 in neutrophils in Spil/™/XMRP8-Cre mice results
in normal numbers of neutrophils®¢ that we found were capable of
internalizing Ova and Ova-IC (Supplementary Fig. 14b) but were
impaired in conversion to nAPCs (Fig. 9d, Supplementary Fig. 14c,
d). Moreover, the few CD11¢*MHCII" cells produced from PU.1
deficient cells had reduced expression of CCR7 (Fig. 9d), suggesting
a direct role for PU.1 in CCR7 expression. Importantly, Ova-IC
treated PU.1-deficient cells failed to stimulate CD81 T cell pro-
liferation (Fig. 9e), whereas our controls, Ova SIINFEKL-peptide-
pulsed WT and PU.1 deficient nAPCs both promoted CD8' T cell
proliferation (Fig. 9¢). Thus, PU.1 is required for neutrophil con-
version to immunogenic, IC-induced nAPCs.

Discussion

Our work shows that binding of ICs or a
human FcyRIIIB antibody-antigen conjugate rapidly converts
mature neutrophils to nAPCs in a process that requires
FcyR endocytosis. The nAPCs generated by engaging
FcyRs acquire antigen-presenting properties and secrete
immunomodulatory cytokines that far exceed those made with
soluble antigen alone. They are as immunogenic as classical
DCs, and accumulate in secondary lymphoid organs where they
interact with T cells. The transcription factor PU.1 is required
for nAPC generation following either GM-CSF stimulation
and/or FcyR engagement, which suggests the existence of a
common transcriptional pathway for nAPC generation. Anti-
gen-specific nAPCs that activate T cells with anti-tumorigenic
properties can be generated by administering anti-
FcyRIII conjugated to a defined antigen, and clonal neutrophils
harboring neoantigens from patients with myeloid neoplasms
can be converted to immunogenic nAPCs that activate T cells in
an antigen-agnostic manner. Both of these approaches may be
deployed as T cell-based immunotherapeutic strategies for the
treatment of cancer. We also provide evidence that the gener-
ated human nAPCs efficiently process vaccine bacterial toxins
and activate T cells, suggesting a potential way to combat
infections. Conversely, nAPC frequency in the blood of patients
with SLE correlates with disease severity, which suggests that
nAPCs may be pathogenic in autoimmune disorders.

We provide several complementary types of evidence that
nAPCs are produced from neutrophils. Using live cell imaging,
we demonstrated the transition of SLE-IC treated mature,
polymorphonuclear blood neutrophils to morphologically dis-
tinct CD11c+ cells with mononuclear-like appearance. More-
over, scRNAseq analyses performed on purified neutrophils
treated in vitro and splenocytes from 3G8-fOva conjugate
treated mice revealed similar alterations in gene expression that
are consistent with differentiation of neutrophils into two
nAPC subsets, nAPC.1 and nAPC.2. Based on greater enrich-
ment of genes in the antigen processing and presentation
pathway, nAPC.2 appear to be more immunogenic than
nAPC.1. We also identify PU.1 and NFxB/STATs/Irf8 tran-
scription factor networks as being associated with the repro-
gramming of neutrophils treated with FcyRs and/or GM-CSF,
suggesting a common gene regulatory circuitry underlying
nAPC generation. PU.1 may function as a pioneer factor that
increases chromatin accessibility for “primary response factors”
such as NFkB/STAT, which do not require de novo synthesis®’.
Although a set of differentially regulated genes found only in
Ova-IC but not Ova generated nAPCs may be responsible for
the immunogenicity of Ova-IC-nAPCs, post-transcriptional or
epigenetic changes may additionally contribute to their
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Fig. 7 Anti-FcyRIlIB-antigen conjugate is anti-tumorigenic in FcyR humanized mice and converts human neutrophils into nAPCs that activate
autologous T cells. a, b Schematic for the timeline of indicated treatments for examining the effect of 3G8-fOva on B16F10-Ova tumor growth (top panel).
Tumor volume was assessed at indicated times after s.c. injection of B16F10-Ova melanoma cells. The number of mice per group is in parenthesis (lower
panel). Representative images of harvested tumors are shown, scale bar =5 mm (a). Spleens of indicated mice from (a) at tumor harvest were analyzed
for frequency of Ova-peptide specific effector CD8+ T cells (CD62L' CD44M) using MHCI-tetramers (tet+), and CD4+ and Treg (Foxp3*, CD4+)
cells (b). ¢ Neutrophils from a patient with primary myelofibrosis (a myeloproliferative neoplasm, MPN) or acute myeloid leukemia (AML) (AML-2.1, AML-
2.2 representing two independent blow draws) were treated with 3G8-conjugate (3G8-fOva) or isotype, cultured for 2 days and then co-cultured with
autologous T cells and analyzed for IFN-y secretion on a human IFN-y ELISpot plate. The percent nAPC generation is shown in the table (avg +s.e.m.).
T cell responses quantified as the number of spots per 1x 10° cells on a human IFN-y ELISpot plate is reported and representative images of the same are
shown. d Autologous T cell responses against diphtheria toxin (Dipt) or tetanus toxoid (Tet) loaded isotype or 3G8-fOva (3G8-conj) treated neutrophils
from normal human volunteers were evaluated using an IFN-y ELISpot plate as in (€). Representative images are shown. Data are mean + s.e.m. One-way
analysis of variance and Dunnett’'s multiple comparison test was used for comparison of multiple groups except for a), for which statistical analysis is
described in Supplementary Fig. 7a. *p < 0.05, **p <0.005.
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acquisition of immunogenic functions, a fruitful area for future required for diverse processes from migration to cell fate®s,
studies.
Endocytosis of the GPI-linked FcyRIIIB following 3G8-fOva  suggesting that the 3G8-fOva conjugate and ICs engage a similar
engagement preceded and was essential for nAPC conversion, proximal signaling pathway for nAPC generation. Antigen
consistent with evidence that endosomes are signaling hubs endocytosis that occurs in parallel with FcyRIIIB internalization

14

Endocytosis was also required for IC-induced nAPC generation
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Fig. 8 Transcriptome analysis reveals the uniqueness and heterogeneity of nAPCs. a-d In vitro, neutrophils isolated from 2A3B/y~/~ mice were

harvested at day O, or at day 1, 2, or 3 after treatment with 3G8-fOva. In vivo, 2A3B/y~/~ mice were given 3G8-fOva i.v. and spleens were harvested
3 days later and FACS sorted on Ly6GTCD11c*MHCII* and Ly6G*+CD11c~MHCII~ cells. Unsorted splenic cells from an untreated 2A3B/y~/~ and wild-
type mouse were also harvested. Cells were subjected to scRNA-seq. a UMAP projection of all in vitro and in vivo cells, colored by identified cell types. A
negligible number of in vitro cells clustered with DCs (n=10). b Proportion of each cluster by hashtag and number of cells coming from each hashtag-ed
population in each cluster and separated by in vitro cells and in vivo cells. ¢ UMAP projection of in vitro data with learned principal graph overlaid. Pseudo-
time ordering of cells in same UMAP projections. Mean normalized expression of Ly6g and Cd1lc (ltgax), binned along pseudo-time. d Trajectory gene
score of hashtag and cell type populations generated with genes associated with pseudo-time. e Neutrophils from wild-type mice, treated with Ova or Ova-
IC and cultured with GM-CSF, or SLE-IC and cultured without GM-CSF were harvested after 3 days and freshly isolated neutrophils (Day 0) and subjected
to bulk RNA-seq. Trajectory gene score of populations generated under indicated conditions is shown. f Pathway analysis of top 200 DEG by pseudo-bulk

counts among nAPC.1s (green) and nAPC.2 s (blue).

is likely targeted to an endocytic pathway with low degradative
potential for antigen processing, as in cDCs%. Indeed, the
exposure of neutrophils to complexed antigen (Ova-anti-Ova ICs)
or the 3G8-fOva conjugate for only 2h was sufficient for sub-
sequent Ova cross-presentation by newly generated nAPCs,
which suggests the existence of a pathway for antigen processing
in neutrophils that is distinct from degradative routes'2. This
possibility was not appreciated in previous work studying
acquisition of DC-like functions by neutrophils because antigen
was present, when noted, throughout the time course of the
experiments!>90:91,

Key features of dendritic cells include their ability to generate
immunomodulatory cytokines, migrate to lymph nodes and capture
blood borne antigens in the spleen3%. We show that FcyR generated
nAPCs released several-fold higher levels of immunogenic cytokines
such as IL-1B, IL-15, and IL-23 than cytokine induced nAPCs or
IC-treated ¢DCs. IL-1p enhances the function and memory
response of T cells®2, IL-15 promotes the survival and function of
CD87 T cells and lowers the threshold for TCR activation®® and IL-
23 promotes memory T cell proliferation and the differentiation of
Th17 cells?. We show that FcyR-induced nAPCs accumulate in the
spleen and can migrate from peripheral tissue (foot pad) to draining
lymph nodes, where they interact with T cells. The latter demon-
strates that like cDC, nAPCs are migratory and can carry antigen
taken up in tissues to secondary lymphoid organs.

Despite significant advances in cancer immunotherapy®,
clinical benefits remain limited to a minority of patients and there
still is an unmet need to achieve durable T cell immunity to many
tumors. Targeted DC-based cancer vaccines have been studied
extensively but challenges remain, including the low abundance
of cross-presenting cDCs and the need for TLR agonists to induce
immunogenicity!l. Conversion of the abundant neutrophils to
nAPCs in vivo with neutrophil-selective anti-FcyRIIIB-antigen
conjugates could overcome these limitations by generating a large
pool of immunogenic APCs without any need for TLR agonists.
In vivo, nAPCs generated by engaging FcyRs are highly immu-
nogenic. They stimulate a CD4T T cell-dependent delayed-type
hypersensitivity reaction, promote robust CD4" and CD8* T cell
proliferation, and elicit CD8 T cell-dependent target cell killing
and anti-tumor immunity. Both pro- and anti-tumorigenic
functions for neutrophils in cancer have been described®®; FcyR
agonists could potentially shift this balance by promoting the
generation of highly immunogenic nAPCs. Our strategy enables
the initiation of immune responses to antigens linked as cargo to
FcyRIIIB-specific antibody as well as tumor neoantigens present
in neutrophils from patients with myeloid neoplasms. The latter
has the potential to provide an antigen-agonistic immunother-
apeutic approach to treat these cancers of the innate immune
system?39798 which are currently largely incurable, particularly
in older adults.

In summary, our studies reveal that FcyRs, including the
poorly understood human FcyRIIIB receptor, transduce signals
following their endocytosis that induces PU.1-dependent

transcriptional changes that convert neutrophils into immuno-
genic nAPCs with functions previously ascribed exclusively to
classical DCs. We propose that converting the abundantly present
neutrophils into potent, cross-presenting, immunostimulatory
nAPCs by in vivo targeting of FcyRIIIB, which is a receptor
selectively expressed on neutrophils, could serve as an immu-
notherapeutic approach that overcomes the obstacles encoun-
tered with ¢cDC therapy.

Methods

Mice. All mice were on a C57Bl/6 background: Wild-type mice, FcRy~/~ %%, y~/~ mice
expressing human FcyRs (FcyRITA(2A)/y—/~, FcyRIIB(3B)/y~/~ and FcyRIIA+IIIB
(2A3B)/y /)31, B2m~/— 190 (The Jackson Laboratory #002087), MyD88/TRIF—/— 38,
B6.SJL-Ptprc? Pepch/Boy] (The Jackson Laboratory #002014), CD11c-YFP (B6.Cg-Tg
(Itgax-Venus)1Mnz/J, The Jackson Laboratory #008829)!°!, Granulocyte-specific PU.1
conditional knock-out mice (MRP8-Cre-IRES/GFP-Spillff 86), OT-I expressing the
transgenic T cell receptor recognizing Ovalbumin residues 257-264 (SIINFEKL) in the
context of H2KP (The Jackson Laboratory #003831), OT-1/ Pactin-GFP (obtained by
crossing OT-I mice with B actin-GFP mice), OT II, transgenic mice expressing T cell
receptor recognizing Ovalbumin 323-339 peptide in the context of H2K? and are f-
actin RFP positive (The Jackson Laboratory, # 005884). Animals were maintained in a
specific pathogen-free facility. All in vivo experiments were conducted with age and sex
matched animals. The Brigham and Women’s Hospital Animal Care and Use Com-
mittee approved all procedures in this study.

Human volunteers, SLE patients and sera and myeloid neoplasia patients. For
studies with SLE patients, peripheral blood samples were obtained from healthy
controls and patients with SLE who fulfilled the 1997 ACR classification criteria.
The study was approved by the IRB of the Instituto Nacional de Ciencias Médicas y
Nutricién Salvador Zubiran (IRE-2297) and all participants signed informed
consent forms. Healthy volunteers without family history of autoimmune diseases
were recruited as controls. The clinical and demographic characteristics of the
study participants are summarized in Supplementary Table 1. Human SLE serum
samples were obtained from the Lupus Clinic at the Beth Israel Deaconess Medical
Center and Instituto Nacional de Ciencias Medicas y de la Nutricion Salvador
Zubiran. For studies on normal human neutrophils, and collection of normal sera,
blood samples were obtained from healthy volunteers consented to Brigham and
Women’s Hospital IRB protocol P001694/PHS. Blood samples from patients with
myeloid neoplasia were obtained from patients consented to Dana-Farber Cancer
Institute IRB protocol 01-206. The clinical and demographic characteristics of the
study participants are summarized in Supplementary Table 2. All volunteer sub-
jects gave written informed consent.

Reagents. Murine GM-CSF (#315-03), human GM-CSF (#300-03), murine G-CSF
(#AF-250-05), were from Peprotech. BSA (#A-7970), Ova (#A5503) anti-BSA
rabbit antibody (#B7276) and anti-Ova rabbit antibody (#C6534) were from Sigma
Aldrich. FITC-Ova (#023020) was from Thermofisher). NIP-Ova (11 NIPs per
Ova) was from Biosearch Technologies and anti-NIP human IgG1 (chimeric
antibody with lambda light mouse chains and heavy human chains) were a gift
from Richard Blumberg (Brigham and Women’s Hosp, Boston). H-2 K> Ova
Tetramer (Ova257-264) were from the NIH Tetramer Core Facility. Anti-FcyRIIIB
(3G8) (Biolegend) was conjugated to FITC-Ova (#023020, Thermofisher) as a
custom order (Biolegend). Accutase cell detachment solution (#07920) was from
STEMCELL Technologies. FACS antibodies used, including catalog numbers,
clones, and dilutions, are in Supplementary Tables 3-6. For depletion experiments,
anti-mouse Ly6G (1A8, #BP0075-1), anti-mouse CD4 (GK1.5, #BE0003), anti-
mouse CD8 (2.43, #BE0061) and rat IgG2a isotype control (2A3, #BP0089) and rat
IgG2b Isotype control (LTE-2, #BE0090) were obtained from BioXCell. Ova pep-
tide SIINFEKL, (OTI peptide), and Ova peptide (323-339) (OTII peptide) were
provided by the Partners peptide/protein core facility (Boston, MA), Diphtheria
toxin (Cat #D0564) and tetanus toxoid (#582231) were from Calbiochem.
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Generation of model immune complexes. To generate immune complexes, volumes of mixtures 1 and 2 are combined to generate a solution of ICs. 10 pl of
solutions containing 2 mg/ml of anti-Ova, anti-NIP-Ova, or anti-BSA antibodies this solution is added per 1 ml of neutrophil suspensions.

were added to 0.2 mg/ml of Ova, FITC-Ova, NIP-Ova, or BSA (mixture 1) or 0.1

mg/ml of Ova, FITC-Ova, NIP-Ova, or BSA in PBS (mixture 2) at a 1:1 ratio and
incubated overnight at 37 °C to generate IC. The excess antibody in mixtures 1 and
2 results in the appearance of a precipitate (insoluble immune complexes). Equal

Sera, IgG isolation, and generation of immune complexes with RNP. Peripheral
blood was drawn into BD Vacutainer™ Venous Blood Collection Tubes SST. Tubes
were centrifugated at 2500 x g for 30 min. Serum was aliquoted and frozen at —80 °C.
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Fig. 9 PU.1 is a master regulator of neutrophil to nAPC conversion. a Schematic of indicated samples analyzed by scRNA seq (i-ii) and bulk RNA seq
(iii-v): Isolated neutrophils from 2A3B/y—/— mice treated with 3G8-fOva and cultured with GM-CSF (i), splenocytes harvested from 3G8-fOva-injected
2A3B/y—/— mice (ii), isolated wild-type neutrophils treated with Ova (iii) or Ova-IC (iv) and cultured with GM-CSF, or SLE-IC and cultured without GM-
CSF (v). STRING network of transcriptional factors potentially regulating genes associated with trajectory gene score. Highlighted in yellow are

transcription factors of interest in the PU.1, and NfkB(RelA)/Stat/Irf8 networks. b Percent of 2A3B/y~/~ BMNs treated with Ova or Ova-IC, or SLE-IC that
acquire CD11c and MHCII after 3 days when cultured with vehicle or PU.1 inhibitors (DB2115, DB2313). ¢ Percent of human peripheral blood neutrophils
treated with isotype or 3G8-conjugate acquiring CD11c and HLA-DR when cultured with vehicle or PU.1 inhibitors. d Percent of WT and Spi.1fx/flx/MRP8cre
(PU.1 deficient) neutrophils treated with Ova, Ova-IC, or SLE-IC (as in b) acquiring CD11c and MHCII and further positive for CD86 and CCR7. e Percent
proliferation of Cell Trace Violet-labeled CD8+ (OT-1) T cells co-cultured with WT and Spi.1flx/flx’MRP8Cre hnAPCs generated without (—) or with Ova or
Ova-IC (plus GM-CSF), or nAPCs (—) pulsed with Ova-SIINFEKL peptide (pSIINF). Data are mean £ s.e.m. One-way analysis of variance and Dunnett's

multiple comparison test. *p <0.05, **p < 0.005.

To purify IgG, serum samples were incubated with Protein G high-capacity agarose
beads (Genesee Scientific, #20-538). Antibody was eluted with 0.1 M Glycine (pH 2.7)
and the samples were neutralized immediately with the neutralization buffer (1 M Tris-
HCI, pH 9). The samples were then dialyzed against PBS overnight and concentrated
using 100 kDa centrifugal filters (Millipore, UFC910024). To generate SLE-IgG/RNP
immune complexes, solutions containing 2 mg/ml of purified SLE IgG or normal
human IgG were mixed with equal volumes of 0.3 mg/ml of Sm/RNP complexes
(#SRC-3000, Immunovision) in PBS (without Ca, Mg) and incubated for 4 h at 37 °C.
20 pl of immune complex solutions were added to 1 ml of neutrophil suspension. RNP
was used at 3 pug/ml. SLE-IgG or normal human IgG alone were used at 20 pg/ml.

Isolation of bone marrow derived murine neutrophils. Mice were euthanized
and femurs and tibias were flushed with ice-cold RPMI 1640 using a 25-gauge
needle attached to a 20 cc syringe and clumps were dispersed by gently passing the
cell suspension through a 1 ml pipet tip several times. Collected cells were filtered
through a 70 um strainer into a 50 ml Falcon tube, pelleted and resuspended in PBS
containing 2% FBS and 1 mM EDTA at 1 x 108 cells/ml. Neutrophils were isolated
by negative selection using the EasySep Mouse Neutrophil Enrichment Kit #19762
(STEMCELL Technologies). Aliquots of the isolated cells were taken to determine
neutrophil count and viability by trypan blue exclusion. Viability was also deter-
mined by FACS using the fluorescent viability dye Fixable Viability Dye eFluor 780
(ThermoFisher). Purity was assessed by flow cytometry using antibodies described
in Supplementary Table 3 and 6. Mice were treated i.p. with 10 ng/kg murine G-
CSF for 3 consecutive days prior to isolation of bone marrow to increase neutrophil
yields in select experiments: role of model ICs, Nip-Ova/anti-Ova, BSA-anti-BSA,
SLE-IC in nAPC generation; Ex vivo generated nAPCs adoptively transferred for
intravital microscopy; analysis of OT-I and OT-II proliferation in BMNs from
WT,2A, 3B and y~/~ mice. Isolated murine neutrophils were resuspended in RPMI
medium (RPMI 1640 with L-glutamine and 25 mM HEPES, supplemented with
10% fetal calf serum and penicillin/streptomycin (50 U/ml penicillin and 50 pg/ml
streptomycin).

Treatment and in vitro culture of bone marrow derived murine neutrophils.
Neutrophils were incubated with the following for 2 h at 37 °C, 5% CO, in falcon
tubes with gentle rocking: (1) 10 pl/ml model immune complexes, generated as
described in “Generation of model immune complexes”, (2) 1.5 pg/ml antigen
alone at concentrations contained in their respective ICs, (3) 20 ug/ml antibody
alone, (4) 20 pg/ml SLE patient IgG or normal human IgG plus RNP containing
samples, (5) 30 ug/ml FITC-IgG isotype control or FcyRIIIB (3G8)-FITC-Ova.
Cells were then pelleted at 300 x g, washed with PBS and plated at 2 x 109 cells/well
in 6-well plates in 2 ml of RPMI medium. For treatment with normal or SLE sera,
50 pl/ml SLE patient sera or normal human sera were added to the media of
neutrophils in culture. Only cultures of neutrophils treated with FITC-IgG isotype
control or FcyRIIIB (3G8)-FITC-Ova, model antigen ICs or their constituents
(conditions 1-3) were supplemented with 10 ng/ml of GM-CSF. In select experi-
ments, PU.1 inhibitors (700 nM DB2115 or 700 nM DB2313) were added to
neutrophils in culture. In some experiments neutrophils were pretreated with an
inhibitor of the actin cytoskeleton (20 uM Cytochalasin D) or lipid rafts (5 mM
Methyl beta Cyclodextrin-MBCD) or vehicle control (DMSO) for 30 min at 37 °C
and washed thoroughly. After 3 days of culture, non-adherent and adherent cells
were harvested using Accutase (STEMCELL Technologies), washed with PBS and
resuspended in FACS bulffer for flow cytometric analysis using antibodies described
in Supplementary Tables 3 and 6. For in vivo injections, only adherent cells har-
vested with Accutase were used. For co-culture of CD45.1 and CD45.2 cells, bone
marrow neutrophils from CD45.1 mice (B6.SJL-Ptprc® Pepcb/BOY]) were treated
with Ova-IC. Bone marrow neutrophils from CD45.2 mice (the common isoform,
expressed by C57Bl/6 wild-type mice) were loaded with Ova or anti-Ova as
described above. The cells were washed thoroughly and co-cultured at a ratio of 1:1
(CD45.1:CD45.2). After 3 days in culture, non-adherent and adherent cells were
harvested using Accutase (STEMCELL Technologies), washed with PBS and
resuspended in FACS buffer for flow cytometric analysis gated on CD45.1 and
CD45.2 cells.

Isolation and in vitro culture of murine splenic classical dendritic cells and
monocyte-derived cDCs. For splenic classical DCs, wild-type mice were implanted
s.c. with a FIt3L expressing BI6F10 melanoma. At day 12, spleens were harvested
and cDCs were isolated using CD11c microbeads (Miltenyi Biotec) according to
manufacturer’s instructions. For bone marrow, monocyte-derived DCs, monocytes
were isolated using the Monocyte Isolation kit (Stem Cell Technologies) and cul-
tured for 6 days in media (RPMI1640 plus10%FBS, 20 mM Penicillin/Streptomycin)
supplemented with GM-CSF (20 ng/ml) and IL-4 (20 ng/ml). Isolated cells were
stained for CD11c and MHCII (Supplementary Tables 3 and 6) and analyzed by
flow cytometry. Dead cells were excluded from the analysis based on fixable viability
dye fluorescence.

Analysis of phagocytosis and reactive oxygen species (ROS) generation.
Phagocytosis of 10 freshly isolated neutrophils and adherent nAPCs derived from
anti-Ova, Ova-IC, and SLE-IC were assessed using a E. coli and IgG Phagocytosis
Assay kit (IgG FITC) (Cayman Chemical, Ann Arbor, MI) following manu-
facturer’s instructions. Briefly, cells were incubated in RPMI medium with a 1:4
dilution of FITC labeled, inactivated E. coli or 1:200 dilution of rabbit IgG coated,
FITC labeled latex beads for 2 h. Trypan blue solution was added to quench
surface-bound E. coli or IgG complex. Cells were then gently washed with assay
buffer twice and FITC uptake was measured by flow cytometry. For analysis of ROS
generation, 10° freshly isolated neutrophils and adherent nAPCs derived from
Ova-IC and SLE-IC suspended in PBS without Ca2+/Mg2*, were incubated with
serum opsonized E. coli (MOI:200) or 100 pg/ml zymosan followed by luminol (50
uM) in PBS with Ca?*/Mg?*. ROS was measured as production of light over time
(expressed in relative light units, RLU), which was continuously monitored at
indicated time points using a 6-channel bioluminat LB-953 luminometer
(Berthold).

Analysis of FcyRIIIB surface expression and 3G8 binding. To assess surface
expression of FcyRIIIB (CD16), clone REA589 was used. The cells were incubated
with (1) 30 ug/ml FITC-IgG isotype control or FcyRIIIB (3G8)-FITC-Ova or
unconjugated CD16 (Clone: 3G8) or (2) Ova, Ova-IC or SLE-IC. The cells were
washed thrice, blocked with TruStain FcX antibody (Biolegend) for 10 min at 4 °C
and stained with 1:50 dilution of CD16 (clone REA589) antibody (Miltenyi Biotec)
for 30 min at 4 °C. Cells were washed thoroughly and assessed by flow cytometry.
To detect the integrity of binding of 3G8 to FcyRIIIB after inhibitor treatment,
neutrophils were treated with Cytochalasin D or MBCD or vehicle for 30 min at
37°C and washed twice with PBS. Cells were then incubated with unconjugated
anti-human CD16 antibody Clone 3G8 (Stem Cell technologies) at 1:50 or Isotype
IgG1k for 30 min at 4 °C. Cells were washed twice and incubated with Alexa Fluor
647 (Thermo Fisher Scientific) labeled goat anti-Mouse IgG (H + L) cross-
adsorbed secondary antibody at a dilution of 1:10,000 for 30 min at 4 °C. Cells were
washed and analyzed by flow cytometry.

Isolation of peripheral blood human neutrophils. To isolate human neutrophils,
peripheral blood was drawn into tubes containing trisodium citrate, citric acid, and
dextrose (Vacutainer ACD Solution A, BD). Autologous serum, used for culture of
cells was obtained by drawing blood into BD Vacutainer™ Venous Blood Collection
Tubes SST, followed by centrifugation at 2500 x g for 30 min and serum collection.
All blood donors provided written informed consent. For normal human blood
samples, 10mls human blood was supplemented with GM-CSF (10 ng/ml) for 30
min at 37 °C followed by addition of 30 ug FITC-IgG isotype control or FcyRIIIB
(3G8)-FITC-Ova conjugate for 2 h at the indicated concentrations. Blood was then
incubated with Hetasep (STEMCELL Technologies) according to manufacturer
protocols to deplete red blood cells and enrich leukocytes. Neutrophils were iso-
lated from the leukocyte-rich plasma layer using a Easysep Neutrophil enrichment
kit (STEMCELL Technologies). Neutrophil purity was evaluated using CD15,
CD11b, CD66b, and lineage markers (CD3, CD19, and CD56) Supplementary
Tables 4 and 6.
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Treatment and culture of peripheral blood human neutrophils. Treatment of
blood from human volunteers was as follows. 10 ml blood samples were incubated
with GM-CSF for 30 min and then 30 pg 3G8-fOva or isotype control (FITC-IgGk)
for 2 h. Neutrophils were isolated and placed in culture with media plus GM-CSF.
PBMCs were isolated as described below and frozen in freezing medium (40%
RPMI1640 4 50% FBS 4 10% DMSO) and preserved for 2 days at —80 °C. After
2 days, the cells were harvested from isotype and 3G8-conjugate treated samples
and co-cultured with autologous CD3 T cells isolated from frozen PBMCs (see
method below) on IFNy ELISpot microplates (R&D Systems, #EL285) at a 1:2 ratio.
To examine neutrophil to nAPC conversion, neutrophils were placed in RPMI
media, which was supplemented with 10% autologous serum and penicillin/
streptomycin (50 U/ml penicillin and 50 ug/ml streptomycin) and 20 ng/ml GM-
CSF. After 48 h, cells were harvested using Accutase and evaluated by flow cyto-
metry as described in Supplementary Tables 4 and 6. In select experiments, 700 nM
of PU.1 inhibitors, DB2115 or DB2313, or vehicle control (water) were added to
neutrophils in culture. For studies with vaccine antigens, cultures were additionally
incubated with 1 pg/ml diptheria toxoid or 1 pg/ml tetanus toxoid for co-cultures.
Treatment of blood from patients with myeloid neoplasias and co-culture with

T cells were as follows. 5 ml blood was treated with 30 ug 3G8-conjugate or isotype
and cultured for 2 days as described above and an additional 10 pg of 3G8 con-
jugate/isotype was added to 1 ml culture during 2 days of culture to increase the
percentage of nAPC generated. PBMCs were isolated by density gradient cen-
trifugation with lymphoprep™ (Stemcell technologies, Canada).

Isolation of human T cells. PBMCs were isolated from peripheral blood using
Lymphoprep (Stemcell Technologies, Vancouver, Canada) density gradient med-
ium, aliquoted in 1 ml cryopreservation tubes at 5 million cells/ml and frozen. The
tubes were thawed after 2 days to isolate CD3 T cells for co-culture studies. For
isolation of CD3+ T cells, negative selection was performed using EasySep Human
T cell isolation kit (#17951, Stemcell Technologies, Vancouver, Canada). Viable
cells were checked for CD3 expression.

Human IFNy ELISPOT assay. After 16 h of co-cultures on IFNYELISpot micro-
plates (R&D Systems, #EL285), samples were processed according to the manu-
facturer’s protocol and results were quantitated using an ELISpot reader (CTL
ImmunoSpot® S6 Fluorescent Analyzer).

Flow cytometry. Flow cytometry was performed on a FACSCanto II or
LSRFortessa-12-color analyzers or FACSSymphony. FCS (flow cytometry standard
format) 3.0 data file was used to export data that was analyzed using FlowJo (Mac
version 10.5). Compensation controls were created for each fluorochrome. BD
multicolor compensation beads and cells were used to set up compensation for the
individual fluorochromes. For all experiments, cells were stained with the Fixable
Viability Dye eFluor 780 (ThermoFisher) to gate out dead cells. Forward and side
scatter gates were used to discriminate doublets and debris (FSC-A, FSC-H, SSC-
A x SSC-H). Matched isotypes were used as controls and negative gating was based
on FMO (fluorescence minus one) strategy. Only viable cells were included for the
studies. For surface staining, single cell suspensions in FACS buffer (PBS supple-
mented with 2% FCS and 2 mM EDTA) were incubated with mouse BD Fc block
or human TruStain FcX for 20 min at 4 °C. Samples were incubated with the
indicated fluorochrome-conjugated antibodies for 30 min at 4 °C, washed with PBS
and fixed with 1% paraformaldehyde.

Flow cytometric analysis of murine bone marrow-derived neutrophils and
nAPCs. For phenotypic and functional analysis of bone marrow-derived neu-
trophils and nAPC, antibodies for the following cell surface markers were used:
CD11¢, MHC-IJ, Ly6G, CD80, CD86, and CCR7 (see Supplementary Tables 3 and
6 for details). Within the viable population of lineage negative (CD3, NK1.1, and
CD19), CD11ct, and MHC-II* events were gated and Ly6G expression was
analyzed. The CD11¢*MHC-II* and Ly6G* population was further analyzed for
expression of co-stimulatory molecules CD80, CD86, and the migratory marker
CCR?7. The CDlIc gates were set based on FMO controls and CD80, CD86, and
CCR7 were selected based on isotype and FMO controls. Displayed numbers are
CD11ct, MHCII, and Ly6G™ events expressed as %. The subset DC markers
XCR1, CD103, and CD8a were analyzed on the CD11c*, MHC-IIT, and Ly6G*
population (gating strategy in Supplemental S1). For uptake analysis, FITC and
Ly6G gates were set based on isotype control. Anti-Ly6G was coupled with APC
fluorochrome. For OT-I and OT-II experiments, anti-CD3, -CD4, and -CD8
antibodies were used. Singlets of CD3+, CD4 1, or CD8 viable cells were gated for
further analysis. Histograms are from one representative sample. Display popula-
tions of CellTrace Violet™ events (dark gray) were set based on isotype controls.
Light gray histograms indicate day 0 staining of CellTrace Violet™ events. For
intracellular staining, fixed cells were stained for surface markers and permeabi-
lized with BD Perm/Wash Buffer (BD Biosciences). Cells were then stained with
anti- Foxp3, -T-bet, and Ki-67 antibodies Cells were washed again with permea-
bilization buffer and analyzed by flow cytometry.

Flow cytometric analysis of human blood neutrophils and dendritic cells. To
evaluate cell markers in freshly isolated human neutrophils, CD15, CD11b, CD66b,

and lineage markers (CD3, CD19, and CD56) were used. Dead cells were excluded
using fixable viability dye and viable cells were gated for lineage negative markers.
Cells were checked for CD15 and CD66b expression. For analysis of nAPC markers
after culture of human neutorphils, viable cells were analyzed for expression of
CDl1c and HLA-DR. Double positive cells were further checked to evaluate co-
stimulatory markers CD80, CD86, and migratory marker CCR7 (see Supplemen-
tary Tables 4 and 6). To evaluate cell markers in circulating leukocytes in whole
blood of SLE patients and paired normal controls, 100 puL of blood was incubated
with antibodies for the following surface markers: CD10, CD15, CD11c, MHCII,
CD80, CCR7 (see Supplementary Tables 5 and 6). Within the viable population of
lineage negative (CD3, CD19, and CD56), CD11c* and MHCII* events were gated
and CD10 and CD15 expression was analyzed. The CD11¢*MHCIIF, CD107, and
CD15% population was further analyzed for CD80 and CCR7 markers. The DC
subset markers Clec9a was also evaluated in the CD11ctMHCII*CD10+CD15+
population. Red blood cells were lysed using lysis buffer (BD Pharm Lyse) and the
samples were analyzed by flow cytometry in an LSR Fortessa cytometer (BD
bioscience).

Live cell imaging of mouse blood neutrophils. Live cell imaging was performed
using a CellAsic Onix2 microfluidics cell trap plate (M04T-01- EMD Millipore)
(100 um? traps) mounted on a widefield inverted Nikon Ti microscope enclosed in
a custom-made environmental chamber heated to 37 °C. Pre-mixed 5% CO, was
perfused into the cells through the gas line in the CellAsic Onix2 microfluidics
device. The microscope was equipped with a Plan Apo 100x/1.45 objective, a
Nikon linear encoded motorized stage, an Andor Zyla 4.2 plus sCMOS mono-
chrome camera and a Lumencor Spectra X light engine. The acquisition software
controlling the microscope was Nikon NIS Elementens AR 4.30. Phototoxicity was
minimized by reducing light intensity using an ND8. The signal from YFP-reporter
and SYTO™ deep red-stained nucleus were collected using Chroma ET filter cubes
49003 and 49006, respectively. Neutrophils isolated from the peripheral blood of
naive CD11c-YFP mice were stained with SYTO™ Deep Red nucleic acid stain
(Invitrogen). SYTO stained neutrophils were introduced into the microfluidics cell
trap plate and stimulated with 20ug/ml SLE-IC for 1.5 h. The cells were washed
with RPMI1640 + FCS for 30 min and perfused with RPMI1640 + FCS 4 SYTO™
deep red nucleic acid stain at 3 kPa flow rate for the duration of the experiment.
Transmitted light images were collected every 2 min in brightfield to track indi-
vidual cells whereas fluorescence images in YFP-reporter and SYTO™ channels
were collected every 30 min to minimize phototoxicity. Focus was maintained by
the software-built steps in range autofocusing routine using transmitted light. A z-
stack was collected at each timepoint.

Confocal imaging of mouse blood neutrophils. Isolated peripheral blood neu-
trophils stained with SYTO™ Deep Red nucleic acid stain (Invitrogen) were sti-
mulated with 20 pg/ml SLE-IC for 1.5 h and placed in culture. Z-stack images were
taken at Day 0 and at Day 2 were collected using a DMI6000 (Leica) with a 63X
NAL1.3 Plan-Apo glycerol immersion objective, CSUX Yokogawa spinning disc
(Andor), Borealis illumination system (Andor), and Zyla Plus camera (Andor),
controlled by MetaMorph 7.8 (Molecular Devices).

Cytospins of human neutrophils. Cytospins were prepared of purified human
neutrophils (day 0) and 24 h after treatment with 3G8-fOva or isotype control and
cultured in GM-CSF. Cytospins were stained with Wright-Giemsa.

Analysis of FITC-Ova, FITC-Ova/anti-Ova, and anti-FcyRIll (3G8)-FITC-Ova
uptake in vitro. For murine neutrophil uptake experiments, cells from the indi-
cated genotypes were cultured with FITC-Ova or FITC-Ova-anti-Ova model
immune complexes generated as detailed above. At the indicated times, cells were
collected, stained with anti-Ly6G, quenched with trypan blue, and subjected to
FACs analysis to detect Ly6GTFITC™ cells. For human neutrophil uptake mea-
surements, blood was incubated at 37 °C with FITC-IgG isotype control or anti-
FcyRIIIB (3G8)-FITC-Ova antibody conjugate (8.5-12.5 ug/ml) with gentle agita-
tion on a rocking table for the indicated times. Samples were then treated with
ammonium chloride solution (STEMCELL Technologies #07800) for 15 min on ice
to lyse red blood cells, washed with PBS, and subjected to FACS analysis with the
indicated antibodies: anti-CD10, -CD15 -CD16 (REA-589) -CD16(3G8) and
-CD32 (IV.3) (Supplementary Table 4).

Adoptive transfer of CD45.1 nAPC into CD45.2 recipients and spleen harvest.
Neutrophils from CD45.1 mice were incubated with Ova-ICs to generate nAPCs as
described above. After 3 days, adherent cells were collected, For ex vivo studies, half
the nAPC sample was labeled with FITC and injected i.v. into CD45.2 mice. After
3 days, the spleen was harvested and subjected to a FACs sort for CD11c*MHCII+
cells and additionally sorted on FITC + CD45.1 positive cells (presumptive nAPCs)
or CD45.2 cells (presumptive cDCs). The recovered nAPCs and cDCs were
incubated with Cell trace violet labeled CD4* (OTII) or CD81 (OTI) T cells at a
1:2 ratio. After 3 days, samples were subjected to FACs analysis to examine T cell
proliferation as described. For in vitro studies, the other half of the nAPC sample
and CDl1c positive cells isolated from spleen using CD11c* beads (Miltenyi
Biotec) were plated with Cell trace violet labeled CD4*+ (OTII) or CD8F (OTI)
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T cells at a 1:2 ratio. After 3 days, samples were subjected to FACs analysis to
examine T cell proliferation.

Adoptive transfer of neutrophils into MHCII deficient mice and immunization
with 3G8-fOva. Neutrophils were freshly isolated from bone marrow of naive
FcyRIIA + FcyRIIIB/y—/~ mice and 1 x 107 cells were injected i.v. into MHCII
deficient recipient mice at day —3 and day —2. Five hours post injection of neu-
trophils, 3G8-fOva conjugate or 3G8 (control) was given i.v. At day 0, mice were
injected i.v. with CellTrace Violet-labeled CD4* (OTII) T cells. After 3 days, lymph
nodes (brachial, inguinal, renal, mediastinal, popliteal, axillary), spleen and liver
were harvested and T cell proliferation was evaluated.

Analysis of nAPC accumulation in organs after 3G8 i.v. injection. 3G8-fOva
conjugate or 3G8 (unconjugated) was given with or without 5 ug GM-CSF intra-
venously. After 3 days blood, lymph nodes (brachial, inguinal, renal, mediastinal,
popliteal, axillary), spleen, lungs and liver were harvested and percent nAPCs
expressing CD11¢tMHCIITCD80TCD86TCCR*Ly6G* was evaluated.

Blood and spleen analysis for detection of Ag uptake and neutrophil-DC
markers. y~/—, 3By~/~, and 2A3By~/~ mice were injected retro-orbitally with 30
pg of 3G8 (anti-FcyRIIIB)-FITC-Ova. Blood samples were taken at the indicated
times and subjected to red blood cell lysis using ACK lysis buffer, washed with PBS
and analyzed by FACS with antibodies for the following markers: Ly6G, CD11c,
CD11b, MHCII, CD80, and CCR7 (nAPC analysis) or Ly6C, CD115, CD16(REA-
589) and CD32 (uptake). Spleens were harvested after 3 days and processed as
described in the organ harvest section.

CD8 (OTI) and CD4+ (OTII) T cell proliferation assays in vitro. T-cells from
the Ovalbumin specific TCR transgenic OT-I and OT-II mice were isolated from
spleen and lymph nodes by positive selection. Cells were enriched with microbeads
conjugated to anti-mouse CD8a (Ly-2) (Miltenyi) for enrichment of CD87 T-cells
or anti-mouse CD4 (L3T4) (Miltenyi) for CD4+ T-cell enrichment. Final pre-
parations contained 85-90% CD8* or CD4" T-cells. 0.5 x 10° bone marrow
neutrophils from the indicated genotypes were loaded with Ova, Ova-IC or vehicle
control as described earlier, seeded in 96-well microplates in RPMI medium (10%
FCS) supplemented with GM-CSF and cultured for 3 days to generate nAPC. At
day 3, adherent cells were counted and replated at equal numbers for all samples.
As a positive control, nAPC (with vehicle control, i.e. no Ova) were pulsed with 1
pg/ml of Ovaysy_564 24 h prior to the addition of T cells. To assess T cell pro-
liferation, OT-I and OT-II T cells were resuspended in PBS (107 cells/ml) con-
taining 0.1% bovine serum albumin (Sigma) and incubated with CellTrace Violet
(Invitrogen) at 5 uM for 20 min at 37 °C. The reaction was stopped with 10% FCS
and the cells were washed twice with cold PBS and resuspended in RPMI sup-
plemented with 10% FCS, L-glutamine, and pen/strep. nAPC were co-cultured with
2 x 10° CellTrace Violet-labeled OT-I or OT-II cells. After 3 days for OT-II and 5
days for OT-I, cells were washed with PBS and analyzed by flow cytometry for
CellTrace Violet dye dilution.

CD8* (OTI) and CD4+ (OTII) T cell proliferation assays in vivo. Enriched OT-
I and OT-II cells were labeled with CellTrace Violet dye as described for in vitro
assays. Cells were resuspended in PBS and injected i.v. (3 x 106 cells/mouse) into
recipient mice (day 0) that had received an i.v. injection of 30 pg of FcyRIIIB-FITC-
Ova conjugate at day —10. On day 4, mice were euthanized and cells from the

spleen were harvested and stained for flow cytometry analysis. For MHCII deficient
mice, the mice were injected retro-orbitally with 30 pg of 3G8 (anti-FcyRIIIB)-

FITC-Ova conjugate or 3G8 antibody on day-3 and day-2. The mice also received
2A3By~/~ neutrophils on day -3 and day -2. CellTrace Violet dye labeled OT-II
T cells were injected i.v on day 0. On day 3, mice were euthanized and cells from
lymph nodes, spleen and liver were harvested and analyzed using flow cytometry.

In vivo CTL assay. Recipient mice were injected with 30 ug of FcyRIIIB-FITC-Ova
at day —7. At day 0, target splenocytes were generated by harvesting spleens from
WT naive mice and incubating half the cells with (“pulsed”) half without
(“unpulsed”) 1 pg/ml Ova,s;_»64 (SIINFEKL Analytical Biotechnology Services,
Boston) for 1h at 37 °C in RPMI supplemented with 10% FCS. The cells were
washed and resuspended in PBS and the pulsed and unpulsed cells were labeled
with 6 uM CellTrace Violet (Thermofisher, C34557) (pulsed) or 1 uM CellTrace
Violet (unpulsed) respectively for 20 min at 37 °C. The cells were washed and
resuspended in PBS, and 1 x 10° pulsed and 1 x 106 unpulsed cells were co-injected
i.v. into the indicated recipient mice. 16 h later, spleens from recipient mice were
harvested and assessed for loss of pulsed targets by flow cytometry. The following
equations were used to determine the actual value of cell specific lysis:'?? %Specific
cytotoxicity = [1 — {(x/y)/(a/b))}] x 100 where x = CellTraceViolet in/high event
number in T Ag-primed mouse, y = CellTraceViolet ¥ event number in T Ag-
primed mouse, a = CellTraceVioletihigh event number in naive mouse, and b=
CellTraceViolet 1% event number in naive mouse. For neutrophil depletion, mice
were intraperitoneally administered 350 pg anti-Ly6G antibody (clone 1A8,
BioXCell, NH) or isotype control at day —2 and —1 before the addition of

FcyRIIIB-FITC-Ova every 2 days thereafter for the remainder of the experiment.
Depletion of Ly6G+ cells was confirmed and monitored in peripheral blood by
flow cytometry.

Adoptive transfer of nAPC or immunization with anti-FcyRIIIB-FITC-Ova prior
to B16F10-Ova challenge. Neutrophils isolated from WT or MyD88~/~TRIF—/~
mice were incubated with PBS (vehicle), Ova or Ova-anti-Ova ICs for 2 h, washed
and cultured as described under “Neutrophil treatments”. After 3 days, non-
adherent cells were gently removed and the remaining adherent cells were detached
with Accutase. 1 x 10° adherent cells were injected intravenously into Isofluorane-
anesthetized mice 7 days prior to subcutaneous inoculation of B16F10-Ova cells.
For immunization studies, 100 pul of PBS solution containing the 3G8 (anti-
FcyRIIIB)-FITC-Ova (30 pg) or FITC-Ova at an equal molar ratio of Ova present
in the conjugate (12 pg), was injected i.v. into mice 6 h after an intraperitoneal
injection of 5 pg of GM-CSF. Four additional daily injections of GM-CSF were
given. Ten days after 3G8-fOva conjugate or FITC-Ova injection, mice were
challenged with a subcutaneous injection of 2 x 105 B16F10-Ova cells as detailed in
the B16F10-Ova tumor challenge, organ harvest and flow cytometric analysis
section. For analysis of tissue accumulation of adoptively transferred nAPCs,
neutrophils were incubated with Ova-ICs to generate nAPCs as described. After
3 days, adherent cells were harvested and labeled with Cell trace fluorescent dye
(Invitrogen) according to the manufacturer’s instructions. 5 x 106 nAPCs were
injected i.v. into mice with tumor implanted 6 days prior.

B16F10-Ova tumor challenge and T cell depleting antibodies. B16F10 cells
expressing soluble Ova were cultured in vitro in DMEM/high glucose supple-
mented with 10% fetal calf serum and maintained at sub-confluent density. Mice
were anesthetized with an intraperitoneal injection of a ketamine/xylazine cocktail
(90 mg/kg ketamine, 10 mg/kg xylazine), shaved and injected in the flank sub-
cutaneously with 2 x 10° tumor cells in 100 ul HBSS. Tumors were measured with a
caliper every 1-2 days once palpable in any one group (long diameter and short
diameter) and tumor volume was calculated using an ellipsoid formula (1/2XDxd?)
where “D” and “d” are the longer and shorter diameter respectively. For T cell
depletion, beginning 1 day prior to injection of B16F10 implantation, mice were
treated with intraperitoneal injection of an initial dose of 200 pg/mouse of anti-
CD4 (clone GK1.5, BioXCell) or anti-CD8 (clone 2.43, BioXCell) antibodies in
PBS, followed by dosing with 100 ug/mouse every 7 days throughout the course of
the experiment.

Organ harvest, T cell depletion, and flow cytometric analysis. Organs and
tumors were surgically removed and processed within 30 min of removal. Briefly,
on ice, all excess fat was removed. The organs were gently dissociated in FACS
buffer (PBS supplemented with 2% FCS and 2mM EDTA) by shearing the tissue
on a 70 pm nylon cell strainer (FisherBrand) using a 3 ml syringe plunger. Tumors
were minced/digested in Collagenase type I and dissociated using gentle MACS
Dissociator 1X and lymphocytes were purified on a Percoll (GE Healthcare) gra-
dient and resuspended in FACS buffer. Cells from spleen and liver were subjected
to red blood cell lysis using ACK lysis buffer solution (Lonza Cat 10-548E) for 2
min at room temperature, washed once with PBS and resuspended in FACS buffer.
Blood was collected from the retroorbital plexus of isoflurane-anesthetized mice
using micro-hematocrit capillary tubes into EDTA tubes (final 5mM). Samples
were subjected to red blood cell lysis using ACK lysis buffer for 10 min at room
temperature, washed with PBS and resuspended in FACS buffer. For flow cyto-
metric analysis, cells were analyzed for expression of CD4, CD8, CD44, CD62L,
MHCI't (H-2 Kb Ova Tetramer (Ova257-264)), CD69, CD25, PD-1, Foxp3, Ki-67,
and T-bet.

Delayed-type hypersensitivity (DTH) responses. Ova-IC or Ova fed neutrophils
were cultured in the presence of GM-CSF. 3 days later, non-adherent cells were
discarded, adherent cells were harvested using Accutase and 1 x 10° nAPC were
injected i.v. into wild type recipient mice. 7 days after immunization, 50 ug of
soluble Ova in 100 pl PBS was injected into the right, rear foot pad and an equal
volume of PBS was injected in the left, rear foot pad as a control. Paw swelling was
measured on day 0 before Ova injection and 24 h after Ova or PBS challenge using
digital calipers. The magnitude of the DTH response was calculated as the thick-
ness after and before Ova or PBS challenge. For histological analyses of the DTH
response, paws were collected, fixed in formalin solution, neutral buffered, 10%
(Sigma, HT-50-14-120 ml) and processed for H&E staining using standard histo-
pathological methods. The Inflammatory score was determined by an observer
blinded to the identity of the samples.

Cytokine detection and analysis. Supernatants from nAPCs generated in vitro
from Ova-IC or Ova was collected and analyzed for cytokine and chemokine levels
using the pro-inflammatory focused 32-plex array (Eve Technologies, Calgary, AB).

Intravital microscopy of popliteal lymph node. Approximately 5 x 10° nAPCs
generated with Ova-IC as described for the DTH model were resuspended in 25 pul
of PBS and injected into the right hind footpad of wild-type C57Bl/6 mice at day 0.
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(10-10.5) x 106 isolated OT-1 B-actin-GFP cells in 200 ul PBS were injected i.v. 30
min before nAPC injection. At day 3 after nAPC injection, mice were anesthetized
with a mixture of ketamine (50 mgkg~!) and xylazine (10 mgkg~!) injected
intraperitoneally. The jugular vein of the anesthetized mice was cannulated for
intravenous delivery of Qtracker 655 Vascular dye and additional anesthetics as
needed. The right popliteal lymph node was prepared microsurgically and posi-
tioned on a custom-made microscope stage for intravital microscopy. During
microsurgery, attention was given to spare blood vessels and afferent lymph vessels.
The exposed lymph node was submerged in normal saline, covered in a glass
coverslip with a thermocouple placed next to the lymph node to monitor local
temperature which was maintained at 37 °C. Two-photon intravital imaging was
performed with an upright microscope (Prairie Technologies) and a water-
immersion x20 objective (0.95 numerical aperture). A MaiTai Ti:sapphire laser
(Spectra-Physics) was tuned to 870 nm and 900 nm for two-photon excitation and
second-harmonic generation. Images of xy sections (512 x 512 pixels) were
acquired every 1.5-2 s. for 5 min (analysis) or 10 min (videos) with electronic zoom
varying from x1 to x3. Emitted light and second-harmonic signals were directed
through 450/80-nm, 525/50-nm, and 630/120-nm bandpass filters and detected
with non-descanned detectors. Files were saved as multiple TIF images and
imported into FIJT'93 for analysis or Imaris software (Bitplane) for export as videos.

Preparation of samples for bulk RNAseq. Bone marrow neutrophils were iso-
lated from wild-type mice by negative selection using the EasySep Mouse Neu-
trophil Enrichment Kit and incubated with Ova, Ova-IC or SLE-IC for 2 h as
described. Cells were washed and cultured with GM-CSF for the Ova and Ova-IC
samples and without GM-CSF for the SLE-IC treated cells. After 3 days, adherent
cells were harvested and total RNA was extracted using RNeasy Mini kit (Qiagen,
Madison WI) following the manufacturer’s protocol. Day 0 untreated neutrophils
were harvested immediately after isolation. RNA quantity and purity for all sam-
ples were measured using a NanoDrop™ Spectrophotometer (Thermo Fisher
Scientific Inc). The KAPA mRNA HyperPrep Kit (Sigma-Aldrich) was used to
generate libraries that were then sequenced using the Illumina NextSeq 500 System.
Single-end reads were mapped to Gencode version vM20 mouse assembly using
ARMOR to generate transcripts per million (TPM) matrices through SALMON
version 0.10.2. For quality control, we first defined common genes as genes
detected with at least one mapped fragment in 90% of the samples. We then
computed the percentage of those common genes (22,443 genes) detected in each
sample. All samples had >97% of common genes detected, passing quality control.

Preparation of samples for single-cell RNAseq and sorting. Three recipient
2A3By~/~ mice were injected with 30 pg of 3G8-conjugate at day —3. On day 0,
spleens from 3G8-FITC(f)-Ova injected mice and WT control mice were harvested
separately. Before sorting, splenic cells from 2A3By—/~ mice were stained with 0.7
ug of FACS antibodies, for Lin— markers (CD3, B220, CD19, NK1.1, Thyl.1,
Thyl.2, and Ter119), CD11lc, MHCII, CD11b, and Ly6G and the fixable viability
stain 780 (See supplementary Tables 4 and 6). The singlet population was enriched
by gating on live cells. This population was further gated for Lin-negative cells to
remove T cells, B cells, and NK cells. The remaining Lin-negative population was
gated for FITC (i.e., 3G8-fOva) positive and Ly6G* CD11b* positive cells. CD11c
and MHCII positive cells were sorted using a BD FACSAriallI cell sorter as sort 1
and the double negative population was sort 2. The sorted cells were individually
hashed with different hashing antibodies. WT control spleens were gated for Lin-
negative cells and Ly6G positive cells were sorted. The Ly6G* cells were hashed
separately. Neutrophils from 2A3By—/— mice were harvested on day 0 and in vitro
Ova-IC generated nAPCs were harvested on days 1, 2, and 3 and hashed separately.
Both in-vivo and in-vitro hashed samples were mixed in equal proportion and
subjected to 10x Chromium controller. Sample populations were stained with anti-
mouse Total-Seq A Hashtag antibodies #1-#12. Approximately 3000 of each
population were then pooled together and a total of 36,000 cells were loaded onto
the 10x Chromium controller.

Bulk RNAseq gene expression quantification and quality control. The Kapa
mRNA library preparation (KAPA mRNA HyperPrep Kits) was used to generate
libraries that were then sequenced on the NextSeq 500. Single-end reads were
mapped to Ensembl version GRCm36.p6 transcripts using kallisto!04195 to gen-
erate transcripts per million (TPM) matrices. For quality control, we first defined
common genes as genes detected with at least one mapped fragment in 90% of the
samples. We then computed the percentage of those common genes (17,927 genes)
detected in each sample. All samples had >98% of common genes detected, passing
quality control.

Single-cell RNAseq gene expression quantification and quality control.
Libraries were generated according to the 10x Genomics Chromium Single Cell 3/
protocol and sequenced using a NextSeq 500 sequencer (Illumina). Cellranger
v3.0.2 was used to process the raw BCL files. First, raw BCL files were demulti-
plexed using cellranger mkfastq to generate FASTQ files with default parameters.
These FASTQ files were aligned to the mm10 genome and gene/antibody reads
were quantified simultaneously using cellranger count. The final raw matrix con-
sisted of barcode specific UMI counts for each gene/hashtag. Starting with raw

unfiltered cellranger output matrices, barcodes with greater than 500 unique genes
detected and less than 5% mitochondrial UMI passed RNA-seq quality control. To
remove barcodes with ambiguous hashing identity, two hashing UMI quality
metrics were calculated: (i) the proportion of hashing UMI for the most abundant
hashing antibody and (ii) the ratio of the number of UMI for the second most
abundant hashing antibody to the number of UMI for the most abundant hashing
antibody. Cells with >80% most abundant hashing antibody UMI and a ratio of
second to most abundant hashing antibody of less than 5% passed hashing quality
control and were available for downstream analysis.

Single-cell clustering, visualization, and cell type identification. To process the
single cell data, raw gene x cell matrices were first normalized, then subsetted on
the top 3581 variable genes based on standardized log dispersion. The gene
expression matrix was scaled and centered by mean 0 variance 1 on the variable
genes and then cosine distance was calculated. PCA analysis was performed on
these variable genes and 50 PCs were calculated Visual inspection of an elbow plot
revealed that the top 15 PCs captured most of the deviation in the data. These PCs
were harmonized using Harmony to remove batch effects based on sample dif-
ferences. These harmonized PCs were used to cluster the cells based on Louvain!%®
graph-based clustering. UMAP!97:198 dimensionality reduction was performed for
dimensionality reduction. Finally, we annotated the clusters based on a panel of
curated cell-type specific marker genes combined with differential expression
analysis and hashtag abundances. These cell type identifications were maintained
throughout all further analyses.

Bulk PCA and visualization. PCA analysis was performed on scaled expression of
the genes whose mean expression was in the top 90th percentile of all genes. 10 PCs
were calculated and visualized.

Trajectory analysis and trajectory score. To characterize cell differentiation
trajectory, we use Monocle 3199-111. A principal graph was learned on the UMAP
projection of the in vitro cells using the learn graph () function. These cells were
then ordered using the order cells () function in order to generate a pseudo-time
axis. The following linear model was then fit using poisson regression to counts (X)
of gene i in cell j found along the discovered trajectory defined by pseudo-time P
with nUMI as an offset term:

Xij ~ By + B\ P; + offset(nUMIL,)

The set of genes with p <0.00005 (1246 genes) defined the set of genes
correlated with pseudo-time and were used to calculate trajectory gene scores.
These gene scores were calculated by multiplying the fitted beta from the above
model for gene i with the expression of that gene in cell j. The sum of these values
across all genes within each cell generated a score applied to the in vivo data along
with the bulk data. A full list of these genes can be found in Supplementary Data 3.

Maturation score. To characterize maturation levels of Nt.1 and Nt.5 subsets, a
maturation score was calculated by adding the expression of a set of 49 maturation-
associated genes provided in a recent paper exploring neutrophil heterogeneity®3.
We subsetted the normalized expression matrix on these genes and then scaled the
resulting matrix. These scaled expression values were multiplied by an indicator
variable (1 or —1) representing positive or negative logFC in the respective cluster
and summed across all cells in each cluster. The full list of genes may be found in
Supplementary Data 3.

Pseudo-time gene expression correlation. To show changes in gene expression
of certain markers and how these changes correlated with pseudo-time, we binned
the in vitro cells that fit the trajectory identified above into 25 bins. Within each
bin, the mean and standard deviation of the normalized expression of each marker
across all cells was determined and plotted vs. pseudo-time. The dots representing
the mean normalized expression value within the bin were colored according to the
most abundant cell type in that bin.

GO ontology pathway analysis. Pathway analysis was performed using the KEGG
(Kyoto Encyclopedia of Genes and Genomes) database!12-114, Top 200 genes by
auc were used as input into the find enriched pathways function from the KEGG
Profile package!!®. Ribosomal genes were excluded from the top 200 genes and

disease related pathways were removed from the final list of pathways to consider.

BART TF analysis and STRING database visualization. The genes that corre-
lated with pseudo-time were entered into the BART web-browser, which uses the
MARGE-cistrome function to predict potential regulators of the input gene list.
These regulators were taken and visualized using the STRING database. In the
network produced by the STRING database, the edges were limited to those with
high confidence scores (>0.700). The colors of nodes were later changed to high-
light the regulatory modules identified in the networks.
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Statistics. Statistical analyses were performed using Graphpad prism 8 (La Jolla,
CA), STATA 13 (StataCorp. 2013. College Station, TX) and JMP10 software (SAS
Institute, Inc, USA). All the data included in the studies are expressed as mean +
SEM. For group analysis, one-way ANOVA with Dunnett’s multiple comparison
was used. If only two groups were compared, a two-tailed students t-test with
Bonferroni correction was used. The statistical significance of the differences for
SLE patient and SLEDALI scores was determined by a nonparametric test using
Mann-Whitney analysis. Correlation was analyzed using Spearman test. *P < 0.05
and **P < 0.005 was considered significant. For statistical analysis of tumor growth,
the change in volume over time from day 7 to day 14 was estimated in each animal
controlling for group and the repeated measures of the same animal through use of
a mixed-effects regression model with a random subject effect. The model con-
sidered separate intercepts and slopes for animals in each of the four groups. An
additional model considered possible non-linear relationships of volume with time
in each animal through inclusion of a quadratic effect in time. For estimation, this
effect was centered at the mean time of 12.5 days. Models were fitted using
maximum likelihood, and likelihood ratio tests were used to test whether slopes
differed across groups and whether the inclusion of quadratic terms improved
model fit. Models were fitted using the Mixed routine in STATA version 13. A
model adding the quadratic term was not significantly better than the model
assuming linearity over time with separate slopes per group.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study are included in this published article
(and its Supplementary information files). Sequence data that support the findings of this
study have been deposited in the Gene Expression Omnibus (GEO) database with
primary accession code GSE173569. All reasonable requests for unique materials will be
provided under an institutional Materials Transfer Agreement. Source data are provided
with this paper.

Received: 5 June 2020; Accepted: 17 June 2021;
Published online: 09 August 2021

References

1. Banchereau, J. et al. Immunobiology of dendritic cells. Annu. Rev. Immunol.
18, 767-811 (2000).

2. Gros, M. & Amigorena, S. Regulation of antigen export to the cytosol during
cross-presentation. Front. Immunol. 10, 41 (2019).

3. Kambayashi, T. & Laufer, T. M. Atypical MHC class II-expressing antigen-
presenting cells: can anything replace a dendritic cell? Nat. Rev. Immunol. 14,
719-730 (2014).

4. Croft, M. Activation of naive, memory and effector T cells. Curr. Opin.
Immunol. 6, 431-437 (1994).

5. Ten Brinke, A. et al. Ways forward for tolerance-inducing cellular therapies-
an AFACTT perspective. Front. Immunol. 10, 181 (2019).

6. Tacken, P. ], de Vries, I J., Torensma, R. & Figdor, C. G. Dendritic-cell
immunotherapy: from ex vivo loading to in vivo targeting. Nat. Rev. Immunol.
7, 790-802 (2007).

7. Dhodapkar, M. V. et al. Induction of antigen-specific immunity with a vaccine
targeting NY-ESO-1 to the dendritic cell receptor DEC-205. Sci. Transl. Med.
6, 232ra251 (2014).

8. Carreno, B. M. et al. Cancer immunotherapy. A dendritic cell vaccine
increases the breadth and diversity of melanoma neoantigen-specific T cells.
Science 348, 803-808 (2015).

9. Trumpfheller, C. et al. Dendritic cell-targeted protein vaccines: a novel
approach to induce T-cell immunity. J. Intern. Med. 271, 183-192 (2012).

10. Engel, A. L., Holt, G. E. & Lu, H. The pharmacokinetics of Toll-like receptor
agonists and the impact on the immune system. Expert Rev. Clin. Pharm. 4,
275-289 (2011).

11. Ho, N. I, Huis In ‘t Veld, L. G. M., Raaijmakers, T. K. & Adema, G. J.
Adjuvants enhancing cross-presentation by dendritic cells: the key to more
effective vaccines. Front. Immunol. 9, 2874 (2018).

12. Mayadas, T. N., Cullere, X. & Lowell, C. A. The multifaceted functions of
neutrophils. Annu Rev. Pathol. 9, 181-218 (2014).

13. Singhal, S. et al. Origin and role of a subset of tumor-associated neutrophils
with antigen-presenting cell features in early-stage human lung cancer. Cancer
Cell 30, 120-135 (2016).

14. Davey, M. S. et al. Microbe-specific unconventional T cells induce human
neutrophil differentiation into antigen cross-presenting cells. J. Immunol. 193,
3704-3716 (2014).

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Fites, J. S. et al. An unappreciated role for neutrophil-DC hybrids in immunity
to invasive fungal infections. PLoS Pathog. 14, e1007073 (2018).
Iking-Konert, C. et al. Up-regulation of the dendritic cell marker CD83 on
polymorphonuclear neutrophils (PMN): divergent expression in acute
bacterial infections and chronic inflammatory disease. Clin. Exp. Immunol.
130, 501-508 (2002).

Hansch, G. M. et al. Expression of major histocompatibility class II antigens
on polymorphonuclear neutrophils in patients with Wegener’s
granulomatosis. Kidney Int. 55, 1811-1818 (1999).

Iking-Konert, C. et al. Polymorphonuclear neutrophils in Wegener’s
granulomatosis acquire characteristics of antigen presenting cells. Kidney Int
60, 2247-2262 (2001).

Cross, A., Bucknall, R. C., Cassatella, M. A., Edwards, S. W. & Moots, R. J.
Synovial fluid neutrophils transcribe and express class II major
histocompatibility complex molecules in rheumatoid arthritis. Arthritis
Rheum. 48, 2796-2806 (2003).

Iking-Konert, C. et al. Transdifferentiation of polymorphonuclear neutrophils
to dendritic-like cells at the site of inflammation in rheumatoid arthritis:
evidence for activation by T cells. Ann. Rheum. Dis. 64, 1436-1442 (2005).
Li, Y. et al. The regulatory roles of neutrophils in adaptive immunity. Cell
Commun. Signal 17, 147 (2019).

Lin, A. & Lore, K. Granulocytes: new members of the antigen-presenting cell
family. Front Immunol. 8, 1781 (2017).

Matsushima, H. et al. Neutrophil differentiation into a unique hybrid
population exhibiting dual phenotype and functionality of neutrophils and
dendritic cells. Blood 121, 1677-1689 (2013).

Ostanin, D. V. et al. Acquisition of antigen-presenting functions by
neutrophils isolated from mice with chronic colitis. J. Immunol. 188,
1491-1502 (2012).

Fanger, N. A. et al. Activation of human T cells by major histocompatability
complex class II expressing neutrophils: proliferation in the presence of
superantigen, but not tetanus toxoid. Blood 89, 4128-4135 (1997).

Vono, M. et al. Neutrophils acquire the capacity for antigen presentation to
memory CD4(+) T cells in vitro and ex vivo. Blood 129, 1991-2001 (2017).
Takashima, A. & Yao, Y. Neutrophil plasticity: acquisition of phenotype and
functionality of antigen-presenting cell. J. Leukoc. Biol. 98, 489-496 (2015).
Nimmerjahn, F. & Ravetch, J. V. Fcgamma receptors as regulators of immune
responses. Nat. Rev. Immunol. 8, 34-47 (2008).

Bruhns, P. Properties of mouse and human IgG receptors and their
contribution to disease models. Blood 119, 5640-5649 (2012).

Gillis, C., Gouel-Cheron, A., Jonsson, F. & Bruhns, P. Contribution of human
FcgammaRs to disease with evidence from human polymorphisms and
transgenic animal studies. Front Immunol. 5, 254 (2014).

Tsuboi, N., Asano, K., Lauterbach, M. & Mayadas, T. N. Human neutrophil
Fcgamma receptors initiate and play specialized nonredundant roles in
antibody-mediated inflammatory diseases. Immunity 28, 833-846 (2008).
Tsuboi, N. et al. Regulation of human neutrophil Fcgamma receptor IIa by
C5a receptor promotes inflammatory arthritis in mice. Arthritis Rheum. 63,
467-478 (2011).

Klein, J. B. et al. Granulocyte-macrophage colony-stimulating factor delays
neutrophil constitutive apoptosis through phosphoinositide 3-kinase and
extracellular signal-regulated kinase pathways. J. Immunol. 164, 4286-4291
(2000).

Alvarez, D., Vollmann, E. H. & von Andrian, U. H. Mechanisms and
consequences of dendritic cell migration. Immunity 29, 325-342 (2008).

Yu, C,, Gershwin, M. E. & Chang, C. Diagnostic criteria for systemic lupus
erythematosus: a critical review. J. Autoimmun. 48-49, 10-13 (2014).

von Gunten, S. & Simon, H. U. Cell death modulation by intravenous
immunoglobulin. J. Clin. Immunol. 30, S24-S30 (2010). Suppl 1.

Tsokos, G. C., Lo, M. S., Costa Reis, P. & Sullivan, K. E. New insights into the
immunopathogenesis of systemic lupus erythematosus. Nat. Rev. Rheumatol.
12, 716-730 (2016).

Yamamoto, M. et al. Role of adaptor TRIF in the MyD88-independent toll-like
receptor signaling pathway. Science 301, 640-643 (2003).
Grieshaber-Bouyer, R. & Nigrovic, P. A. Neutrophil heterogeneity as
therapeutic opportunity in immune-mediated disease. Front Immunol. 10, 346
(2019).

Oehler, L. et al. Neutrophil granulocyte-committed cells can be driven to
acquire dendritic cell characteristics. J. Exp. Med 187, 1019-1028 (1998).
Sancho, D. et al. Identification of a dendritic cell receptor that couples sensing
of necrosis to immunity. Nature 458, 899-903 (2009).

Hogquist, K. A. et al. T cell receptor antagonist peptides induce positive
selection. Cell 76, 17-27 (1994).

Barnden, M. J., Allison, J., Heath, W. R. & Carbone, F. R. Defective TCR
expression in transgenic mice constructed using cONA-based alpha- and beta-
chain genes under the control of heterologous regulatory elements. Irnmunol.
Cell Biol. 76, 34-40 (1998).

| (2021)12:4791| https://doi.org/10.1038/s41467-021-24591-x | www.nature.com/naturecommunications 21


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE173569
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

22

Blander, J. M. Regulation of the cell biology of antigen cross-presentation.
Annu Rev. Immunol. 36, 717-753 (2018).

Watts, C., West, M. A. & Zaru, R. TLR signalling regulated antigen
presentation in dendritic cells. Curr. Opin. Immunol. 22, 124-130 (2010).
Denton, A. E. et al. Affinity thresholds for naive CD8+ CTL activation by
peptides and engineered influenza A viruses. J. Immunol. 187, 5733-5744
(2011).

Mach, N. et al. Differences in dendritic cells stimulated in vivo by tumors
engineered to secrete granulocyte-macrophage colony-stimulating factor or
Flt3-ligand. Cancer Res 60, 3239-3246 (2000).

Kapsenberg, M. L., Teunissen, M. B., Stiekema, F. E. & Keizer, H. G. Antigen-
presenting cell function of dendritic cells and macrophages in proliferative T
cell responses to soluble and particulate antigens. Eur. J. Immunol. 16,
345-350 (1986).

Merad, M., Sathe, P., Helft, J., Miller, J. & Mortha, A. The dendritic cell
lineage: ontogeny and function of dendritic cells and their subsets in the
steady state and the inflamed setting. Annu Rev. Immunol. 31, 563-604
(2013).

Blanco, P., Palucka, A. K., Pascual, V. & Banchereau, J. Dendritic cells and
cytokines in human inflammatory and autoimmune diseases. Cytokine Growth
Factor Rev. 19, 41-52 (2008).

Abbas, A. K., Murphy, K. M. & Sher, A. Functional diversity of helper T
lymphocytes. Nature 383, 787-793 (1996).

Nakayama, M. Antigen Presentation by MHC-Dressed Cells. Front Immunol.
5, 672 (2014).

Miller, B. C. et al. Subsets of exhausted CD8(+) T cells differentially mediate
tumor control and respond to checkpoint blockade. Nat. Immunol. 20,
326-336 (2019).

Urban-Wojciuk, Z. et al. The role of TLRs in anti-cancer immunity and tumor
rejection. Front. Immunol. 10, 2388 (2019).

Spranger, S., Dai, D., Horton, B. & Gajewski, T. F. Tumor-residing Batf3
dendritic cells are required for effector t cell trafficking and adoptive T cell
therapy. Cancer Cell 31, 711-723 €714 (2017).

Tutt, A. L. et al. Development and characterization of monoclonal antibodies
specific for mouse and human fcgamma receptors. J. Immunol. 195,
5503-5516 (2015).

Di Fiore, P. P. & von Zastrow, M. Endocytosis, signaling, and beyond. Cold
Spring Harb. Perspect. Biol. https://doi.org/10.1101/cshperspect.a016865 (2014).
Pyrzynska, B., Pilecka, I. & Miaczynska, M. Endocytic proteins in the
regulation of nuclear signaling, transcription and tumorigenesis. Mol. Oncol.
3, 321-338 (2009).

Simons, M. An inside view: VEGF receptor trafficking and signaling. Physiol.
(Bethesda) 27, 213-222 (2012).

Bild, A. H., Turkson, J. & Jove, R. Cytoplasmic transport of Stat3 by receptor-
mediated endocytosis. EMBO J. 21, 3255-3263 (2002).

Chen, K. et al. Endocytosis of soluble immune complexes leads to their
clearance by FcgammaRIIIB but induces neutrophil extracellular traps via
FcgammaRIIA in vivo. Blood 120, 4421-4431 (2012).

Deniset, J. F. & Kubes, P. Neutrophil heterogeneity: bona fide subsets or
polarization states? J. Leukoc. Biol. 103, 829-838 (2018).

Xie, X. et al. Single-cell transcriptome profiling reveals neutrophil
heterogeneity in homeostasis and infection. Nat. Immunol. 21, 1119-1133
(2021).

Vogt, K. L., Summers, C. & Condliffe, A. M. The clinical consequences of
neutrophil priming. Curr. Opin. Hematol. 26, 22-27 (2019).

Wu, D,, Dinh, T. L, Bausk, B. P. & Walt, D. R. Long-term measurements of
human inflammatory cytokines reveal complex baseline variations between
Individuals. Am. J. Pathol. 187, 2620-2626 (2017).

Gustafson, M. P. et al. A method for identification and analysis of non-
overlapping myeloid immunophenotypes in humans. PLoS ONE 10, e0121546
(2015).

Bonasio, R. et al. Clonal deletion of thymocytes by circulating dendritic cells
homing to the thymus. Nat. Immunol. 7, 1092-1100 (2006).

Becher, B., Tugues, S. & Greter, M. GM-CSF: from growth factor to central
mediator of tissue inflammation. Immunity 45, 963-973 (2016).

Jahan, N., Talat, H., Alonso, A., Saha, D. & Curry, W. T. Triple combination
immunotherapy with GVAX, anti-PD-1 monoclonal antibody, and agonist
anti-OX40 monoclonal antibody is highly effective against murine intracranial
glioma. Oncoimmunology 8, e1577108 (2019).

Sabado, R. L., Balan, S. & Bhardwaj, N. Dendritic cell-based immunotherapy.
Cell Res. 27, 74-95 (2017).

van Elsas, A, Hurwitz, A. A. & Allison, J. P. Combination immunotherapy of
B16 melanoma using anti-cytotoxic T lymphocyte-associated antigen 4
(CTLA-4) and granulocyte/macrophage colony-stimulating factor (GM-CSF)-
producing vaccines induces rejection of subcutaneous and metastatic tumors
accompanied by autoimmune depigmentation. J. Exp. Med. 190, 355-366
(1999).

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

10

—_

102.

103.

Tian, H. et al. A novel cancer vaccine with the ability to simultaneously
produce anti-PD-1 antibody and GM-CSF in cancer cells and enhance Thl-
biased antitumor immunity. Signal Transduct. Target Ther. 1, 16025 (2016).
Sperling, A. S., Gibson, C. J. & Ebert, B. L. The genetics of myelodysplastic
syndrome: from clonal haematopoiesis to secondary leukaemia. Nat. Rev.
Cancer 17, 5-19 (2017).

Keller, M. A. & Stiehm, E. R. Passive immunity in prevention and treatment of
infectious diseases. Clin. Microbiol Rev. 13, 602-614 (2000).

Monaco, G. et al. RNA-Seq signatures normalized by mRNA abundance
allow absolute deconvolution of human immune cell types. Cell Reports 26,
1627-1640.e7 (2019).

Park, J. et al. Single-cell transcriptomics of the mouse kidney reveals potential
cellular targets of kidney disease. Science 360, 758-763 (2018).
Silvestre-Roig, C., Hidalgo, A. & Soehnlein, O. Neutrophil heterogeneity:
implications for homeostasis and pathogenesis. Blood 127, 2173-2181 (2016).
Gregor, C. E.,, Foeng, J., Comerford, I. & McColl, S. R. Chemokine-driven CD4
(4+) T cell homing: new concepts and recent advances. Adv. Immunol. 135,
119-181 (2017).

Chiu, B. C. et al. Impaired lung dendritic cell activation in CCR2 knockout
mice. Am. J. Pathol. 165, 1199-1209 (2004).

Jimenez, F. et al. CCR2 plays a critical role in dendritic cell maturation:
possible role of CCL2 and NF-kappa B. J. Immunol. 184, 5571-5581 (2010).
Amaral, M. L., Erikson, G. A. & Shokhirev, M. N. BART: bioinformatics array
research tool. BMC Bioinforma. 19, 296 (2018).

Szklarczyk, D. et al. STRING v11: protein-protein association networks with
increased coverage, supporting functional discovery in genome-wide
experimental datasets. Nucleic Acids Res. 47, D607-D613 (2019).

Platanitis, E. & Decker, T. Regulatory Networks Involving STATSs, IRFs, and
NFkappaB in Inflammation. Front Immunol. 9, 2542 (2018).

van Riel, B. & Rosenbauer, F. Epigenetic control of hematopoiesis: the PU.1
chromatin connection. Biol. Chem. 395, 1265-1274 (2014).

Antony-Debre, L. et al. Pharmacological inhibition of the transcription factor
PU.1 in leukemia. J. Clin. Invest. 127, 4297-4313 (2017).

Fischer, J. et al. Safeguard function of PU.1 shapes the inflammatory
epigenome of neutrophils. Nat. Immunol. 20, 546-558 (2019).

Pope, S. D. & Medzhitov, R. Emerging principles of gene expression programs
and their regulation. Mol. Cell 71, 389-397 (2018).

Sigismund, S. et al. Endocytosis and signaling: cell logistics shape the
eukaryotic cell plan. Physiol. Rev. 92, 273-366 (2012).

Burgdorf, S. & Kurts, C. Endocytosis mechanisms and the cell biology of
antigen presentation. Curr. Opin. Immunol. 20, 89-95 (2008).

Culshaw, S., Millington, O. R., Brewer, J. M. & McInnes, I. B. Murine
neutrophils present Class II restricted antigen. Immunol. Lett. 118, 49-54
(2008).

Potter, N. S. & Harding, C. V. Neutrophils process exogenous bacteria via an
alternate class I MHC processing pathway for presentation of peptides to T
lymphocytes. J. Immunol. 167, 2538-2546 (2001).

Ben-Sasson, S. Z., Wang, K., Cohen, J. & Paul, W. E. IL-1beta strikingly
enhances antigen-driven CD4 and CD8 T-cell responses. Cold Spring Harb.
Symp. Quant. Biol. 78, 117-124 (2013).

Jabri, B. & Abadie, V. IL-15 functions as a danger signal to regulate tissue-
resident T cells and tissue destruction. Nat. Rev. Immunol. 15, 771-783
(2015).

Li, Y., Yu, X,, Ma, Y. & Hua, S. IL-23 and dendritic cells: What are the roles of
their mutual attachment in immune response and immunotherapy? Cytokine
120, 78-84 (2019).

Hu, Z., Ott, P. A. & Wu, C. J. Towards personalized, tumour-specific,
therapeutic vaccines for cancer. Nat. Rev. Immunol. 18, 168-182 (2018).
Grecian, R., Whyte, M. K. B. & Walmsley, S. R. The role of neutrophils in
cancer. Br. Med. Bull. 128, 5-14 (2018).

Sparrow, S., Jones, M., Billington, S. & Stace, B. The in vivo malignant
transformation of mouse fibroblasts in the presence of human tumour
xenografts. Br. J. Cancer 53, 793-797 (1986).

McNerney, M. E.,, Godley, L. A. & Le Beau, M. M. Therapy-related myeloid
neoplasms: when genetics and environment collide. Nat. Rev. Cancer 17,
513-527 (2017).

Takai, T., Li, M., Sylvestre, D., Clynes, R. & Ravetch, J. V. FcR gamma chain
deletion results in pleiotrophic effector cell defects. Cell 76, 519-529 (1994).
Koller, B. H., Marrack, P., Kappler, J. W. & Smithies, O. Normal development
of mice deficient in beta 2M, MHC class I proteins, and CD8+ T cells. Science
248, 1227-1230 (1990).

. Lindquist, R. L. et al. Visualizing dendritic cell networks in vivo. Nat.

Immunol. 5, 1243-1250 (2004).

Durward, M., Harms, J. & Splitter, G. Antigen specific killing assay using
CFSE labeled target cells. J. Vis. Exp. https://doi.org/10.3791/2250 (2010).
Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis.
Nat. Methods 9, 676-682 (2012).

| (2021)12:4791 | https://doi.org/10.1038/s41467-021-24591-x | www.nature.com/naturecommunications


https://doi.org/10.1101/cshperspect.a016865
https://doi.org/10.3791/2250
www.nature.com/naturecommunications

ARTICLE

104. Bray, N. L., Pimentel, H., Melsted, P. & Pachter, L. Erratum: Near-optimal
probabilistic RNA-seq quantification. Nat. Biotechnol. 34, 888 (2016).

105. Bray, N. L., Pimentel, H., Melsted, P. & Pachter, L. Near-optimal probabilistic
RNA-seq quantification. Nat. Biotechnol. 34, 525-527 (2016).

106. Blondel, V. D., Guillaume, J. L., Lambiotte, R. & Lefebvre, E. Fast unfolding of
communities in large networks. J. Stat. Mech. Theory Exp. 2008, P10008 (2008).

107. Korsunsky, L. et al. Fast, sensitive and accurate integration of single-cell data
with Harmony. Nat. Methods 16, 1289-1296 (2019).

108. van der Maaten, L. & Hinton, G. Visualizing data using t-SNE. J. Mach. Learn.
Res. 9, 2579-2605 (2008).

109. Trapnell, C. et al. The dynamics and regulators of cell fate decisions are
revealed by pseudotemporal ordering of single cells. Nat. Biotechnol. 32,
381-386 (2014).

110. Cao, J. et al. The single-cell transcriptional landscape of mammalian
organogenesis. Nature 566, 496-502 (2019).

111. Qiu, X. et al. Reversed graph embedding resolves complex single-cell
trajectories. Nat. Methods 14, 979-982 (2017).

112. Kanehisa, M. Toward understanding the origin and evolution of cellular
organisms. Protein Sci. 28, 1947-1951 (2019).

113. Kanehisa, M. & Goto, S. KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 28, 27-30 (2000).

114. Kanehisa, M., Sato, Y., Furumichi, M., Morishima, K. & Tanabe, M. New
approach for understanding genome variations in KEGG. Nucleic Acids Res.
47, D590-D595 (2019).

115. Zhao, S., Guo, Y. & Shyr, Y. KEGGprofile: an annotation and visaulization
package for multi-types and multi-groups expression data in KEGG pathway.
R package version 1.30.0 (2020).

Acknowledgements

We thank the MicRoN (Microscopy Resources on the North Quad) Core, Harvard
Medical School, in particular Dr. Paula Montero Llopis, for experimental design, assis-
tance, and support of this work and Saki Mihori, Dept. of Pathology, Brigham and
Women’s Hospital for technical assistance with live cell image analysis. Drs. Martin
LaFleur and Arlene Sharpe (Evergrande Center for Immunological Diseases, Harvard
Medical School, Boston, MA) provided the B16F10-Ova cells, Dr. Richard S. Blumberg
(Dept of Medicine, Brigham and Women’s Hospital) provided anti-NIP antibody, Drs.
Gregory Poon and David Boykin (Georgia State University, Atlanta, GA) provided the
PU.1 inhibitors. Dr. Vasileious Kyttaris (Division of Rheumatology, Beth Israel Dea-
conness, Boston, MA) provided SLE sera. Dr. Robert Anthony (Department of Medicine,
Massachusetts General Hospital, Boston, MA) isolated IgG from normal and SLE sera.
Dr. Akira Shizuo (Department of Host Defense, Research Institute for Microbial Dis-
eases, Osaka University, Suita Osaka, Japan) provided MyDSS/TRIF*/ ~ mice. This work
was supported by National Institutes of Health ROIHL065095 (T.M.), RO1AI152522 (T.
M.), 1IR01AR063759 (S.R.), U0THGO009379 (S.R.), the Lupus Distinguished Innovator
Award (Lupus Research Alliance) (T.M.), CONACyT 261539 (E.R.S.), the Harvard
Ludwig Institute (T.M. and J.C.A.) and internal funds provided by Mass General Brig-
ham, Innovation Sponsored Programs (T.M.).

Author contributions

V.M. and X.C. performed and analyzed all the studies in the paper except the RNA
analysis and studies in lupus patient samples. ].M. and F.Z. completed the RNA analysis,
F. Rosetti (Mexico) and LM.S. provided SLE sera and completed the studies in blood
samples from lupus patient and normal volunteers, K.O. contributed to the work in FcyR
humanized mice and P.X.L. conducted the intravital microscopy studies. F. Rosenbauer
(Germany) provided the mice with conditional PU.1 deletion in neutrophils, J.C.A.
conceptualized the research and RM.S. provided the myeloid neoplasia samples, U.V.A.
provided valuable advice and resources, A.H.L. provided valuable advice and conducted
the histological analysis of samples and S.R. supervised the RNA analysis. T.N.M. con-
ceptualized the research and designed and supervised the experiments, V.M. designed the
experiments, T.M., ].C.A., V.M., .M., and X.C. wrote the manuscript. All authors edited
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-24591-x.

Correspondence and requests for materials should be addressed to T.N.M.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:4791| https://doi.org/10.1038/s41467-021-24591-x | www.nature.com/naturecommunications 23


https://doi.org/10.1038/s41467-021-24591-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	FcγR engagement reprograms neutrophils into antigen cross-presenting cells that elicit acquired anti-tumor immunity
	Results
	Immune complexes engage activating FcγRs on mature neutrophils to promote their conversion to nAPCs
	Immune complex induced conversion of neutrophils to nAPCs is rapid and is accompanied by polymorpho- to mononuclear changes
	nAPC frequency in blood of patients with systemic lupus erythematosus correlate with clinical scores
	nAPCs retain the ability to phagocytose and generate reactive oxygen species
	nAPCs generated with antibody&#x02013;nobreakantigen complexes present antigen to naive CD4+ T�cells, cross-present to CD8+ T�cells and generate immunogenic cytokines
	Adoptively transferred nAPCs generated with antibody&#x02013;nobreakantigen complexes migrate to draining lymph nodes, support a delayed-type hypersensitivity response and are anti-tumorigenic
	An anti-FcγRIII-antigen conjugate promotes neutrophil to nAPC conversion
	Anti-FcγRIII-antigen conjugate induces FcγR internalization and human neutrophil conversion to nAPCs
	Anti-FcγRIIIB-antigen conjugate generates functional nAPCs that elicit CD8+ T cell proliferation and target cell killing in�vivo
	Anti-FcγRIIIB-Ova antigen conjugate is anti-tumorigenic in mice
	FcγRIIIB engagement of human neutrophils from patients with myeloid neoplasia or vaccinated normal human volunteers generate nAPCs that activate autologous memory T�cells
	Transcriptional profiling reveals the uniqueness of nAPCs and transcription factor PU.1 as a potential driver of neutrophil to nAPC conversion
	Inhibition of PU.1 prevents neutrophil to nAPC conversion

	Discussion
	Methods
	Mice
	Human volunteers, SLE patients and sera and myeloid neoplasia patients
	Reagents
	Generation of model immune complexes
	Sera, IgG isolation, and generation of immune complexes with RNP
	Isolation of bone marrow derived murine neutrophils
	Treatment and in�vitro culture of bone marrow derived murine neutrophils
	Isolation and in�vitro culture of murine splenic classical dendritic cells and monocyte-derived cDCs
	Analysis of phagocytosis and reactive oxygen species (ROS) generation
	Analysis of FcγRIIIB surface expression and 3G8 binding
	Isolation of peripheral blood human neutrophils
	Treatment and culture of peripheral blood human neutrophils
	Isolation of human T�cells
	Human IFNγ ELISPOT assay
	Flow cytometry
	Flow cytometric analysis of murine bone marrow-derived neutrophils and nAPCs
	Flow cytometric analysis of human blood neutrophils and dendritic cells
	Live cell imaging of mouse blood neutrophils
	Confocal imaging of mouse blood neutrophils
	Cytospins of human neutrophils
	Analysis of FITC-Ova, FITC-Ova/anti-Ova, and anti-FcγRIII (3G8)-FITC-Ova uptake in�vitro
	Adoptive transfer of CD45.1 nAPC into CD45.2 recipients and spleen harvest
	Adoptive transfer of neutrophils into MHCII deficient mice and immunization with 3G8-fOva
	Analysis of nAPC accumulation in organs after 3G8 i.�v. injection
	Blood and spleen analysis for detection of Ag uptake and neutrophil-DC markers
	CD8+ (OTI) and CD4+ (OTII) T cell proliferation assays in�vitro
	CD8+ (OTI) and CD4+ (OTII) T cell proliferation assays in�vivo
	In vivo CTL assay
	Adoptive transfer of nAPC or immunization with anti-FcγRIIIB-FITC-Ova prior to B16F10-Ova challenge
	B16F10-Ova tumor challenge and T cell depleting antibodies
	Organ harvest, T cell depletion, and flow cytometric analysis
	Delayed-type hypersensitivity (DTH) responses
	Cytokine detection and analysis
	Intravital microscopy of popliteal lymph node
	Preparation of samples for bulk RNAseq
	Preparation of samples for single-cell RNAseq and sorting
	Bulk RNAseq gene expression quantification and quality control
	Single-cell RNAseq gene expression quantification and quality control
	Single-cell clustering, visualization, and cell type identification
	Bulk PCA and visualization
	Trajectory analysis and trajectory score
	Maturation score
	Pseudo-time gene expression correlation
	GO ontology pathway analysis
	BART TF analysis and STRING database visualization
	Statistics

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




