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CD66b—CD649m™CD115" cells in the human
bone marrow represent neutrophil-committed
progenitors

Federica Calzetti'®, Giulia Finotti'®, Nicola Tamassia®'8, Francisco Bianchetto-Aguilera's,
Monica Castellucci?, Stefania Cané®©3, Silvia Lonardi©#, Chiara Cavallini®?3, Alessandro Matte?,
Sara Gasperini', llaria Signoretto’, Fabio Benedetti’, Massimiliano Bonifacio’, William Vermi®4,

Stefano Ugel ®3, Vincenzo Bronte ©3, Cristina Tecchio’, Patrizia Scapini' and Marco A. Cassatella®®

Here we report the identification of human CD66b-CD64“"CD115- neutrophil-committed progenitor cells (NCPs) within the
SSC°CD45%mCD34+ and CD34“™/- subsets in the bone marrow. NCPs were either CD45RA* or CD45RA-, and in vitro experiments
showed that CD45RA acquisition was not mandatory for their maturation process. NCPs exclusively generated human CD66b*
neutrophils in both in vitro differentiation and in vivo adoptive transfer experiments. Single-cell RNA-sequencing analysis indicated
NCPs fell into four clusters, characterized by different maturation stages and distributed along two differentiation routes. One of the
clusters was characterized by an interferon-stimulated gene signature, consistent with the reported expansion of peripheral mature
neutrophil subsets that express interferon-stimulated genes in diseased individuals. Finally, comparison of transcriptomic and phe-
notypic profiles indicated NCPs represented earlier neutrophil precursors than the previously described early neutrophil progeni-

tors (eNePs), proNeus and COVID-19 proNeus. Altogether, our data shed light on the very early phases of neutrophil ontogeny.

sis, single-cell transplants and clonal tracking analysis'~ have

challenged the classical hierarchical model of hematopoiesis'*'".
It has been ascertained that hematopoiesis occurs as a continuous
process along developmental trajectories following early erythroid/
megakaryocyte/eosinophil/basophil and lympho/myeloid lineages to
generate mature, terminally differentiated cells. Transcriptomic pro-
filing has shown that intermediate compartments of progenitors, such
as common myeloid progenitors (CMPs) or granulocyte-macrophage
progenitors (GMPs)"’, are largely composed of clusters of cells display-
ing lineage-selective commitment. However, even though single-cell
RNA-sequencing (scRNA-seq) experiments reveal the heterogeneity
of various cell subpopulations’, flow-sorting and immunophenotyp-
ing approaches are still needed for their identification.

Conventional GMPs (cGMPs) represent the most restricted sub-
set of myeloid progenitors in humans'>'*. Based on flow cytometry
approaches', cGMPs have been fractionated into three main com-
partments: granulocyte-monocyte-dendritic cell (DC) progenitors
(GMDPs), which generate CD66b* granulocytes, CD14* mono-
cytes, conventional DCs (¢cDCls, cDC2s) and plasmacytoid DCs
(pDCs); monocyte-DC progenitors (MDPs), which generate DCs
and CD14* monocytes; and common dendritic progenitors (CDPs),
which are exclusively committed to DCs. A different panel of mark-
ers which includes CD64 identified, within cGMPs, the common
monocyte progenitors (cMoPs), which exclusively differentiate
into pre-monocytes and subsequently CD14* monocytes, and the

S tudies performed by single-cell sorting, transcriptional analy-

revised GMPs (rGMPs), which generate only CD66b* granulo-
cytes and CD14* monocytes'. Although neutrophil precursors are
included in cGMPs***'"-, little progress has been made to charac-
terize the ontogeny of human neutrophils. A CD34*CD115-CD64*
subpopulation that generates granulocytes was identified in the fetal
bone marrow (BM)¥, without discriminating between eosinophil,
basophil or neutrophil potential. Similarly, the phenotypic and/
or morphological features of the GMDPs"” and rGMPs'°-derived
CD66b* granulocytes were not pursued in detail. Various human
neutrophil precursors, preNeus?’, human Neutrophil Progenitors
(hNePs)?, proNeus” and early neutrophil progenitors (eNePs),
have been described recently. However, they all express CD66b and
CD15 and thus resemble the promyelocyte (PM), or more mature,
neutrophil precursors. In contrast, the CD34*Ly6C*CD115~ pro-
Neuls in mice are found within GMPs*, and represent the earliest
identifiable precursors along the neutrophil maturation trajectory.

Here we report the identification, phenotypic characterization,
single-cell transcriptomic analysis, and in vitro and in vivo func-
tions of previously undescribed human uni-lineage CD34* and
CD344m~ NCPs, and show they are upstream of eNePs, proNeus
and COVID-19 proNeus*>.

Results

CD123, CD115 and CD64 identify myeloid progenitors within
c¢GMPs. To identify precursors of human neutrophils at ear-
lier stages than PMs, we analyzed the SSC°CD45%m cells present
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in the low-density fraction of the BM (BM low-density cells
(BM-LDCs)) (Fig. la and Extended Data Fig. 1la). SSC°CD45%™
cells were lineage negative (Extended Data Fig. 1b) and included
CD34*CD38~ hematopoietic stem cells (HSCs) as well as CD34*
and CD34%"- myeloid-lymphoid progenitors*?, with the
CD34%~ cells representing a transitional progenitor stage’. To
analyze their potential ability to generate neutrophils, we stained
BM-LDCs with an antibody panel including CD34, CD38, CD10,
CD123, CD45RA, CD64 and CD115 (refs. '>+202%) We identified
an SSCPLin~CD45%mCD10-CD38* subset with variable expres-
sion of CD34 and CD45RA (Fig. 1a), including CD34*CD45RA",
CD34*CD45RA", CD344™-CD45RA* and CD34%™~-CD45RA" cell
subsets. The CD34*CD45RA" cells were also CD135%, and thus
represented ¢cGMPs (not shown)", while CD34*CD45RA~ cells
(Fig. 1a) included more immature progenitors, such as CMPs and
megakaryocyte-erythroid progenitors (MEPs)'*'*. Based on expres-
sion of CD123, CD115 and CD64, cGMPs were subdivided into five
discrete cell populations (Fig. 1a): CDPs; CD64*CD115™ cells, which
were also CLEC12A* and resembled the monocyte-committed
progenitor population®, as well as cMoPs'®; CD64 - CD115" cells,
resembling MDPs'*; CD64-CD115- cells, resembling the conven-
tional GMDPs"; and CD644™CD115" cells, resembling previously
described granulocyte progenitors®.

Collectively, the CD123, CD115 and CD64 combination of
markers discriminates five different myeloid progenitor subsets
within cGMPs.

CD34*CD45RA*CD644mCD115" cells are neutrophil precursors.
It was reported that neutrophils, but not basophils or eosinophils,
derive from cGMPs*""-". To investigate whether CD34*CD45RA*
CD64%mCD115 cells represented neutrophil-restricted progeni-
tors, we cultured them with MS-5 cells” for 7d in the presence of
stem cell factor (SCF), FMS-like tyrosine kinase 3 ligand (Flt3L) and
granulocyte-colony stimulating factor (G-CSF) (hereafter, SFGc).
CD34*CD45RA*CD644"CD115- cells gave rise mostly to CD66b*
cells, and very few CD14* monocytes (Fig. 1b,c). By contrast,
SFGc-cultured cMoPs differentiated mainly into CD14* monocytes,
and minimally to CD66b" cells and DCs (Fig. 1b,c), confirming
their commitment to monocytes'®. Conversely, SEFGc-treated MDPs
gave rise to CD141*CD14~ ¢DCls (which were also CLEC9AY),
CD303*CD14- pDCs/pre-DCs/DC5 (refs. ***'), CD14%™-CD1c*
cDC2s and CD14" monocytes (Fig. 1b,c), consistent with their pre-
dicted heterogeneous composition'**?. Moreover, SFGc fully main-
tained the viability of progenitor-generated cells after 7d (Extended
Data Fig. 2a) and promoted the expansion of CD34*CD45RA*CD6
44mCD115- cells compared with cMoPs and MDPs (Extended Data
Fig. 2b), consistent with the highest expression of CD114/G-CSFR
in CD34*CD45RA*CD644mCD115" cells (Extended Data Fig. 2c).
Phenotypic (Fig. 1d) and morphologic (Fig. le) analysis of CD66b*
cells derived from SFGe-treated CD34*CD45RA*CD64%™CD115~
cells indicated that they were mostly immature neutrophils, com-
posed of CD11b-CD16~ PMs, CD11b¥™+CD16™ myelocytes (MYs),
CD11b*CD16" metamyelocytes (MMs), CD11b*CD16**CD10~

band cells (BCs) and CD11b*CD16*+*CD10* segmented neutrophils
(SNs) (Fig. 2d). Consistently, CD34*CD45RA*CD644"CD115"
cells incubated with SFGc for 14d generated more mature SNs
(Fig. 1f), as confirmed by nucleus morphology (Fig. 1g). When CD3
4*CD45RA*CD64%"CD115- cells were cultured with SCE FIt3L
and granulocyte-macrophage colony-stimulating factor (GM-CSF)
(SFG), which favors monocyte or monocyte and DC differentiation
from cMoPs or MDPs, respectively'®?, the main progeny was, again,
constituted by neutrophils (Extended Data Fig. 2d), confirming the
uni-lineage commitment of CD34*CD45RA+*CD64%"CD115- cells.
Collectively, these experiments formally identified CD34*CD45RA
+*CD649mCD115" cells as NCPs.

A CD64%mCD115- phenotype defines other CD34+ or CD344™/~
NCPs. Because NCPs have been described within the CD45RA~
compartment™’, we tested whether other, not yet described,
neutrophil-restricted progenitors could be identified within the
SSC°CD45%™ region (Fig. 2a). A search for cells expressing the
CD64%mCD115~ phenotype in all the fractions delimited by the
CD34 and CD45RA marker combination identified a total of
four subsets of NCPs: CD34*CD45RA~ NCP1s, CD34*CD45RA*
NCP2s, CD344™-CD45RA+* NCP3s and CD34%™-CD45RA~ NCP4s
(Fig. 2a). Notably, we were able to identify all four NCPs in cord
blood (CB) samples, spleen biopsies (not shown) and in reconsti-
tuting BM samples (day +21) from patients undergoing allogeneic
hematopoietic stem cell transplant (alloHSCT) for hematological
malignancies (Extended Data Fig. 3).

Next, we sorted CD34* and CD34%"~ NCPs to analyze their
morphology and developmental potential. Morphologically, NCPs
were found to display a high nuclear/cytoplasmic ratio (Fig. 2b)
compatible with a progenitor identity. Moreover, granules were evi-
dent only in NCP3s and NCP4s, but at lower levels than in PMs
(Fig. 2b). In addition, SFGce-treated NCP1s and NCP2s were found
to display a comparable (Fig. 2¢), but higher, proliferative potential
than that exhibited by SFGc-treated NCP3s and NCP4s (Fig. 2c).
Notably, NCPs were found to produce almost exclusively neutro-
phils at different stages of maturation, as determined by their phe-
notype and morphology (Fig. 2d). By the latter criteria, we found
no eosinophils and/or basophils among the SFGc-generated cells
(not shown), even if NCPs were incubated in SFG plus IL-3 and/
or IL-5 (ref. 7). Moreover, NCPs generated no DCs when cultured
in SFGc (not shown), while NCP2s and NCP3s exclusively gener-
ated a few CD14* monocytes (not shown), which we subsequently
found to derive from contaminating cMoP and pre-monocyte pop-
ulations (not shown). In accordance with the results observed from
the in vitro cultures, colony forming unit (CFU) assay experiments
indicated that the colonies derived from NCPs were almost entirely
granulocyte CFU (CFU-G), with a few macrophage CFU (CFU-M)
arising from NCP2 and NCP3 only (Extended Data Fig. 4a). Of note,
neutrophils generated by NCPs displayed respiratory burst ability
(Extended Data Fig. 4b) and phagocytosis capacity (Extended Data
Fig. 4c), both comparable to those displayed by peripheral mature
neutrophils (PMNs). Finally, we found that NCP3s and NCP4s,

>
>

Fig. 1| Identification of neutrophil precursors within cGMPs. a, Flow cytometry strategy for the identification of Lin-SSC'°CD459mCD10-CD38*
BM-LDCs; CD34+*CD45RA-, CD34¢™-CD45RA* and CD349™/~-CD45RA" subsets; and CD34+*CD45RA* cGMPs. CD123+*CD115~ CDPs (yellow);
CD1234m-CD64+*CD115* cMoPs (light blue), CD123¢™-CD64-CD115* MDPs (brown); CD1234™-CD64-CD115- GMDPs (CD64~ GMDPs, dark blue)
and CD1234™/-CD644mCD115- cells (CD649mCD115-, green) are displayed within cGMPs (one representative experiment out of 20 is shown). b, Flow
cytometry strategy for the identification of CD66b* neutrophils (green), CD141*CD14- cDCls (magenta), CD303+*CD14- pDCs/pre-DCs/DC5s (orange),
CD14+CD1c™ monocytes (light blue) and CD14-CD1c* cDC2s (pink) generated by CD34+*CD45RA+*CD64%mCD115- cells, cMoPs or MDPs incubated with
SFGc for 7d. ¢, Bar graphs reporting the percentages of the leukocyte types generated, as defined in b, by CD34*CD45RA*CD644mCD115- cells (n=10),
cMoPs (n=8) or MDPs (n=5). Data represent mean +s.e.m. d,f, Flow cytometry strategy for the identification of CD66b*CD10-CD11b-CD16~ PMs
(gray), CD66b*CD10-CD11b4™+CD16~ MYs (pink), CD66b*CD10-CD11b*CD16* MMs (light red), CD66b*CD10-CD11b*CD16**CD10~ BCs (red) and
CD66b*CD11b*CD16*+*CD10* SNs (dark red) derived from CD34+CD45RA*CD649™CD115- cells cultured with SFGc for 7d (d, n=15) and 14d (f, n=3).
e,g, Morphology of neutrophils derived from CD34*CD45RA+*CD644mCD115- cells after 7d (e) and 14 d (g) of culture (n=3) K, thousand.

NATURE IMMUNOLOGY | www.nature.com/natureimmunology



NATURE IMMUNOLOGY ARTICLES

a
250K 250K == $5C°CD45"™
200K 200 K == cGMP
150 K 150 K ~= CDP i ~
100K 100K == CD64°™CD115
T - = MDP
S’, 50K 8 50K === CMOP
* 0 @ - " VRN - - —— === CD64 GMDP
0 50K 150K 250K -10°0 10° 10° 10 -1p* 0 10°  10° 10
FSCA ——» CD45 ——————» CD10 —————»
l CD123"™
A
s
SSC°CD45™ 10
CD10°CD38’ CD34'CD45RA"/cGMP
10°
10°
0
<
8 -10°
o
-10° 0 10° 10° 10°
cD115
b mmm Neutrophil w cDC1 s pDC/preDCs/DC5 s \onocyte wes ¢DC2 c
250 K . o - 100 % © Neutrophis
0% 0 o 0 6% . 0 cDCts
200K e 2 © pDCs/preDCs
CD34'CD45RA" | 150 K 5 60 © Monocytes
CD64°" CD115 g
cells 100 K 3 404 cDC2s
g © Undifferentiated cells
50K 20 4 ° o
s
0 04 4-_&@ il
100 - o0
250 K 10° o0
200 K = 801 °
10° [ °
cMoPs 150 K 1% , E
100 K 1 10 3 40 |
3
o
50K 0 © 204 s
)
0 a9 n 0 10t e e | |z m
o 10° 10" 10°
100 4
250 K 10° 10° o
200 K ~
10° 10° &
wops | %0 2% g
100K 10° 10° 3
]
< 50K 30 0 ©
3 3
0 0 o
o 10°
CD14 —————————»
d PI"CD45" singlets
250K .
10° 3
200K 1 >
10° 3
74 150K §
treatment 100K ] 10° 4
< 50K o 01
@ a
@» 0 o
CD66b ———————————>
f PI"CD45" singlets
250K ] e .
\ 10° 3
200K 1
10° 1 "
150K § 1
14-d
treatment 100K 3 10° 4 2 )
< 50K o 01 e g
é ) 3 20 ym
0 - - - - - - - - oo - - - —
o 10° 10" 10° o 10° 10 10° o 10° 10" 10°
CDegb ————————————» (e —— cD16 —— M >

NATURE IMMUNOLOGY | www.nature.com/natureimmunology



ARTICLES NATURE IMMUNOLOGY

Overlay — SSCIOCD45dim

NCP1
CD64°™CD115cells/NCP2
NCP3

NCP4

MDP

cMoP

Pre-monocyte

CD34'CD45RA CD34'CD45RA"/cGMP CD34"" CD45RA" CD34°" CD45RA”

b c 804 PoO0 __  Nopi
NCP1s NCP2s NCP3s NCP4s PMs P=0021 NCPZS
’ ' ' 2N ° 3 2 hores
c 60 - NCP3s
. / 2T 0 NCP4s
c 2 ©
G S
o8
: 3o
e}
Ss
><
10 um
— — — 5 —
d =0 10° 10° 3 .
200k J = 1 9
10 e ?S’
150k
NCP1s 3
100k 4 10° 8
50k 3 0 g
0 — d e T v T T —
0 0 10 10° -10° o 10’ 10 10°
250k ] » s . 100 1P= 0-0122
200k » | ‘ %{ a‘\n/ 80
. | | 5| 10 2 = |
150k & 60
NCP2s & & %
100k 10° g o 407
50k 4 Q ‘ 8 20
0 T T T -1 g T g T T — Qb
0 10° 10° 0 10' 10 -10° 0 10 10' 10
100 4
250k ] .
200k J o\\°, 80 P=0.013
10! 5 |P=0.0032 °
150k 4 R 3 _
NCP3s ¢ £
100k J 10° o
50k 4 0 8
0 -10°
0 100 10°
250k J | :
10 10° 3 —
200k J §
10" 103 @ =
150k .
NCP4s e =
100k 10° 10° ‘ 3
)
Z(.) 50k o O© ,"!i 0 8
2 0 8 -10° 8 -10° —
0 100 10°
CD66b ————— >

NATURE IMMUNOLOGY | www.nature.com/natureimmunology



NATURE IMMUNOLOGY ARTICLES

Fig. 2 | Identification of additional CD34+ and CD34™ - neutrophil-restricted progenitors. a, Flow cytometry strategy for the identification of CD64
dmCD115-CD34+*CD45RA- NCP1s (orange), CD644mCD115-CD34+*CD45RA+ NCP2s (green), CD649mCD115-CD349™~-CD45RA* NCP3s (magenta),
CD644mCD115-CD34%m-CD45RA~ NCP4s (turquoise), cMoPs (light blue), MDPs (brown) and CD34%™/-CD45RA+*CD64++CD115* pre-monocytes (black)
within SSC*CD45¢mCD38+CD10-CD123%™~ BM-LDCs (one representative experiment out of 15 is shown). b, Morphology of purified NCP populations and
PMs. Red arrows point to visible nucleoli, while blue arrows point to granules (n=3). ¢, Bar graphs depicting the fold expansion of purified NCPs treated
with SFGc for 7d (NCP1s, NCP3s and NCP4s, n=7; NCP2s, n=_38). Data represent mean +s.e.m. Analysis was performed using one-way ANOVA and
Tukey post hoc test. d, Flow cytometry strategy for identification of the phenotype of PMs (gray), MYs (pink), MMs (light red), BCs (red) and SNs (dark
red) derived from NCPs cultured with SFGc for 7 d (left plots), as well as their morphology (middle panels). Right bar graphs report the percentages of the
various neutrophil precursors. Data represent mean +s.e.m. (NCP1s, NCP3s and NCP4s, n=5; NCP2s, n=6). Analysis was performed by using Friedman

test and two-sided Dunn post hoc test.
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Fig. 3 | NCP1s and NCP2s independently differentiate into neutrophils. a, Differentiation of CD649mCD115- NCPs based on the changes of CD34 and
CDA45RA expression during culture with SFGc for 1, 2, 4 and 7 d. Plots at day O show the phenotype of sorted NCPs, while plots relative to day 1to day 7
show live, CD45*CD66b-CD14- cells (n=3). b, Bar graphs depicting the percentages of live CD66b* neutrophils generated by SFGc-treated NCPs. Data
represent mean +s.e.m. (n=3). Analysis was performed using one-way ANOVA and Tukey post hoc test.

unlike NCP1s and NCP2s, expressed CD15, although at lower levels ~ (Extended Data Fig. 4e), suggesting that CD15 alone does not spe-
than PMs and mature SNs (Extended Data Fig. 4d). However, a frac-  cifically identify neutrophil precursors. Thus, these data exclude that
tion of NCP3s and NCP4s expressed CD15 at levels comparable to  NCPs correspond to SSC™Lin"CD34-CD15™CD11b-CD16" early
those expressed by cMoPs, pre-monocytes and mature monocytes PMs*’, which partially overlap with pre-monocytes. These results
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Fig. 4 | RNA-seq experiments confirm that NCPs represent very early precursors of neutrophils. a, PCA scatter plot based on the DEGs identified from
bulk RNA-seq analyses of NCP1s (orange), NCP2s (green), NCP3s (magenta) and NCP4s (turquoise), as well as HSCs/MPPs (pink), CMPs (purple), PMs
(salmon), MYs (blue violet), MMs (blue), BCs (light green), SNs (light blue) and PMNs (dark red) (n=3-5). b,c, Schemes represent genome-browser
views of RNA-seq signals at the CD34 (b) and PTPRC/CD45 (c) loci of NCPs. Exons 3 and 5 of PTPRC, whose transcription is essential for the expression

of the CD45RA variants, are highlighted by red boxes in €. d, Heatmap displaying the expression patterns of the gene groups (g1-g10) resulting from the
k-means analysis of DEGs identified among the various neutrophil-lineage cells and CMPs. The median gene expression levels of biological replicates were
calculated, and data were represented as z score. e, Expression of antigenic MPO, ELANE, DEFA and LTF by immunocytochemical staining of NCPs, PMs
and MYs/MMs. Three representative stained cells for each population are shown. Original magnification, x600.

indicated that CD34* and CD34%™~ NCPs were upstream of PMs
in the neutrophil maturation pathway, were characterized by a
CD64%"CD115~ phenotype and differentially expressed CD45RA
(Supplementary Table 1 and Extended Data Fig. 5).

NCP1s and NCP2s independently differentiate into neutrophils.
Because the acquisition of CD45RA conventionally represents a
mandatory step for myeloid progenitor maturation that occurs at
the GMP stage'’, we investigated the maturation path of CD34*
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and CD34%"~ NCPs in in vitro culture with SFGc. Assuming an
NCP1 to NCP2 to NCP3 to NCP4 sequential progression, we found
that NCP2s downregulated the expression of CD34, acquired an
CD349m-CD45RA* phenotype and then progressively decreased
the expression of CD45RA to become NCP4s (Fig. 3a). NCP3s
matured into NCP4s by progressively decreasing CD45RA expres-
sion (Fig. 3a), while NCP4s remained CD34~ and CD45RA"
throughout the entire 7 d of culture (Fig. 3a). NCP1s downregulated
the expression of CD34 without upregulating CD45RA, and directly
matured into NCP4s (Fig. 3a). As expected, the frequency of NCPs
progressively decreased between 4d and 7 d, in line with their matu-
ration into CD66b* cells (Fig. 3b), and NCP3s and NCP4s differ-
entiated through kinetics remarkably faster than those of NCP1s
and NCP2s (Fig. 3b). As such, although NCP1s and NCP2s shared a
CD34*CD64%™CD115~ phenotype, they maintained the differential
expression of CD45RA until their maturation into NCP4s.

Because NCP1s did not directly develop into NCP2s, the
acquisition of CD45RA by the neutrophil precursors, which
occurred exclusively along the NCP2 maturation path, could
occur before the acquisition of CD64, implying that neutrophil
precursors more immature than NCP1ls and NCP2s would dif-
fer in their CD45RA expression. Hence, we sorted SSC°CD454™C
D10-CD1234™-CD34*CD45RA-CD64-CD115~ cells (hereafter,
CD45RA-CD64~ subset) and CD64- GMDPs and cultured them
with SFGc to test whether precursors contained within CD64~
GMDPs (Extended Data Fig. 6a) gave rise to NCP2s, as well as
whether the CD45RA-CD64~ subset (Extended Data Fig. 6a) gen-
erated both NCP1s and CD64~ GMDPs, and, in turn, NCP2s. We
noticed that the CD45RACD64~ subset concomitantly generated
both CD34*CD45RA* and CD34-CD45RA~ populations follow-
ing two maturation routes (Extended Data Fig. 6b). Conversely,
CD64~ GMDPs differentiated into CD34-CD45RA~ cells through
an intermediate CD34%™~-CD45RA" stage, therefore never giving
rise to CD34*CD45RA " cells (Extended Data Fig. 6¢). Analysis of
the culture-derived cells indicated that the CD45RA-CD64~ subset
restored both NCP1s and NCP2s (Extended Data Fig. 6b), while
CD64~ GMDPs generated, as expected, only NCP2s (Extended
Data Fig. 6¢). Importantly, the CD45RA~CD64~ subset generated
CD64~ GMDPs as early as day 2 (Extended Data Fig. 6b), while
NCP2s emerged only at day 4, thus confirming that NCP2s derive
from CD64~ GMDPs. In addition, both the CD45RA-CD64~ subset
and the CD64~ GMDPs gave rise to both NCP3s and NCP4s as well
as to PMNs and DCs/monocytes (not shown). These observations
indicated that NCP1s and NCP2s differentiated through separate
maturation routes and were derived from CD34" progenitors that
bifurcate into CD45RA* and CD45RA~ NCPs before acquiring
CD64 (Extended Data Fig. 6d).

NCPs precede PMs along the neutrophil maturation cascade.
Next, we used RNA-sequencing (RNA-seq) to profile NCPs, HSCs/
multipotent progenitors (MPPs), CMPs, PMs, MYs, MMs, BCs, SNs

and PMNs. Both principal component analysis (PCA) (Fig. 4a) and
hierarchical clustering analysis performed by optimal leaf ordering
(Extended Data Fig. 7a) indicated that NCPs not only clustered by
themselves but were also placed along the HSCs/MPPs and CMPs,
PMs, MYs, MMs, BCs and SNs maturation trajectory, which ends
in PMNs. Analysis of CD34 and PTPRC (which encodes CD45)
transcript expression (Fig. 4b,c) corroborated the flow cytometry
data. Furthermore, by performing k-means clustering of differen-
tially expressed genes (DEGs), ten main gene groups (gl-gl0) were
identified among all samples (Fig. 4d and Supplementary Table 2).
Genes encoding markers of immature cells (such as CD34, HOXAS,
MYC, SOX4 and KIT), expressed only by HSCs/MPPs, CMPs and
NCPs, were detected in gl or g2 (Fig. 4d). Gene ontology (GO)
analysis of the DEGs indicated the ‘MHC class II protein com-
plex’ term was among the most significantly over-represented in
g2 (Extended Data Fig. 7b), in line with the previously described
expression of MHC class II in very immature neutrophil progeni-
tors™. Similarly, DEGs mainly involved in ribosome assembly, mito-
chondria formation and cell cycle regulation, characterizing g3, g4
and g5, respectively, were expressed in NCPs, PMs, MYs and MMs,
but not in nonproliferating BCs and SNs (Fig. 4d, Extended Data
Fig. 7b,c and Supplementary Table 2).

Importantly, g5 contained DEGs encoding messenger RNAs
for the azurophilic granule (AG) proteins (such as MPO, AZU]1,
PRTN3 or ELANE), which are transcribed first during granulopoi-
esis, as well as transcription factors known to be typically expressed
in immature neutrophils, such as GFI1 and CEBPE (ref. **) (Fig. 4d).
A more focused analysis revealed that AG genes started to be
expressed in CMPs, progressively increased in NCP1s/NCP2s and
NCP3s/NCP4s, were maximally transcribed in PMs and MYs,
and then gradually disappeared (Extended Data Fig. 7c). Defensin
genes such as DEFA1, DEFA1B, DEFA3 and DEFA4, which encode
AG-stored proteins®, were very poorly expressed in NCPs, and
included in g6 (Fig. 4d and Supplementary Table 2). Moreover,
g6, but also g7 and g8, included other DEGs absent in NCPs, and
were enriched for mRNAs encoding specific granule (SG) proteins
(for example, LYZ, LTF, LCN2 and CEACAMS8/CD66b), gelatinase
granule (GG) proteins (for example, MMP9, ARGI and CD177),
secretory vesicle (SV) proteins (for example, MMP25 and ANXA3)
and cell membrane (CM) proteins (for example, CXCR1, CXCR2
and ICAM3) (Fig. 4d and Extended Data Fig. 7c), and thus asso-
ciated to GO terms such as ‘neutrophil degranulation’ and ‘neu-
trophil activation’ (Extended Data Fig. 7b). Furthermore, g9 and
g10 were enriched in interferon-stimulated genes (ISGs), as well as
other genes associated to the GO terms ‘response to bacterium’ and
‘cytokine production, present in BCs, SNs and PMNs (Fig. 4d and
Extended Data Fig. 7b). Consistent with the literature’, mRNAs
encoding proteins involved in the production of reactive oxygen
species, phagocytosis and chemotaxis (Extended Data Fig. 7c)
were transcribed starting from the MM-BC stages and were highly
expressed in PMNs.

\

Fig. 5 | NCPs stand at earlier stages than human eNePs, proNeul/2s and COVID-19 proNeus. a, PCA scatter plot based on the top 500 most variable
genes identified across: (1) bulk RNA-seq analyses of our HSCs/MPPs, CMPs, NCP1s, NCP2s, NCP3s, NCP4s, PMs, MYs, MMs, BCs, SNs and PMNs; (2)
bulk RNA-seq analyses of eNePs, N1 without (w/0) eNeP, N2 and mixed N3/N4/N5 from the report by Dinh et al.? (cyan); (3) pseudo-bulk RNA-seq
analyses of COVID-19 proNeus and preNeus from the report by Schulte-Schrepping et al.> (red). b, Heatmap displaying the expression grade of genes
encoding for molecules distinctively associated to discrete neutrophil maturation stages by the cells represented in the PCA of panel a. Relative expression
levels are represented as z score. ¢, Flow cytometry strategy for the identification of SSC"CD66b*Lin-CD71+*CD117+ eNePs (red) within SSC"CD66b*Lin~
NTs. d, Overlay plot of eNePs (red) with SSC"CD66b*Lin- neutrophils (gray). Cells were analyzed based on CD11b and CD16 expression. e, Overlay plot

of NCPs (orange, green, magenta and turquoise) and eNePs (red). Cells were analyzed based on SSC parameter and CD66b expression. f, Histogram
showing the expression of CD71, CD117, CD49d and CD66b by NCPs (orange, green, magenta and turquoise) and eNePs (red), as compared with the
fluorescence-negative control (light gray). g, Flow cytometry strategy for the identification of CD66b*CD15*Lin-CD11b-CD49d"SSC" proNeuls (red) and
CD66b*CD15*Lin-CD11b-CD49d™SSCM proNeu2s (black) within CD66b*CD15*Lin~ proNeus. h, Histogram overlays showing the expression of CD66b,
CD15 and CD34 by NCPs (orange, green, magenta and turquoise), proNeuls (red) and proNeu2s (black), as compared with fluorescence-negative control
(light gray). For panels c-h, one representative experiment out of three is shown.
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To get more insights into the specific transcriptomic differ-
ences among the NCPs, we performed DEG analysis by using the
likelihood ratio test® and identified 1,114 DEGs. NCPs distinctly
segregated from each other by PCA, indicating remarkable differ-
ences among their gene expression profiles (Extended Data Fig. 7d).
However, while PC1 differences were mostly determined by cell cycle
and AG genes, which were expressed more in NCP1s/NCP2s and
NCP3s/NCP4s, respectively (Extended Data Fig. 7d), mRNAs that

NATURE IMMUNOLOGY

mostly contributed to the PC2 variations, namely PRG2, CLC, EPX
and IL5RA, found in NCP1s, or IRF8, ANXA2, SAMHDI, SLAMF7,
LYZ and F13A1, found in NCP2s and NCP3s (Extended Data Fig.
7d), are typically expressed in progenitors of eosinophils or mono-
cytes, respectively. Immunocytochemistry analysis of cytospins
from NCPs, PMs and MYs/MMs indicated that NCPs were myelo-
peroxidase (MPO)* and that NCP3/NCP4s, but not NCP1/NCP2s,
consistently expressed neutrophil elastase (ELANE) (Fig. 4e).
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Fig. 6 | Generation of neutrophils by human NCPs in adoptive transfer experiments. a, Flow cytometry strategy for the identification of human
SSCMCD66b*CD45*CD16* neutrophils (green), by excluding SSCMCD66b*CD45"CD16- eosinophils within the peripheral blood from AAVNOG mice,

11d after intraocular injection of total NCPs. One representative mouse out of three with similar results is shown. b, Flow cytometry strategy for the
identification of human SSCNCD66b*CD45+CD16* neutrophils (green) in BM and peripheral blood of HLA-A2~ AAVHIR mouse, 14 d following intratibial
injection of total HLA-A2* NCPs. CD14*HLA-DR* monocytes (magenta) and CD14-HLA-DR* B lymphocytes (light blue) are also detectable within the
SSC°CD66b- region. One representative mouse out of six with similar results is shown. ¢, Histogram overlays showing the expression of HLA-A2 by
monocytes (magenta), B lymphocytes (light blue) and neutrophils (green) identified within peripheral blood of HLA-A2- AAVHIR mouse, before (left) and
after (right) HLA-A2* NCP injection (n=6). d, Bar graphs depicting the percentage of human HLA-A2+CD66b* neutrophils (right) within total HLA-A2*
cells (left). Percentages were calculated by analyzing peripheral bloods of HLA-A2- AAVHIR mice, 14 d following intratibial injection of HLA-A2* NCPs.

Data represent mean+s.e.m. (n=6).

Moreover, NCPs were defensin™, unlike PMs and MY/MM, with
the latter also lactoferrin (LTF)*, as reported”’, and confirming the
RNA-seq data (Fig. 4d and Supplementary Table 2). These observa-
tions indicated that NCPs were committed to the neutrophil lin-
eage, and that they are placed upstream of PMs along the neutrophil
maturation cascade.

NCPs are upstream of eNePs, human proNeul/2s and COVID-
19 proNeus. We next asked whether NCPs were upstream of the
recently described Lin"CD66b* eNePs*, Lin"CD66b* proNeul/2s
(ref. »*) and other cells found in the blood of patients with COVID-
19 (ref. »°) defined as proNeus, based on the constitutive expression
of mRNAs encoding markers for proNeul/2s (including CD15,
CD43, CD63, CD66b, CD81)*. We compared publicly available
RNA-seq datasets for eNePs and more mature precursors (N1 with-
out eNeP, N2 and mixed N3/N4/N5)*, as well as of scRNA-seq
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datasets from COVID-19 proNeus and (more mature) preNeus>,
with the gene expression profiles of NCPs by PCA (Fig. 5a). Human
proNeul/2 transcriptomes were not available”. eNePs clustered
with PMs, while N1 without eNePs and N2 localized close to MYs
and MMs, respectively (Fig. 5a). Moreover, in accordance with their
more mature phenotypes, N3/N4/N5 grouped with BCs (Fig. 5a).
Similarly, according to RNA-seq pseudo-bulk computing, COVID-
19 proNeus and preNeus clustered before and after MMs, respec-
tively (Fig. 5b). Examination of the mRNA accumulation encoding
for molecules distinctively associated to discrete neutrophil matura-
tion stages (Fig. 5b), indicated that only NCP1s and NCP2s expressed
CD34 mRNA, while all NCPs, but not eNePs or COVID-19 pro-
Neus, accumulated mRNAs associated to stemness, such as KIT,
MYCand MHC class II genes. Moreover, NCPs, eNePs and COVID-
19 proNeus, as well as PMs and MYs, expressed AG genes (that is,
ELANE, PRTN3 and MPO), albeit at variable levels. By contrast,
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only eNePs and COVID-19 proNeus expressed PM-associated
genes, including defensins and BPI (that is, AG proteins), or SLPI
and CEACAMS8/CD66b (that is, SG proteins). Finally, and in agree-
ment with PCA results (Fig. 5a), only COVID-19 proNeus, but not
NCPs or eNePs, expressed SG and GG genes, such as LCN2, LTF
and ARGI, at levels comparable to MYs (Fig. 5b).

Next, we reproduced the gating strategies used to identify
eNePs* and human proNeul/2s (ref. **) to directly compare their
phenotypes with those of NCPs. eNePs were defined as a CD117*
subset of the Lin"CD66b*CD71* N1 cells (Fig. 5c). However,
according to their CD11b, CD16 and CD66b expression (Fig. 5d-f),
as well as side scatter (SSC) properties (Fig. 5e), eNePs corre-
sponded mostly to a more immature fraction of PMs* (Fig. 5a). By
contrast, NCPs were CD66b~ and exclusively located in the SSC
fraction of immature BM cells (Fig. 5e,f and Extended Data Fig. 5).
In addition, NCPs were positive for markers not specifically asso-
ciated to neutrophil precursors®>**-*, namely CD71, CD117 and
CD49d (Fig. 5f).

Because a detailed gating strategy for their identification and
isolation, or a definitive phenotype, is not available for proNeus,
we distinguished them as Lin-CD66b*CD15*CD11b-CD49d"SS
C° proNeuls and Lin"CD66b*CD15*CD11b-CD49™SSC" pro-
Neu2s (ref. ). proNeul/2s (Fig. 5g) differed from NCPs in terms of
expression of CD66b, CD15 and CD34 (Fig. 5h), but not CD64 and
CD115 (not shown). Differently from NCPs, proNeuls and pro-
Neu2s expressed CD66b at mid/low and mid/high levels, respec-
tively (Fig. 5h). Similarly, while NCP1s and NCP2s were CD15~ and
NCP3/NCP4s were CD15%"*, proNeul/2s had a higher expres-
sion of CD15 than NCPs (Fig. 5h). Furthermore, we found that
proNeuls were CD34", similarly to proNeu2s, NCP3s and NCP4s
(Fig. 5h), in contrast with the Infinity Flow approach identifying
proNeuls as CD34* (ref. **). This phenotypic analysis supported the
notion that proNeuls consisted of highly immature PMs, similarly
to eNePs, while proNeu2s corresponded to PMs. Together, these
data suggested that NCPs were more immature than eNePs and
COVID-19 proNeus at the molecular level, as well as than eNePs
and proNeul/2s at the phenotypic level, while COVID-19 proNeus
were more mature than originally assumed?.

NCPs generate neutrophils in vivo. To investigate their contribu-
tion to granulopoiesis in vivo, NCPs were adoptively transferred
into immunodeficient mice by different experimental approaches.
In a first set of experiments, total NCPs were sorted and injected
intravenously into AAVNOG mice. Human CD66b* neutrophils
were recovered in the peripheral blood (Fig. 6a), but not in the BM,
of recipient AAVNOG mice 11d after NCP transfer. In a second set
of experiments, NCPs sorted from the BM of HLA-A2* donors were
transferred by intratibial injection into AAVHIR mice (that is, NOG
mice engrafted with human HLA-A2"CD34" cells, then treated
with adeno-associated virus serotype 9 (AAV9) as before, and
finally pre-conditioned with a nonmyeloablative dose of busulfan).
CD66b™ neutrophils, although undetectable in the BM (Fig. 6b),
represented the only human HLA-A2* cells that were detected in
the peripheral blood of recipient AAVHIR mice 14d following
NCP transfer (Fig. 6b—d). The remaining human cells consisted of
HLA-A2~ monocytes and B lymphocytes (Fig. 6b,c), which likely
survived the busulfan conditioning. Altogether, these in vivo adop-
tive transfer experiments indicated the neutrophil-specific commit-
ment of NCPs and supported their biological role in neutropoiesis.

NCPs fall into multiple scRNA-seq cell clusters. To unequivo-
cally dissect their transcriptional heterogeneity, we performed
scRNA-seq in sorted NCP1s, NCP2s, NCP3s, NCP4s and cMoPs.
Dimensionality reduction by Uniform Manifold Approximation
and Projection (UMAP)" on the 17,902 cells sequenced indicated
that NCPs clearly segregate from cMoPs, while NCP1s mostly
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Fig. 7 | scRNA-seq experiments of NCPs and cMoPs reveal that they
consist of multiple cell clusters. a, UMAP visualization of scRNA-seq
profiles of NCP1s (red), NCP2s (orange), NCP3s (light blue), NCP4s (blue)
and, for comparison, cMoPs (green), isolated from three different BMs.

b, Identification of the clusters (c1-c9) in the UMAP shown in a, by Louvain
clustering analysis. ¢, Violin plots showing the mRNA expression levels

(as In(UMI)) of neutrophil-lineage-specific genes (that is, CEBPE, GFI1

and ELANE) and monocyte lineage-specific genes (that is, CSFIR, IRF8 and
FLT3), across c1-c6 cells. Cluster colors are the same of those shown in

Fig. 7b. d, Stacked bar graph shows the relative abundances of c1-c6 cells in
NCP1s, NCP2s, NCP3s, NCP4s and cMoPs.

overlap with NCP2s and NCP3s with NCP4s (Fig. 7a and Extended
Data Fig. 8a). Unbiased, graph-based clustering by Seurat* iden-
tified nine discrete cell clusters (Fig. 7b), of which three (c7, c8
and c9) were excluded from all subsequent analyses because they
consisted of eosinophil precursors (c7, identified by EPX mRNA
expression), megakaryocyte/erythroid precursors (c8, identified by
PF4 and HBB mRNA expression) or cells with an unclear ontogeny
and high expression of apoptosis-related genes (c9) (Fig. 7b). Of the
six remaining cell clusters, four were unequivocally attributable to
the neutrophil lineage (c1, ¢2, c3 and c4), and two to the monocyte
lineage (c5 and ¢6) (Fig. 7b). Such segregation was also confirmed
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by hierarchical clustering analysis of their DEGs (Extended Data
Fig. 8b), as genes typical of the neutrophil (such as CEBPE, GFII
or ELANE) and monocyte (such as IRF8, CSFIR or FLT3) lineages
were exclusively expressed in c1-c4 and ¢5-c6, respectively (Fig. 7c).
Moreover, distribution analysis of scRNA-seq cell clusters in NCPs
and cMoPs evidenced that c1-c4 were completely absent in cMoPs
(Fig. 7¢), indicating that CD115 expression efficiently discriminates
NCPs. By contrast, c5 cells were found to contaminate NCP2s and
NCP3s, but not NCP1s and NCP4s (Fig. 7d), therefore explaining
the PCA results on bulk RNA-seq (Extended Data Fig. 7d).

The distribution of c1-c4 cells in NCP1s and NCP4s is specu-
lar to that of NCP2s and NCP3s, respectively (Fig. 8a). Moreover,
while NCP1s and NCP2s were enriched mainly in cl1 cells, NCP3s
and NCP4s were preferentially accumulated in ¢3 and c4 cells
(Fig. 8a). By contrast, c2 cells were equally distributed among the
four NCPs (Fig. 8a). Calculation of the pseudotime value for every
cell by Destiny* (Fig. 8b), to define their maturation state, showed
that c1 contained the more immature cells, while ¢3 and c4
contained relatively more mature cells (Fig. 8c). Accordingly,
CD34 was preferentially expressed in c1 and c2 cells (Fig. 8d), con-
sistent with their relatively more abundant presence in NCP1s and
NCP2s (Fig. 8a). c2 cells, instead, displayed variable pseudotime
values (Fig. 8c), in line with their presence in all NCPs (Fig. 8a).
Seurat analysis of the DEGs in c1-c4 cells resulted in the identifi-
cation of 136 genes (Fig. 8e and Supplementary Table 3). c1 cells
had high expression of typical genes of immature proliferating
cells (such as CD34, TOP2A, TUBB and HIST1H4C) (Fig. 8e and
Extended Data Fig. 8c,d), consistent with their lowest pseudotime
values (Fig. 8c). cl cells also expressed genes associated to the
‘MHC class II protein complex’ GO term (Extended Data Fig. 8e),
consistent with the g2 genes from bulk RNA-seq data (Extended
Data Fig. 7a). By contrast, c3 and c4 cells had high expression of
AG genes (Fig. 8e and Extended Data Fig. 8c,d), and displayed
GO terms mostly enriched for ‘neutrophil activation’ and ‘neu-
trophil degranulation’ (Extended Data Fig. 8e), in accordance
with their elevated pseudotime values (Fig. 8c), and their preva-
lent correspondence with NCP3s and NCP4s (Fig. 8a). Notably,
c4 cells specifically expressed high mRNA levels of BEX1 (Fig. 8e
and Extended Data Fig. 8c), while c2 cells had high expression
of ISGs, such as ISG15, IFI16, IFIT3 and many more (Fig. 8e and
Extended Data Fig. 8c), in line with the enrichment of the GO term
‘defense response to virus’ in this cluster (Extended Data Fig. 8e).
No SG or GG genes were present in scCRNA-seq datasets (Extended
Data Fig. 8d), confirming the RNA-seq data. Finally, using
Destiny* to assess their potential developmental trajectories, we
found that cl-c4 cells distributed along three branches. The cl
branch included the majority of c1 cells (Fig. 8f,g and Extended
Data Fig. 8f), together with a minor quote of the c2, ¢3 and c4
cells, and branched into two different trajectories (Fig. 8f): one,
defined as the ‘conventional trajectory, was mainly character-
ized by cells expressing increased AG mRNA (c3 and c4 cells),
but also included BEX1* cells (c4 cells); the other, defined as the
‘ISG trajectory’ (Fig. 8f), was characterized by ISG" cells (c2 cells)
(Fig. 8h). As such, scRNA-seq clustering analysis identified four
clusters of neutrophil precursor cells at different stages of matura-
tion, distributed along two maturation routes, and indicated that

NCP1s and NCP2s on one hand, and NCP3s and NCP4s on the
other hand, were identical in terms of cluster distribution.

Discussion

In this study, we identified the phenotypes of four different
CD64%mCD115~ NCPs within the SSC°Lin-CD45%™ region of
human BM. Based on their differential CD34 and CD45RA
expression, NCPs were subdivided into CD34*CD45RA~ NCP1s,
CD34*CD45RA* NCP2s, CD34%-CD45RA* NCP3s and
CD34%m~-CD45RA~ NCP4s. Within ¢GMPs, we also defined
CD64*CD115% cMoPs (refs. '%*), CD64-CD115* MDPs and
CD64"CD115~ GMDPs (ref. *). Because GMDPs generate neutro-
phils, but not eosinophils and basophils*'’-', we propose to rename
GMDPs as NMDPs (that is, neutrophil-monocyte-DC progenitors).

Our experiments uncovered that, while NCP1s originated from
CD45RA"~ progenitors and directly matured into NCP4s, NCP2s
developed from NMDPs and matured into NCP4s through NCP3s.
Hence, our data not only confirmed that the transition of neu-
trophil precursors from HSCs to cGMPs was associated to their
CD45RA upregulation’, but also uncovered the existence of a
second developmental route, independent from CD45RA upregu-
lation, which might be explained by the necessity to increase the
number of peripheral neutrophils during emergency granulopoi-
esis. Alternatively, it could be that CD45RA may serve either for the
localization of CD34" and CD34%™~ NCPs in specific BM niches, or
for a yet unknown function under pathological conditions.

Using transcriptomic dataset and phenotypic analysis compari-
sons, our data showed that NCP neutrophil precursors represent an
earlier stage of differentiation compared with the recently described
eNePs*, human proNeul/2s (ref. *) and COVID-19 proNeus®. In
fact, clustering analysis of DEGs among CD34* and CD34%™~ NCPs
evidenced a remarkable enrichment of genes related to cell prolif-
eration by NCP1s and NCP2s, as well as of AG-encoding genes by
NCP3s and NCP4s.

scRNA-seq experiments uncovered that the CD34" and
CD344m= NCPs consisted of four cell clusters (c1-c4) distributed
at substantially identical ratios in NCP1s and NCP2s, as well as in
NCP3s and NCP4s. One of them (c2) was enriched in ISGs, consis-
tent with the recent identification of PMN subsets expressing ISGs
during health*** or pathological conditions™**. Treatment of
patients with severe COVID-19 with dexamethasone was reported
to reduce the peripheral ISG* neutrophil subset on the one hand,
but to expand the subset of immature immunosuppressive cells on
the other hand*, suggesting neutrophil polarization could be mod-
ulated by pharmacological interventions.

Clusters of neutrophil precursors displaying levels of maturation
similar to c1-c4 cells have been identified by scRNA-seq of HSPCs
from human BM, even though the sorting strategy for their isola-
tion was not described. For instance, four clusters of neutrophil pre-
cursors (N0O-N3) were found in CMPs (NO) and cGMPs (N1, N2
and N3)°. N1, N2 and N3 might correspond in part to the cl cells
given their expression of CD34 protein and AG mRNA. However,
N3 could be ascribed to a monocyte progenitor due to its expression
of LYZ, SAMHDI, CSFIR, ANXA2, KLF4 and IRF8 mRNA?, which
we found to be peculiar to cMoPs. Similarly, it remains uncertain
whether NO, which only expresses MPO among the AG genes’,
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>

Fig. 8 | Characterization of the scRNA-seq cell clusters composing NCPs. a, Stacked bar graph shows the relative abundance of c1-c4 cells in NCP1s,
NCP2s, NCP3s and NCP4s, after exclusion of cells from monocyte progenitors (c5 and c¢6). b,c, UMAP (b) and violin (¢) plots restricted to c1-c4 cells
showing the pseudotime value for every cell, as calculated by the Destiny algorithm. d, Expression patterns of CD34 mRNA projected on a UMAP plot
restricted to c1-c4 cells. e, Heatmap showing scaled expression of discriminative gene sets (Bonferroni-corrected P < 0.05; two-sided Wilcoxon Rank

Sum test) by c1-c4 cells, as defined in Fig. 7b. The most specific genes of each cluster are depicted on the right y axis. The color scheme is based on

z score distribution from —4 (purple) to 4 (yellow). f.g, Trajectory plots showing the distribution of c1-c4 cells (f), and their pseudotime values (g). In

f, the arrows indicate both the ‘conventional’, and the 'ISG’, developmental trajectories, along the neutrophil lineage. h, MRNA expression patterns of genes
characteristic of c1 (that is, TOP2A), c2 (that is, IFI6), c3 (that is, CTSG) and c4 (that is, BEXT) cells, projected on the trajectory plots from f.
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corresponds to a neutrophil progenitor, because MPO can also be
expressed by cMoPs’. However, none of these studies™’ detected
specific ISG- or BEX1-containing clusters (as we did), likely because
of the much lower number of neutrophil precursors investigated
compared with our scRNA-seq set.

100 -

75 A

Clusters (%)
[$))
o

)
< Q
& & &
d
CD34
5.0
2.5
[\
<
s 0
3
—2.5
—5.0 A Expression
-5 0 5
UMAP1
f
0.050 1 e c1
c2 P
e c3 P
0.025 + c4 //'
N S IsG-
1) 04 *- 1 trajectory
a :
_0.025 | Conventional- ¥ %"
trajectory .
-0.050 | )
-0.050-0.025 O 0.025 0.050
DC1
0.050 1
e
0.025
N 0 1
8 Pseudotime
9,000
—0.025 6,000
3,000
—0.050 -
-0.050-0.025 0 0.025 0.050
DC1

NATURE IMMUNOLOGY

In summary, we identified CD34" and CD34%™- NCPs
within human BMs, all of them characterized by an
SSCLin~CD45%m"CD64%™CD115- phenotype. As such, CD34* and
CD344m/~ NCPs were easily sortable. We expect that future work will
uncover specific membrane markers that would allow the sorting
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of the cell clusters within the CD34* and CD34™~ NCPs, to allow
an improved characterization and to evaluate if and how they

expand under pathological conditions.
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Methods

Isolation of cells from human BM and peripheral blood samples. BM samples
were obtained from healthy donors (n=35; Supplementary Table 4) selected

for donation purposes according to the Italian Bone Marrow Donor Registry
criteria and following informed, written consent. Fresh BM samples (1.5/2ml)
were collected under aseptic conditions in heparinized sterile syringes, processed
using endotoxin-free polypropylene tubes (Greiner Bio-One) and subjected to
density gradient centrifugation onto Ficoll-Paque (GE Healthcare). BM-LDCs
were then collected, and either immediately processed for flow cytometry
analysis, or suspended in tMEM growth medium (Corning) supplemented with
10% low-endotoxin FBS (<0.5 endotoxin unit (EU) ml™"), in the presence of
penicillin/streptomycin (from now on termed ‘culture medium’)”, to be finally
distributed in tissue-culture plates (Corning) and preincubated for 20h at 37°C
in CO, (ref. *°). Occasionally, fresh aliquots of BM-LDCs were frozen in 90% FBS
(Sigma-Aldrich) plus 10% dimethylsulfoxide (Sigma-Aldrich) and stored in liquid
nitrogen, since results obtained by using thawed or unfrozen BM-LDC samples
were found fully comparable. Neutrophils from healthy donors were purified by
the EasySep Human Neutrophil Enrichment Kit (Stem Cell Technologies; >99.7%
purity) after centrifuging buffy coats onto Ficoll-Paque gradient density™. BM
samples, obtained from three patients undergoing alloHSCT for hematological
malignancies, were collected at day +21 after alloHSCT (when hematopoiesis is
actively reconstituting from donor-derived HSCs). At this time-point, all three
patients were in complete remission and had achieved full donor chimerism,
according to variable number tandem repeats analysis (available from the authors).
The study has been cleared by the Ethics Committee of the Azienda Ospedaliera
Universitaria Integrata di Verona (Italy) (CMRI/55742).

Flow cytometry and FACS experiments. For flow cytometry experiments,
BM-LDCs, sorted progenitor subpopulations or culture-derived cells were
counted, resuspended in 50 ul of PBS buffer (Corning) plus 2% FBS and 2mM
EDTA (Sigma-Aldrich) (from now on termed ‘staining buffer’), and subsequently
incubated for 10 min in the presence of 5% human serum (Sigma-Aldrich). Cells
were then stained for 30 min on ice by fluorochrome-conjugated monoclonal
antibodies (mAbs) for either 8-color MACSQuant10 Analyzer (Miltenyi Biotec),
or 14-color LSRFortessa X-20 (BD) and MACSQuant16 Analyzer (Miltenyi
Biotec) flow-cytometers, as listed in Supplementary Tables 5 and 6. Viability

of both fresh and 20-h-preincubated BM-LDC samples was assessed by either
propidium iodide (PI) (Sigma-Aldrich) or alternatively Sytox Blue (Invitrogen)
exclusion, and reproducibly found >95%. The mean fluorescence intensity (MFI)
relative to selected markers was obtained by subtracting either the MFI of the
correspondent isotype control mAbs, or the cell autofluorescence (fluorescence
minus one, FMO), to their fluorescence value. FlowJo software v.10.7.1 was used
for data analysis. For FACS of the myeloid progenitors, 50-100x 10° BM-LDCs
were resuspended at 100X 10° per ml and labeled for 45 min at 4°C (in the dark)
with the mAbs reported in Supplementary Table 7. Anti-CD14 and anti-IL5Ra
mADbs were always included in the sorting panel to exclude, respectively, mature
monocytes and eosinophil-committed progenitors. Conversely, we omitted the
use of antiCD38 and antiCD117 antibodies since NCPs were found as CD38* and
CD117*. Cells were then washed and resuspended at 30 X 10° per ml in staining
buffer, to be ultimately filtered through a 0.35-uM nylon mesh. Cells were finally
sorted by using a FACSAria Fusion (BD) cell sorter equipped with 85-pum nozzle,
immediately centrifuged, resuspended in tMEM medium, counted and used for
experiments. Alternatively, sorted cells were lysed in RLT buffer (Qiagen) for RNA
extraction®. Sorted cell populations displayed a >95% purity, as verified by flow
cytometry analysis.

In vitro differentiation assay. To evaluate the differentiation potential of sorted
BM progenitors, the latter cells were cultured on the MS-5 stromal cell line (ACC
441, Leibniz-Institut DSMZ), according to protocols previously described”. Briefly,
the day before the coculture experiments, MS-5 cells cultured in sMEM medium
at 95% confluence were incubated with 10 ugml™" mitomycin C (Sigma-Aldrich)
for 3h at 37°C. Then, after treatment with 0.05% trypsin/EDTA (Corning), MS-5
cells were collected and resuspended in xMEM medium at 0.25 X 10¢ per ml, to

be finally seeded in round-bottom 96-well tissue-culture plates for 24 h. Thus,
1-3x 10° of the various sorted BM progenitors were resuspended in 100 pl of
oMEM medium, seeded on top of MS-5 cells and incubated with 20 international
units (IU) ml~ FIt3L (Miltenyi Biotec), 10IUml~! SCF (Miltenyi Biotec) and either
100IU ml~' GM-CSF (Peprotech)® or, as in previous studies™*, 6,500 [U ml™
G-CSF (Myelostim, Italfarmaco Spa), to compose, respectively, the SFG* or SFGc
cocktail. Cells were then collected from the MS-5 cells starting at day 1, and up to
day 14, of the culture, either for flow cytometry staining, or for functional studies.
Expansion of purified progenitor populations is reported as mean fold-change of
live, CD45* output cells from the number of cells plated as input at time 0.

Morphological analysis of neutrophil precursors and culture-derived cell
populations. Cytospins prepared from either sorted neutrophil precursors or
culture-derived cell populations were stained by the May-Grunwald Giemsa
procedure. Slides were analyzed by a Leica DM 6000 B microscope, equipped with
a Leica DFC 300FX Digital Color Camera (Leica Microsystems).

0O, production and phagocytosis assay. Either progenitor-derived neutrophils
collected from NCPs cultured for 7 d, or freshly isolated healthy donor neutrophils,
were washed and resuspended at 0.25 % 10° per ml in HBSS supplemented

with 10% FBS, containing 1 mM CaCl, and 5mM glucose. O, production in
response to 20 ngml~' PMA (Sigma-Aldrich) was assessed by the Cytochrome

C reduction assay™. To assess phagocytosis capacity, 0.025 % 10° cells per 100 ul
were incubated in Eppendorf tubes at 37 °C, in the absence/presence of 20 ugml~!
unopsonized zymosan particles. Cells were intermittently resuspended and, after
30 min, treated with an excess of cold HBSS and centrifuged to stop phagocytosis.
Cytospin preparations of these samples were stained by the May-Grunwald Giemsa
procedure, and slides analyzed by a Leica DM 6000 B microscope, equipped with a
Leica DFC 300FX Digital Color Camera (Leica Microsystem).

Immunocytochemistry. Sorted cells were spotted on polarized slides and
immediately fixed by 95% ethanol. Before the immunostaining procedure, slides
were placed for 10 min in methanol containing 0.3% H,O, for endogenous
peroxidase quenching. Slides were rehydrated for 3min in ethanol at 95°C, and
then washed in tap and distilled water. Slides were then washed in pH 7.4/7.6
Tris-HCl for 5min before incubation for 2h at room temperature with antibodies
towards MPO (Rb polyclonal, dilution 1:5,000, A0398 Agilent Technologies),
ELANE (1:200 dilution, clone NP57, Agilent Technologies), a-Defensins (DEFA;
dilution 1:70, clone H-2, Santa Cruz Biotechnology) and LTF (Rb polyclonal,
dilution 1:500, hpa059976, Sigma-Aldrich). Reactions were revealed by using
the EnVision Detection System HRP, followed by diaminobenzidine for 5min.
Subsequently, slides were counterstained by Meyer’s hematoxylin for 10 min and
coverslipped. Immunostained slides were photographed using a DP-73 Olympus
digital camera, mounted on an Olympus BX60 microscope (X600 magnification,
square side: 20 pm).

CFU assay. The CFU assay was performed by using the ‘complete Stem MACS
HSC-CFU medium’ (containing 20 ngml~' G-CSE, 20 ngml~ GM-CSE 20 ngml™!
IL-3, 20 ngml~" IL-6 and 3 Uml™" Epo, from Miltenyi Biotec), according to the
manufacturer’s protocol.

Adoptive transfer experiments in mice. NOD.Cg-Prkdc*“I12rg™!ss/JicTac
(NOG) mice were purchased from Taconic Biosciences and maintained under
specific-pathogen-free conditions at the Verona University animal facility. All
animal experiments were approved by the local Ethics Committee (https://www.
univr.it/it/cirsal), and conducted according to the guidelines of the Federation
of European Laboratory Animal Science Associations. Animal experiments

were performed according to national (protocol number 12722, approved by

the Ministerial Decree Number 14/2012-B of 18 January 2012, and protocol
number BR15/08, approved by the Ministerial Decree Number 925/2015-PR of
28 August 2015), as well as European, laws and regulations. All animals were
housed in conditions of 22 °C and 45-65% humidity with 12-h light cycle.

For adoptive transfer into NOG mice, animals (4-week-old females) were
intramuscularly injected with 10® multiplicity of infection (MOI) of recombinant
AAV9 vectors coding for human CSF2, CSF3, IL-3 and CXCLS, to favor the
expansion of the myeloid compartment. In brief, cytokine complementary
DNAs were purchased from GeneScript and AAV9 vectors were produced by
Prof. M. Giacca’s laboratory (International Centre for Genetic Engineering and
Biotechnology (ICGEB), Trieste and King’s College, London) by co-transfection
of HEK293T cells (ACC 635, Leibniz-Institut DSMZ). After 2 weeks, mice were
y-irradiated (1.2 Gy), and 6 h later engrafted with a total of 10° pooled NCPs (to
have enough cells) via intraocular injection. After 11d, mice were euthanized, and
BM and blood analyzed by FACS (3 out of 3 mice were successfully engrafted).
For adoptive transfer into Human Immune Reconstituted (HIR) mice, animals
(4-week-old females) were y-irradiated (1.2 Gy) and, after 6 h, engrafted with

10° hHLA-A2-CD34" cells (catalog no.: 4M-105, Lonza) via tail vein injection
(intravenously). AAV9 vectors coding for human CSF2, CSF3, IL-3 and CXCL8
were intramuscularly administered at week 4 after engraftment, as already
detailed. Hematopoietic engraftment was considered adequate when 25% of
human CD45-expressing cells could be detected in peripheral blood of mice

by FACS, according to the formula: frequency of hCD45* cells/(frequency of
hCD45* + frequency of mCD45™ cells) x 100. At week 12 post-engraftment, mice
were treated with a single nonmyeloablative dose of busulfan (10 mgkg™) and,
24h later, animals received an intratibial injection of a total of 1.5x 10* pooled
HLA-A2* NCPs. After 14 d, mice were euthanized, and BM and blood were
analyzed by FACS (6 out of 6 mice were successfully engrafted by HLA-A2* NCPs).

RNA-seq. Total RNA was extracted by the RNeasy Mini Kit (Qiagen) after cell
lysis™. Libraries for transcriptome analysis were prepared using the Smart-seq2
protocol™. Briefly, 2 ng of total RNA was copied into a first-strand cDNA

by reverse transcription and template-switching, using oligo (dT) primers
(5'-AAGCAGTGGTATCAACGCAGAGTACT30VN-3’, from Thermo

Fisher) and a locked nucleic acid (LNA)-containing template-switching oligo
(5'-AAGCAGTGGTATCAACGCAGAGTACATrGrG+G-3', from Exicon). The
resulting cDNA was pre-amplified, purified and tagmented with Tn5 transposase.
cDNA fragments generated after tagmentation were gap-repaired, enriched by
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PCR and purified to create the final cDNA library. Libraries were sequenced on the
Illumina NextSeq 500 in single-read mode (1 X 75 cycles) at the Centro Piattaforme
Tecnologiche of the University of Verona.

scRNA-seq. Sorted cells were labeled by using the BD Single-Cell Multiplexing Kit
(BD Biosciences), strictly following the manufacturer’s protocol. Such a procedure
allowed us to combine five samples (NCP1s, NCP2s, NCP3s, NCP4s and cMoPs)
into a single pool. Each sample was washed twice in FACS buffer and resuspended in
cold BD Sample Buffer (BD Biosciences). Only samples with high viability (>85%,
as evaluated by the BD Rhapsody scanner) were used for sequencing. Samples from
the same donor were pooled in equal amounts to achieve approximately 15,000 cells
in 620 pl, and loaded onto a BD Rhapsody cartridge for an incubation of 20 min at
room temperature. Then, Cell Capture Beads (BD Biosciences) were added to the
cartridge and incubated at room temperature for 3 min, and thereafter cartridges
were washed. Cells were then lysed, and the released mRNAs were captured by Cell
Capture Beads. mRNAs were then retrieved, to be washed before performing reverse
transcription and treatment with Exonuclease I. cDNA libraries were prepared by
using the BD Rhapsody Whole Transcriptome Analysis Amplification kit and BD
Single-Cell Multiplexing kit (BD Biosciences). Size-distribution (quality) of final
libraries was assessed by Agilent 2200 TapeStation with High Sensitivity D5000
ScreenTape and quantified using a Qubit Fluorometer using the Qubit dsSDNA HS
Kit (Thermo Fisher, no. Q32854). Sequencing was performed in paired-end mode
(2% 75 cycles) on a NextSeq 500 System (Illumina). This procedure was utilized for
three different BMs, whose data were integrated as outlined below.

RNA-seq computational analysis. Computational analysis of transcriptome
datasets generated by Smart-seq2 was performed by using the bioinformatic
pipeline, as previously described”. Briefly, after quality filtering, according to the
Tllumina pipeline, removal of contaminant adapters and base quality trimming
were performed using Trim Galore! (http://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/) script. Gene counts were normalized among various
samples using DESeq2 (ref. *°), and only genes coding for protein and long
noncoding RNA were retained for downstream analysis. DEGs were identified
using DESeq2, by using as selection parameter adjusted P value lower than 0.01
and likelihood ratio test*. Batch effects were removed using the limma package’s
‘removeBatchEffect’ function before performing PCA. PCA was performed on
DEGs by using Bioconductor/R package pcaExplorer v.2.10.0.

Computational inference of developmental path. Hierarchical clustering was
performed using the Euclidean distance and Ward aggregation as criteria. To find a
suitable linear order within the hierarchical clustering dendrogram (HSCs/MPPs,
CMPs, NCPs, PMs, MYs, MMs, BCs, SCs and mature blood neutrophils), we used
the optimal leaf ordering seriation method of R package seriation, v.1.2-9 (ref. **).

Seven Bridges processing for scRNA-seq data. After demultiplexing of bcl files by
using Bcl2fastq2 v.2.20 from Illumina and assessment of reads quality, paired-end
scRNA-seq reads were then filtered for valid cell barcodes using the barcode
whitelist provided by BD. Then, sequenced reads were aligned to the hg38 human
transcriptome and the expression of transcripts in each cell was quantified via the
standard Rhapsody analysis pipeline (BD Biosciences) on Seven Bridges (https://
www.sevenbridges.com), following manufacturer’s recommendations.

Seurat workflow for scRNA-seq data analysis. The R package Seurat™ was
utilized for all downstream analysis. For each single-cell dataset, the number of
detected genes, the number of unique molecular identifiers (UMIs), as well as the
fraction of UMISs corresponding to mitochondrial features, which altogether reflect
the transcriptome quality of each cell, were calculated. Only cells that transcribed
at least 200 genes, and only genes that were expressed in at least 10 cells, were
included in the analysis. In sum, 15,969 cells and 17,398 genes were obtained. Next,
cells with more than 25% mitochondrial transcripts and with a number of genes
above the 99th percentile or below the 1st percentile were removed for downstream
analysis. Therefore, after such a rigorous quality control, a total of 15,057 cells were
analyzed (4,465, 6,958 and 3,634 from BMs of, respectively, donor 1, donor 2 and
donor 3). To examine cell cycle variation in our data, by using CellCycleScoring
function, we assigned a score to each cell, based on its expression of G2/M and

S phase markers. To remove batch effects across data from different donors, we
performed dataset integration using SCTransform integration workflow (https://
satijalab.org/seurat/v3.2/integration.html). Normalization and detection of highly
variable genes were performed using the difference between the S and G2M cell
cycle scores and the percentage of mitochondrial UMIs as covariates. To identify
the integration of anchor genes among the three datasets from different BMs, the
FindIntegrationAnchors() function was used applying default parameters. Using
Seurat’s IntegrateData(), samples were combined into one object. These ‘integrated’
batch-corrected values were then set as the ‘default assay} and gene expression
values were scaled before running PCA. The dimensional reduction of the
integrated dataset was computed by summarizing the first 50 principal components
and visualized in a two-dimensional UMAP representation. Clustering was
conducted using the FindNeighbors() and FindClusters() functions using the

same 50 principal components, and a resolution parameter set to 0.3. Differential
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expression tests were performed using the FindAllMarkers() function. DEGs were
identified using the nonparametrical Wilcoxon rank sum test, based on normalized
data. P value adjustment was performed using Bonferroni correction based on

the total number of genes in the dataset. Genes with >0.25 log-fold changes, at
least 25% expressed in tested groups and Bonferroni-corrected P<0.01 were
considered as significant DEGs. Euclidean distance between clusters was calculated
on DEGs and hierarchical clustering was performed in R, using the ‘ward.D’
linkage clustering. The average gene expression of clusters was calculated using the
function AverageExpression().

GO of DEGs from bulk RNA-seq and scRNA-seq. GO analysis was performed on
DEGs from bulk RNA-seq and scRNA-seq for the cellular component, biological
process and molecular function ontology domains by using the Bioconductor/R
package clusterProfiler (v.3.14.3)%".

Analytic comparison among transcriptomes obtained from NCPs, eNePs and
COVID-19 proNeus. RNA-seq datasets from eNePs and other more mature
neutrophil precursors (that is, N1 without eNeP, N2 and mixed N3/N4/N5)*
were analyzed exactly as our bulk RNA-seq analyses. For COVID-19 proNeus

and preNeus”, cells categorized as ‘pre-Neutrophils’ and ‘pro-Neutrophils’ (that
is, clusters 6 and 8, respectively, from Fig. 7b of Schulte-Schrepping et al. paper*)
were retrieved from scRNA-seq datasets and then normalized to count per
million, by using the NormalizeData() function of Seurat R packages and applying
the following settings: ‘normalization.method =RC’ and ‘scale.factor = 1e6’
Subsequently, pseudo-bulk RNA-seq analyses of proNeus and preNeus from
selected donors (‘BN-12) ‘BN-18], ‘BN-19’) were computed by evaluating the
mean expression for each gene. Each of the two datasets*** was merged with

ours, and only genes present in all three datasets were included in the analysis and
transformed to log, pseudo-count values for downstream assays.

Trajectory analysis and pseudotime calculation. Trajectory analysis was
performed by using the destiny algorithm v.3.01 (ref. **). In brief, the neutrophil
precursor space was subsetted and the diffusion map was calculated based on
the top 2,000 variable genes with a sum of at least 10 counts over all cells. Based
on the diffusion map, a diffusion pseudotime was calculated to infer a transition
probability between the different cell states of the neutrophils.

Statistical analysis. Data are expressed as mean +s.d. or s.e.m. of the number of
indicated experiments. Where applicable, normality distribution was estimated
using the D’Agostino—Pearson or Shapiro-Wilk normality test. Statistical
evaluation for normally distributed data was performed by using one-way or
two-way analysis of variance (ANOVA), followed by Tukey’s or Bonferroni’s post
hoc test, respectively. Non-normally distributed data were assessed with Mann-
Whitney test, or, for multiple group comparison, with Kruskal-Wallis or Friedman
test followed by Dunn’s multiple comparison test. The tests used are indicated

in the respective figure legends. Values of P <0.05 were considered statistically
significant. Statistical analysis was performed by GraphPad Prism v.7.0 software.
No randomization was performed in experiments with BM cells since this was not
relevant. Samples were allocated into experimental groups based on gating strategy.
In animal experiments, mice were randomly assigned to each group. No statistical
methods were used to predetermine sample sizes, but our sample sizes are similar
to those reported in previous publications®****

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

Data availability

Raw datasets have been submitted to the Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo/) and are available under the accession number
GSE164687. Bulk RNA-seq datasets of eNePs and HSCs/CMPs were downloaded
from GSE157103 and GSE113182, respectively. COVID-19 proNeus and preNeus
scRNA-seq datasets were downloaded from https://www.fastgenomics.org. Source
data are provided with this paper.

Code availability
R scripts for data processing are available through https://github.com/fbianchetto/
Neutrophil-Committed-Progenitors.
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