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Plasmacytoid dendritic cells control
homeostasis of megakaryopoiesis
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Platelet homeostasis is essential for vascular integrity and immune defence'2.
Although the process of platelet formation by fragmenting megakaryocytes

(MKs; thrombopoiesis) has been extensively studied, the cellular and molecular
mechanisms required to constantly replenish the pool of MKs by their progenitor
cells (megakaryopoiesis) remains unclear>*. Here we use intravital imaging to track
the cellular dynamics of megakaryopoiesis over days. We identify plasmacytoid
dendritic cells (pDCs) as homeostatic sensors that monitor the bone marrow for
apoptotic MKs and deliver IFNa to the MK niche triggering local on-demand
proliferation and maturation of MK progenitors. This pDC-dependent feedback loop
is crucial for MK and platelet homeostasis at steady state and under stress. pDCs are
best known for their ability to function as vigilant detectors of viral infection®. We show
that virus-induced activation of pDCs interferes with their function as homeostatic
sensors of megakaryopoiesis. Consequently, activation of pDCs by SARS-CoV-2 leads
to excessive megakaryopoiesis. Together, we identify a pDC-dependent homeostatic
circuit thatinvolves innate immune sensing and demand-adapted release of
inflammatory mediators to maintain homeostasis of the megakaryocytic lineage.

Platelets are anucleate cells circulating in the blood to maintain vascular
barrier functionin health and disease'? They are produced in the bone
marrow (BM) by their precursors, MKs, ina process called thrombopoie-
sis®. During thrombopoiesis, MKs show signs of apoptosis® and release
platelets in a process in which the MK cell body is entirely consumed”.
Consequently, replenishment of fragmented MKs from progenitors
(megakaryopoiesis) is continuously required to ensure MK homeostasis
and sustained platelet production.

Here weidentify a homeostatic circuit® that balances thrombopoiesis
and megakaryopoiesis in BM tissue. Patrolling pDCs—a unique sub-
set of innate immune sentinel cells>—sense MK turnover by detecting
cell-free DNA released from apoptotic MKs. Innate immune signal-
ling through the MYD88-IRF7 pathway activates the release of IFN«x
by pDCs, which in turn triggers megakaryopoiesis to replenish MKs
and to maintain platelet homeostasis during steady state and stress.
Thus, our data establish innate immune sensing by pDCs as a key
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mechanism controlling cellular homeostasis in the BM and blood.
Perturbed pDC function, such as strong activation during viral infec-
tionwithSARS-CoV-2, increases megakaryopoiesis, leading to marked
hyperplasia of the megakaryocytic lineage. Our data may therefore
provide a mechanistic explanation for alterations in platelet counts
frequently observed during inflammation and infection and opens
routes for therapeutic intervention.

Cellular dynamics of megakaryopoiesis

The primary site of megakaryopoiesis in mammals is the BM>. To
analyse the spatial distribution of MKs (CD41°CD42") and their pro-
genitors (MKPs) (CD41°CD42") we performed three-dimensional
immunofluorescence imaging of mouse calvarial BM® (Fig. 1a,
Extended Data Fig. 1a and Supplementary Video 1). The vast major-
ity of mature MKs (around 82%) resides within a distance of <5 pum to
sinusoids (Fig. 1b) without preferential association to the endosteum
orothersites (Extended Data Fig. 1b). MKPs were significantly smaller
than MKs (Extended Data Fig. 1c), were largely spherical (Extended
DataFig.1d) and showed asimilar distribution to mature MKs (around
70% of MKPs) (Fig.1a,b).

To study the spatiotemporal patterns of megakaryopoiesis in vivo,
we performed two-photon intravital microscopy (2P-IVM) analysis
of Vwf-eGFP reporter mice, specifically labelling the entire mega-
karyocytic lineage including MKPs and mature MKs™ (Extended Data
Fig.le-g). We visualized the same field of view for up to 3 days with
animaging window implanted onto the calvaria to track individual
MKPs and MKs (Extended Data Fig. 2a). We identified small, motile
Vwf e cells within the BM parenchyma that arrest along BM sinu-
soids (Fig. 1c and Extended Data Fig. 2b,c) and increase their volume
by around tenfold (Fig. 1c-f and Supplementary Video 2), represent-
ing MKPs undergoing cytoplasmic maturation into large, sessile MKs
(Fig.1d). This provides real-time evidence that perivascular positioning
of immotile MKs is determined by their motile progenitors, as previ-
ously proposed by others™.

Mature MKs lodged within the perivascular niche release proplate-
lets to produce platelets® (Fig. 1c and Extended Data Fig. 2b). Once
entering thrombopoiesis MKs rapidly reduce their volume and disap-
pear completely within hours (Fig. 1c,f and Extended Data Fig. 2b,c).
Consumption of platelet-producing MKs is irreversible as we did not
observe recovery once MKs completed thrombopoiesis. Instead,
new Vwf*“™™* MKPs appear in proximity to vanished MKs giving rise
to mature MKs (Fig. 1c, Extended Data Fig. 2b,c and Supplementary
Video 2). Consequently, the total number of Vwf ““** cells within one
field of view remains highly stable over several hours to days (Fig. 1g).
Atthe BM-tissue level megakaryopoiesis and thrombopoiesis are there-
fore well synchronized processes that ensure immediate replenish-
ment of platelet-producing MKs from their progenitors to maintain
MK homeostasis (Fig. 1h).

We tested whether megakaryopoiesis and thrombopoiesis also
remain synchronized in situations of high platelet demand. We
removed the entire circulating platelet pool by antibody-mediated
platelet depletion (PD) (Extended Data Fig. 2d). During PD, MKs lose
sphericity, indicating activation (Extended Data Fig. 2e), and engage
inemergency platelet production throughintrasinusoidal proplatelet
extensions or MK fragmentation resultinginarapid reductionin MK
size (Extended Data Fig. 2f). Multi-day four-dimensional imaging
revealed that the fast release of platelets from MKs is accompanied
by an increased MKP proliferation that peaks at 12-24 h after treat-
ment and was most prominent at the perivascular niche, while MK
growth dynamics was not affected (Fig. liand Extended Data Fig. 2g,h).
Accelerated proliferation of MKPs fully compensated for the high
MK demand during emergency thrombopoiesis and replenished the
circulating platelet pool within 4 days while maintaining MK home-
ostasis (Fig. 1j). Together, our data show that thrombopoiesis and
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megakaryopoiesis are tightly coordinated to maintain MK homeo-
stasis in BM tissue both in steady state and pathological platelet
consumption, raising the question of the underlying mechanism®
(Fig.1h).

pDCsregulate megakaryopoiesis

Liver-derived thrombopoietin (TPO) is the most potent cytokine
promoting megakaryopoiesis. Its plasma levels are tightly regu-
lated through TPO sequestration by TPO receptors (cMPL) on cir-
culating platelets® (Extended Data Fig. 3a). Elevated plasma TPO
levels drove global proliferation of BM MKPs, but did not trigger
characteristic local perivascular megakaryopoiesis (Extended Data
Fig. 3b-e) as observed after PD (Fig. 1i). Consistent with these data,
both TPO- and cMPL-deficient mice have been shown to produce
small numbers of morphologically and functionally normal MKs and
platelets at steady state', and were able to produce normal platelet
counts in response to stress™. This suggests that additional TPO-
independent signals are involved, potentially arising locally from the
BM niche®.

Whole-mount analysis of mouse BM showed that a considerable frac-
tion of MKPs was located in close proximity to mature MKs' (Fig. 1a,k).
Alarge proportion of mature MKs showed signs of apoptosis, and
the apoptotic MK fraction further increased when we induced emer-
gency thrombopoiesis by depleting platelets (Fig. 11). On the basis
of these two observations, we hypothesized that vanishing MKs that
release platelets and show signs of apoptosis® may trigger their own
replacement from local MKPs within the perivascular niche. Differ-
ent phagocyte subsets are equipped to sense and clear apoptotic
bodies and cell-free DNA. In particular, macrophages have animpor-
tant role in homeostasis of various tissues, including erythropoietic
islands of the BMY and aged BM-resident macrophages were shown
to expand platelet-biased haematopoietic stem cells (HSCs)™®. We
found thatapproximately 12% of mature MKs colocalized with CD68*
macrophages in the steady state (Extended Data Fig. 4a). These
macrophage-MK contacts did not change during immune-mediated
thrombocytopenia despite the increase in apoptotic MKs (Extended
DataFig.4a). Furthermore, depletion of macrophages (through CSFIR
inhibition (PLX5622)" or by using Cd11b-DTR mice®°) did not signifi-
cantly alter MK, MKP and platelet counts (Extended Data Fig. 4b,c),
indicating a minimal contribution to megakaryopoiesis. We obtained
similar results after depletion of phagocytic neutrophils (Extended
Data Fig. 4d).

pDCsare another subset of innate immune cells that are specialized
indetecting apoptotic cellsand nucleiacids*?. Although pDCs are rare
in peripheral tissues, they are abundant in the BM, where they origi-
nate®. pDCs migratein the BM with mean speeds of around 4 pm min™*
and without any clear directionality (Fig. 2a, Extended DataFig. 4e-g
and Supplementary Video 3). Compared with simulations of random
localizations, pDCs showed an increased probability of residing in
close proximity (<10 pm) to MKs (Fig. 2b). This distance to MKs was
maintained in situations with increased MK turnover (Extended Data
Fig.4h). Approximately 15% of mature MKs colocalized with BST2* pDCs
during steady state (Extended Data Fig. 4i) and these co-localizations
increased by twofold in response to PD (Extended Data Fig. 4i). The
total number of pDCs in the BM remained unaffected by PD, suggest-
ing specificrather than stochastic recruitment to the megakaryocytic
niche (Extended Data Fig. 4i).

To investigate whether pDCs are essential to control megakary-
opoiesis and MK homeostasis in vivo, we depleted pDCs by treat-
ing mice expressing the diphtheria toxin receptor under the Clec4c
promoter (hereafter BDCA2-DTR mice) with diphtheria toxin?*. After
3 days of treatment, about 80% of pDCs (BST2'SIGLECH'B220") were
cleared from the BM (Fig. 2c and Extended Data Fig. 5a-d). Analy-
sis of the megakaryocytic lineage using fluorescence-activated cell
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Fig.1|Spatiotemporal coordination of thrombopoiesis and
megakaryopoiesis. a,3D-rendered zstack of mouse BM (sternum).n=3.
MKPs (green): CD41°CD427; MKs (yellow): CD41'CD42"; sinusoids (grey):
CD144"; bone (blue): second harmonic generation. b, The distribution of MKs
and MKPsrelative to their distance to sinusoids.n=3.Dataare mean +s.d.
Statistical analysis was performed using multiple unpaired ¢-tests; NS, not
significant. ¢, Chronic 2P-IVM analysis of the calvaria.n =7 mice. Top, images
of Vwfe®*” cells (green); TRITC-dextran (sinusoids; magenta). The arrow
indicates an MKP migrating at the perivascular niche before growth. The
arrowhead indicates MKP growth in the proximity of thrombopoiesis (whichis
indicated by anasterisk). Bottom, 3D-rendering.d, The speed of MKs (n =52),
arrested MKPs (n =33) and motile MKPs (n = 31). Cells were pooled from 7 mice.
Statistical analysis was performed using one-way ANOVA with Tukey’s test; NS,
P=0.2029;****P=0.0000000005. Dataare mean t s.d. e, The diameters of
arrested and motile MKPs tracked over time (2P-1IVM). n =28 cells from 5 mice
(arrested MKPs) and n = 6 cells from 3 mice (motile MKPs). f, The changein cell
volume per hour during MKP maturation (growth; yellow) (n =14 cells pooled
from 4 mice) and platelet release (reduction; cyan) (n =11cells pooled from

sorting (FACS) and whole-mount immunostaining analysis revealed
severely impaired megakaryopoiesis in response to pDC depletion
with a substantial decrease in MKP (50%) and MK (25%) numbers
(Fig. 2c and Extended Data Fig. 5b,c). The positioning of MKs and
MKPs withinthe BM compartment was altered compared with control

4 mice). Dataare mean = s.d. g, Vwf*“"" cells per field of view (FOV) tracked
over time.n=12FOVs from 5 mice. h, Thehomeostatic circuit of MKsin BM.

i, Chronic2P-IVM after PD. The histogram shows anincreased frequency of
MKPs at the perivascular niche. n =4 mice per group. Statistical analysis was
performed using multiple Mann-Whitney U-tests; *P=0.0286.Dataare

mean ts.d. Arrowheads, new MK progenitors. j, The fold change in platelet
counts (haemocytometer).n =9 (baseline),n=6(0.5days),n=8(1day),n=9
(2days), n=9 (4 days), n =4 (8 days) mice. MK/MKP density (counts per mm?)
(BM whole-mountimmunostainings) (n = 3 mice) were measured at the indicated
timepoints after PD.k, The percentage of MKPs attached to MKs (BM whole-
mountimmunostainings). n =4 mice. Statistical analysis was performed using
anunpaired t-test; **P=0.009. Dataare mean t s.d.l, The frequency of apoptotic
MKs (live/dead-stain-405"CD41-PE'CD42-APC'CD11b CD8a Apotracker green®)
increases after PD (light pink, 6 h; pink, 24 h), as determined using FACS. Left,
the fluorescenceintensity (Apotracker). The frequency of apotracker® MKs.
n=4(controland PD (6 h)) and n= 6 (PD (12 h)) mice. Statistical analysis

was performed using one-way ANOVA with Tukey’s test; ***P = 0.00041;
***+p=0.0000059. Dataare mean +s.d. Fora,candi,scalebars, 50 pm.

mice, indicating a crucial role of pDCs in maintaining the megakar-
yocytic niche (Extended Data Fig. 5e). Defective MK homeostasis
in pDC-ablated mice was associated with reduced platelet produc-
tion, as indicated by a twofold decrease in the reticulated (young)
platelet fraction, and a 40% drop in total circulating platelet counts
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at steady state (Fig. 2d). Notably, the sharp increase in megakary-
opoiesis induced by thrombocytopenia was completely blocked by
pDC depletion, indicating their critical role in both steady-state
and stress situations (Fig. 2c,d). Moreover, we obtained similar
results after depletion of pDCs by antibodies (anti-BST2; clone
927)> (Extended Data Fig. 5f,g) and in mice with constitutively
reduced pDC numbers (RS26*7#WT . Tcf47/)%¢ (Fig. 2e and Extended
DataFig. 5h).

To characterize the precise kinetics of pDC-regulated megakary-
opoiesis and platelet production, we transiently depleted pDCs
and monitored the peripheral platelet count. Three days after the
first injection of the pDC-depleting antibody, when the numbers
of BM pDCs have efficiently dropped, platelet counts decreased by
approximately 40% (Extended Data Fig. 5g). After the last injection
of pDC-depleting antibodies (day 3), platelet counts remained dimin-
ished for another 3 days before returning to the baseline (Extended
DataFig. 5g), which was paralleled by normalization of pDC numbers,
as well as MK and MKP numbers in the BM (Extended Data Fig. 5f).
Thus, these datashow that pharmacological alteration of pDC-driven
megakaryopoiesis hasimmediate and reversible consequences on the
circulating platelet pool. We assessed how mice with constitutively
reduced pDC numbers cope with acute platelet demand. We deple-
ted the entire circulating platelet pool in control and RS26°R™/WT.
Tcf4"" mice and continuously monitored its recovery (Fig. 2f). While
control mice recovered to the baseline within 8 days, platelet recovery
in RS26ERWT . Tef4™ mice was substantially delayed by more thana
week (Fig. 2f), highlighting that pDCs are indispensable for on-demand
platelet production.
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Fig.2|pDCsare BMniche cells thatregulate megakaryopoiesis. a, 2P-IVM
analysis of pDC migrationin close proximity to the megakaryocytic lineage.
MK/MKPs: VWF-eGFP* (green); pDCs: anti-SIGLECH-PE (2 pg per25g
intravenously (i.v.) 15 min before imaging) (magenta). b, The distribution of
pDCsrelative to their distance from MKs compared with calculated random
spots.n=3mice.Dataare mean +s.d. Statistical analysis was performed
using multiple unpaired t-tests with Holm-Sidak test; **P = 0.0068 (0 pm),
**P=0.0093 (10 pm). c¢,d, Impaired megakaryopoiesis at steady state and
under stress after pDC depletionin BDCA2-DTR mice. ¢, Cellnumbers were
quantified using histology or FACS (see also Extended Data Fig. 5b). n = 6 mice.
DT, diphtheria toxin.d, Platelet counts (haemocytometry) (n =8 mice) and the
fraction of reticulated (ret.) platelets (FACS; thiazole orange). n = 6 mice.
Dataaremean + s.d. Statistical analysis was performed using one-way ANOVA
with Tukey’s test; pDCs: ****P=0.00000000002 (control and BDCA-DTR),
***+p=0.000000000003 (PD and BDCA-DTR +PD), NS, P= 0.89; MKPs:
***+P=0.0000000002 (control and BDCA-DTR), ****P=0.00000000000002
(controland PD), ****P=0.00000000000002 (PD and BDCA-DTR + PD),
**P=0.0068; MKs: ***P=0.00012, ****P=0.000014, NS, P= 0.98; platelets:
***+p=0.000000000000001 (controland BDCA-DTR), NS, P=0.997;
reticulated platelets: *P=0.0102 (control and BDCA-DTR), *P = 0.0105 (PD and
BDCA-DTR +PD) and ****P=0.000005. e, Mice with constitutively reduced pDC
numbers show altered megakaryopoiesis. n = 6 (control A (RS26"""".Tcf4"' BM
chimera)), n =5 (control B (RS26*F™/"T.Tcf4"""TBM chimera)) and n=8

(Tcf47 (RS26°<ER2MT. T4 7 BM chimera)) mice. Dataare mean + s.d. Statistical
analysis was performed using one-way ANOVA with Holm-Sidak test; pDCs:
“*p=0.00024; MKPs: *P=0.033 (RS26*F?"T:Tcf4/"" and control A), *P= 0.025
(RS26ERT2WT.Tcf4M and control B); MKs: *P= 0.0124; platelets: *P=0.0228;
reticulated platelets: ****P=0.00000068 (RS26F""T; Tcf4" and control A),
wxp = 0,00000045 (RS26°*F /" T.Tcf4 and control B). TAM, tamoxifen.

f, Delayed recovery after PD in Tcf4”" BM chimeras. n= 6 mice. Dataare mean +s.d.
Statistical analysis was performed using two-way ANOVA with Tukey’s test,
showingasignificantdelayinrecovery: day O versus day 8: P= 0.084 (control A),
P=0.22(control B), P=0.0000398 (RS26"*™"T; Tcf4"") Scale bar, 50 pm (a).

Taken together, our datashow that pDCs stimulate megakaryopoie-
sis to ensure MK and platelet homeostasis at steady state and during
stress.

pDCs sense MK-derived extracellular DNA

pDCs encountering apoptotic cells become activated and release
IFNa into their microenvironment in an interferon regulatory factor
7 (IRF7)-dependent manner®. Depletion of pDCs significantly reduced
IFNa levels in BM lavages, indicating that pDCs are a major source of
IFNa in the BM at steady state (Fig. 3a,b). The numbers of apoptotic
MKs increases in response to high platelet demand (Fig. 11). This was
accompanied by increased activation of pDCs and phosphorylation of
IRF7 (p-IRF7) (Fig.3c and Extended DataFig. 6a) aswell asa considerable
increaseinIFNa levelsin the BM extracellular fluid, which was absentin
pDC-depleted mice (Fig. 3b). Accordingly, pDCs that were co-cultured
withapoptotic MKsin vitro released high amounts of IFN«, while IFNa
was barely detectablein co-cultures with vital MKs (Fig. 3d). Incubation
of pDCs with cell-free supernatant fromapoptotic MKs was sufficient
for robust activation, suggesting that physical cell-cell contactis not
required for pDCactivation (Fig. 3e and Extended Data Fig. 6b). Apop-
totic MKs are a rich source of cell-free DNA% (Extended Data Fig. 6¢),
which s a potent activator of pDCs through the TLR9-MYD88 path-
way leading to IRF7 activation and type l interferon production®. The
presence of DNase efficiently blocked activation of pDCs (Fig. 3e and
Extended Data Fig. 6b), and MYD88-deficient pDCs showed impaired
release of IFNa in response to supernatants of apoptotic MKs (Fig. 3d).
Similar to pDC-depleted mice, MYD88-deficient animals exhibited
reduced MKP, MK and platelet counts, while both pDC numbers and
TPO levels were not significantly altered in these mice (Fig. 3f and
Extended Data Fig. 6d). Collectively, these data indicate that pDCs
sense and respond to MK-derived cell-free DNA through MYD88-IRF7
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Fig.3|Innateimmune sensing drives pDCactivationinresponse to MK-
derived extracellular DNA. a,b, IFNa levelsin the BM are pDC dependent at
steady stateand under stress. a, The experimental schematic. b, IFNa levels
intheBMare pDC dependent, as determined using ELISA. BDCA2-DTR-neg
(C57BL/6J): n=12 (control)and n=10 (PD (6 h) and PD (24 h)) mice; BDCA2-
DTR-pos:n =6 (control, PD (6 h) and PD (24 h)) mice. Dataare mean + s.d.
Statistical analysis was performed using unpaired t-tests with Welch’s correction;
**P=0.0029 (control (BDCA-DTR-neg versus BDCA-DTR-pos)), ****P=0.00002
(PD 6 h(BDCA-DTR-negversus BDCA-DTR-pos)), ****P=0.00001 (PD 24 h
(BDCA2-DTR-negversus BDCA2-DTR-pos)), ****P=0.00004 (BDCA2-DTR-neg
(control versus PD 6 h)), NS, P=0.0812 (BDCA2-DTR-neg (PD 6 hversus PD 24 h)).
¢, Elevated p-IRF7in pDCs after PD as determined using FACS. n = 4 (controland
PD (6 h)) and n =6 (PD (24 h)) mice. Dataare mean + s.d. Statistical analysis was
performed using Brown-Forsythe ANOVA with Dunnett’s test; *P=0.036,
**P=0.004.d, Co-culture of BM-derived pDCs (WT and Myd88”") and MKs.

MK cell death wasinduced by DT injection in PF4-cre;RS26-iDTR mice.n=6;
PBS-injected mice were used as controls (n = 4). After 18 h of co-culture,

IFNa was measured in the supernatants using ELISA. Dataare mean = s.d.
Statistical analysis was performed using two-way ANOVA with Tukey’s test;
***+P=0.00000001 (WT pDCs (vital MKs versus dead MKs)), NS, P=0.406
(Myd88™ pDCs (vital MKs versus dead MKs)), P=0.559 (vital MKs (WT pDCs
versus Myd88™ pDCs)), ****P=0.0000002 (dead MKs (WT pDCs versus Myd88™"
pDCs)). e, MK-derived cell-free DNA activates pDCs. IFNa was measured using
ELISA30 minafterincubation with MK supernatants.n=3.Dataaremean ts.d.
Statistical analysis was performed using one-way ANOVA with Tukey’s test;

NS, P=0.708 (no MKs versus vital MKs), P=0.995 (vital MKs versus vital

MKs + DNase), ***P=0.00003 (vital MKs versus dead MKs), ****P=0.00001
(dead MKs versus dead MKs + DNase). f, Myd88™ mice show impaired
megakaryopoiesis.n =6 (MKPs/MKs), n=11(platelets) and n = 8 (reticulated
platelets) mice. Dataare mean + s.d. Statistical analysis was performed using
unpaired t-tests with Welch’s correction; **P=0.0038 (MKPs), *P=0.033 (MKs),
*P=0.016 (platelets), **P=0.0068 (reticulated platelets).

signalling and IFNa release, which is critical for homeostasis of the
megakaryocyticlineage.

IFNa drives pDC-dependent megakaryopoiesis

pDCs were required to maintain basal IFNa levels of the BM extracel-
lular fluid at steady state and toincrease levels during stress (Fig. 3a—c).
Cells of the MK lineage expressed the IFNa receptor (IFNAR) (Extended

DataFig. 7a,b) and IFNa and TPO synergistically boosted megakary-
opoiesis in an IFNAR-dependent manner in vitro (Fig. 4a). Moreover,
systemic treatment of mice with IFNa induced rapid and immediate
megakaryopoiesis in vivo—doubling MK numbers within 2 hand MKP
numberswithin4 h—and anincreaseincirculating platelets by 1.5-fold
(Fig. 4b). IFNa was previously reported to fuel megakaryopoiesis by
upregulating cell cycle and translational activity of MK-primed stem
and progenitor cellsin the BM*%, Accordingly, bulk RNA-sequencing
(RNA-seq) analyses of MK-primed progenitors (CD41'CD42 CD9'KIT")
in thrombocytopenic mice revealed pDC-dependent enrichment of
genes associated with cell division and translation, as well as moder-
ateinduction of interferon-response genes, consistent with previous
reports® (Fig. 4c,d and Extended Data Fig. 7c—f).

To further examine the molecular signature of MK-primed progeni-
torsrespondingtoincreased platelet demand and to characterize their
genomicstates, wesorted CD41'CD42"CD9 KIT* BMcells from wild-type
and thrombocytopenic mice and analysed their transcriptome at the
single-celllevel (Fig.4c-fand Extended Data Fig. 8a). We identified nine
transcriptionally distinct clusters of progenitors, five of which were MK
primed and expressed MK marker genes (Pf4, Itga2b, Vwf) and tran-
scription factors (Flil, Pbx1, Mef2c, RunxI), albeit to varying degrees®* >
(Fig. 4g and Extended Data Fig. 8b and Supplementary table 1). We
annotated MK-primed progenitors on the basis of their differentially
expressed marker genes and enriched Gene Ontology (GO) into cycling
and non-cycling MK primed megakaryocyte-erythrocyte progenitors
(MK-MEPs)* (Eng, Car2), early MKPs (Pbx1, Mef2c, Flil) and late MKPs
(Gp9, Ppbp) as well as metabolically active MKPs expressing high lev-
els of genes involved in ribosome biogenesis (Ncl, Npm1), translation
initiation (Eif4al, Eif2s2) and protein chaperones (Hsp90) (Fig.4g and
Extended DataFig. 8b,c). Pseudotime analysis revealed that MKP sub-
setsaligned along a distinct developmental trajectory consistent with
the expression of maturation stage-dependent marker genes of mega-
karyopoiesis (Fig. 4h). We next investigated whether increased plate-
let demand affected MKP developmental stages. Indeed, the number
and proportion of metabolically active and late-stage MKPs increased
significantly at the expense of MK-MEPs and early MKPs, indicating
PD-induced differentiation of MK-primed progenitors (Fig. 4f,h). The
shift toward more mature MKPs was attenuated in pDC-depleted mice
(Fig. 4f,h), consistent with pDCs supporting efficient cell cycle induc-
tion and protein synthesis of MK-primed progenitor cells (Fig. 4d). Inte-
gration of bulk RNA-seq results and scRNA-seq clusters revealed that,
among MK-primed progenitors, cycling MK-MEPs showed the highest
expression of genes responsive to PD and regulated by pDCs (Fig. 4i
and Extended Data Fig. 8c-e). Accordingly, differentially upregulated
genes at the single-cell level were enriched in ribosome biogenesis (for
example, Npm1, Ncl) and initiation of translation (such as Eif2s2, Eif4a)
(Fig. 4j), suggesting increased metabolic activity of cycling MK-MEPs
inresponse to PD, whichwas attenuated after pDC-depletion (Fig. 4k).
Among the highest differentially downregulated genes in response
to PD was Pdcd4, a translation inhibitor that was previously reported
tohavearolein cellgrowth® and emergency megakaryopoiesis® and to
beregulated by IFNa signalling®. Indeed, depletion pDCsin thrombo-
cytopenic miceresulted insignificantly increased expression of Pdcd4
in cycling MK-MEPs (Fig. 4j,k). Thus, our data suggest that pDCs drive
megakaryopoiesis by initiating protein translation in early MK-primed
progenitors®, consistent with their role as major carriers of IFNa.

pDCs are amajor source of IFNa in unperturbed BM (Fig. 3b), sug-
gesting arole for pDC-derived IFNa also in steady-state MK homeo-
stasis. Similar to pDC-depletion, disruption of IFNa signalling in
IFNAR-deficient mice reduced MKP numbers at steady state and altered
MK and platelet homeostasis (Fig. 41). [fnar”- BM chimeras phenocop-
ied global Ifnar deletion (Extended Data Fig. 8f). Ablation of pDCs in
Ifnar” mice (BDCA2-DTR;Ifnar”" mice) had no additive effect on either
MKP, MK or platelet numbers (Fig. 41), indicating that IFNa is the major
mediator in pDC-regulated megakaryopoiesis.
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Fig.4|pDC-dependentIFNa drives megakaryopoiesis. a, MK colony-forming
unit (CFU) assay after TPO (50 ng ml™) and IFN« (as indicated) treatment.
Conditional deletion in MKPs (Vwf-cre;lfnar™; n = 6 mice) and global deletion
(Ifnar”"; n=>5mice) confirmed adirect and IFNAR-dependent role of IFNa. Data
aremean +s.d. Statistical analysis was performed using two-way ANOVA with
Sidak’s test; Pvalues are shown. b, Increased megakaryopoiesis after IFNa
treatment. MKs:n=6 (control),n=4(2hand4 h),n=3(24 h); MKPs:n=4
(control,2hand 4 h),n=3(24 h); and platelets: n =4 (control,2 h,4 hand 24 h)
mice. Dataare mean + s.d. Statistical analysis was performed using Brown-
Forsythe ANOVA with Dunnett’s test; *P = 0.0198 (MKPs); *P = 0.029 (MKs),
****p=0.00003 (MKs); *P=0.031 (platelets), **P = 0.0088 (platelets).c, The
experimental design of the RNA-seq experiments. d, Metabolic activation

of MKPs in bulk RNA-seq (CD41°CD42 CD9*KIT"). The scatter plot shows
deregulated genes (log,[FC]) in PD versus controland PD + pDC depletion
(pDC-D) versus PD, plotted against each other. GO analysis revealed upregulated
genes (false-discoveryrate (FDR) < 0.05) associated with terms for transcription
and translation (top five terms). e, UMAP plot of scRNA-seq data (sorted
CD41'CD42 CD9*KIT progenitors). GMP, granulocyte-monocyte progenitor.
f, The frequency of each cell type and condition. g, Annotation by canonical
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gene expression markers. h, Trajectory analysis of MKP clusters. Top left,
pseudotemporal ordering (Monocle3) of MKPs superimposed onto UMAP
clusters (colour coded on the basis of progression in pseudotime). Top right,
the proportion of MKP subsets for each condition along pseudotime. Bottom,
heat map of genes associated with pseudotime (g < 0.01) clustered by
pseudotemporal expression pattern. Selected genes are shown for each
cluster (1-6) (the full list is provided in Supplementary Table 1). i, Genes
upregulated after PD and downregulated after PD + pDC depletion defined
from bulk RNA-seq analysis were summarized into a gene score (average
expressionacross the gene set) and visualized by MKP clusters (scRNA-seq).
jk, Differentially expressed genes (Wilcoxon test). The horizontal dashed line
indicates P=0.05. Thevertical dashed lineindicateslog,[FC]=0.25; red,
P<0.05andlog,[FC]>0.25; blue, P> 0.05andlog,[FC]>0.25.1, Decreased
megakaryopoiesis in /fnar’ mice. pDC depletionin BDCA2-DTR;Ifnar”” mice
had no additive effect. MKs, MKPs and pDCs: n =10 (control and /fnar”") and
n=6(BDCA2-DTR;Ifnar”") mice; platelets: n=16 (control), n =11 (Ifnar’") and
n=6(BDCA2-DTR;Ifnar”") mice. Dataare mean = s.d. Statistical analysis was
performed using Brown-Forsythe ANOVA with Dunnett’s test; Pvalues are
shown.m, Graphical summary.
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Fig.5|Infection alters pDC-regulated MK homeostasis in humans and mice.
a, Immunohistology of human BM biopsies from healthy controls and patients
withsecondary ITP with non-Hodgkin lymphoma (without BM involvement).
MKs (CD41%,>15 pum; green), pDCs (CD123"; magenta), nuclei (DAPI; blue). Scale
bar, 50 pum. b, ¢, Quantification of the number of pDCs, MKs per high power
field (HPF) size of 0.9 mm x 0.7 mm and platelets (b) and the fraction of MKs
with pDC contact (c) from the experimentina.n =S5 patients. Dataare mean +s.d.
Statistical analysis was performed using unpaired t-tests with Welch’s correction;
NS, P=0.158 (pDCs), **P=0.0011 (MKs), **P=0.0014 (platelets), ****P=0.000002
(MKs/pDCs).d, Infection may alter the role of pDCs as homeostatic sensors.
e,f, Immunohistology of human BM biopsies from healthy control patients
(thesame patients as showninaandb) and from autopsies of patients with
COVID-19 (see also Extended Data Fig. 9d). Quantification of the number of
pDCsandthe fraction of MKs in contact with pDCs (e) and the number of

MKs (f) isshown. n =5 (control) and n =12 (COVID-19) individuals. Data are
mean +s.d. Statistical analysis was performed using unpaired t-tests with
Welch'’s correction; ****P=0.00007 (pDCs), ****P=0.0000000007 (MKs/pDCs),
**P=0.0018 (MKs). g, Increased activation of pDCs in the BM of patients with
COVID-19. Quantification of activation marker CD69 (left) and IFNa expression
(right) Immunohistology; see also Extended Data Fig. 9e). n =3 patients. Data
aremean + s.d. Statistical analysis was performed using unpaired ¢-tests with
Welch’s correction; *P=0.0304,**P=0.0069. h, BM from FVB;K18-hACE2 mice
infected with SARS CoV-2 (10° median tissue culture infectious dose (TCIDs,)
SARS-CoV-2 per mousein 25 plintranasally (i.n.)) were analysed in the presence
(n=3)orabsence (n=3) ofIFNAR1blocking antibody and compared to untreated
control mice (PBS, n =2) (immunohistology). Dataare mean +s.d. Statistical
analysis was performed using unpaired ¢-tests with Welch’s correction;
**P=0.0015 (pDCs), **P=0.0041 (percentage of MK-pDC-contacts), **P=0.0011
(MKPs), **P=0.0014 (MKs).

Taken together, our data suggest that pDCs encountering apoptotic
MKs release IFNa into the BM niche, whichin turn fuels expansionand
maturation of MK-primed progenitors through IFNAR signalling to
maintain MK homeostasis at steady state and under stress (Fig. 4m).

Increased pDC-MK contacts in patients with ITP

To define whether pDC-MK contacts are present in humans, we ana-
lysed BM sections from healthy individuals (Fig. 5a,b). Consistent with
our findings in mice, approximately 12% of MKs co-localized with pDCs
under steady state (Fig. 5c). We then examined the BM of a cohort of
patients with severe immune thrombocytopenic purpura (ITP) (second-
ary ITP with non-Hodgkin lymphomawithout BMinvolvement; patient
characteristics are provided in Supplementary Table 2). Similar to PD
in mice, the number of circulating platelets was severely reduced in
patients with ITP (Fig. 5b). pDC-MK contacts were threefold higher
inITP compared within control patients (Fig. 5¢) while the number of
MKs doubled (Fig. 5b). This suggests that pDCs also act as sentinels of
MK turnover in human BM.

Infection alters MK homeostasis

pDCs are specialized to sense viral infections and are the major
source of IFNa in antiviralimmunity*>%, We hypothesized that, in the
emergency of acute infection, viral-triggered activation of pDC and
the associated release of IFNa may exceed the homeostatic range
required for megakaryopoiesis. This could explain hyperplasia of
MKs associated with viral infections such as severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2)*’ (Fig. 5d). Toaddress whether
SARS-CoV-2infectionis associated with dysregulation of pDC-driven
megakaryopoiesis, we analysed BM of humanized mice susceptible to
SARS-CoV-2 (FVB-K18-hACE2). Six days after infection, mice showed
elevated pDC numbers within the BM (Extended Data Fig. 9a,b). pDCs
engaged in close contact with MKs, and both MKP and MK numbers
increased compared with in the uninfected controls, suggesting
pDC-driven hyperplasia of the MK lineage (Extended Data Fig. 9b).
We next analysed human BM from a cohort of patients who died from
COVID-19 (Fig. 5e-g; patient characteristics are provided in Supple-
mentary Table 2). Similar to humanized mice, we found a greater than
twofoldincrease in pDC numbers, and a threefold increase in MK-pDC
contacts in patients with COVID-19 compared with the control indi-
viduals (Fig. 5e), which was associated with MK hyperplasia (Fig. 5f).
pDCs respond to SARS-CoV-2 by producing type I interferons*°
Accordingly, the fraction of activated, CD69" and IFNa-expressing
pDCsinthe COVID-19 BM was significantly increased compared with
in the BM of healthy controls, both in humans and mice (Fig. 5g and
Extended Data Fig. 9c,e). To test whether IFN« signalling drives MK
hyperplasia, we treated FVB-K18-hACE2 mice with an IFNAR-blocking
antibody before SARS-CoV-2 infection. In contrast to the infected
control animals, antibody-treated mice showed reduced pDC-MK
contactsinthe BM and did not develop hyperplasia of the megakaryo-
cyticlineage (Fig. 5h). These data suggest that the homeostatic circuit
of megakaryopoiesis controlled by pDCs can be perturbed by severe
systemicinfections and that the resultingimbalanced release of IFN«x
from pDCs contributes to MK alterations in COVID-19.

Discussion

Typelinterferons are mainly recognized for their protective role
in viral infections*'. However, numerous physiological processes
beyond antiviral defence have been identified to rely on IFNs, includ-
ingimmunomodulation,immunometabolism*, cell cycle regulation,
cellsurvival and cell differentiation*?**>. Within the BM compartment,
constitutive IFNa levels are required for maintenance of the HSC
niche, but long-term systemic elevation of IFN« levels may cause
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exhaustion of HSCs*****, Moreover, long-term treatment with
high-dose IFNq, as well as infections and diseases associated with
persistently high type I IFN levels are associated withimpaired plate-
let production and platelet function?*#¢°, This indicates that IFNa
levels must be precisely controlled to preserve homeostasis of the
haematopoietic system.

Here we characterize a homeostatic circuit® of BM tissue that
maintains stable cellularity of the megakaryocytic lineage through
pDC-dependent release of IFNa (Extended Data Fig. 9f). Our data
establish patrolling pDCs as homeostatic sensors that monitor MK
turnover by detecting MK-derived cell-free DNA. Innate sensing of
self-DNA by pDCs occurs through the TLR9-MYDS88-IRF7 pathway?
andresultsinthe precisely controlled delivery of IFNa to MK progeni-
torsto prevent MK loss by eliciting on-demand megakaryopoiesis. Thus,
these data demonstrate a critical role of inflammatory signalling in
the control of MK homeostasis at the tissue level, which complements
the well-characterized systemic regulation of MK lineage homeosta-
sis through TPO (Extended Data Fig. 9f). Although our data indicate
that pDCs have a central role in both constitutive and stress-induced
IFNa release within the BM, it is worth noting that current technical
constraints hinder definitive confirmation of pDCs as the exclusive
source of IFNa in vivo, primarily due to the absence of IFNa-deficient
mouse models.

The control of MK numbers by pDCs may have functions beyond
platelet homeostasis: the BM microenvironment is function-
ally compartmentalized by a heterogeneous population of niche
cells that provide physical and soluble signals to spatiotemporally
organize haematopoiesis®. Besides giving birth to platelets, MKs
constitute niche cells of haematopoietic origin that regulate HSCs
during homeostasis and stress***2~*, Consequently, maintenance
of the megakaryocytic HSC niche requires seamless replenishment
of consumed, platelet-producing MKs. Here we establish that pDCs
are crucial players in the niche orchestrating thrombopoiesis and
megakaryopoiesis to maintain MK homeostasis and may therefore
also contribute to the maintenance of the megakaryocytic HSC
niche34,52754.

Platelets not only prevent blood loss but also counteractinfections
through interaction with immune cells?. To compensate peripheral
platelet consumption during acute infections and to maintain home-
ostasis of the circulating platelet pool, the systemic inflammatory
response must initiate emergency megakaryopoiesis®. Our results
argue for arole of pDCs as homeostatic sensors responsive to inflam-
matory stimuli, such as viruses. By monitoring the perivascular MK
niche, pDCs are strategically positioned to instantaneously detect
systemic inflammatory signatures, which may allow them to antici-
pate the risk of platelet exhaustion and promptly initiate emergency
megakaryopoiesis. Thus, pDC-driven megakaryopoiesis has arole
beyond steady-state homeostasis and is probably beneficial in any
type of acute tissue injury associated with loss of vascular integrity
and platelet consumption.

However, it may also be detrimental, when pDC-driven megakary-
opoiesis is mismanaged, for example, during severe viral diseases.
A caseinpointisinfection with coronavirus SARS-CoV-2, which dys-
regulates the fine-tuned IFNa production of pDCs*. While analysis
of peripheral blood of patients with SARS-CoV-2 infection revealed
reduced pDC counts with muted IFNa production®, we identify an
accumulation of activated, IFNa-releasing pDCs in the BM of patients
with severe disease progression. pDCs engage in close contact with
MKs, whichisaccompanied by marked megakaryocytic hyperplasia.
Althoughthe mechanisms linking MK hyperplasiato disease progres-
sionarestill unclear, previous studies have shown a correlation with
severe courses of COVID-19 in particular®. It is therefore tempting
tospeculate that pharmacological modulation of the pDC-mediated
homeostatic circuit may be of benefit to these patients. In conclu-
sion, we identified a role of pDCs in orchestrating MK and blood
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platelet homeostasis. Targeting pDC-driven megakaryopoiesis
offers options to boost or suppress platelet production in different
clinical scenarios.
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Methods

Materials
Alist of all reagents and resources with the source and identifier is
provided in Supplementary Table 3.

Mouse strains

C57BL/6), C57BL/6) (CD45.1), PF4-cre (C57BL/6-Tg(Pf4-icre)
Q3Rsko/J)*, Rosa26-iDTR™ (C57BL/6%(ROSA)265°" ™ (HBEGF)"/)>,
Ifnar” (B6.129S2-Ifnarl™H4e/Mmiax)38 | 1fnarp* (B6(Cg)-Ifnarl™1£e)))%,
RS26-cre™™ (B6.129-Gt(ROSA)26Sor ™ cre/ERTIT )60 - Myd88™~
(B6.129P2(SJL)-Myd88™-P</))s\, CD11b-DTR (B6.FVB-Tg(ITGAM-HBEGF/
EGFP)34Lan/))%% LysM-cre (B6.129P2-Lyz2m crolfo/1y63 - Mcl-1f1/fl
(B6;129-Mcl1™9%/1%* and BDCA2-DTR (C57BL/6-Tg(CLEC4C-HBEGF)
956“"’)** mice were purchased from The Jackson Laboratory.
Vwf-cre mice were generated by W. Aird and were described previ-
ously®. Vwf-eGFP mice were generated by C. Nerlov and described
previously™. Tcf4™ (C57BL/6N-Tcf4mcEVCOMMWs /)yt 6 11)56 mice were
obtained from Wellcome Sanger Institute and INFRAFRONTTIER/
EMMA partner (Vienna) from which the mouse was received. PF4-cre
mice were crossed with Rosa26-iDTR mice to induce MK cell death
in vivo (PF4-cre; RS26-iDTR)*. PF4-cre;RS26-iDTR mice were crossed
with Vwf-eGFP mice to visualize the megakaryocytic lineage after
induction of MK cell death. Vwf-cre mice were crossed with IFNaRF""
mice to conditionally delete /fnar in the megakaryocytic lineage.
BDCA2-DTR and Ifnar”” were cross bred to achieve pDC depletionin
Ifnar” animals (BDCA2-DTR;:Ifnar™"). RS26-cre®? mice were cross bred
with Tcf4"" (C57BL/6N-Tcf4 mcEUCoMmWssi /e gifl) mice to constitutively
reduce pDC numbers. FVB-K18-hACE2 expressing humanized ACE2
were bred in the lannacone laboratory®.

Bothmale and female mice were used in this study. Unless otherwise
stated, mice of the control and experimental group were sex- matched
and age-matched (6-12 weeks). Animals were bred and maintained
in the animal facilities of the Walter-Brendel Zentrum (Wbex), the
Zentrum fiir Neuropathologie und Prionforschung (ZNP) or the
Biomedical center of the LMU Munich, Germany or IRCCS San Raf-
faele Scientific Institute, Italy or Institute of Science and Technology
Austria, Austria. Allmicelive in standardized conditions in which tem-
perature, humidity and hours of light and darkness are maintained at
aconstant level all year round. The housing of laboratory mice wasin
accordance with European and German animal welfare legislations
(5.1-2315682/LMU/BMC/CAM/), Wbex and ZNP. Room temperature
and relative humidity ranged from 20 to 22 °C to 45 to 55%. The light
cycle was adjusted to a 12 h-12 h light-dark period. Room air was
exchanged 11 times per hour and filtered with HEPA-systems. All of
the mice were housed in individually ventilated cages (Typ Il long,
Tecniplast) under specified-pathogen-free conditions. Hygiene moni-
toring was performed every 3 months based on the recommendations
of the FELASA-14 working group. All of the animals had free access to
water and food (irradiated, 10 mm pellet; 1314P, Altromin). The cages
were equipped with nesting material (5 x 5 cm, Nestlet, Datesand), a
red corner house (Tecniplast) and arodent play tunnel (7.5 x 3.0 cm,
Datesand). Soiled bedding (LASbedding, 3-6 mm, PG3, LASvendi) was
removed every 7 days. All of the animal experiments were performed
in compliance with all relevant ethical regulations for studies involv-
ing mice and were approved by the local legislation on protection of
animals (Regierung von Oberbayern, Munich; ROB 55.2-1-54-2532-190-
2015; ROB 55.2-2532; Vet 02-17-194).

Mouse anaesthesia

Ifnot stated otherwise, anaesthesia was performed by isoflurane induc-
tion, followed by intraperitoneal injection of medetomidine (0.5 mg
perkgbody weight), midazolam (5 mg per kg body weight) and fentanyl
(0.05 mg per kg body weight). Toe pinching reflexes and breathing
pattern were used to determine the adequate depth of anaesthesia.

Core body temperature was maintained by heating pads, and narcosis
was maintained by repetitive injections of 50% of the induction dose,
if necessary.

Human samples

LMU Munich: BM samples of five patients with clinically proven ITP, of
five patients with non-Hodgkin lymphoma without BM involvement
and 12 patients who died of COVID-19 were analysed. The samples
of patients with ITP and lymphoma were archived material, and the
COVID-19 specimens were taken during autopsy. Clinical details are
provided in Supplementary Table 2. The study was approved by and
conducted according to requirements of the ethics committees at
the Ludwig Maximilians University of Munich (20-1039). There was
no commercial support for this study. University Clinic Aachen: we
included 6 consecutive clinical autopsies of patients who were positive
for COVID-19 between 9 March 2020 and 5 May 2020 performed at the
Institute of Pathology of the University Clinic Aachen. Each patient had
apositive clinical SARS-CoV-2 PCR test from upper or lower respiratory
tract before autopsy, confirmed by post-mortem PCR with reverse
transcription (RT-PCR). Consent to autopsy was obtained by the legal
representatives of the deceased patients. The study was approved by
the local ethics committee (EK 304/20, EK119/20 and EK 092/20). BM
samples were obtained using an electric autopsy saw (Medezine 5000,
Medezine) fromthe vertebral bodies. The autopsies were performedin
two steps according to amodified standard protocol to furtherincrease
employee safety and sample acquisition (developedin the frame of the
German Registry of COVID-19 autopsies, www.DeRegCOVID.ukaachen.
de). Thesamples were decalcified in formic acid or EDTA before dehy-
drationand embedding in paraffin. Formalin-fixed, paraffin-embedded
BMblocks were cut on amicrotome at1-3 um thickness and decalcified
againin EDTAif necessary.

Drug treatments

DT was purchased from Sigma-Aldrich (322326) and was intraperito-
neally injected into CD11b-DTR mice as a single dose of 25 ng per g for
2 daysand BDCA2-DTR and BDCA2-DTR;Ifnar”” mice with adose of 8 ng
per g per day for consecutive 3 days. A single dose was injected into
Pf4-cre;iDTRfl/fl mice 24 h before the experiment. Platelet-depleting
antibodies (R300, anti-GPIba) and isotype control (C301) were pur-
chased from Emfret and used according to the manufacturer’s protocol.
pDC-depleting antibodies (ultra-LEAF purified anti-PDCA-1, 927, Bio-
Legend) wereinjected intraperitoneally for up to 3 consecutive days at
aconcentration of 150 pg per mouse at day 1and 100 pg per mouse on
the following days. Theisotype control (ultra-LEAF purified rat igG2bk
isotype control, RTK4530, BioLegend) was injected accordingly. Typel
IFNa was applied by injecting universal IFNa (PBL, assay science) with
5000 U per mouse intraperitoneally in 200 pl PBS. For macrophage
ablation, wild-type mice were feed with PLX 5622 chow (D19101002i,
AIN-76A), or control chow (D10001i, AIN-76A) from Research Diets,
for 7 consecutive days.

Tamoxifeninjection

Cre-recombinase in RS26“R™T - Tcf4"" mice was induced by intraperi-
tonealinjection of tamoxifen (Sigma-Aldrich,10540-29-1) dissolved in
corn oil (Sigma-Aldrich C8267) three times every other day (1 mg per
day), and the mice were analysed 10 days after the first administration®.

BM transplantation

Lin"Sca-1'KIT* (LSK) cells were isolated and sorted from BM of Ifnar™",
RS26ERZMWT.Te 4" and control mice (Lin-Pacific Blue (Ter-119, CD3,
CD8a, CD45R, CD11b, Ly-6G), Sca-1-PE-Cy7, KIT-APC, all purchased
from BioLegend, 1:100). A total of 8 x 10* LSK cells was intravenously
injected into lethally irradiated C57BL/6] female mice (CD45.1) (two
doses of 6.5 Gy with a time interval of 8 h). The BM of chimeras was
analysed 8 weeks after the transplantation.
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Mouse model of SARS-CoV-2 infection

B6.Cg-Tg(KI8-ACE2)*"™ | mice (on the C57BL/6 background) were
purchased from The Jackson Laboratory and bred against FVB
mice to obtain C57BL/6 x FVB F, hybrids. Mice were housed under
specific-pathogen-free conditions and heterozygous mice were used
at 6-10 weeks of age. All of the experimental animal procedures were
approved by the Institutional Animal Committee of the San Raffaele
Scientific Institute and all infectious work was performed in designed
BSL-3 workspaces. Mice were infected intranasal with 10° TCID,, of
SARS-CoV-2/human/ITA/Milan-UNIMI-1/2020 (GenBank: MT748758.1)
in25 pl. Then, 5 days after infection, the mice were perfused fixed with
4% PFA and the femurs were embedded in Tissue Tek (also see below).
The frozen femurs were cut until the marrow was exposed. The femurs
were rinsed with PBS and post-fixed with 4% PFA for 15 min at room
temperature. The femurs were washed with PBS and incubated with
10% goat serum for 1-2 h at room temperature. BM was stained with
anti-mouse CD41 (for MK/MKP), anti-mouse BST2 (for pDC) and DAPI
for nucleus staining. In selected experiments, K18-hACE2 mice were
injected intraperitoneally with 2 mg per mouse of anti-IFNAR1blocking
antibody (BioXcell, BE0241, MAR1-5A3) 1 day before infection. All the
COVID-19 mouse infection experiments were approved by the Authori-
zationno 270/2022-PR (6EEAF.228).

Immunohistology of human BM samples

BM biopsies of five patients with confirmed immune thrombocy-
topenia and platelet counts <30 x 10° per | were compared with
age-matched controls (normal BM biopsies performed for ymphoma
staging). Tissue was fixed for 12 hin 4% formalin and embedded in
paraffin. Forimmunohistochemistry, 1.5 pm sections were used. Mul-
tipleximmunofluorescence or confocal laser-scanning microscopy
imaging were performed after antigen retrieval with epitope retrieval
buffer (PerkinElmer). Slides were incubated sequentially for 1 h
using the following antibodies: pDCs (anti-human CD123, ab257307,
Abcam, 1:100); and MKs (anti-human CD41, ab134131, Abcam, 1:100,
or MCA467G Bio-Rad, 1:100) and detection was performed using by
TSA-Opal620 (PerkinElmer) and TSA-Opal650 (PerkinElmer). Multi-
spectralimaging was performed using the PerkinElmer Vectra Polaris
platform. Images were analysed using HALO (Indica labs) software.
Furthermore, the samples were imaged on the LSM 880 confocal
microscope using the Airyscan module (Carl Zeiss), Plan-Apo x20/0.8
or x63/1.46 objectives and analysed using Zen Blue (v.2.3; Carl Zeiss).
The study was approved by and conducted according to requirements
of the ethics committees at the Ludwig Maximilians University of
Munich (20-1039) and the local ethics committee (EK 304/20, EK
119/20 and EK 092/20).

BM autopsies from patients with COVID-19 (embedded in paraf-
fin) were deparaffinized with xilol twice for 5 min, ethanol (100%)
twice for 2 min, ethanol (96%) once for 3 min, ethanol (70%) once for
2 min, and submitted for antigen retrieval with Tris-EDTA pH 9 for
20 min, washed once in 0.5% BSA-PBS-Tween-20 (0.1%) for 5 min. The
samples were blocked in 10% donkey serum with 0.5% saponin for
1hatroom temperature. To monitor pDC activation and IFN« pro-
duction, the following primary antibodies were used: mouse CD69
anti-human (MA5-15612, Thermo Fisher Scientific, 1:200), IFNa rabbit
polyclonal (PA5-115430 Thermo Fisher Scientific, 1:50). Anti-CD123
goat polyclonal (ab257307, Abcam, 1:100) was used to label pDCs.
Primary antibodies wereincubated at 4 °C overnight and samples were
subsequently washed three times with 0.5% BSA-PBS-Tween-20 (0.1%)
for 5 minbefore adding secondary antibodies. Secondary antibodies
(1:200) were as follows: donkey anti-rabbit-AF488 (A-21206), donkey
anti-mouse-AF555 (A-31570) and donkey anti-goat-AF647 (A-21447),
allfrom Thermo Fisher Scientific. DAPI (1:1,000) was used for nucleus
staining (15 min at room temperature). The samples were washed
three times with PBS 5 min before mounting with DAKO (53023, DAKO)
mounting medium.

Immunohistology of mouse BM whole mounts

Mice were euthanized and bones (sternum, femur and tibiae) were
collected and post-fixed in 4% PFA for 1 h at room temperature, and
incubatedin15%sucrose for2 hat4 °Candin30%sucrose at4 °C over-
night. Next, thebones wereembedded in Tissue-Tek O.C.T. Compound
and frozen and stored at =80 °C. Frozen bones were cut on the Histo
Serve NX70 cryostat until the exposure of the BM. The sternum was cut
as sagittal section. The femurs and tibiae were cut as coronal section
or cross-section, according to purpose. Bones were carefully removed
from O.C.T.and gently washed in 1x PBS. For whole-mount staining, the
cut bones were fixed again in 4% PFA for 15 min at room temperature,
washedinPBS andincubatedin10% normal goat serum (Thermo Fisher
Scientific) for atleast 45 minat room temperature (blocking/permea-
bilization). Thebones were thenincubated with primary antibodies at
room temperature overnight and washed with PBS before adding sec-
ondary antibodies for 2 hat room temperature. Labelling of MKs/MKPs
was as follows: primary antibodies: CD41-FITC" (BioLegend, 133903,
1:100) and CD42-purified hamster anti-mouse (BioLegend, 148501,
(1:100)); secondary antibodies: goat anti-hamster Alexa Fluor 647
(Abcam, ab173004,1:100). Labelling of vessels was as follows: primary
antibodies: anti-VE-cadherin (CD144) biotin purified (eBioacience,
13-1441-82,1:100); secondary antibodies: streptavidin-PE (eBiosci-
ence, 12-4317-87,1:200). Labelling of pDCs was as follows: primary
antibodies: anti-SIGLECH-PE or FITC (BioLegend, 129606 or 129603,
1:100) or BST2 (CD317/PDCA-1, Thermo Fisher Scientific, PA5-120152, or
eBioscience, 16-3172-81,1:100) anti-mouse purified, anti-mouse rabbit
polyclonal; secondary antibodies: goat anti-rat Alexa Fluor 647 (Abcam,
ab150159) or goat anti-rabbit Alexa Fluor 594 (Thermo Fisher Scientific,
A-11012) all at adilution of 1:200. To label the nucleus, Hoechst 33342
or DAPI (Thermo Fisher Scientific, 1:1,000) was used. Lineage-biotin
antibodies (Ter-119, CD3e, CD45R, CD11b, Ly-6G) and streptavidin-PE
were used at a dilution of 1:200; all antibodies were purchased from
eBioscience (San Diego). After staining, bone samples were imaged
using the multiphoton LaVision Biotech TrimScope Il system connected
toanupright Olympus microscope, equipped witha Ti;SaChameleon
Ultralllaser (Coherent) tunable in the range of 680t01,080 nmanda
x16 water-immersion objective (numerical aperture 0.8, Nikon). Single
imageswereacquired atadepth of 50-80 um, with azinterval of 2 pm.
The signal was detected by photomultipliers (G6780-20, Hamamatsu
Photonics, Hamamatsu). ImSpector Pro 275 (LaVision) was used as
acquisition software. Alternatively, aLSM 880 laser-scanning confocal
microscope equipped with an Aryscan module (Carl Zeiss), and the Zen
Black acquisition software v.2.3 was used. The images were acquired
using the Plan-Apo x20/0.8 or x63/1.46 objectives, z-step size of 2 pm,
range in z-stack of 40 pm.

IFNa staining was as follows: primary antibodies: IFNa polyclonal
antibody (PA5115430, Thermo Fisher Scientific, 1:100); secondary
antibodies: goat-anti-rabbit 594 (Thermo Fisher Scientific, 1:200).
Macrophage staining was performed as follows: primary antibod-
ies: anti-CD68 monoclonal (Bio-Rad, MCA1957GA, 1:50); secondary
goat-anti-rat Alexa 647 (Abcam, 1:200). IFNAR staining was performed
asfollows: primary antibody: IFNAR1 anti-mouse (BioLegend, 127302,
1:100); secondary antibodies: goat-anti mouse Alexa 555 (Thermo
Fisher Scientific, 1:200). Bones were imaged using the LSM 880 con-
focal microscopy using the Airyscan module, objective Plan-Apo x20
objective NA, 0.8 or with x63/1.46 oil Plan-Apo. Images were taken with
azstep size of 2 um, range in zstack of 40 um and analysed using Zen
Bluev.2.3.3D projections and rendering were performed using Imaris
v.9.2 (Oxford Instruments/Imaris).

Multi-photon intravital imaging of the calvarian BM

Anaesthetized mice were placed onto a metal stage with awarming pad
tomaintainthebody temperature. The hair over the skull was carefully
removed using an electric hair clipper. The skin on the skull was then
cut in the midline to expose the frontal bone. For short-term imaging
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(<4 h), acustom-built metal ring was glued directly onto the centre of
the skull, and the mouse’s head was immobilized by fixing the ring on
astereotactic metal stage. After imaging, the mice were euthanized
by cervical dislocation. For long-term (chronic) imaging, a chronic
window wasimplanted on the skull. Inbrief, around cover glass (diam-
eter: 6 mm) was centred ontop of the frontal bone with sterile salinein
betweenglass and the bone surface. The surrounding area of the glass
was thenfilled with dental glue (Cyano veneer) and a custom plasticring
with inner diameter 8 mm was carefully centred on the frontal bone,
with the glass exactly in the middle of the ring. The ring was further
immobilized by applying the glue in the gap between the outer edge
of the glass and the inner edge of the ring, as well as the gap between
the outer edge of the ring and the tissue. Surgery was performed under
sterile conditions. The mouse calvarium wasimaged using amultipho-
ton LaVision Biotech TrimScope Il system connected to an upright
Olympus microscope, equipped with a Ti;Sa Chameleon Ultra Il laser
(Coherent) tunable in the range of 680 to 1,080 nm and additionally
an optical parametric oscillator (OPO) compact to support the range
0f 1,000 to 1,600 nm and a x16 water-immersion objective (NA 0.8,
Nikon). Time-lapse videos of 3D stacks were recorded within 30 pm
to 40 pumdepth, withazinterval of 2or 3 umand aframe rate of 1 min.
Chronicimaging was performed at frame rates of <6 h. Blood vessels
and bone structure were taken aslandmarks toretrieve the same imag-
ing area of the BM. 3D z stacks were acquired with azinterval of 2 pum;
870 nm or 900 nm was used as an excitation wavelength. The signal
was detected by Photomultipliers (G6780-20, Hamamatsu Photonics,
Hamamatsu). ImSpector Pro 275 (LaVision) was used as acquisition
software.Imaging was performed at 37 °C using a customized incuba-
tor. Blood vessels were visualized by intravenous injection of dextran
tetramethylrhodamine 500,000 Da (TRITC-dextran, 100 pgin100 pl
solution, D7136, Thermo Fisher Scientific) or Dextran Cascade Blue
10,000 Da molecular mass (D1976, Thermo Fisher Scientific) before
imaging. Vwf-eGFP mice were used to visualize the megakaryocytic
lineage; pDCs were labelled with SIGLECH-PE antibody (BioLegend,
129606) injected intravenously 20 min before imaging (20 pl diluted
with100 pl NacCl).

Image processing

Videos and images were analysed using Imaris v.9.2 (Oxford Instru-
ments/Imaris) or ZEN Blue software v.2.3 (Carl Zeiss) or FIJI°%. Image
denoising using Noise2Void® was performed in representative micro-
graphs shown in Fig. 1c and Extended Data Fig. 2c. Mosaic images
were stitched in Imaris. The numbers of MKs, MKPs and pDCs were
quantified in the whole mosaic images and normalized to the total
volume of the BM in the image. The cell distance to vessels and/or
endosteal surface was measured manually in Imaris Slice mode or
by using ZEN Blue (v.2.3). The mean diameter of an MKP or MK was
calculated by the average of the longest and shortest axis of the cell.
Cell volumes of 3D-rendered BM stacks were measured automati-
cally in Imaris. Cell migration was analysed in 3D time-lapse videos
by tracking the cell at every timepoint using Imaris. The cell speed
was calculated by dividing the track length with the track duration.
The distance of migrating pDCs to MK surfaces was measured and
compared to computed random spots using Imaris v.10.9 (Oxford
Instruments/Imaris).

Isolation of mouse BM cells

Mice were anaesthetized and euthanized by cervical dislocation. Long
bones (femurs, tibiae, humerus) were collected into ice-cold sterile
PBS. Bones were flushed with PBS + 2% FCS using a 26-Gauge needle
and the BM suspension was further filtered through a 70 pmor100 pm
cell strainer (Miltenyi Biotec) and pelleted at 4 °C and 300g for 5 min.
The supernatant was discarded and cells were resuspended and incu-
bated in red blood cell lysis buffer for 5 min. Lysis was terminated by
adding 30 ml PBS + 2 mM Ethylenediaminetetraacetic acid (EDTA,

Sigma-Aldrich), followed by centrifugation at4 °C and 300g for 5 min.
Cells were resuspended with PBS + 0.5% BSA (Carl Roth).

Flow cytometry

BMisolated cells (as described above) were enriched by removing CD19*
and CD11b" cells by negative selection using the EasySep selection
kit Il (StemCell Technologies) for the cell sorting experiments. Cells
were incubated with mouse CD16/CD32 (BD Pharmingen (Fc block)
before staining (1:100). The following antibodies were used to iden-
tify MKs: 1:100 anti-mouse CD41-FITC" and anti-mouse CD42d-APC*
(BioLegend, 1:100); and MKPs: anti-mouse CD41-FITC", Pacific Blue
Lin™ (Ter-119°CD3e CD45R"CD11b Ly-6G"), anti-mouse CD105-PE/
PercCy7-, CD150-Brillant violet 510" and anti-CD9-PercCy5.5" (BioLe-
gend) (all 1:100). We identified pDCs using the following antibodies:
anti-mouse SIGLECH-FITC', CD11b-PE-Cy7 and B220-APC* from BioLe-
gend (1:100). pDCactivation: anti-mouse CD69-FITC (1:200), CD86-PE
(1:400), CD11b-APC-Cy7 (1:200), CD317-APC (1:100), SiglecH-PercCy5.5
(1:100) antibodies all from BioLegend and Life/Dead fixable Aqua dead
marker (405 nm excitation; Thermo Fisher Scientific, 10 pg ml™); mac-
rophages: anti-CD45.2" (BioLegend, PE/Cyanine 7,1:200), anti-CD45.1
(BioLegend, FITC1:100), anti-F4/80" (BioLegend, PerCP/Cyanine 5.5,
1:100), anti-CD64" (BioLegend, APC, 1:100); anti-CD115™ (BioLegend,
Brilliant Violet 421,1:100); neutrophils: CD11b* (BioLegend, APC/Cya-
nine7,1:200), Ly6G/G1" (BioLegend, PE/Cyanine 7,1:200), CD115™ (Bio-
Legend, Brilliant Violet 421, 1:100); p-IRF7 expression by pDCs: after
staining for pDC surface markers (see above), cells were fixed with
PFA and methanol and stained with anti-mouse rabbit monoclonal
phospho-IRF7 antibody (Ser437/438, Cell Signaling, 1:100) in Perm
buffer Il (BD) as previously described* followed by secondary goat
anti-rabbit-APC antibodies (Thermo Fisher Scientific, 1:200). Before
loading the samples, 10 pg mI™ Sytox Orange for the live/dead cell
gating and counting beads (1,2,3count beads, Thermo Fisher Scien-
tific), were added to the cell suspension, with exception of the p-IRF7
stain. Apoptosis was measured using Apotracker Green (BioLegend)
according to the manufacturer’sinstructions. For reticulated platelet
staining, 2 pl of blood was fixed with PFA 1%. The blood samples were
stained with anti-CD42d-APC (1:100) and thiazole orange (TO) (1 pg mI™)
(Sigma-Aldrich) for 25 min at room temperature in the dark and sub-
mitted to flow cytometry analyses”. MK ploidy was quantified after
propidiumiodide staining in MKs. Measurements were performed on
the FACS Canto Il cell analyzer equipped with FACSDiva software v.6.0
(BD Biosciences) or on the Cytoflex-S system with CytExpert acquisi-
tionsoftwarev.2.3 (Beckman Coulter). FACS data were analysed using
FlowJo v.10.6.2 or v.10.9. The gating strategies for all FACS data are
shown in Supplementary Datal.

Bulk RNA-seq analysis

For RNA-seq analysis, BM cells were isolated by flushing the long bones
with FACS buffer 2 mMEDTA, 1% FCS, PBS) and treated with Pharm Lyse
buffer (BD). Cells were enriched by magnetic removal of CD11b* and
CD19" cells (EasySep, Stem Cell Technologies). The negative fraction
was stained for B220-BV421, SIGLECH-PE, CD9-PerCP-Cy5.5, CD41-FITC,
CD42-APC,KIT-APC-Cy7 (all from BioLegend, (1:100). A total of 2,000
cellswas sorted using the BD FACS ARIA Il Cell sorter (FACSDiva acquisi-
tionsoftwarev.7.0), into NEB-lysis buffer and processed for sequencing
using the NEBNext Single Cell/Low Input RNA LibraryKit according to
themanufacturer’s protocol (at IMGM). Libraries were pooled in equi-
molaramounts and sequenced on the NovaSeq 6000 (lllumina) system
in a single-end 75-nucleotide run, yielding between 15 and 25 million
reads per sample. Reads were mapped against GRCm38.p4 using CLC
Genomics Workbench (Qiagen) with the following parameters: mis-
match cost2;insertion/deletion cost, 3; length fraction, 0.8; similarity
fraction 0.8; global alignment “no”; strand specific “both”; maximum
number of hits per read 5. CLC Genomics Workbench was also used to
generate gene expression matrices.



GSEA. To prepare the data for gene set enrichment analysis (GSEA),
DESeq2 (v.1.30.0) analysis was performed using Galaxy with the
default parameters’ 2. Genes were filtered for an expression of tran-
scripts per million (TPM) > 1inany condition (42,868 genes) to remove
non-expressed or very-low-abundance genes, and then sorted accord-
ingtothelog,-transformed fold change of the respective analysis. For
further analysis, the tool GSEA (v.4.0.3) of UC San Diego and Broad
Institute was used”>”, referring to their RNA-seq manual pages for
analysis. The normalized counts of each replicate as the ranked list
generated above were submitted to the GSEA tool with the following
parameters: gene sets of their Molecular Signatures Database (MSigDB)
in the categories ‘canonical pathways’ (C2) and ‘gene ontology’ (C5)
were chosen to contain /fnal gene (94 gene sets). Mouse gene symbols
were mapped to the human gene symbol (Chip platform: Mouse_Gene_
Symbol_Remapping_Human_Orthologs_MSigDB.v7.4.chip), permuta-
tiontype was set to gene set and gene set size was set to contain between
15and 2,000 genes.

GO analysis. Genes were filtered for log,-transformed fold change
greater or lower than 1and submitted to the Database for Annota-
tion, Visualization and Integrated Discovery (DAVID) v.6.8 (ref. 75).
Resulting GO terms were filtered for g < 0.05. The data visualization
tool ClustVis (http://biit.cs.ut.ee/clustvis) was used to generate the
heat map of genes expressed in MKPs in Extended Data Fig. 7 (ref. 76).
Bulk RNA-seq data are accessible at the Gene Expression Omnibus
(GEO; GSE185488).

Sample preparation for scRNA-seq

BM cells were isolated as described above, by flushing the long bones
with PBS + 2% FCS, without EDTA using a 26 gauge needle. The BM
suspension was further filtered through a 70 pm and 40 pm cell
strainer (Miltenyi Biotec) and pelleted at 4 °C and 300g for 5 min.
The pellet was resuspended with 1 ml 1x red blood cell lysis buffer
and incubated at room temperature for 5 min. After incubation,
15 ml of PBS + 2% FCS without EDTA was added. The cell suspension
was centrifuged at 300g for 5 min, the supernatant was discarded
and the pellet was resuspended in 1 ml PBS + 2% FCS, and a negative
selection kit for CD11b* and CD19* (StemCell Technologies) was used
according ot the manufacture’s instructions to remove the CD11b*
and CD19° cells. The final pellet was incubated with the respec-
tive TotalSeqB anti-mouse Hashtag antibody (that is, BioLegend,
TotalSeq-B0301 anti-mouse Hashtag 3; of this family, Hashtags 3,
4,5and 10 were used). After incubation for 30 min onice and three
subsequent washing steps, cells were resuspended in FACS buffer
with 2% FBS, followed by centrifugation at 300g for 5 minat4 °C. The
supernatant was discarded and the cell pellet was stained for MKPs as
described above. MKPs were sorted using BD FACSMelody Cell Sorter
(BD FACS Chorus acquisition software v.1.1.20.0), for 10x scRNA-
seq analysis.

scRNA-seq

The Chromium Next GEM Single Cell 3’ reagent kit v3.1 (CG000206
Rev D) from 10x Genomics protocol was used for sequencing of
FACS-sorted BM MKPs. To decrease batch-effect related artefacts,
sample multiplexing using TotalSeqB anti-mouse Hashtag antibod-
ies, whichwereincludedinto the FACS antibody mix, was performed.
Four samples were multiplexed into one library. In total, 1 x 10°
cells across runs were loaded for generating gel beads in emulsion
(GEMs). According to the kit protocol, first, GEMs were generated,
then reverse transcription was performed, and cDNA was cleaned
up, amplified and size selected. After a quality control and quan-
tification step, gene expression libraries and cell surface libraries
were subsequently constructed. Thelibraries were sequenced using
the Illumina NovaSeq system by IMGM laboratories, as described
previously””.

Analysis of scRNA-seq data

Sequencingreads were processed using the Cell Ranger software with
the mm10 mouse reference genome index provided by 10x Genom-
ics (https://cf.10xgenomics.com/supp/cell-exp/refdata-gex-mm10-
2020-A.tar.gz). This resulted in a count matrix for 16,045 cells and
32,285 genes. The count data were analysed using Seurat’®. Background
contamination was removed using the soupX method, setting the
contamination fraction parameter of 0.1 (ref. 79). Quality control
included removal of cells with less than 250 or more than 6,000 fea-
tures (expressed genes), removal of cells with total UMI counts below
400 and above 20,000, removal of cells with more than 5% of UMIs
mapping to mitochondrial genes and removal of genes expressed in
less than 3 cells. Furthermore, ribosomal genes were removed. Count
data were size normalized to a total UMI count of 10,000 per cell and
subsequently log transformed (plus one pseudocount). The top 2,000
highly variable genes were selected on the basis of VST (variance sta-
bilizing transformation)-transformed expression values. Cell cycle
scoring was performed and expression values were adjusted for the
percentage of mitochondrial UMIs, the S and G2M cell cycle scores.
Cells were assigned to samples by demultiplexing the Hashtag oligos,
resultingin1,918 cells for control, 3,243 cells for platelet depletion plus
pDC depletion and 1,900 cells for platelet depletion. For differential
gene expression analysis, expression levels per gene were centred and
scaled across cells. Nearest neighbour graphs (k= 30) were built based
on the first 30 principal components. On the basis of the graph, ten
clusters were identified using the Leiden algorithm with a resolution
of 0.25. Cluster-specific marker genes were identified using Wilcoxon
tests, testing only for overexpression, requiring at least 25% of the
cluster to express the marker and a log-transformed fold change of
atleast 0.25. Clusters were assigned to cell types based on the gene
annotations of these marker genes. For each cluster, differential gene
expression analysis between conditions was performed using the Wil-
coxon rank-sum test (wilcox). The DE genes were then selected based
onanaverage log,-transformed fold change cut-off of greater than 0.25
and anadjusted P-value cut-off of less than 0.05. Cell-type-specific gene
expression of the gene sets defined from bulk RNA-seq analysis were
summarized into gene scores (average expression across the gene set)
andvisualized by cell type cluster. Trajectory analysis was performed on
the following cell types: metabolic MKPs, late MKP, MK-MEPs, cycling
MK-MEPs and early MKPs using Monocle38°®, This assigned each cell
toanestimated pseudotime alongatrajectory. The graph_test function
was used to determine genes with pseudotime-associated gene expres-
sionpatterns (FDR < 0.05and Moran’s/> 0.25). Gene expression values
of genes with pseudotime-associated gene expression were fitted using
asplinefunction with3 degrees of freedomand corresponding zscores
were visualized as a heat map. scRNA-seq data are accessible at the
GEO (GSE261996). Code is available at GitHub (https://github.com/
heiniglab/gaertner_megakaryocytes).

MK culture from mouse BM

BM cells (see above) were cultured in DMEM medium containing 10%
fetal bovine serum, 1% penicillin-streptomycin and 70 ng pl* TPO
(ImmunoTools) for 5 days at 37 °C and 5% CO,. On day five, a BSA step
gradient was prepared by placing PBS containing 1.5% BSA on top of
PBS with 3% BSA (PAA). Cells were loaded on top of the gradient, and
MKs were settled to the bottom within 30 min at 1x gravity at room
temperature. Mature MKs formed a pellet at the bottom of the tube.

Invitro co-culture of pDCs with MKs

For pDC generation, BM cells were isolated (see above) from control
and Myd88”~ mice and cultured for 7 days in RPMI-1640 GlutaMAX-I
(GIBCO) supplemented with10% FCS (GIBCO), 1 mM sodium pyruvate
(GIBCO), 1% penicillin-streptomycin (Thermo Fisher Scientific), 1%
MEM non-essential amino acids (GIBCO), 0.05 mM 3-mercaptoethanol
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MeEtOH (GIBCO) and recombinant 100 ng mI™ FLT3L (BioLegend).
Cells were collected by flushing Petri dishes with cold PBS. The purity of
pDCswas 70-75% as determined by FACS. MK-iDTR mice were injected
with DT to induce death of MKs. Control mice received PBS. After 6 h
of DT injection, mice were euthanized and femurs were flushed with
DMEM medium containing 10% fetal bovine serum, 1% penicillin—
streptomycin and 70 ng ml™ thrombopoietin (TPO, ImmunoTools).
MKswereisolated using aBSA gradient as described above. pDCs and
MK (1:1) were incubated together for 8 h at 37 °C and 5% CO,. After
incubation, the supernatant was collected and analysed for IFN« level
(ELISA, see below).

ELISA

For serum TPO measurement, 1 ml anti-coagulated blood was collected
intracardially and kept overnight at—20 °C. The next day, the blood was
centrifuged at2,000g for 20 min and the supernatant (serum) was col-
lected for TPO measurement using the Quantikine Mouse Thrombopoi-
etin ELISA Kit (R&D Systems) to measure the serum TPO levels. IFNa
was measured by ELISA (Mouse IFN Alpha All Subtype ELISA Kit, High
Sensitivity, PBL Assay Science). Blood was left at room temperature
for 20 min and, after centrifugation, the serum was frozen at 20 °C
until further analysis. To measure the IFN levels in the BM, one femur
was flushed with 200 pl of PBS and cells were centrifuged at 300g. The
supernatants were stored at —20 °C until analysis.

pDC culture with MK supernatants and DNase treatment
PF4-cre;iDTR™ mice were treated with DT for 6 h. The long bones were
collected and the BM was isolated by flushing the femurs, tibias and
humerus with 200 pl of PBS + 2% FCS using a 26 gauge needle. The
BM suspension was further filtered through a 100 pum cell strainer
(Miltenyi Biotec) and pelleted at 4 °C and 300g for 5 min. The super-
natant was discarded and cells were resuspended and incubated inred
blood cell lysis buffer for 5 min. The MKs were isolated as described
above and cell suspension was centrifuged for 5 min at 5,000g and
4 °C, followed by 1 minat11,000gto obtain a tight pellet. The super-
natant was collected and transferred to new tubes and centrifuged
for15 minat2,500gatroom temperature (Eppendorf5415D with the
F45-24-11rotor; Eppendorf). To obtain the MP pellet, the supernatant
was transferred into new tubes (homo-polymer, Axygen) and centri-
fuged for 40 min at 20,000g at room temperature (Mikro200R with
the 2424-B rotor; Hettich)%2. The resultant MK pellet was collected
and the supernatant containing exosomes/extracellular vesicles was
transferred into a new tube and treated or not with DNase (1 pl m1™;
Sigma-Aldrich) at37 °Cfor 20 min. The treated or non-treated super-
natant was added to the pDC cell culture and incubated of 60 min
at 37 °C. The pDC supernatant was collected and the IFN« levels
were measured using the ELISA kit according to the manufacturer’s
instructions (Mouse IFN Alpha All Subtype ELISA Kit, High Sensitivity,
PBL Assay Science). The pDCs were collected and stained for FACS
analysis for pDC-activation markers (anti-CD69 (1:200) and anti-
CD86 (1:400)).

NanoDrop experiment

A NanoDrop spectrophotometer (Thermo Fisher Scientific, NANO-
DROP 2000, Peqlab), was used to measure the concentration of DNA
ina2 pldrop of the MK apoptotic supernatant treated or non-treated
with DNasel.

MK CFU assay

CFU assays were performed using the MegaCult kit (StemCell Technol-
ogies) according to the manufacturer’s protocol. In brief, femurs and
tibias of Vwf-cre;Ifnar™", Vwf-cre;Ifnar™, Ifnar”” and Ifnar”* mice were
flushed with Iscove’s MDM with 2% FBS to isolate BM cells. Cells were
washed inIscove’s MDM (without FBS) before culture. Then, 2.2 x 10¢
cells were resuspended in cold MegaCult-C medium containing

collagen, TPO 50 ng ml™ and IFNa type 1universal (5U,10 U,100 U,
500 Uor1,000 U; PBL-Biomedical Laboratories). The final cell suspen-
sion (1.5 ml) was loaded into six-well plates and cultivated for 7 days at
37 °C under 5% CO,. After incubation, well plates were imaged using
astereo microscope (Axio Zoom v16 with Objective Plan-NEOFLUAR
Z x1.0/0.25 FWD 56 mm) and Zen Blue software (v.2.6) was used for
imaging acquisition (Carl Zeiss). MK-CFUs colonies were classified
according to the manufacturer’s protocol (a minimum of 3 cells in
close contact).

EdU proliferation assay

The Click-it EAU Cell Proliferation Assay Kit (Thermo Fisher Scientific)
was used to analyse the MKP proliferation. In vivo labelling of BM cells
with 5-ethynyl-2’-deoxyuridine (EdU) was described previously®>.
In brief, Vwf-eGFP mice were intraperitoneally injected with 0.5 mg
EdUin DMSO. After 4 h, mice were anaesthetized and euthanized by
cervical dislocation and long bones (femurs and tibiae) were col-
lected. BM cells were prepared as described above. The detection
of EdU was performed according to the manufacturer’s protocol. In
brief, cells were stained with surface marker antibodies (CD41, CD42)
for 30 min at room temperature in the dark, followed by fixation for
15 min (4% PFA, provided in the kit) and permeabilization for 15 min
(saponin-based permeabilization and wash reagent, provided in the
kit). The samples were washed with 1% BSA between each step. The
samples were then incubated for 30 min at room temperature in the
dark in EdU reaction cocktail containing PBS, copper protectant,
Pacific Blue picolyl azide and reaction buffer additive according to
the manufacturer’s protocol. The samples were next washed and
analysed by flow cytometry (LSRFortessa cell analyzer equipped with
BD FACSDivav.8.0.1, from BD Biosciences). VWF'CD41'CD42" cells
were gated and EdU" cells were measured within this population using
FlowJo (v.10.6.2).

RT-PCR analysis of Ifnar1

MKs and MKPs from unfractionated mouse BM cell suspensions
were directly sorted into RLT buffer (Qiagen) containing 143 mM
B-mercaptoethanol (Sigma Aldrich) and total RNA was isolated using
the RNeasy Micro Kit (Qiagen) including an on-spin column DNase
I digest to remove remaining traces of genomic DNA. First-strand
cDNA was synthesized from total RNA with the High Capacity cDNA
Reverse Transcription kit (Applied Biosystems) using random primers
in 20 pl reaction volumes. RT-PCR was performed using the SsoAd-
vanced Universal SYBR Green Supermix (Bio-Rad) and the primers for
murine lfnarl and Actbin the MyiQ Single-Colour Real-Time PCR System
(Bio-Rad). Products of RT-PCR were separated by electrophoresis
ona2.5% agarose gel in 1x TBE buffer. Images were taken using a Gel
iX Imager (Intas). Primers were as follows: Mm_Ifnarl Fw, TCTCTGTC
ATGGTCCTTTATGC (Eurofins); Mm_Ifnarl Rev, CTCAGCCGTCAGAA
GTACAAG (Eurofins); and the Mm_Actb_1_SG primer assay (400 x 25 pl
reactions; QT00095242, Qiagen).

Statistics

GraphPad Prism (v.9.1.2) was used for all statistical analysis. All data
were assumed to have Gaussian distribution, unless otherwise speci-
fied. Before performed the statistical analysis, the datawere confirmed
to have equal variance using F-tests, and Student’s unpaired ¢-tests were
used for the comparison of two groups; otherwise, unpaired t-tests with
Welch'’s correction were used when variances were significantly differ-
ent. For comparison of multiple groups, one-way or two-way ANOVA
was used. Error bars indicate the s.d. All reported probabilities were
two-sided. P < 0.05was considered to be significant.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.



Data availability

Imaging and flow cytometry raw data are available on request.
scRNA-seq dataare accessible at the GEO (GSE261996). Bulk RNA-seq
dataareaccessible at the GEO (GSE185488). Source data are provided
with this paper.

Code availability

Code for scRNA-seqanalysisis available at GitHub (https://github.com/
heiniglab/gaertner_megakaryocytes).
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Extended DataFig.1|MKand MKP distributionin the bone marrow niche.
a,Representative whole-mountimmunostaining of megakaryocyte progenitors
and mature megakaryocytesin murine sternumbone (n =3 mice). MKPs (green):
CD41'/CD427; MKs (yellow): CD41'/CD42"; blood vessels (grey): CD144"; bone
(blue): second harmonic generation. Scale bars =200 pm (upper). Also see
Fig.1a.b, Histogram showing BM distribution of MKs and MKPs relative to their
distanceto endosteum.n=3mice;Mean = SD. c,d, Cell diameter and sphericitity;
for celldiameter MK n = 68 cellsand MKP n = 55 cells; for sphericity MK n =53
cellsand MKP n =17 cells; pooled from 7 mice; ****(Sphericity): p=0.0000002,
****(Cell diameter): p=0.000000000000001; unpaired t-test/Welch’s

WT VwfeGFP

correction; Mean £ SD. e, Representative whole-mountimmunostaining of
MKs/MKPs in Vwfe"* mice. MKs/MKPs of Vwf*¢"”* mice show no significant
differencein cellnumber (p =0.69/p = 0.84) and size (p = 0.38/p = 0.10)
comparedto C57BI/6 ) mice (stained with anti-CD41). n = 3 mice; unpaired
t-test/Welch’s correction; Mean + SD. Scale bar =30 pm. f, VWF-eGFP does not
co-localize with erythrocytes (Ter-119), granulocytes (CD11b, Ly-6G) and
lymphocytes (CD3e, CD45R) inBM (n=1). Scalebar=100 pm. g, Platelet counts
of Vwf*°""* compared to C57BI/6 J; WT group n =14 mice, Vwf*“"*groupn=7
mice. unpaired t-test/Welch’s correction; Mean + SD; ns: p = 0.14.
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Extended DataFig.2|Megakaryocyticlineage tracing by chronic time-
lapse 2P-IVM. a, Schematic showing experimental setup of chronic 2-photon
intravital microscopy (2P-IVM) of mouse calvarian bone marrow. Lower: Time
series of BM in Vwf<*** mice. MK lineage (VWF-eGFP; green); Bone (second
harmonic generation). Arrow: Fragmentation of MK results in the release of
platelet-like particles. Note that after fragmentation, platelet-like particles exit
the BM and new MKs grow in size before undergoing fragmentation. b, Viwfe°**
mice werei.v.injected with TRITC-dextranto track the megakaryocytic lineage
(green) andblood vessels (red) respectively (left time series). Max. intensity
projections of raw dataand 3D rendering of z-stacks from the same 2P-IVM
time series areshown. Scale bars =50 pm. ¢, Representative raw dataand
3D-rendering correspondingto3D-rendered images showninFig.1c (n=7).
Scale bars =50 um. d-h: Spatiotemporal dynamics of the megakaryocytic
lineage inresponse toimmune-mediated thrombocytopenia.d, Schematic
showing experimental setup of PD. Peripheral blood platelet counts
monitored atindicated time points after asingle injection (i.p.) of R300 or
isotype control; R300: before (n=9),30 min (n=3),0.5d (n=6),1d (n=8),2d
(n=9),4d(n=9),8d (n=4) mice;isotype: before (n=7),30 min (n=3),0.5d
(n=4),1d(n=5),2d (n=7),4d (n=4),8d (n=3) Mean = SD. e, Morphometric
analysis of MKs shows decreased sphericity in response to PD corresponding to
anincrease of cellular protrusions; Controln =63 cellsand PD12 hn=51cells,

pooled from 4 mice; unpaired t-test/Welch’ correction, ***: p=0.0002;

Mean +SD. Scale bars =50 um. f, Representative 2P-IVM time series of
proplatelet formation and MK fragmentation. Single cell tracking of MK
volumes over time reveals asignificant faster decrease of volume following PD.
Controln=14and PD n=11cells, pooled from 3 mice; unpaired t-test;
ns:p=0.0206; Mean +SD. g, Upper: Small (<15 um) VWF-eGFP+ cells (arrows)
appear 12 hafter PD (2P-IVM). Also see Fig. 1i. Scale bar =50 pm. Middle: PD
triggers aninstantaneous proliferation of MKPs peaking 1d following platelet
depletion; MKPs (CD41'/CD42") were counted in whole-mount BMs. n =3 mice;
one-way ANOVA/Dunnett, **: p=0.0023,***:p=0.000009,***: p=0.0008, ns:
p=0.063and p =0.072; Mean = SD. Lower: Proliferation of MKPs (VWF-eGFP*/
CD41'/CD42") was measured after in vivo labelling of BM cells with 5-ethynyl-2"-
deoxyuridine (EdU) using FACS. Mean fluorescent intensity of EdU and
Frequency of EdU-pve cells significantly increases after PD (12 h); n =3 mice;
pairedt-test;**: p=0.0046; *: p=0.0115; error bar=SD; Mean + SD. h, Left: MKPs
lodged within the perivascular niche of the BM grow in volume. Volume increase
of single cells was tracked over time. Arrested MKP n = 27 cells and mobile MKP
n=6cells. Notably, the speed of cell growth after PD did not significantly differ
from steady state control; Control n =54 cellsand PD =18 cells, pooled from

3 mice, unpaired t-test Welch’s correction ns: p = 0.7503; Mean + SD.
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Extended DataFig.3 | TPO triggers global megakaryopoiesis without
preferentiallocalization to the perivascular niche. a, Left: Scheme of platelet
homeostasis regulated by TPO. TPO released fromliver is scavenged by
circulating platelets that express the TPO-receptor (Mpl). Thrombocytopenia
leads toanincrease of unbound plasma TPO which drives megakaryopoiesis
inthe BM. Right: Plasma TPO levelsincreaseinresponse to PD, reaching the
highestlevels12 hafter platelet depletion (ELISA); n = 4 mice per group, one-way
ANOVA/Dunnett; *:p=0.018,**:p=0.008, ****:p=0.00000005; Mean + SD.
b, Left: Plasma TPO levels increase afteri.p. injection (8 ng/g body weight on

3 consecutive days, i.p.) (ELISA after 30 min) (n = 6 mice); Mean = SD; unpaired
t-test/Welch’s correction; *: p=0.014. Right: Thrombopoiesis is not affected by
TPO treatment asindicated by unaffected platelet counts (hemocytometer);
n=5mice, unpaired t-test Welch’s correctionns: p = 0.267; Mean + SD.
c,3D-rendered micrographs of BM wholemount staining show increased
numbers of MKPs (green: CD41+ /<20 pm) and MKs (yellow: CD41°/ > 20 um)
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after TPO treatment, vessels (grey: CD144); scalebar=50 um.d, TPO-treatment
increased megakaryopoiesis (MKP and MK numbers) to an extent similar to
platelet depletion (PD). Of note, TPO-treatment leads to an accumulation of
mature MKsinthe BM while MK numbersin the BM remained unaffected after
PD due toincreased MK consumption (BM whole-mountimmunostainings);
controln=3mice,PDn=4miceand TPO n =3 mice, one-way ANOVA/Dunnett;
MKPs, **(PD): p=0.0064, **(TPO): p = 0.0032; MK, ns(PD) = 0.44, **(TPO):
p=0.0023; Mean = SD. e, Increased megakaryopoiesisinresponse to TPO
followed a different spatial pattern compared to PD. During PD, the local
increasein megakaryopoiesisisrestricted to the perisinusoidal compartment
(seeFig.1g).Incontrast, TPO treatmentincreased megakaryopoiesis throughout
the BM compartment. Consequently, the distribution of MKPs relative to the
perivascular niche was unaffected by TPO treatment as analysed in BM whole-
mountimmunostaining. The distances were binned into 5pmintervals;n=4
mice per group; Unpaired t-test; ns: p=0.99; Mean + SD.
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megakaryopoiesis a, Left: MK-Macrophage contacts were quantified by
whole-mount BMimmunohistology; MK: CD41"; Macrophages: CD68". Scale
bar=10 pm. Right: PD did not increase MK-Macrophage contacts; n =4 mice;
unpaired t-test Welch’s correctionns: p=0.9299 and ns: p = 0.6882; Mean + SD.
b, Macrophage depletion with Csf1R-Inhibitor (PLX5622) did not impair
megakaryopoiesis (n =4 mice). Mean + SD; Welch’s t test; ****: p=0.000018.

¢, Macrophage/ monocyte depletionin CD11b-DTR mice did notimpair
megakaryopoiesis (n =3 mice). Mean + SD; Welch’s t test; *: p=0.02.

d, Neutrophil-depletion in LysM-Cre; Mcl-1fl/fl mice has no impact on
megakaryopoiesis (n =3 mice). Mean + SD; Welch’s t test; **: p = 0.009.
e-i:pDCsresidein close proximity to bone marrow MKs. e, Whole mount
histology of BM. MKs: CD41(grey); pDCs: BST2 (red) and SiglecH (green).
The vast majority of bright SiglecH-positive cells also show bright BST2 signal,
indicative of pDCs. f, Experimental setup of 2P-IVM and platelet depletion (PD)
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and MK cell death (MKD). g, 2P-IVM of calvariabone. MKs: VWF-eGFP (green);
pDCs: SiglecH-PE (magenta). Also see Fig.2a. pDCs migrate with mean speeds
of 3-6 um/min, without significantalteration by platelet depletion of MK cell
death. Left: Mean of 3 experiments is plotted (each data-point represents one
mouse). Right:Mean of all pooled frames (each data point represents speed ata
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ns:p=0.07;****:p=0.0000000000000001.Scalebar:100 pm. h, Histogram
showing the distribution of pDCs relative to their distance from MKs (n =3 mice
per group); Mean = SD; multiple unpaired t-tests; ns: no statistical significance.
i, Whole mount histology of controland PD. MKs (green, CD41); pDCs (magenta,
BST2'); nuclei (blue, Hoechst). Bar plot: frequencies of pDC-MK- and pDC-MKP
contacts; n=5mice; unpaired Welch’s t-test; ****(%MK with pDC-contacts):
p=0.000002, ***(%MKP with pDC-contacts): p=00003; Mean + SD.PD did
notincrease the number ofbone marrow pDCs (n = 6 mice). Mean + SD; unpaired
t-test Welch’s correction; ns: no statistical significance. Scale bars =50 pm.
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Extended DataFig. 5| pDCs control megakaryopoiesis. a-d, Impaired
megakaryopoiesis following pDC-depletionin BDCA2-DTR mice. a, DT treatment
does not affect megakaryopoiesis. C57BL/6/ mice treated with DT (Control A)
were compared to untreated BDCA2-DTR mice (Control B). Cell numbers were
quantified by FACS; n = 6 mice; Mean + SD; unpaired t-test Welch’s correction;
ns: no statistical significance. b, Cell numbers were quantified by FACS; n =12
mice; Mean + SD; unpaired t-test Welch’s correction, ****(MKs and MKPs):
p=0.000000001, ***(pDCs): p=0.000000000001. ¢, Cellnumbers were
quantified by FACS; n = 6 mice; Mean + SD; unpaired t-test Welch’s correction,
***:p=0.0002,*:p=0.0083,*:p=0.048, ns: no statistical significance.

d, Representative confocal micrograph of BM; MKs (green, CD41); pDCs
(magenta, BST2"); nuclei (blue, Hoechst). Scalebars =100 pm. e, pDC-depletion
disrupts the megakaryocytic niche and alters the distribution of MKPs and MKs
within the BM. BM whole-mounts were stained for MKs (CD41°CD42") and
MKP (CD41'CD42") and positioning was quantified in relation to blood vessels
(CD144"). Frequency of MKs and MKPs in close contact to blood vessels
significantly decreased following pDC-depletion; n =12 mice; multiple unpaired
t-test/Holm-Sidak, ****(MK(0-5): p=0.00000000001, **(MK(10-15): p= 0.003,

**5(MK(>20): p=0.000000001, ***(MKP(0-5): p=0.000005, *(MKP(5-10):
p=0.01,***(MK(>0):p=0.00000000005; Mean + SD. Notably, the percentage
of high ploidy and therefore large MKs increased after pDC depletion,
suggesting that misguided positioning rather reduced MK size underlie
theincreased distance to the vasculature; n =3 mice; multiple unpaired
t-tests/Holm-Sidak; **(2):p = 0.003,***(4): p=0.0003, **(8): p = 0.002, *(16):
p=0.017,***(32): p=0.0003, ***(64): p=0.0007; Mean + SD. f, Transient pDC
depletionandrecovery after anti-BST2 treatment (n = 6 mice); Mean + SD;
one-way ANOVA/Tukey; pDCs: ***: p = 0.0001, ****: p=0.00003, MKPs:
***+:p=0.00000000008 and p =0.000000003, MKs: ****:p=0.0000003
andp =0.0000008.g, Thrombocytopeniaand recovery after transient
pDC-depletion (n = 6); Mean = SD; multiple unpaired t-tests/Holm-Sidak;
***%:p=0.000000004 and p=0.000000001. h, Neutrophil, macrophage
and monocyte countsin mice with constitutively reduced pDC-numbers
(RS26CretRT2/we - Tof4/Uf BM chimera) (n = 5-7). Mean + SD; BM: one-way ANOVA/
Holm-Sidak; **: p = 0.016; Blood: 2way ANOVA/Holm-Sidak, ****:p = 0.00001
andp=0.000002.
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number:**:p =0.0037, MK number: ****: p=0.000049, MKP **: p = 0.0039.
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released from theliver and is scavenged by c-Mpl, the TPO receptor expressed
onplatelets (seel). Consequently, adecrease inthe number of circulating
platelets (see 2) isinherently associated with anincrease in plasma TPO levels
(see3), whichactivates HSCs and MK-primed progenitors in the BM via c-Mpl
todrive megakaryopoiesis to meet platelet demand (see 4). Thus, the TPO-
dependent homeostatic circuit regulating megakaryopoiesis involves
circulating platelets as sensors operating at the systemic level. Right: Mature
MKsrelease extracellular DNA (see 5), whichis sensed by pDCs via TLRs (see 6)
andleadstotherelease of IFN-a (see 7). IFN-a drives the proliferationand
maturation of HSCs and MK-primed progenitors to replenish megakaryocytes
intheir BM niche (see 8), preventing MK exhaustion and ensuring continuous
platelet production. The pDC-dependent homeostatic circuit thus involves
innateimmune sensing of apoptotic MKs and operates at the tissue level. Loss
of pDC-dependent MK homeostasis at the tissue level cannot be compensated
for by TPO-dependent MK homeostasis at the systemic level, indicating a
non-redundant role of both pathways in regulating megakaryopoiesis.
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Reporting on sex and gender Both genders were equally represented in all our analyses.

Reporting on race, ethnicity, or not applied
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groupings

Population characteristics see supplementary table 2

Recruitment Both genders were equally represented in all our analyses. We analyzed autopsy specimens from 12 patients who died from
COVID-19. All patients were diagnosed with COVID-19 ante mortem and PCR-tests for SARS-CoV-2 from postmortem
nasopharyngeal swabs were positive. Patients died from respiratory failure caused by SARS-CoV-2 infection and were picked
randomly to exclude any self-selection bias. Bone marrow biopsies of ITP and lymphoma patients were chosen for the best
possible match with respect to age and sex. Clinical Details of the patients are given in supplementary table 2.

Ethics oversight The study was approved by and conducted according to requirements of the ethics committees at the Ludwig Maximilians

University of Munich (20-1039) and the local ethics committee (EK 304/20, EK 119/20, and EK 092/20).
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Sample size Established experimental group sizes from previous work were used to approximate sample sizes (Massberg et al. Nature Medicine;16:887—
896(2010); Gaertner et al. Cell;171(6):1368-1382(2017).

Data exclusions  No data was excluded from analysis.

Replication Replication of all data was successful. All data were replicated at least 3 times (RNAseq experiments excluded), see figure legends for
recapitulations of experiments.

Randomization  No randomization was performed; all cells or mice assigned to control or experimental group were analyzed. For the in vivo experiments mice
were allocated by age and sex- matched between control and experimental group to have a consistent pared controls.

Blinding The investigators were not blinded to allocation during the experiments and outcome assessment. Blinding was not possible for the in vitro

and the in vivo studies as these experiments were performed by individual investigators who were aware of the experimental groups and
treatment outcome.
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Antibodies

Antibodies used The following commercially available primary antibodies were use in this study. Company, clone and # catalog number are provide
wherever such information is publicly available. Secondary antibodies and dyes are provide in a table on the manuscript. Antibody
dilutions are provide in the material & methods section in the manuscript text.

From BioRad Laboratories (Biotechnology Research Hercules, CA)
1. Anti-CD 68 Antibody rat anti-mouse, monoclonal clone (FA-11), BioRad # MCA1957GA
2. Anti-CD41 Antibody anti-human (clone PM6/248), Biorad # MCA467PE

From Abcam (Cambridge, MA, USA)
1. Anti-CD123 anti-human rabbit recombinant monoclonal clone (2947R), Abcam # ab257307
2. Anti-CD41 AntibodyAnti-CD41 Recombinant clone (EPR4330), Abcam # ab134131

From Biolegend (San Diego, CA, USA)

. Anti-CD42d Antibody purified anti-mouse/rat, clone (1C2), BioLegend # 148501

. Anti-CD42d Antibody anti-mouse/rat APC, clone (1C2), BioLegend # 148506

. Anti-PDCA-1 (BST2) Antibody purified Ultra-LEAFTM anti-mouse, clone (927), BioLegend # 127030

. Anti-CD 64 Antibody anti-mouse APC, clone (X54-5/7.1,) BioLegend # 139306

. Anti-CD105 Antibody anti-mouse, PE/Cyanine7, clone (MJ7/18), BioLegend # 120410

. Anti-CD115 (CSF-1R) Antibody anti-mouse, Brilliant Violet 421™, clone (AFS98), BioLegend # 135513
. Anti-CD117 (c-Kit) Antibody anti-mouse, APC, clone (2B8) BioLegend # 105812

. Anti-CD11b Antibody anti-mouse/human, APC/Cyanine7, clone (M1/70), BioLegend # 101226

. Anti-CD11b Antibody anti-mouse/human, Pacific Blue™, clone (M1/70), BioLegend # 101224

10. Anti-CD11b Antibody anti-mouse/human, PE/Cyanine7, clone (M1/70), BioLegend # 101216

. Anti-CD150 (SLAM) Antibody anti-mouse, Brilliant Violet 510™ clone (TC15-12F12.2), BioLegend # 115929
12. Anti-CD3 Antibody anti-mouse, Pacific Blue™, clone (17A2), BioLegend # 100214

13. Anti-CD317 (BST2, PDCA-1) Antibody anti-mouse, APC, clone (927), BioLegend # 127016

14. Anti-CD45.1 Antibody anti-mouse, FITC, clone (A20), BioLegend # 110706

15. Anti-CD45.2 Antibody anti-mouse, PE/Cyanine7, clone (104), BioLegend # 109830

16. Anti-CD69 Antibody anti-mouse, FITC, clone (H1.2F3), BioLegend # 104506

17. Anti-CD86 Antibody anti-mouse,PE, clone (GL-1), BioLegend # 105008

18. Anti-CD9 Antibody anti-mouse, PerCP/Cyanine5.5, clone (MZ3), BioLegend # 124818

19. Anti-F4/80 Antibody anti-mouse, clone (BM8), PerCP/Cyanine5.5, BioLegend # 123128

20. Anti-Ly-6A/E (Sca-1) Antibody anti-mouse, clone (E13-161.7), PE/Cyanine7, BioLegend # 122514
21. Anti-Ly-6G Antibody anti-mouse, Pacific Blue™, clone (1A8), BioLegend # 127612

22. Anti-Ly-6G/Ly-6C (Gr-1) Antibody anti-mouse PE/Cyanine7, clone (RB6-8C5), BioLegend # 108416
23. Anti-SiglecH Antibody anti-mouse PerCP/Cyanine5.5, clone (551), BioLegend # 129614

24. Anti-SiglecH Antibody anti-mouse monoclonal PE, (clone 551), BioLegend # 129606

25. Anti-SiglecH Antibody anti-mouse monoclonal FITC, clone (551), BioLegend # 129603

26. Anti-TER-119 Antibody anti-mouseclone Pacific Blue™, clone (TER-119), BioLegend # 116232

27. Rat 1gG2b Purified Ultra-LEAF™ Purified Rat IgG2b, « Isotype Ctrl, (clone RTK4530), BioLegend # 400671
28. Anti-CD41 Antibody anti-mouse FITC, clone (MWReg30), Biolegend # 133903

29. Anti- IFNAR-1 Antibody anti-mouse, clone (MAR1-5A3), Biolegend #127302

30. Anti- CD45R/B220 Antibody anti-mouse/human APC, clone (RA3-6B2), Biolegend # 103212

31. Anti- CD45R/B220 Antibody anti-mouse/human Pacific blue, clone (RA3-6B2), Biolegend # 103227
32. Anti-CD117 (c-Kit) Antibody anti-mouse, APC/Cyanine7clone (2B8) BioLegend # 105826

33. Anti- CD8 Antibody anti-mouse/human Pacific blue, clone (53-6.7), Biolegend # 100725

34. Anti-F4/80 Antibody anti-mouse FITC, clone (BM8), Biolegend # 123108

35. Anti- Ly-6G Antibody anti-mouse PerCP/Cyanine5.5, clone (1A8), Biolegend # 127616

36. Anti- CD45R/B220 Antibody anti-mouse/human PE/Cyanine7, clone (RA3-6B2), Biolegend # 103222
37. Anti- Ly-6C Antibody anti-mouse Brilliant Violet 510™, clone (HK1.4), Biolegend # 128033

38. Anti- CD3 Antibody anti-mouse APC, clone (17A2), Biolegend # 100236

39. Anti- CD19 Antibody anti-mouse Brilliant Violet 421™, clone (6D5), Biolegend # 115537
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From Thermo Fisher Scientific/eBioscience (Waltham, MA, USA)
1. Anti-CD11b Antibody monoclonal (M1/70), Biotin clone (M1/70), eBioscience # 13-0112-82




Validation

. Anti-CD45R (B220) Antibody anti-human/mouse monoclonal (RA3-6B2), Biotin, ThermoFisher # 13-0452-82

. Anti-CD69 Antibody CD69 anti-human monoclonal clone (8B6), ThermoFisher # MAS5 15612

. Anti-IFN alpha Antibody anti-Human, Mouse, Rat Polyclonal clone (P01562), ThermoFisher # PA5-115430

. Anti-Ly-6G Antibody anti-mouse Monoclonal Biotin, clone (1A8-Ly6g), eBioscience # 13-9668-82

. Anti-CD317 (BST2, PDCA-1) Antibody anti-mouse monoclonal, clone (eBio927), Functional Grade eBioscience # 16-3172-81
. Anti-BST2 (CD 317), anti-mouse/human polyclonal antibodies, ThermoFisher #PA5-120152

. Anti-TER-119 Antibody anti-mouse monoclonal biotin, clone (TER-119), eBioscience # 13-5921-82,

. Anti-VE-cadherin Antibody anti-mouse monoclonal biotin, (clone eBioBV13), eBioscience # 13-1441-82

10. Anti-CD3 Antibody anti-human/mouse monoclonal biotin, clone (OKT3), eBioscience # 13-0037-82

11. Anti-CD41 Antibody anti-mouse clone FITC, (eBioMWReg30 (MWReg30)), eBioscience # 11-0411-82
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From Cell Signaling Technology (Danvers, MA, USA)
1. Anti-phospho-IRF7 Antibody (Ser437/438) Rabbit, clone (D6M21), Cell Signaling Technology #24129

From BD BioscienceTM (Franklin Lakes, New Jersey, USA)
1-Anti-CD16/CD32 (Mouse BD Fc Block™), Purified Rat Anti-Mouse clone (2.4G2), BD Bioscience# 553142

From BD PharmingenTM (San Diego, California, USA)
1. Anti- NK-1.1 Antibody anti-mouse PerCP-Cy™5.5, clone (PK 136), BD Pharmingen™ # 561111

From Bio X Cell (Lebanon, NH, USA)
1. Anti-IFNAR-1 Antibody anti-mouse clone (MAR1-5A3), BioXcell # BE0241

From PBL, Assay Science (Piscataway, New Jersey, United States)
1. IFN Alpha Human Hybrid Protein (Universal Type | IFN), PBL, assay science # 11200-1

From EMFRET Analytics (Eibelstadt, Bayern, Germany)
1. Platelet depletion antibody, emfret # R300
2. Platelet depletion antibody isotype control, emfret # C301

From Akoya Biosciences
1. Opal™ 620 Reagent Pack Akoya Biosciences #FP1495001KT
2. Opal™ 650 Reagent Pack Akoya Biosciences #FP1496001KT

Validation statements for all antibodies listed above can be found through the following links to the manufacture's website.

From BioRad Laboratories (Biotechnology Research Hercules, CA)
1. https://www.bio-rad-antibodies.com/monoclonal/mouse-cd68-antibody-fa-11-mca1957.html
2. https://www.bio-rad-antibodies.com/monoclonal/human-cd41-antibody-pm6-248-mca467.html?f=purified

From Abcam (Cambridge, MA, USA)
1. https://www.abcam.com/en-de/products/primary-antibodies/il3ra-cd123-antibody-il3ra-2947r-ab257307#
2. https://www.abcam.com/en-de/products/primary-antibodies/cd41-antibody-epr4330-ab134131

From Biolegend (San Diego, CA, USA)

1. https://www.biolegend.com/en-us/products/purified-anti-mouse-rat-cd42d-antibody-10199

2. https://www.biolegend.com/de-de/products/apc-anti-mouse-rat-cd42d-antibody-10736

3. https://www.biolegend.com/de-de/products/ultra-leaf-purified-anti-mouse-cd317-bst2-pdca-1-antibody-184207?
GrouplD=BLG8963

4. https://www.biolegend.com/en-ie/clone-search/apc-anti-mouse-cd64-fcgammari-antibody-7874?GrouplD=BLG8810

5. https://www.biolegend.com/nl-nl/products/pe-cyanine7-anti-mouse-cd105-antibody-4573

6. https://www.biolegend.com/nl-nl/products/brilliant-violet-42 1-anti-mouse-cd115-csf-1r-antibody-8971

7. https://www.biolegend.com/fr-ch/products/apc-anti-mouse-cd117-c-kit-antibody-72?GrouplD=BLG 1945

8. https://www.biolegend.com/en-ie/products/apc-cyanine7-anti-mouse-human-cd11b-antibody-3930

9. https://www.biolegend.com/en-ie/products/pacific-blue-anti-mouse-human-cd11b-antibody-3863?Group|D=BLG 10552
10. https://www.biolegend.com/nl-be/products/pe-cyanine7-anti-mouse-human-cd11b-antibody-1921?GrouplD=BLG 10427
11. https://www.biolegend.com/de-de/products/brilliant-violet-510-anti-mouse-cd150-slam-antibody-8596

12. https://www.biolegend.com/en-ie/products/pacific-blue-anti-mouse-cd3-antibody-3317?GrouplD=BLG6730

13. https://www.biolegend.com/fr-ch/products/apc-anti-mouse-cd317-bst2-pdca-1-antibody-6316

14. https://www.biolegend.com/de-de/products/fitc-anti-mouse-cd45-1-antibody-198

15. https://www.biolegend.com/de-de/products/pe-cyanine7-anti-mouse-cd45-2-antibody-4918

16. https://www.biolegend.com/en-ie/products/fitc-anti-mouse-cd69-antibody-264?GrouplD=BLG 10536

17. https://www.biolegend.com/en-ie/products/pe-anti-mouse-cd86-antibody-256

18. https://www.biolegend.com/de-de/products/percp-cyanine5-5-anti-mouse-cd9-antibody-17108?GrouplD=BLG6313
19. https://www.biolegend.com/nl-nl/products/percp-cyanine5-5-anti-mouse-f480-antibody-4303

20. https://www.biolegend.com/nl-be/products/pe-cyanine7-anti-mouse-ly-6a-e-sca-1-antibody-3898

21. https://www.biolegend.com/en-ie/products/pacific-blue-anti-mouse-ly-6g-antibody 6082 ?GrouplD=BLG5803

22. https://www.biolegend.com/en-gb/products/pe-cyanine7-anti-mouse-ly-6g-ly-6¢c-gr-1-antibody-1931?GrouplD=BLG4876
23. https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-mouse-siglec-h-antibody-6927

24. https://www.biolegend.com/en-ie/products/pe-anti-mouse-siglec-h-antibody-5178

25. https://www.biolegend.com/de-de/products/fitc-anti-mouse-siglec-h-antibody-5177

26. https://www.biolegend.com/en-gb/products/pacific-blue-anti-mouse-ter-119-erythroid-cells-antibody-6137?
GrouplD=ImportedGROUP1

27. https://www.biolegend.com/nl-be/products/ultra-leaf-purified-rat-igg2b-kappa-isotype-ctrl-7727
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28. https://www.biolegend.com/de-de/products/fitc-anti-mouse-cd41-antibody-5896?GrouplD=BLG 10424

29. https://www.biolegend.com/de-de/products/purified-anti-mouse-ifnar-1-antibody-4765

30. https://www.biolegend.com/fr-ch/products/apc-anti-mouse-human-cd45r-b220-antibody-442

31. https://www.biolegend.com/nl-nl/products/pacific-blue-anti-mouse-human-cd45r-b220-antibody-2857

32. https://www.biolegend.com/fr-ch/products/apc-cyanine7-anti-mouse-cd117-c-kit-antibody-5905

33, https://www.biolegend.com/de-de/products/pacific-blue-anti-mouse-cd8a-antibody-2856

34, https://www.biolegend.com/fr-ch/clone-search/fitc-anti-mouse-f4-80-antibody-4067?GrouplD=BLG5319

35. https://www.biolegend.com/en-gb/products/percp-cyanine5-5-anti-mouse-ly-6g-antibody-6116?GrouplD=BLG7234
36. https://www.biolegend.com/en-us/products/pe-cyanine7-anti-mouse-human-cd45r-b220-antibody-1930

37. https://www.biolegend.com/en-us/products/brilliant-violet-510-anti-mouse-ly-6¢c-antibody-8726?GrouplD=BLG5853
38. https://www.biolegend.com/de-at/products/apc-anti-mouse-cd3-antibody-8055

39. https://www.biolegend.com/en-us/products/brilliant-violet-42 1-anti-mouse-cd19-antibody-7160?Group|D=BLG 10556

From Thermo Fisher Scientific/eBioscience (Waltham, MA, USA)

. https://www.thermofisher.com/antibody/product/CD11b-Antibody-clone-M1-70-Monoclonal/13-0112-82

. https://www.thermofisher.com/antibody/product/CD45R-B220-Antibody-clone-RA3-6B2-Monoclonal/13-0452-82

. https://www.thermofisher.com/antibody/product/CD69-Antibody-clone-8B6-Monoclonal/MA5-15612

. https://www.thermofisher.com/antibody/product/IFN-alpha-Antibody-Polyclonal/PA5-115430

. https://www.thermofisher.com/antibody/product/Ly-6G-Antibody-clone-1A8-Ly6g-Monoclonal/13-9668-82

. https://www.thermofisher.com/antibody/product/CD317-BST2-PDCA-1-Antibody-clone-eBio927-Monoclonal/16-3172-81

. https://www.thermofisher.com/antibody/product/BST-2-Antibody-Polyclonal/PA5-120152

. https://www.thermofisher.com/antibody/product/TER-119-Antibody-clone-TER-119-Monoclonal/13-5921-82

. https://www.thermofisher.com/antibody/product/CD144-VE-cadherin-Antibody-clone-eBioBV13-BV13-Monoclonal/13-1441-82
10. https://www.thermofisher.com/antibody/product/CD3-Antibody-clone-OKT3-Monoclonal/13-0037-82

11. https://www.thermofisher.com/antibody/product/CD41a-Antibody-clone-eBioMWReg30-MWReg30-Monoclonal/11-0411-82
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From Cell Signaling Technology (Danvers, MA, USA)
1. https://www.cellsignal.com/products/primary-antibodies/phospho-irf-7-ser437-438-dém2i-rabbit-mab-mouse-specific/24129

From BD BioscienceTM (Franklin Lakes, New Jersey, USA)
1. https://www.bdbiosciences.com/en-de/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/purified-rat-anti-mouse-cd16-cd32-mouse-bd-fc-block.553141

BD PharmingenTM (San Diego, California, USA)
1. https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/percp-cy-5-5-mouse-anti-mouse-nk-1-1.561111

Bio X Cell (Lebanon, NH, USA)
1. https://bioxcell.com/invivomab-anti-mouse-ifnar-1-be0241

PBL, Assay Science (Piscataway, New Jersey, United States)
1. https://www.pblassaysci.com/proteins/human-ifn-alpha-hybrid-protein-universal-type-i-ifn-11200

EMFRET Analytics (Eibelstadt, Bayern, Germany)
1. https://www.emfret.com/fileadmin/user_upload/Datasheets/R300.pdf
2. https://fnkprddata.blob.core.windows.net/domestic/data/datasheet/EMF/C301.pdf

Akoya Biosciences
1. https://my.akoyabio.com/ccrz__ProductDetails?sku=FP1495001KT&cclcl=en_US
2. https://my.akoyabio.com/ccrz__ProductDetails?sku=FP1496001KT&cclcl=en_US

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

6-12 weeks-old female or male mice were used from the following mouse strains: C57BL/6J, C57BL/6 CD45.1, PF4-Cre (C57BL/6-
Tg(Pf4-icre)Q3Rsko/l), Rosa26-iDTRflox (C57BL/6Gt(ROSA)26Sortm1(HBEGF)Awai/l), IFNaR-/- (B6.129S2-Ifnar1tm1Agt/Mmijax),
IFNaR1flox (B6(Cg)-Ifnarltm1.1Ees/J), BDCA2-DTR (C57BL/6-Tg(CLECAC-HBEGF)956CIn/J), vVWF-Cre, vVWF-Cre-GFP, RS26-CreERT2
(B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/l), Tcfafl/fl (C57BL/6N-Tcfatm1e(EUCOMM)Witsi/WtsiH), LysM-Cre (B6.129P2-
Lyz2tm1(cre)lfo/)), Mcl-1 fI/fl (B6;129-Mcl1tm3Sjk/J), CD11b-DTR (B6.FVB-Tg(ITGAM-HBEGF/EGFP)34Lan/J), Myd8s-/-
(B6.129P2(SJL)-Myd88tm1.1Defr/J), FVB-K18hACE2

No wild animals were included in this study.
male and female mice were considered in this study without any discrimination
No field-collected samples were included in this study.

All animal experiments were performed in compliance with all relevant ethical regulations for studies involving mice and were
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Ethics oversight approved by the local legislation on protection of animals (Regierung von Oberbayern, Munich). All the covid-19 mice infection were
approved by the Authorization n° 270/2022-PR (prot. 6EEAF.228).

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

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied-
Authentication Describe-any-atthentication-procedures foreachseed stock tised-ornovel-genotype-generated.—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Flow Cytometry

Plots
Confirm that:
|Z The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|Z| All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation Long bones (femurs, tibiae, humerus) were harvested into ice-cold sterile PBS. Bones were flushed with PBS + 2% fetal calf
serum (FCS) using a 26-Gauge needle and the bone marrow suspension was further filtered through a 100um cell strainer
(Miltenyl Bioec GmbH, Bergisch Gladbach, Germany) and pelleted at 4degree celsius, 300xg for 5Smin. The supernatant was
discarded and cells were resuspended and incubated in red blood cell lysis buffer for 5min. Lysis was terminated by adding
30ml PBS + 2mM Ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich, Saint Louis, MO, USA), followed by centrifugation 4
degree celsius, 300xg for 5 min. Cells were resuspended with PBS + 0.5% bovine serum albumin (BSA, Sigma-Aldrich, Saint
Louis, MO, USA).

Instrument Data was acquired on a Cytoflex-S (Beckman Coulter, Germany), BD FACS Canto Il (BD Biosciences, Germany), and BD FACS
ARIA Il Cell sorter (BD Biosciences, Germany), BD FACS Melody Cell sorter (BD Biosciences, Germany), LSR Fortessa FACS (BD
Biosciences, Germany)

Software Data was acquired with CytExpert 2.4 software Beckman Coulter (Cytoflex-S), BD FACSDiva software version 6.0 (BD FACS
Canto Il) and 7.0 (BD FACS ARIA III Cell sorter), BD FACSChorus version 1.1.20.0 (BD FACS Melody Cell sorter), FACs DIVA
software version 8.0.1 (LSR Fortessa FACS). The analysis was performed with FlowJo T 10.6.2 or 10.9 software.

Cell population abundance Cell abundance is approximately 2-3% of all CD45+ cells in Bone marrow for pDCs and 0.05%-1% for MKs and Mkps, the
sorted cells were sorted in "PCR custom mode" with 1000 cells sorted in NEBlysis buffer. Purity was measured and
guaranteed with additionally sorted cells.

Gating strategy Gating strategies are available as supplementary data 1

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