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Platelets play a role not only in hemostasis and thrombosis, but also in inflammation
and innate immunity. We previously reported that an activated form of tyrosyl-tRNA
synthetase (YRS™") has an extratranslational activity that enhances megakaryopoiesis
and platelet production in mice. Here, we report that YRS*" mimics inflammatory
stress inducing a unique megakaryocyte (MK) population with stem cell (Scal) and
myeloid (F4/80) markers through a mechanism dependent on Toll-like receptor (TLR)
activation and type I interferon (IFN-I) signaling. This mimicry of inflammatory stress
by YRS"“" was studied in mice infected by lymphocytic choriomeningitis virus (LCMV).
Using Scal/EGFP transgenic mice, we demonstrated that IFN-I induced by YRS*“" or
LCMYV infection suppressed normal hematopoiesis while activating an alternative path-
way of thrombopoiesis. Platelets of inflammatory origin (Scal/EGFP") were a relevant
proportion of those circulating during recovery from thrombocytopenia. Analysis of
these “inflammatory” MKs and platelets suggested their origin in myeloid/MK-biased
hematopoietic stem cells (HSCs) that bypassed the classical MK-erythroid progenitor
(MEP) pathway to replenish platelets and promote recovery from thrombocytopenia.
Notably, inflammatory platelets displayed enhanced agonist-induced activation and
procoagulant activities. Moreover, myeloid/MK-biased progenitors and MKs were mobi-
lized from the bone marrow, as evidenced by their presence in the lung microvasculature
within fibrin-containing microthrombi. Our results define the function of YRS*“T in
platelet generation and contribute to elucidate platelet alterations in number and func-
tion during viral infection.
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Platelets have a primary role controlling hemostasis and vascular integrity (1) but contrib-
ute also to inflammation (2, 3), immunity (4, 5), and defense against viral (6-8) and
bacterial infections (9, 10). Inflammatory stress alters gene expression in bone marrow
megakaryocytes (BM MKs) causing phenotypic changes in generated platelets with patho-
biological consequences. Upregulation of integrin alpha 2b (ITGA2B) (integrin ollb,
CD41) during sepsis is linked to increased mortality (11). In contrast, viral infections
such as influenza and dengue fever induce type I interferon (IFN-I)-dependent interferon-
induced transmembrane protein 3 (IFITM3) expression in MK/platelets facilitating viral
suppression (12). The mechanisms that alter MKs and, consequently, platelet functions
are yet to be definitively elucidated.

Thrombopoiesis originates from hematopoietic stem cells (HSCs) through common
MK-erythroid progenitors maturing to MKs by endomitosis (13-15). An alternative
origin is from MK-biased HSCs, a Lin Scal "¢-Kit" (LSK) CD150°CD48 CD34 subset
of HSCs expressing integrin alIb (CD41) and von Willebrand factor (VWF) and also
known as stem-like MK-committed progenitors (SL-MkPs) (16-19). These bypass the
MEP stage and generate platelets in mice treated with polyinosinic:polycytidylic acid (17).
In blood, platelets from the MEP pathway or MK-biased HSCs are not easily distin-
guished; thus the induction of these cells and functional consequences in pathophysio-
logical conditions are still debated.

Eukaryote aminoacyl-tRNA synthetases (aaRSs) have acquired noncanonical activities
beyond translation (20-22). In insects, tyrosyl-tRNA synthetase (YRS) incorporated Glu-
Leu-Arg (ELR) and endothelial monocyte-activating polypeptide IT (EMAP-II) motifs con-
tributing extranslational functions (23) upon activation by stress (24). We recently reported
that a gain-of-function mutation (Y341A) activates recombinant YRS (YRS*“T) and accel-
erates recovery from thrombocytopenia in mice by inducing thrombopoiesis from MKs
expressing markers of stem cells (Scal) and monocyte/macrophages (F4/80) (25). More
recently, we utilized YRS*“" prepared by truncation after residue 377 in the EMAP-II
domain, which had improved protein stability (26). Using the latter form of YRS"“", here
we show it activates Toll-like receptor (TLR) 7 inducing an alternative pathway of
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Significance

Infection is often associated with
thrombocytopenia and rapid
replenishment of platelets may be
important to maintain vascular
homeostasis. We found that an
activated form of tyrosyl-tRNA
synthetase (YRS"“") mimics
inflammatory stress in mice,
inducing a distinct population of
megakaryocytes (MKs) from
myeloid/MK-biased hematopoietic
stem cells bypassing the classical
MK-erythroid progenitor (MEP)
pathway. In mice infected by
lymphocytic choriomeningitis
virus, myeloid/MK progenitors
and MKs were mobilized from the
bone marrow into the circulation
and found trapped in the lung
microvasculature within fibrin
containing microthrombi. These
findings define the role of YRS"“"
in platelet generation and
advance our understanding of
functionally distinct alternative
platelet production during viral
infection.
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thrombopoiesis through IFN-I-dependent mechanisms as seen dur-
ing viral infection or after TLR4 activation by bacterial lipopolysac-
charide (LPS). TLR7-induced inflammatory MKs and platelets have
enhanced susceptibility to activation that may not only contribute
to hemostasis but also increase thrombotic risk. These findings may
advance our ability to monitor hemostatic function and prevent
bleeding as well as thrombotic complications associated with severe
infections and inflammatory stress.

Results

YRSA Influences Thrombopoiesis through IFN-I Signaling. Unlike
cultured BM cells from wild-type C57BL/6 (WT) mice (25), those
from IFN o/p receptor-deficient (IF NAR ™) mice failed to expand
Scal*F4/80" MKs after YRS™“! treatment (Fig. 1A4). Of note, in
transgenic mice expressing Enhanced Green Fluorescent Protein
(EGFP) under Scal transcriptional regulation (27), YRSACT
injection increased Scal/EGFP" blood platelets from negligible
to ~20% of total. However, <1% platelets but >50% CD41" BM
cells bound anti-Scal antibody (Fig. 1 B—D), indicating platelets,
unlike MKs, lack Scal on the cell surface. MKs expressing cluster
of differentiation 41 (CD41) (integrin allb) and CD42b (GPIba)
were present in both Scal/EGFP - and + BM cells of Scal/EGFP
Tg mice, but only the latter expressed F4/80 alongside CD42b
(Fig. 1 E-G).

Transcriptome analysis of CD41"CD42b" MKs showed that
the Scal/EGFP™ group had greater erythroid than myeloid gene
expression, as expected of “normal” MKs from the MEP pathway;

in contrast, the Scal/EGFP" group had the opposite higher expres-
sion of myeloid than erythroid genes, as well as higher expression
of stem cell-related genes (Fig. 24). These latter findings are con-
sistent with “inflammatory” MKs from myeloid/MK-biased
HSCs, as also shown by high levels of IFN-I-induced Ifitm 1/2/3
(12). To confirm the conclusion excluding off-target effects of the
Scal/EGEFP transgene, we performed multidimensional flow cyto-
metric analysis of wild type (WT) BM cells. We identified two
populations of CD41'CD42b" MKs (Fig. 2 B and (), one
(MK#1) with greater stem cell and myeloid gene expression than
the other (MK#2), thus confirming the results in to Scal” and
Scal™ MKs, respectively, of Scal/EGFP Tg mice.

YRSAT Induction of TLR/IFN-I Signaling Mimics Viral and Bacterial
Infections. We previously reported thrombopoietic activities of
YRSA“T mediated by TLRs (25). Thus, we tested whether LPS, which
activates TLR4 as in bacterial infection (29), and Gardiquimod
(GDQ), which activates TLR7 (30) as in viral infection (31), can
influence thrombopoiesis-like YRS*“™. For this purpose, we crossed
Scal/EGFP Tg and IFNAR ™" mice to generate Scal/EGFP - or
+ BM cells that were IFNAR". Ex vivo, unstimulated IFNAR"
BM cell cultures contained ~50:50 Scal/EGFP - and + MKs
and precursors, while IFNAR™ BM cell cultures had less than half
as many, nearly all Scal/EGFP™ (Fig. 34). In IFNAR" BM cell
cultures, treatment with LPS or GDQ significantly decreased Scal/
EGFP" and increased Scal/EGFP" MKs and precursors; in IFENAR”
cultures, LPS significantly increased Scal/EGFP™ but not Scal/
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Fig. 1. Characterization of Scal/EGFP" MKs and platelets. (4) BM cells from WT or IFNAR™™ mice were cultured with 200 nM YRS or vehicle control (CON).
After 3 d, CD41" cells costained by anti-Scal and anti-F4/80 antibodies were enumerated by flow cytometry (Sca1*F4/80" MKs). Data are shown as scatter plots
with mean + SD (n = 4). (B) Flow cytometry of blood platelets from Sca1/EGFP Tg mice treated with 30-mg/kg intravenous YRS"“" or CON. (C) Percentage of blood
platelets from the above mice showing green fluorescence (Sca1/EGFP’; blue) or anti-Scal binding (red) measured at indicated times after treatment. Data
(n =5), shown as 25th-75th percentile boxes with min-to-max whiskers, were analyzed by (A) Brown-Forsythe/Welch one-way ANOVA with Dunnett's T3 posttest
for paired comparisons; or (C) repeated measures (RM) two-way ANOVA without assuming sphericity (Geisser-Greenhouse correction) with Dunnett's posttest for
before-after comparisons. *P <0.05, **P <0.01. (D) Anti-Sca1 antibody binding is negligible in blood platelets (Top), but present in >50% CD41" BM cells (Bottom).
(E) BM cells from Sca1/EGFP Tg mice gated as Sca1/EGFP - or + by flow cytometry (circled, Bottom Left or Upper Right, respectively). (F) Sca1/EGFP” cells included
CD41%, F4/80" and CD417F4/80" (double-positive) cells (Left); ~half of the latter was also CD42b" (Right). (G) Sca1/EGFP™ cells included CD41* and F4/80" cells, but
double-positive cells were negligible (Left); over half of the CD41" cells was also CD42b" (Right).
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Fig.2. MKanalysis by RNA-Seq and high-dimensional mass cytometry with t-distributed stochastic neighbor embedding (t-SNE). (A) Gene expression differences
in two MK populations sorted from Sca1/EGFP Tg mouse BM cells on the basis of Scal/EGFP expression. Values are shown as Transcripts Per kilobase Million
(TPM). (B) BM cells from WT mice with 2N/4N DNA content were analyzed by flow cytometry and characterized for surface expression of stem cell markers
CD34, Sca1, CD117 (c-Kit), and CD150 (SLAMF1); MK markers CD41 (integrin allb) and CD42b (GPIba); and granulocyte/monocyte markers CD11b (integrin aM)
and F4/80. The multidimensional data were analyzed by t-SNE (28) showing expression of each marker with color-coded intensity. (C) The t-SNE plot on the left
identifies two subsets of cells (MK#1 and MK#2) expressing comparable levels of the MK/platelet markers CD42b and CD41; the histograms on the right show
expression levels of the indicated markers in MK#1, MK#2 and all other cells. Prevalence of stem cell and myeloid markers differentiates “inflammatory” MK#1

from “normal” MK#2.

EGFP" MKs and precursors, while GDQ increased only the latter,
albeit with numbers remaining very low (Fig. 34).

In vivo, unstimulated mouse IFNAR" BM had ~50:50 Scal/
EGFP +and - MKs and precursors; IFNAR™ BM had similar total
numbers of these cells, but nearly all Scal/EGFP™ (Fig. 3B). At
day two posttreatment of IFNAR' mice, LPS significantly
decreased Scal/EGFP™ and GDQ significantly increased Scal/
EGFP" MKs and precursors in the BM; in IFENAR’, as in IFNAR”,
LPS significantly decreased Scal/EGFP™ MKs and precursors;
GDQ had no effect (Fig. 3B). Thus, TLR4 activation negatively
regulates Scal/EGFP™ MK development (normal thrombopoiesis)
in vivo irrespective of IFNAR, but IFN-I signaling is required for
the expansion of Scal/EGFP" inflammatory MKs. Supporting
this conclusion, LPS and GDQ significantly increased the number
of high-ploidy (8-16n) Scal/EGFP" MKs in IFNAR" cultures
ex vivo, but much fewer developed in IFNAR™ cultures and only
after stimulation by GDQ (87 Appendix, Fig. S1A4). Notably,
16-32n MKs were significantly induced in vivo only by GDQ
stimulation in IFNAR" mice, with >10 times lower numbers in
IFNAR™ mice (S Appendix, Fig. S1B). Consistent with interferon
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alpha/beta receptor (IFNAR) involvement in these processes, four
IFN-I gene transcripts were variably up-regulated in mice treated
with LPS or GDQ (81 Appendix, Fig. S2).

To evaluate further the balance between suppression (32-35) and
stimulation (36) of BM function involving IFN-I, we measured total
and Scal/EGFP - or + platelets in mice before and for 7 d after LPS
or GDQ administration. A single injection of LPS, but not GDQ,
severely reduced total blood platelets, which reached the lowest
counts in 2—4 d and fully recovered in 7 d; within this timeframe,
both treatments significantly reduced Scal/EGFP™ and increased the
initially absent Scal/EGFP" platelets; both eventually returned to
their respective pretreatment levels (Fig. 3C). Notably, at the lowest
point of Scal/EGFP™ platelet depletion, the percentage of Scal/
EGFP" platelets in blood was similar (~-50%) after both treatments;
in absolute numbers; however, ~3 times more Scal/EGFP" platelets
were generated after GDQ (involving TLR7) than LPS (involving
TLR4) stimulation (Fig. 3C). Thus, the loss of Scal/EGFP” platelets
was fully compensated in the former but not the latter condition. In
untreated mice, the majority of CD41" cells comprising MKs and
committed MK progenitors in the BM were Scal/EGFP™ or only
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Fig. 3. TLR4 and TLR7 activation variably inhibits normal and induces inflammatory platelet generation through IFNAR signaling. (A) Quantification of Sca1/
EGFP - or + MKs in BM cells (1.5 - 107) from IFNAR + or — Sca1/EGFP Tg mice after 3 d in culture with GDQ (0.5 pg/mL), LPS (1 pg/mL), or vehicle control (CON). (B)
Analysis (as in A) of BM cells harvested from the right femur of IFNAR + or - Sca1/EGFP Tg mice 2 d after intraperitoneal (i.p.) injection of GDQ (1 mg/kg) or LPS
(2 mg/kg). Data in (A and B)—shown as 25th-75th percentile boxes with min-to-max-whiskers and individual values (n = 5)—were analyzed by Brown-Forsythe
and Welch one-way ANOVA with Dunnett's T3 posttest for multiple paired comparisons. (C) Platelets in blood were monitored in Sca1/EGFP Tg mice before
and for 7 d after treatment with GDQ or LPS as in (B). Platelets were enumerated with a blood cell counter (Procyte Dx) and the percentage of Sca1/EGFP* was
determined by flow cytometry, from which numbers of Sca1/EGFP* and Sca1/EGFP platelets were calculated. Data shown as mean + SD (n = 5 in each group)
were analyzed by RM two-way ANOVA with Geisser-Greenhouse correction and Dunnett's posttest (see Fig. 1C). (D) Total counts (solid lines) and percentage of

Scal/EGFP" platelets (broken lines) monitored in TLR7** (blue lines) or TLR7 ™

(red lines) Sca1/EGFP Tg mice before and for 6 d after a single intravenous injection

of YRS*“T (30 mg/kg; n = 4 in each group). Data shown and analyzed as in (C), except that Sidak’s posttest was used. Only significant differences are indicated:

*P <0.05, **P <0.01, ***P <0.001, ****P <0.0001.

weakly expressed Scal/EGFP; after GDQ treatment, most CD41"
cells in the BM were Scal/EGFP" (81 Appendix, Fig. S3).

These findings and the absence of severe thrombocytopenia in
mice treated with YRS T (25), similar to GDQ as shown here,
suggested that YRS*“" might activate TLR7 to induce inflammatory
thrombopolesls To test this hypothesis, we crossed Scal/EGFP Tg
with TLR7" mice to generate a stram w1th Scal/EGFP'TLR7"
MKs and platelets. For 6 d after YRS injection, blood platelet
counts remained similar in TLR7 + or — mice (Fig. 3D, blue or red
solid line, respectively); however, the percentage of Scal/EGFP”
platelets became significantly, albeit transiently, higher in TLR7 +
than - mice (Fig. 3D, blue or red broken line, respectively). Thus,
similar to GDQ, YRS"“T, through TLR7 activation and IFNAR
signaling, may partially compensate inefficient platelet production
by the induction of inflammatory thrombopoiesis.

Functional Differences between Normal and Inflammatory
Platelets. For these studies, we analyzed blood from Scal/
EGFP Tg mice before (control) and 3 d after GDQ injection,
which markedly increases Scal/EGFP" platelets in blood. By
transcriptome analysis, Scal/EGFP" platelets of GDQ-treated
mice had increased the expression of a number of genes compared
with Scal/EGFP™ platelets of control mice, including Scal (Ly6a)
and those relevant for platelet function (SI Appendix, Fig. S4).
Phenotypically, membrane CD41 (integrin allb) and intracellular
filamin A were significantly higher in Scal/EGFP + than - platelets
of GDQ-treated mice, but both were significantly lower in Scal/
EGEFP" platelets of treated than control mice (Fig. 4 A and B; note
that mice not exposed to GDQ lacked Scal/EGFP" platelets in
blood). Moreover, fibrinogen bound significantly more to adenosine
diphosphate (ADP)-stimulated Scal/EGFP + than - platelets from
GDQ-treated mice, but significantly less to Scal/EGFP” platelets of

40f9 https://doi.org/10.1073/pnas.2212659119

GDQ-treated than control mice (Fig. 4 C and D, Lef?), mirroring
membrane levels of CD41 (see Fig. 44), part of the fibrinogen
receptor. No changes in fibrinogen binding were detectable when
Scal/EGFP + and - platelets were not evaluated separately (Fig.
4 D, Right). Unlike fibrinogen, annexin V binding induced by
alborhagin, a GPVI agonist (37), was not significantly different
from Scal/EGFP + and - platelets of GDQ-treated mice, but both
bound significantly more than Scal/EGFP" platelets of control mice
(Fig. 4 E and F, Lefi). This difference was detectable also without
separating platelets for Scal/EGFP expression (Fig. 4 F, Right).
To investigate further the origin of inflammatory MKs, we first
demonstrated that MKs developing in Scal/EGFP" BM cell cul-
tures supplemented with GDQ or thrombopoietin were morpho-
logically distinct, the former being more tightly adherent and with
focal CD11b staining (S Appendix, Fig. S5A4). We then harvested
BM cells of Scal/EGFP Tg mice 17 h after administration of
GDQ or vehicle control and separated Scal/EGFP* CD41" pro-
genitors from more mature MKs (S7 Appendix, Fig. S5B) to per-
form bulk RNA-Seq analysis. The results (S/ Appendix, Fig. S5C)
showed that control Scal/EGFP* CD41" progenitors expressed
stem cell markers (e.g., CD150, CD34), a marker for granulo-
cyte—monocyte progenitors (Ms4a3), and myeloid markers (e.g.,
CD11b, myeloperoxidase (MPO)) (S Appendix, Fig. S5C). These
cells also express VWE, but little or none of the mature MK mark-
ers (e.g., GPIba, GPVI), indicating enrichment in myeloid/
MK-biased progenitors. GDQ administration notably enhanced
myeloid along with IFN-stimulated genes (Ifitm2, Ifitm3, Ific2,
and Ly6a), while decreasing stem cell markers other than Ly6a.
Such findings support the conclusion that the pool of Scal/EGFP”
CDA41" cells is enriched in myeloid/MK-biased progenitors, and
treatment with GDQ promotes differentiation toward myeloid

lineage. Of note, CD41 mRNA is decreased in GDQ-treated
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Fig. 4. Functional characterization of Scal/EGFP*" platelets. Blood cells

collected from Scal/EGFP Tg mice 3 d after GDQ or CON injection were
permeabilized, fixed, and stained with antibodies against (A) PE-Cy7-labeled
anti-CD41; or (B) AF647-labeled anti-filamin A. The median fluorescence
intensity (MFI) of bound antibody was taken to represent levels of the
cognate antigen. (C) Blood from mice treated with GDQ or CON was diluted
in Tyrode's buffer (1.5-100 pL final), to which AF647-fibrinogen (15 pg/mL)
was added with 0.2 mM Ca’* or 2 mM EDTA (negative control) and 10 pM
ADP to activate platelets at room temperature. After 10 min, AF405-anti-
mouse GPlba MoAb (5A7) was added (to identify platelets) and fibrinogen
binding to Sca1/EGFP + or — platelets was separately evaluated. (D, Left panel)
Bound fibrinogen calculated as the ratio of AF647 MFI values on platelets
with added Ca®" or EDTA; ND indicates no Scal/EGFP* platelets detected in
untreated mice. (D, Right panel) Fibrinogen bound to all platelets without gating
for EGFP fluorescence. (E) Evaluation of AF647-Annexin V binding to blood
platelets in the presence of 3 mM Ca®" and 200 nM apixaban (FXa inhibitor to
prevent coagulation) with or without the addition of the platelet GPVI agonist,
Alborhagin (2.5 pg/mL). For additional details, see panel (C). (F, Left and Right)
AF647-Annexin V binding to platelets measured with the same method as
fibrinogen in (D, Left and Right). Data in (A, B, D, and F) are shown as 25th-75th
percentile boxes with min-to-max-whiskers and individual values (n =4 and 6,
respectively). Statistical analysis was performed by RM one-way ANOVA with
Geisser-Greenhouse correction and Tukey's posttest for paired comparisons
(black asterisks) or nonparametric Friedman test followed by Dunn'’s posttest
(red asterisks), except for data in D, F, Right panel, analyzed by two-tailed paired
t test. *P <0.05, **P <0.01, ***P <0.001.

Scal/EGFP" progenitors while protein expression is slightly
increased (1.2-fold), which is in line with the previous report that
inflammation-mediated MK-protein expression in SL-MKkPs is
regulated by posttranscriptional mechanisms (17).

YRS and Viral Infection Induce Inflammatory Thrombopoiesis
through a Common TLR Pathway. Our results show that TLR4 and
TLR?7 initiate IFNAR-mediated signaling that induces alternative
thrombopoiesis, as does YRSACT through TLR7. Sensing viral-
associated pathogen patterns, specifically single-stranded RNA, is a
TLRY7 function (31,38-40). Thus, we studied how thrombopoiesis
is affected during infection by two different strains of lymphocytic
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choriomeningitis virus, a single-stranded RNA arenavirus (41):
Armstrong (LCMV-A) and Clone 13 (LCMV-13) causing acute
and chronic infection, respectively.

In agreement with previous findings (42), platelet counts
dropped but recovered quickly in mice infected by LCMV-A, with
lowest values -5 d and complete recovery ~15 d postinfection
(Fig. 5 A, Top). Thrombocytopenia caused by LCMV-13 persisted
for ~10 d and recovery was complete in ~20 d (Fig. 5 A, Bottom).
In both conditions, Scal/EGFP" platelets dropped as thrombo-
cytopenia developed, but in sharp contrast Scal/EGFP* platelets
increased from near zero before infection to >80% of total when
thrombocytopenia was at the lowest levels (Fig. 5 A, 7op and
Bottoms; gray broken lines). This alone maintained platelets above
the level required to prevent life-threatening hemorrhage (42). In
LCMV-A-infected mice, recovery from thrombocytopenia
depended on increasing Scal/EGFP” platelets, as Scal/EGFP”
platelets inversely decreased and became undetectable by the time
platelet counts normalized (Fig. 5 A, 7op). Scal/EGFP™ platelets
also increased during recovery from thrombocytopenia in LCMV-
13-infected mice, but Scal/EGFP" platelets remarkably kept cir-
culating, albeit in slowly decreasing proportion that stabilized at
~50% by the time platelet counts normalized (Fig. 5 A, Bottom).
In the BM, Scal/EGFP - and + MKs were nearly equal in number
before infection by LCMV-A, but the former decreased and the
latter increased on days 3 and 7 after infection, returning toward
equivalence by day 16 (Fig. 5B). Consistent with efficient Scal/
EGFP" platelet production, Scal/EGFP* MKs in the BM had
high ploidy (87 Appendix, Fig. S6).

Blood of Scal/EGFP Tg mice contained CD41" cells—includ-
ing hematopoietic progenitors (43,44), MKs, and myeloid-biased
progenitors (45)—distinguished from platelets by staining with
deep red anthraquinone 5 (DRAQS5), a nuclear dye (Fig. 5C).
Before infection, these cells were Scal/EGFP - and + in nearly
equal proportion (Fig. 5 D, Top and Bortom); between 1 and 3-5
d after infection by LCMV-A or LCMV-13, both Scal/EGFP -
and + components of CD41" cells decreased, then increased rapidly
to a maximum ~7 d postinfection; at this point >90% were Scal/
EGFP" (Fig. 5 D, Top and Bottom). Thereafter, these cells decreased
progressively toward preinfection numbers, but the preponderance
of Scal/EGFP" cells persisted as clearly seen in LCMV-13-infected
mice (Fig. 5 D, Bortom). Imaging flow cytometry showed these
CD41" cells had variable sizes and contained subsets of CD11b"
as well as DRAQ5/Scal*/CD41/CD42b (GPIba)* cells, the latter
corresponded to circulating Scal” mature MKs (SI Appendix, Fig.
S7 A and B). Of note, the lungs of noninfected Scal/EGFP Tg
mice contained CD41" cells and platelets with minimal fibrin; 7
d after LCMV-A infection, CD41" cells with aggregated platelets
and fibrin increased markedly (S7 Appendix, Fig. S7C).

Plasma YRS Increases during Viral Infection. YRS displays
cytokine activities after secretion from cells and proteolytic cleavage
(24,46). Accordingly, we previously reported that YRS secreted
into plasma is promptly cleaved by matrix metalloproteases and
elastase, after which it may contribute to immune cell activation
(26). In the present study, we found that plasma YRS levels
were significantly increased in mice chronically infected by
LCMV-13, with higher than preinfection values persisting for
several weeks (Fig. 6). Although changes in the post/preinfection
ratio in circulating blood were relatively modest at ~1.25-2,
concentrations are likely to increase more in target organs where
biological activity is exerted. It remains to be clarified which cells
are the source of enhanced YRS secretion during inflammation. It
has been previously reported that YRS is secreted from apoptotic
cells (24). During LCMV-13 infection, viral replication occurs
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Inflammatory thrombopoiesis in mice infected by LCMV. (4) Total platelet count (red solid line) and percentage of Scal/EGFP* platelets (gray broken

line) measured before and after injection of LCMV-A (Upper panel) or LCMV-13 (Lower panel) into Scal/EGFP Tg mice. From these two values, the number of
Scal/EGFP™ and Sca1/EGFP” platelets was calculated (blue and orange lines, respectively). Data shown as mean + SD (Upper panel: n = 10, except n = 5 for day
16 excluded from statistical evaluation, Lower panel: n = 5). (B) BM cells were harvested from femurs of Scal/EGFP Tg mice at the indicated days after LCMV-A
infection and the number of MKs was determined by flow cytometry. Data (n = 4) shown as scatter plots with mean + SD, were analyzed by RM one-way ANOVA
with Geisser-Greenhouse correction and with Sidak’s posttest for multiple paired comparisons. (C) Flow cytometric analysis of blood cells from WT mice
stained with anti-CD41 antibody and DRAQ5 in the presence of 2 mM EDTA before and 7 d after infection with LCMV-A. (D) Number of CD41" nucleated cells
and percentage of Scal/EGFP" measured in blood of Sca1/EGFP Tg mice before and after infection with LCMV-A (Upper panel) or LCMV-13 (Lower panel). Data,

shown as mean + SD, were analyzed as in (A). *P <0.05.

in pulmonary endothelial cells, which are targeted by cytotoxic
T lymphocytes. Thus, we speculate that such stressed cells are the
source of enhanced YRS secretion during LCMV-13 infection.
Additionally, we have previously reported that platelets uptake
YRS in the plasma and store it inside cells, which can be released
upon activation (26). Therefore, it is also possible that blood
cells including platelets are also contributing to enhanced YRS
secretion during inflammation.

Discussion

We show here that YRS* activates TLR7 to induce inflammatory
platelet generation from MK-biased HSCs (25), a mechanism lim-
iting the severity of thrombocytopenia during viral infections, thus
risk of bleeding and endothelial dysfunction (42). Using Scal
expression to discriminate between inflammatory and normal plate-
lets, we demonstrate that TLR7 and IFNAR are requlred for gen-
erating Scal® 1nﬂammatory platelets. Since MyD88 mice are
insensitive to YRS"“! influence on thrombopoiesis (25), this defines
the role of TLR7/MyD88/IFN-I signaling in the induction of
inflammatory platelets (Fig. 7). TLR4 may also contribute to this
mechanism (25). Using LPS and GDQ to activate TLR4 and
TLR7, respectively (29,30), we also show how these TLRs distinctly
influence normal and inflammatory platelet production (Fig. 7).
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In previous work, the subset of MKs expanded by YRS*“" w.

recognized by anti-Scal antibody binding (25). Here, using Scal/
EGFP Tg mice (27), we confirm that inflammatory MKs express
Scal and Scal/EGFP transgene, but, unlike their progenitors,
platelets have no surface Scal, and Scal/EGFP serves as a useful
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Fig. 6. Increased plasma YRS in Scal/EGFP Tg mice infected by LCMV-13.
Plasma samples were analayzed by ELISA using anti-YRS polyclonal antibodies.
Concentrations were calculated from a reference calibration curve of purified
recombinant human YRS protein and the results are shown as relative to the
average of preinfection value (n = 5). Data were analyzed by RM one-way ANOVA
with Dunnett’s posttest for multiple comparisons (black asterisks) or nonparametric
Friedman test followed by Dunn'’s posttest (red asterisks). *P < 0.05, **P <0.01.
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marker for Scal expression. Scal (Ly-6A) is a GPI-anchored mem-
brane protein in the Ly6 gene family, often used as a stem cell
marker and likely involved in ligand binding although none is yet
known (47). There is no human Scal ortholog, but homologs
likely exist with functional influence on hematopoietic progenitors
(48), immune cells, and tumorigenesis (49). Scal—an IFN-
stimulated gene (50,51)—may help protect HSCs from stress-in-
duced exhaustion, preserving their availability for emergency
thrombopoiesis when acute platelet depletion occurs (52,53).
Studies of human inflammatory platelets would benefit from iden-
tification of Scal equivalents, for which reasonable candidates are
myeloid markers coexpressed with MK/platelet markers, such as
F4/80 and CD42b identified here in Scal/EGFP* mouse blood
cells. Our immunofluorescence study showed highly adhesive and
morphologically distinct features of Scal/ EGFP* MKs. We spec-
ulate that these MKs are directly generated from myeloid/
MK-biased HSC, but the exact mechanism of Scal+ MK gener-
ation needs to be elucidated in future studies.

Consistent with the finding that TLR7, a pathogen sensor acti-
vated by single-stranded RNA (31,38—40), has a role in the induc-
tion of inflammatory platelets, mice infected by LCMYV, a
single-stranded RNA Arenavirus (41), exhibited profound alter-
ations of thrombopoiesis. Of the viral strains used, LCMV-A
causes acute infection cleared in 2-3 wk, while LCMV-13 (only
differing in two amino acids) persists >90 d (54,55). As a conse-
quence, IFN-I peak production induced by LCMV-A is ~5 d after
infection followed by rapid decline, but in LCMV-13 infection,
peak levels are ~4 times higher and production persists for >50 d
(56,57). The shutdown of normal Scal™ platelet production dur-
ing acute infection with either viral strain is consistent with BM
suppression by high IFN-I levels and, in such conditions, gener-
ation of inflammatory platelets prevents life-threatening bleeding
(42). In LCMV-A acute infection, the rapid restoration of normal
Scal™ platelet counts with symmetrically inverse shutdown of
inflammatory Scal” platelet generation clearly indicates that the
latter is linked to IFNAR signaling. Confirming this, persistent,
albeit low-level IFN-I production during recovery from throm-
bocytopenia in chronic LCVM-13 infection leads to a 50:50 pro-
portion of Scal - and + platelets in blood, which is never seen in
unperturbed mice. In view of their enhanced adhesive and pro-
coagulant phenotype, defined here, circulating inflammatory
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Inflammatory stress
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platelets beyond emergency response could explain heightened
microvascular dysfunction and thrombotic risk in patients with
infections, cancer, and metabolic disorders (8,10,58—62).

Untreated mice have no Scal® platelets in blood, but nearly
equal numbers of Scal - and + MKs and progenitors in the BM,
consistent with the latter being a quiescent reserve activated only
for inflammatory platelet production (53). In the in vivo experi-
ment of WT BM, Scal” MKs decrease more and Scal® MKs
increase less after LPS than GDQ administration; in IFNAR™
BM, which lacks Scal® MKs before or after treatment, Scal” MKs
decrease after LPS, but not GDQ treatment. Thus, LPS can
down-regulate normal MKs independently of IFNAR, but
whether this involves TLR4 or a different LPS target remains to
be clarified. Thrombocytopenia is frequently observed in patients
with sepsis, and the cause of the platelet decrease is explained by
multiple mechanisms including enhanced coagulation and platelet
consumption (e.g., activation and aggregation). Interestingly, the
role of IFN-I in coagulation activation leading to disseminated
intravascular coagulation induced by gram-negative bacteria has
been reported (63). Thus, IFN-I-mediated inflammatory throm-
bopoiesis may operate in human sepsis, and alternation in the
transcriptional profiles of platelets during sepsis (11) might be, at
least partly, explained by inflammatory thrombopoiesis. In support
of this idea, ITGA2B encoding integrin allb was reported to be
up-regulated in platelets of patients with sepsis and was also found
to be one of those highly expressed in Scal/EGFP" platelets.

In addition to platelets, normal mouse blood contains a small
number of CD41" MKs and precursors, of which ~40 to 60% are
Scal” reflecting BM distribution. Infection by either LCMV-A or
13 caused, not surprisingly, a sharp decrease in the count of these
cells coincident with IFN-I peak production. Of interest, after the
acute phase the rebound and return to preinfection counts in
blood involved mostly inflammatory Scal®* MKs and progenitors,
which accounted for >80% of total CD41" cells in blood. This
was unexpected, particularly after LCMV-A infection at a time
when all platelets in blood were again Scal™. Relevant to patho-
biology, sustained mobilization of myeloid/MK-biased progenitors
into the circulation and possibly reaching peripheral tissues can
explain enhanced thrombogenicity during infections and chronic
inflammatory conditions. These cells may create hypercoagulable
conditions leading to microvascular thrombosis, as seen here in
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Fig.7. Schematic representation of inflammatory thrombopoiesis associated with viral infection mimicked by YRS, Inflammatory stress induced by bacterial
or viral infection through TLRs, specifically TLR4 and TLR7, induces IFN-I production suppressing normal hematopoiesis and causing thrombocytopenia, but also
stimulating inflammatory thrombopoiesis as defense response. Inflammatory platelets and myeloid skewed CD41" hematopoietic progenitors and MKs released
into blood have enhanced adhesive and procoagulant properties, which support endothelial barrier function and hemostasis, but may also have potential to
enhance thrombotic risk. Selective stimulation of TLR4 and TLR7 by LPS and Gardiquimod, respectively, and of TLR7 by YRS*" elicited responses mechanistically
similar to infection, but variable in severity. Thus, the induction of IFN-I signaling by distinct pathogen recognition receptors activated by different stimuli may
variably change the balance of inhibitory and stimulatory effects on normal and inflammatory thrombopoiesis.
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LCMV-infected mice and in sepsis (64). Transcriptional profiling
of patients with COVID-19 identified dysregulation of the mye-
loid lineage with evidence of IFN-I activation and MKs in the
circulation (65,66). In addition, the autopsy lungs of critically ill
COVID-19 patients and the experimentally infected rhesus
macaques have shown microthrombi containing MKs in alveolar
capillaries (67-71). These findings are coherent with the viral
infection mouse model discussed here.

Alterations of thrombopoiesis dependent on IFNAR signaling occur
in the context of innate immune responses downstream of activated TLRs
thatalso involve IFN-I (72). Distinct mechanisms suppress normal plate-
let production through the MEP pathway (32-35) or induce inflamma-
tory platelet generation from myeloid/MK-biased HSC (17,36), but all
converge on one IFNAR receptor. In the model of chronic LCMV-13
infection, persistent IFN-I production leads to concurrent presence of
normal and inflammatory platelets in blood. The mechanisms underlying
these opposite effects downstream of TLR7 activation are not fully under-
stood, but they clearly allow continued production of phenotypically
distinct platelets with enhanced procoagulant/prothrombotic potential,
which may turn a host defense response into a disease trigger.

In animal models of inflammation, YRS in blood is increased,
indicating a possible role in emergency thrombopoiesis. YRS could
also bind transfer RNA (tRNA) or fragments that in turn could
activate TLR7 inducing inflammatory thrombopoiesis. Secretion
of YRS was shown to be accompanied by site-specific proteolytic
cleavage yielding small amounts—relative to native protein present
in cytosol- of active YRS fragment (24). In the current study, we
could not detect such cleaved YRS due to limited availability of
the antibodies with sufficient sensitivities. Previously, using
RT-PCR, mRNAs of YRS splice variants encoding key determi-
nants for YRS activity were identified (73,74). One of these vari-
ants—N13, expressed in leukocyte, lung, and spleen (74)—skips
exon 11 and generates a truncated jprotein with robust activity in
thrombopoiesis similar to YRS*T (25). It remains to be deter-
mined whether inflammatory stress can lead to expression of such
variants. Such a concept fits the general hypothesis that many of
the alternative functions of aaRSs, only recently uncovered, are
deployed during stress insults, including specific diseases (75-79).
These concepts establish the mechanistic bases for the use of
YRS*T as a pharmacologic modulator of inflammatory throm-
bopoiesis to replenish platelets and prevent lethal hemorrhage or
vascular leakage.

Materials and Methods

Animal Models. C57BL/6J (WT), Ly6a-EGFP transgenic (Scal/EGFP), and
IFNAR™™ mice were obtained from The Jackson Laboratory. All animal stud-
ies were approved by Scripps Research Institutional Animal Care and Usage
Committee. Methods for platelet count, BM cell culture, and MK ploidy analysis
are found in SI Appendix, Materials and Methods.
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Flow Cytometry Analysis. Mouse blood samples were collected from the
retro-orbital plexus using sodium citrate as anticoagulant. Blood samples
were diluted in PBS (pH 7.4) containing 2 mM EDTA. After blocking Fc recep-
tors with TruStain FcX, samples were stained with anti-CD41, anti-GPlba
(80), or anti-CD11b. DRAQ5 or Hoechst 33342 was used for DNA staining.
Samples were analyzed using a Novocyte flow cytometer (ACEA Biosciences).
The results were analyzed with FlowJo v.10.7.1. High-dimensional Mass
cytometry, imaging flow cytometry, fibrinogen binding analysis, annexin
V binding analysis, and MK ploidy analysis are described in SI Appendix,
Materials and Methods.

Histological and Immunofluorescence Microscopy Analysis. The harvested
mouse organs were snap frozen and cryosectioned. After fixation with 4% par-
aformaldehyde for 5 min, samples were blocked and permeabilized using 1%
Triton X-100 in phosphate-buffered saline (PBS) containing 5% normal goat serum
and FcR blocker. Antibodies used for immunostaining are antimouse CD41,
anti-CD144, and antifibrin (64C5).The nuclei were counterstained with 4',6-dia-
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Statistical Analysis. Data were analyzed using Prism (GraphPad Software,
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