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INTERSTITIAL LUNG DISEASE

A human histidyl-tRNA synthetase splice variant
therapeutic targets NRP2 to resolve lung inflammation
and fibrosis
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Interstitial lung disease (ILD) consists of a group of immune-mediated disorders that can cause inflammation and
progressive fibrosis of the lungs, representing an area of unmet medical need given the lack of disease-modifying
therapies and toxicities associated with current treatment options. Tissue-specific splice variants (SVs) of human
aminoacyl-tRNA synthetases (aaRSs) are catalytic nulls thought to confer regulatory functions. One example from
human histidyl-tRNA synthetase (HARS), termed HARS"HEP because the splicing event resulted in a protein en-
compassing the WHEP-TRS domain of HARS (a structurally conserved domain found in multiple aaRSs), is enriched
in human lung and up-regulated by inflammatory cytokines in lung and immune cells. Structural analysis of HARS V"EP
confirmed a well-organized helix-turn-helix motif. This motif bound specifically and selectively to neuropilin-2
(NRP2), a receptor expressed by myeloid cells in active sites of inflammation, to inhibit expression of proinflam-
matory receptors and cytokines and to down-regulate inflammatory pathways in primary human macrophages.
In animal models of lung injury and ILD, including bleomycin treatment, silicosis, sarcoidosis, chronic hypersensi-
tivity pneumonitis, systemic sclerosis, and rheumatoid arthritis-ILD, HARS"MEP reduced lung inflammation, im-
mune cell infiltration, and fibrosis. In patients with sarcoidosis, efzofitimod treatment resulted in down-regulation
of gene expression for inflammatory pathways in peripheral immune cells and stabilization of inflammatory biomark-

ers in serum after steroid tapering. We demonstrate the immunomodulatory activity of HAR

S"HEP and present preclini-

cal data supporting ongoing clinical development of the biologic efzofitimod based on HARSV"EP in ILD.

INTRODUCTION

Despite diverse disease triggers, interstitial lung diseases (ILDs) are
a group of immune-mediated disorders that are all associated with
progressive fibrosis, or scarring, of the lung (1, 2) and vary in the
relative amounts of immune involvement in the chronic conditions.
Chronic inflammation and tissue scarring stiffen the lung, impair-
ing breathing and leading to progressive and irreversible damage.
More than 500,000 patients have ILDs in the United States, and up-
ward of 3 million are estimated globally (3). Within the more than 200
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different types of ILDs, four account for roughly 80% of all pa-
tients (4). Ranked from most to least inflammatory, these four types
of disease are pulmonary sarcoidosis; chronic hypersensitivity pneu-
monitis (CHP); connective tissue disease—associated ILD, including
systemic sclerosis (SSc)-associated ILD; and idiopathic pulmonary
fibrosis. Current treatment options are limited and generally focused
on palliative control of inflammation, with targeted antifibrotic thera-
pies approved for use in select patients, highlighting an unmet medical
need for ILDs.

Recent years have seen growing awareness of the roles of aminoacyl-
tRNA synthetases (aaRSs) in health and disease (5-8). Given that these
ancient proteins establish the rules of the genetic code through their
aminoacylation reactions, it was unexpected to discover a large array
of previously unknown orthogonal functions linked to these enzymes
(9). These functions include roles in signaling pathways ranging from
angiogenesis, transcription control, oncogenesis, neurology, inflam-
mation, RNA splicing, and more (10-17). Associated with these func-
tions is the acquisition in eukaryotic evolution of new noncatalytic
domains in the aaRSs. These domains are progressively added in eu-
karyotes as the tree of life is ascended and, once added, remain as part
of the aaRSs (18, 19). These domains are either idiosyncratic to the
specific aaR$ or are shared as structural homologs by a limited subset
of the enzymes. As an example, in a vertebrate model, a specific ap-
pended domain that is unique to seryl-tRNA synthetase was shown to
be essential for normal development of a closed vascular system (20).

There are more than 100 aaRS genetic mutations in the human
population that are causally linked to disease (21-24), which include
homozygous recessive, compound heterozygous and dominant, and
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gain-of-function mutations. These mutations can appear well outside
the active site region and do not always cause a disruption of the
catalytic function (24). Possibly related to these disease-causing mu-
tations are the more than 200 splice variants (SVs) that have been
reported for human aaRSs (25). These variants are expressed in a de-
velopmental stage—specific and tissue-specific fashion and can be
found extracellularly released by unconventional secretion mecha-
nisms. Most variants are catalytic nulls, ablating or partially resecting
the active site but retaining the newly appended or inserted domain.
In a screen of an array of cell signaling assays, in which purified pro-
tein versions representing translated SVs were applied extracellularly,
many of the SVs induced cell type-specific activities likely mediated
through interactions with cell surface receptors (25). These activities
suggested possible applications for at least some SVs in a therapeutic
setting. Thus, we focused on more thoroughly characterizing and de-
veloping one promising SV of human histidyl-tRNA synthetase
(HARS), which is associated with a well-studied pathological condi-
tion, as a proof of principle for this class of molecules that had never
been evaluated in human clinical trials.

The N-terminal domain of HARS is targeted by autoantibodies in a
rare autoimmune disorder known as anti-Jo-1 syndrome (26, 27). This
syndrome is characterized by extensive activation and migration of
immune cells into the lung and muscle and is classically associated
with the triad of ILD, myositis, and arthritis (28). Although HARS has
been shown to circulate in healthy individuals, it is largely undetect-
able in the sera of patients positive for anti-Jo-1 antibodies (14). The
apparent sequestration of extracellular HARS is hypothesized to play a
causal role through disruption of its homeostatic immune-regulatory
effects. The autoantibody reactive N-terminal WHEP domain of HARS
(a motif present in several human aaRSs that is structurally but not
sequence conserved in this family of enzymes) was appended to the
core catalytic domain (CD) through its appearance in the genome with
the evolution of nematodes (18). The helix-turn-helix (HTH) motif
(amino acids 1 to 48) of this domain was originally reported as a pro-
teolytic fragment liberated by granzyme B cleavage from HARS in the
lung (29). Subsequent data showed that the HARS WHEP domain also
appears as an SV (HARS""P) that is enriched in human lung tissue
and secreted from immune cells (30). Given these findings, we raised the
question of whether this HARS SV conveys a homeostatic immuno-
modulatory function and could be used in a therapeutic setting for
inflammatory disorders. We chose to focus on the forms of ILD
associated with chronic inflammation to probe the therapeutic po-
tential of this aaRS SV. Hence, a therapeutic form based on HARS " £
engineered to confer extended serum exposure (HARSV'FP-Fc/
efzofitimod) was developed and evaluated in preclinical studies and
eventually in a phase 1b/2a clinical study in patients with pulmonary
sarcoidosis, a form of inflammatory ILD, demonstrating a promising
safety profile and dose-dependent improvement in efficacy parameters
for lung function and quality of life (31-33).

RESULTS

Inflammatory cytokines induce HAR
secretion in lung cells

Previous work has shown that the HARS"*** SV is enriched in human
lung tissue (30). We therefore studied cytokine regulation of HARS"H*
expression and secretion in the human lung alveolar type II pulmo-
nary epithelial cell line A549, given that this type of cell contributes to
the pathogenesis of ILD (34, 35). A panel of six proinflammatory,

SWHEP yp-regulation and

Nangle et al., Sci. Transl. Med. 17, eadp4754 (2025) 12 March 2025

anti-inflammatory; or fibrotic cytokines was screened in singlets and all
possible combinations for the stimulation of A549 (table S1). Among
the one- or two-cytokine treatments, HARS proteins containing the N-
terminal WHEP domain (N-HARS such as HARS"5F) were actively
secreted after stimulation with the inflammatory cytokines tumor ne-
crosis factor-a (TNF-a) and interferon-y (IFN-y; fig. S1A). These two
cytokines are key contributors to the initiation of lung inflammation
and fibrosis. Secretion was time dependent along with the cell morphol-
ogy change from an epithelial-like appearance to a mesenchymal-like
spindle cell shape (Fig. 1A and fig. S1A), indicating an epithelial-
mesenchymal transition (EMT) that has been associated with patho-
genesis of fibrotic disorders (36, 37). The release of N-HARS was also
observed with most combinations of three or more cytokines in the
screen (table S1). In a time-course study, TNF-a and IFN-y also selec-
tively induced the up-regulation of HARS""E¥ but not of full-length
(FL) HARS mRNA (P < 0.0001; Fig. 1A). The HARS"® transcript in-
creased after inflammatory cytokine stimulation and, as expected, peak
expression preceded that of the secreted protein. These results estab-
lished a notable cytokine dependence for expression of HARS"
mRNA and for subsequent secretion of the translated protein, whose
production was decoupled from HARS_FL mRNA expression.

HARS"HEP adapted to a therapeutic modality retains
structural conformation of natural SV

On the basis of our data, we expected that the secreted HAR
protein would be released locally at inflammatory sites and exhibit a
relatively short serum half-life given its small size. To generate a
more therapeutically relevant molecule and establish the potential
for in vivo testing, we fused the HARS WHEP domain amino ac-
ids 2 to 60 to the Fc region of human immunoglobulin G1 (IgG1)
(HARSYHEP_Ec). The protein was expressed in Escherichia coli cells
in insoluble inclusion bodies, subject to refolding; purified; and con-
firmed to form a dimer in solution (fig. S1B).

A structure determined by nuclear magnetic resonance (NMR) re-
vealed an HTH motif for the HARS WHEP domain [Protein Data Bank
(PDB): 1X59]. Earlier work also investigated the three-dimensional
(3D) NMR structure of another human HARS SV, which linked the
WHEP domain to the C-terminal anticodon binding domain (38). This
natural SV with the protein designated as HARSACD skips the entire
CD and purifies as a monomer. Unlike monomeric HARS WHEP alone
or HARSACD, HARS""¥_Fc is a dimer because of the inclusion of an
IgG1-Fc domain to provide half-life extension in serum. This distinc-
tion provided some motivation to investigate further the conformation
of the WHEP domain in HARSV"**-Fc, especially to see if it was al-
tered by dimer formation. We were able to crystallize HARS"**-Fc
and to obtain a 2.8-A structure (Fig. 1B and table S2). This structure
confirmed that dimerization occurs through the Fc chains and that the
WHEP domain itself is free of contacts with those chains. When
the NMR structures of the WHEP domain alone (PDB: 1X59) and the
WHEP in HARSACD (PDB: 2LW?7) were overlaid with that of the crys-
tal structure of HARS"HFPFc reported here, the superpositions had
root mean square deviations of 0.779 and 1.324 A, respectively (Fig.
1C). Thus, the WHEP domain of HARS""**-Fc is relatively unper-
turbed by the presence of the Fc portion.

WHEP
S

NRP2 is the specific target receptor for HARSWVHEP

on immune cells
To identify a possible receptor for HAR , we took advantage of
the library of more than 4500 human membrane proteins assembled

SWHEP
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each image. Proteins are labeled in different colors to indicate nonspecific targets (black), inverse staining target (purple), specific target for positive control
(orange), and specific targets for HARSVMEP-Fc (green; NRP2a and NRP2b). (E) SPR data showing the binding of NRP2 or NRP1 to immobilized HARS"WHEP-Fc.
Left: representative response curves of HARSYHE-Fc binding to NRP1 (dark green) or NRP2 (yellow) expressed in resonance unit (RU). Right: percentage of
maximum response for NRP1 or NRP2 binding to HARSWHEP-Fc. Three independent experiments were performed. Data are shown as mean + SEM. *P < 0.05
by unpaired t test comparing NRP1 and NRP2. (F) The plot shows the titration of HARSVHEP-Fc (green) or NH-Fc (gray) binding to Expi293 cells overexpressing
NRP2 by flow cytometry analysis. The x axis shows the protein concentration, and the y axis shows the percentage of cells bound by HARSVHEP-Fc or NH-Fc.
Data were from two separate experiments. Two technical replicates were analyzed for each experiment, and means were used in the plot. Data are shown as
mean + SEM. ECso = 28.3 nM by four-parameter (agonist) versus response fitting using Prism (R2 = 0.9937). P values for comparisons of HARSWHEP_Ec versus
NH-Fc control at each protein concentration were derived from two-way ANOVA followed by Tukey’s multiple comparisons test. ****P < 0.0001. (G) Left:
plots of median fluorescence intensity (MFI) by the a-NRP2 (yellow) or isotype control (gray) staining and a-Fc staining for bound HARSWMEP-Fc (green) or
NH-Fc (black) on THP-1 monocytes and MO and M1-like macrophages. Right: representative flow spectra. THP-1 monocytes were differentiated to MO macro-
phages by PMA treatment for 24 hours, which were further polarized to M1-like macrophages by treatment with PMA, LPS, and IFN-y for another 24 hours.
Three independent experiments were performed, and shown are representative data with n = 2 technical replicates. **P < 0.01 and ***P < 0.001 by unpaired
t test. (H) Shown is the percentage of HARS"MEP-Fc binding to THP-1 M1 macrophages in the presence of the blocking antibody a-HARS""& (purple) or a-
NRP2-b1 (blue) or isotype control (gray) relative to that without antibody blocking. Data are from three independent experiments. Two technical replicates
were analyzed for each experiment, and means were used in the plot. Data are shown as mean + SEM. **P < 0.01 by one-way ANOVA followed by Tukey’s
multiple group comparisons test. (1) Binding of various NRP2 domains to HARS"WHEP_Fc measured by SPR. Left: representative response curves of a2b1b2 do-
mains (blue), b1b2 domains (red), or b1 (green) domain of NRP2. Right: percentage of maximum response for the NRP2 domains binding to HARSWHEP_Fc.
Three independent experiments were performed. Data are shown as mean + SEM. ***#P < 0.0001 by one-way ANOVA followed by Tukey’s multiple group
comparisons test. (J) Percentage of HARS"MEP_Fc-bound cells in Expi293 cells that overexpressed WT or domain-swapped NRP2 (NRP2™). Left: dose-response
curves of HARS"MEP_Fc binding by four-parameter (agonist) versus response fitting using Prism. Right: percentage of NRP2* cells overexpressing WT or
domain-swapped NRP2 that were bound with HARSVHEP-Fc at 3 uM. Two independent experiments were performed, and shown are representative data with
n = 2 technical replicates. Data are shown as mean + SEM. *#*P < 0.01 and ****P < 0.0001 by one-way ANOVA followed by Tukey’s multiple group compari-
sons test. (K) The crystal structure showing interaction sites of HARSWH® and a-HARS"HE Fab in their protein complex (see also fig. S1G). Red: Fab heavy
chain; blue: Fab light chain; green: HARS"H®. Ab, antibody; CDRs, complementarity-determining regions.

Nangle et al., Sci. Transl. Med. 17, eadp4754 (2025) 12 March 2025 30f16

GZ0Z ‘2T Yoke\ Uo a1niisu | yoeasay sddos 1e BI0°80us 105 MMM,/:SanY Wou | papeo jlumod



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

by Retrogenix Biotechnology Company (now part of Charles River
Laboratories). In screening through this library by staining and im-
munofluorescence (IF) detection of bound HARSWHEP-Fc on hu-
man embryonic kidney (HEK) 293 cells overexpressing each of the
membrane proteins, neuropilin-2a (NRP2a) and NRP2b isoforms of
the NRP2 rece&),tor were identified as the sole validated binding tar-
gets for HARS" M P_F¢ (Fig. 1D and table S3). NRP2 is a pleiotropic
receptor with functional roles in the cardiovascular, nervous, and
immune systems (39). In the screen, no binding was detected for the
related and structurally similar receptor NRP1 (45% sequence iden-
tity to NRP2). The specificity of HARS"FP-Fc for binding NRP2
but not NRP1 was confirmed by surface plasmon resonance (SPR)
measurements (P = 0.0146; Fig. 1E). In further work, we found that
HARSYHEP_Fc bound with a median effective concentration (ECsg)
around 30 nM to NRP2 overexpressed on HEK Expi293 cells (Fig.
1F). A control protein NH-Fc (IgG1-Fc fused with only amino acids
2 to 11 of HARS"™? and missing amino acids 12 to 60) showed
little binding to these cells.

Next, we took advantage of the finding that cell surface NRP2 ex-
pression was up-regulated during THP-1 differentiation from mono-
cytes to MO macrophages by the treatment of phorbol 12-myristate
13-acetate (PMA) (P < 0.01). The up-regulation was especially
prominent on M1-like macrophages further polarized with h‘BOEOlY_
saccharide (LPS) and IFN-y (Fig. 1G). We found that HARS HEP R
bound to THP-1 MO and M1-like macrophages that express endog-
enous NRP2 (P < 0.01). The binding of HARS""¥¥_Fc to THP-1
macrophages, but not to monocytes, was in accordance with the up-
regulation of surface NRP2 expression upon differentiation and po-
larization. Last, we showed that binding was blocked by either an
a-HARS"M P antibody or an a-NRP2 antibody that specifically binds
the bl domain (Fig. 1H).

The b1 domain of NRP2 and “turn” of the HARS"W"¥P HTH
structure are responsible for the receptor-ligand interaction
Neuropilins are membrane proteins with a large 800-amino acid ex-
tracellular domain connected to a transmembrane helix and termi-
nating in a C-terminal cytoplasmic tail of about 40 amino acids (40).
Both NRP1 and NRP2 interact with semaphorin and vascular endo-
thelial growth factor (VEGF) ligands. They are distinguished by the
specificity of their interactions with these ligands. Both NRP1 and
NRP2 have five extracellular domains, designated as al, a2, bl, b2,
and c. To map the domains of NRP2 that interact with HARS"7*F-
Fc, we first investigated binding interactions of individual, isolated
NRP2 domains with HARS""**-Fc using SPR. From these experi-
ments, we found that the NRP2 a2b1b2 fragment interacted with
HARSVHFP_F¢, whereas the isolated bl domain or b1b2 domains
that could bind VEGF-C (fig. S1C) did not interact with HARSWHEP.
Fc (P < 0.0001; Fig. 11).

We then took advantage of the interaction specificity of HARS" =P~
Fc for NRP2 versus NRP1. This specificity enabled us to do domain-
swap experiments using recombinant proteins to investigate the
contribution of individual domains and also to maintain the context of
the 3D structure. HARS""**-Fc binding was analyzed by flow cytometry
using Expi293 cells overexpressing the wild-type (WT) or domain-
swapped NRP2 (fig. S1D). The cells were gated as the NRP2" population,
which showed comparable NRP2 surface expression across WT
and domain swaps (fig. S1E). HARS""**_Fc binding was reduced by
the a2 (P=10.0019), bl (P < 0.0001), or b2 (P < 0.0001) domain swap in
comparison with W'T, whereas it was unaffected by the al domain swap
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(Fig. 1]). These results demonstrate that the a2b1b2 domains but not
the al domain of NRP2 provide the binding sites for HARS" ' F-Fc.
The bl domain swap decreased the binding more than the a2 or b2 do-
main swap (P < 0.01), suggesting that the bl domain is primarily re-
sponsible for the interaction with HARS"™¥*-Fc. The NRP2 a2b1b2
domains also encompass binding regions for the known NRP2 ligands
VEGF and semaphorin. In a ligand-induced receptor dimerization as-
say, HARS"MEP_Fc did not block VEGF-C or semaphorin 3F-induced
NRP2/co-receptor dimerization (fig. S1F).

To further narrow down the inferred interaction site of HAR
Fc with NRP2, we obtained crystals of HARS"" with the antigen
binding fragment (Fab) of the blocking a-HARS""* antibody (fig.
S1G). These crystals were of sufficient quality to obtain a 2.3-A crystal
structure (table S2). This cocrystal showed that residues in the turn
and adjacent helices of the HARS"™ ™ HTH interacted with the
blocking antibodg’s Fab (Fig. 1K). Thus, we inferred that the middle
loop of HARS"HP is critical to engage the interaction with NRP2 (fig.
S1H). The amino acid sequences of the middle loop across different
aaRS WHEP domains are poorly conserved (fig. S1I), and as expected,
the interaction with NRP2 was specific to HARSWHEP (fig. S1J).

GWHEP_

HARS""¥P-Fc binds to differentiated and stimulated
macrophages enriched in NRP2
On the basis of the connection between HARS and inflamma-
tion, we set out to better understand the regulation of NRP2 in pri-
mary immune cells. Immune cells were isolated from peripheral
blood mononuclear cells (PBMCs) of healthy human donors and
stained for NRP2 expression on naive cells or cells stimulated by in-
flammatory cytokines or activating antibodies. NRP2 expression
was relatively low on the surface of naive monocytes, dendritic cells
(DCs), and T cells as indicated by comparable staining signals of a-
NRP2 and isotype control on these cells (Fig. 2A and fig. S2A). It was
up-regulated specifically on myeloid cells such as macrophages upon
induction of cell differentiation or stimulation with inflammatory
agents. For example, MO macrophages differentiated by macrophage
colony-stimulating factor (M-CSF) showed more than a threefold
increase in surface-localized NRP2 in comparison with unstimulated
primary monocytes (P = 0.0261; Fig. 2A). By polarization of MO
macrophages to proinflammatory M1-like, NRP2 was further in-
duced compared with MO cells (P = 0.0096; Fig. 2A). In contrast,
polarization to anti-inflammatory M2-like macrophages did not
further increase NRP2 expression compared with MO cells. In addi-
tion, stimulation of CD4* and CD8" T cells in the PBMCs from the
same donors with a-CD3/a-CD28 failed to increase NRP2 expres-
sion (fig. S2A). Therefore, NRP2 was primarily induced on macro-
phages by differentiation and inflammatory stimulation, pointing to
a potential role for this receptor in the inflammatory response.
Next, we demonstrated that HARS"EP-Fc bound to the cell sur-
face of MO macrophages with significantly more binding signal than
the NH-Fc control protein by flow cytometry analysis (P = 0.0059;
Fig. 2B). This binding was entirely blocked by the a-HARS" ™" anti-
body (Fig. 1K) and inhibited by an a-NRP2 Fab that targets the bl
domain of NRP2 (P < 0.001; Fig. 2C). When the M0 macrophages
were treated with the inflammatory cytokines TNF-a and IFN-y,
which induced HARS"HEP expression in lun§ A549 cells (Fig. 1A), the
macrophages also showed elevated HARS"""*" expression compared
with unstimulated cells (P = 0.0155; Fig. 2D and fig. S2B). In contrast,
elevated expression was not observed for HARS_FL transcripts (Fig.
2D). Therefore, HARS" ™" was induced by inflammatory stimulation
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Fig. 2. Macrophages enriched in surface NRP2 A
expression were bound and modulated by Primary monocyte-derived macrophages NRP2
HARS"MEP-Fc. (A) Left: MO, M1-like, and M2-like Day 0 3 6 8
macrophages or immature DCs (iDCs) and mature | '
. . . Seed primary monocytes ~ Spike in media Activate with Measure
DCs (mDCs) were generated in vitro from primary in media with M-CSF with M-CSF LPS +IFN-y NRP2
CD14*CD16~ monocytes isolated from PBMCs, o100 10° 10
and NRP2 expression on the cell surface was evalu- a-NRP2 orisotype
ated by flow cytometry. Middle: representative
histograms of NRP2 staining on M1 macrophages Primary monocyte-derived dendritic cells o NRE2
and mDCs. The x axis is a-NRP2 (red or orange) or Daly 0 :Ia 5 7 |
isotype control (gray)—Alexa Fluor 647 fluores- | | ¥
. . L. . Seed primary monocytes in Refresh media Mature with Measure
cence intensity—and the y axis is the normalized ~ mediaw GMCSFand Il-4  w GM-CSF and IL-4 LPS NRP2
cell count. Right: NRP2 expression represented as 100 10° 407
a-NRP2 or isotype
fold change of a-NRP2 staining MFI relative to that
of isotype control staining. For circulating mono- B - c D = PARSFL
cytes and DCs, PBMCs were evaluated for NRP2 4 125 _R¥* i 804 L. - Z:f,i
expression on monocyte (CD147CD167) and DC .No == CD80
(CD147CD11c¢™) populations. n = 4 donors for blocking 601 = CD86
monocytes and macrophages, and n = 2 or 3 do-
nors for DCs. Data are shown as mean + SEM.
*P < 0.05, **P < 0.01, and ***P < 0.001 by un-
paired t test. (B) Fold change of a-Fc staining of
bound HARSVHEP_Fc (green) or NH-Fc control X
(gray) relative to that of secondary antibody-only
staining on PMDMs measured by flow cytometry.
Data are from three independent experiments. E
Two technical replicates were analyzed for each
experiment, and means were used in the plot.
Data are shown as mean + SEM. **P < 0.01 by un-
paired t test. (C) Percentage of HARSYMEP_Fc bind-
ing on PMDMs in the presence of a-HARS""E?
(purple), a-NRP2 Fab (blue), or isotype controls
(gray) by flow cytometry analysis. Data are from
three separate experiments. Two technical repli-
cates were analyzed for each experiment, and
means were used in the plot. Data are shown as
mean + SEM. ***P < 0,001 by unpaired ttestcom-
paring a-HARS"MEP or a-NRP2 Fab to the respective 50+
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SEM. *P < 0.05, **P < 0.01, and ***P <0001 _ 60000+ ge |3 * i
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with HARSHEP_Fc or NH-Fc treatment of PMDMs at o . . : e
day 0, 2,4, and 6 post—cell seeding and treatment. 1 2 3 4 5 6 8
Time (days) 10 Donors

Primary monocytes from a healthy donor were
differentiated by M-CSF in the presence or absence of HARS"ME-Fc or NH-Fc. Pink: mask for cells with monocyte-like morphology, and blue: mask for cells with macrophage-
like morphology. Scale bars, 75 pm. Quantification results are shown in (F) and (G). (F) Top: kinetic plot of percentage of PMDMs with macrophage-like morphology during 8 days of
culture in the presence of M-CSF, with or without HARSWHEP_F¢ (green) or NH-Fc (gray) treatment. Bottom: a-NRP2 (yellow) versus isotype control (black) staining of PMDMs during
8 days of culture in the presence of M-CSF only. Three separate experiments were performed. Shown are representative data with n = 3 biological replicates for macrophage percent-
age and n = 3 technical replicates for staining of NRP2 expression. Data are shown as mean + SEM. *P < 0.05, **P < 0.01, **#P < 0.001, and ****P < 0.0001 significantly different be-
tween HARSHEP_Fc and NH-Fc treatment or a-NRP2 and isotype control staining at a specific time point by two-way ANOVA followed by Tukey’s multiple group comparisons test.
(G) Fold change of HARS""EP_Fc (green) over nontreated control (gray) in area under the curve of macrophage count or percentage macrophage plots from days 0 to 4 in
PMDMs. Data are shown as mean + SEM. *P < 0.05, **P < 0.01, and ****P < 0.0001 significantly different between HARS""E"-Fc and nontreated by unpaired t test for each
donor. GM-CSF, granulocyte-macrophage colony-stimulating factor.
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of both lung and macrophage cells and may act on macrophages in a
paracrine or autocrine manner through NRP2.

HARS"MEP_Fc down-regulates a key inflammatory receptor
and cytokines in primary monocyte-derived macrophages
To explore the functional impact of the binding of HARS" M *-Fc to
myeloid cells, we isolated primary CD14*CD16~ monocytes from
healthy human donors. These cells were then differentiated into
macrophages by M-CSF in the presence or absence of HARS" -
Fc. They were then evaluated for morphological change, transcrip-
tional regulation, cell surface marker expression, as well as cytokine
expression and secretion. HARS""*_Fc promoted an unexpected
morphology change across the differentiation of primary monocyte-
derived macrophages (PMDMs). With HARSWHEP_F¢ treatment, the
number and percentage of cells with macrophage morphology were
increased when compared with cells treated with the control protein
NH-Fc or nontreated (P < 0.05; Fig. 2, E and F), and this effect was
entirely blocked by an a-HARS""*¥ Fab (fig. $3). In a time-course
study, the increase in percentage of macrophages aligned with NRP2
up-regulation on the surface of these cells (P < 0.0001; Fig. 2F), con-
sistent with a correlation between NRP2 expression and appearance
of macrophages as well as an effect by HARS" "**-Fc through bind-
ing to NRP2. These observations were consistent across a total of 10
tested donors (Fig. 2G).

The subsequent high-throughput whole—transcriR,tome sequenc-
ing [RNA sequencing (RNA-seq)] showed that HARS HEP_Fe_treated
PMDMs had distinct transcriptional profiles compared with the
NH-Fc-treated or nontreated cells by principal components analysis
(PCA; Fig. 3A). Through UCSD (University of California San Diego)
gene set enrichment analysis (GSEA) of the 50 hallmark gene sets that
represent specific, well-defined biological states or events, the PMDMs
from two donors had the same 11 gene sets down-regulated by
HARSYHEP_Fc [P < 0.05 and false discovery rate (FDR) g value < 0.2;
Fig. 3B and table S4]. These include immunoregulatory gene sets such
as TNFa_signaling_via_NFkB, allograft_rejection, inflammatory_
response, and IL2_STAT5_signaling.

HARS"H*_Fc inhibited the gene expression or secretion of a wide
array of inflammatory cytokines including MCP-1 (encoded by CCL2),
TNF-a, IFN-y, and interleukins compared with NH-Fc control by
RNA-seq and Meso Scale Diagnostics (MSD) analyses (P < 0.05; Fig.
3, C and D). Investigation of common macrophage markers (clas-
sically activated, alternatively activated, or fibrotic) showed that
HARSVHFP_Fc also reduced gene expression and the surface amount
of CD14, a co-receptor of Toll-like receptor 4 (TLR4) for inflammatory
signaling, compared with NH-Fc control (P < 0.001; Fig. 3, C and E,
and table S5). These results were consistent across both human donors.
Other markers such as CD80 and CD86 (classically activated or M1
markers) and CD163 and CD206 (alternatively activated or M2 mark-
ers) showed nonsignificant or nonconsistent changes in the two do-
nors (table S5). These results together with the transcriptional profiling
data suggested that HARS""*"Fc did not drive macrophages toward
the M1-like or M2-like subtype but instead modulated them to mani-
fest a distinct, less inflammatory profile with reduced expression of
surface receptor and proinflammatory cytokines. In further analysis,
we found that MYC mRNA expression and pathways related to
the cell cycle (G2M_checkpoint and E2F_targets) were also down-
regulated by HARS"H*P_Fc versus NH-Fc treatment of PMDMs
(P < 0.05; Fig. 3B and fig. S4), thereby indicating that cell proliferation
was inhibited.

Nangle et al., Sci. Transl. Med. 17, eadp4754 (2025) 12 March 2025

HARS"HEP_Fc inhibits inflammation and fibrosis across
preclinical models of ILDs

Early studies into the potential mechanism of HARS""*P-Fc sought to
understand its possible role in trafficking of immune cells using an LPS
acute lung inflammation model. These studies demonstrated that sys-
temic delivery of HARS" ™" -Fc reduced infiltration of myeloid cells (in
particular alveolar macrophages, inflammatory monocytes, DCs, and
neutrophils) into bronchoalveolar lavage and lung tissue samples from
mice (31). Building on these initial findings that HARSVHEP_Fc can
affect immune cell trafficking to the lung, we aimed to further evaluate
its potential efficacy in a standard model of lung injury characterized by
chronic inflammation and fibrosis. In a mouse model of bleomycin-
induced pulmonary fibrosis, treatment of bleomycin-induced animals
with HARS""™_Fc (0.4 mg/kg on days 8 and 15 of post-bleomycin
instillation) led to a significant reduction in lung fibrosis as determined
by Ashcroft scoring (P = 0.0015) in comparison with animals dosed
with vehicle (Fig. 4A). Inflammation scores trended lower in the
HARS""*_Fc-treated group but were not statistically significantly dif-
ferent from the vehicle group,

In addition, HARSV"*_Fc was evaluated head-to-head with
nintedanib in a rat model of bleomycin-induced lung fibrosis. In the
rat, HARS"MFP_Fc was administered on days 2, 9, and 16 after the
first bleomycin dose and attenuated deleterious Ashcroft scores sig-
nificantly (P = 0.037) when compared with its matched vehicle con-
trol (Fig. 4B). The inflammation scores were significantly lower in
the HARS" P_Fc group when comparing with the nintedanib ve-
hicle group but not the HARS""**-Fc vehicle group (P = 0.0408;
Fig. 4B). Analyses of lung hydroxyproline content and respiratory
minute volume assessment were also performed in the rat bleomy-
cin study, which demonstrated a significant imgrovement in respira-
tory function when comparing the HARS""*"-Fc group with the
HARSVHEP_Fc vehicle group (P = 0.0017; fig. S5). Nintedanib,
which was dosed daily from day 9 through day 22 after the initial
bleomycin dose, did not alter any of the analyzed end points in this
study (Fig. 4B and fig. S5).

To expand upon these findings and increase confidence in the
therapeutic activity of HARS"EF-Fc, we evaluated it across a panel
of preclinical mouse models of ILD. These included mouse models
that induce inflammatory lung responses including a model of sili-
cosis induced by silica; a model of CHP induced by the bacterium
Saccharopolyspora rectivirgula; a model of sarcoidosis induced by
the bacterium Propionibacterium acnes; a model of rheumatoid ar-
thritis (RA)-ILD developed in BALB/c-Zap70*W163C (SKG) mice,
which spontaneously develop chronic autoimmune arthritis; and a
mouse model of SSc induced as part of a chronic graft-versus-host
disease (cGvHD) response to a bone marrow transplant (Fig. 4, C to
G). End-point analysis for all models included histological analysis
of the lung as well as expression of the inflammatory biomarkers
IFN-y, interleukin-6 (IL-6), and MCP-1 in the lung tissue.

In the murine silicosis model, HARSY" P_Fc treatment pro-
duced a statistically significant reduction in the collagen content in
the lung (P = 0.0489) and lowered the amount of IFN-y expressed in
the lung (P = 0.0187) compared with the vehicle control group (Fig.
4C). Histopathological end points such as Ashcroft scores or inflam-
mation scores were not changed by HARS"F-Fc treatment in this
study (Fig. 4C).

In the S. rectivirgula model of CHP, the histological end points
determining the pneumonia score or bronchus-associated lymphoid
tissue (BALT) area were not changed in the HARS""*-Fc group
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Fig. 3. HARS""EP_Fc down-regulated inflammatory pathways, cytokines, and CD14 receptor in PMDMs. (A) PCA plot for transcriptomes of PMDMs treated with
HARS"EP_F¢, NH-Fc, or nontreated. Cells from two donors were used in this study. For each donor, n = 3 biological replicates for each treatment. In group clustering, n = 3
for the HARSWHEP_Fc group, and n = 6 for the control group (three of NH-Fc and three of nontreated). (B) Normalized enrichment scores (NESs) of hallmark gene sets com-
paring the transcriptomes of PMDMs treated with HARS"MEP-Fc versus control by GSEA. n = 3 for HARSWHE-Fc, and n = 6 for control (three of NH-Fc and three of non-
treated) for each donor. A total of 50 hallmark gene sets were analyzed, and shown are those significantly down-regulated (with negative NESs) by HARSVHE-Fc treatment
in comparison with control (NH-Fc and nontreated) in both donors. Significance was calculated by GSEA and defined as normalized P < 0.05 and normalized FDR g value
<0.2. (C) Relative quantity of CCL2 (encoding MCP-1), TNF, or CD14 mRNA expression in HARSWHEP-Fc (green)- or NH-Fc (dark gray)-treated PMDMs to that in nontreated
cells (light gray) based on the RNA-seq data analysis. n = 3 biological replicates. Data are shown as mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way

ANOVA followed by Tukey's multiple group comparisons test. (D) Shown are logs(fold change) of secreted cytokine quantities from PMDMs with HAR!

SWHEP_Fc treatment

compared with NH-Fc control by MSD cytokine assays of culture supernatants. Cells from two donors were used in this study. For each donor, two independent experi-
ments were performed; n = 4 biological replicates. Data are shown as mean + SEM. P values for comparing fold changes of HARS"MEP-Fc and NH-Fc groups in each cyto-
kine secretion were derived from two-way ANOVA followed by Tukey’s multiple group comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, and **#P < 0.0001. (E) Cell
surface CD14 receptor expression in HARSVHEP_Fc— or NH-Fc-treated PMDMs by flow cytometry analysis. Left: representative flow spectra of PMDMs with no stain, isotype
control, or a-CD14 staining. Right: fold change of a-CD14 staining MFI in NH-Fc (gray)- or HARSVHEP-Fc (green)-treated cells relative to that in nontreated cells. Cells from
six donors were used in this study. Two technical replicates were analyzed for the experiment with each donor, and the means were used in the plot. Data are shown as

mean + SEM. ***P < 0.001 by unpaired t test.

(Fig. 4D). The inflammatory markers IFN-y (P = 0.0251) and MCP-
1 (P = 0.0008) were significantly lower in the animals treated with
HARSYHF_Fc (Fig. 4D).

Similar to the CHP model, no changes in histological end points
were produced by HARSVHFP_Fc treatment in the P. acnes model
(Fig. 4E) compared to the control group. However, all three markers,
IEN-y (P = 0.0346), IL-6 (P = 0.0021), and MCP-1 (P = 0.0247),
were reduced in a significant manner compared with vehicle control
(Fig. 4E).

Compared with vehicle control, HARS™*-Fc produced a statis-
tically significant reduction in lung fibrosis in the SKG mouse model
of RA-ILD as demonstrated by reduced Masson’s trichrome (MTC)
staining (P = 0.0092; Fig 4F). In addition, a strong reduction in in-
flammatory myeloid cells (P = 0.0467) and monocytes (P = 0.0455)
was achieved with HARS"HEP_Fc treatment (Fig. 4F).

Last, in the sclerodermatous cGvHD mouse model, Ashcroft scores
(P < 0.0001), amount of hydroxyproline (P < 0.0001), and myofibro-
blast counts (P < 0.0001) were reduced in response to HARSWHEP_Fc
treatment as compared with the vehicle control (Fig. 4G). RNA iso-
lated from the lungs showed significant down-regulation of IFNG
(P<0.0001), L6 (P < 0.0001),and CCL2 (encoding MCP-1; P= 0.0007)
transcripts in response to HARS"EP-Fc relative to the vehicle control
group (Fig. 4G).

Nangle et al., Sci. Transl. Med. 17, eadp4754 (2025) 12 March 2025

NRP2 is enriched on myeloid cells in affected tissues from
patients with inflammatory ILD

To better understand the expression of NRP2, the target receptor of
HARSVHFP_Fq, in the affected tissues of patients with inflammatory
ILD and confirm its up-regulation on myeloid cells in sites of chron-
ic inflammation, we performed an extensive analysis of NRP2 ex-
pression in patient biopsy samples. In previous work, we discovered
that NRP2 protein was enriched in sarcoidosis granulomas [clumps
of inflammatory cells found in one or more organs of the body de-
noted by the presence of Langhans giant cells, which are myeloid in
nature (41)] found in tissue biopsies from patients with sarcoidosis
by immunohistochemistry (IHC) (31, 42). In the current work, we
expanded the analysis to a related form of ILD and detected NRP2
expression in the affected skin of patients with SSc by IHC (Fig. 5A
and fig. S6). Moreover, using a specific in situ costaining hybridiza-
tion technique, we were able to detect colocalization of NRP2 RNA
with macrophage markers CD68 and CD163. In lung biopsies from
four patients with pulmonary sarcoidosis, NRP2 was significantly
more colocalized with CD68* and CD163" macrophages than with
CD4" and CD8" T cells (P < 0.05; Fig. 5B). Consistently, high per-
centages of colocalization of NRP2 and macrophage markers were
observed in the skin biopsies of five patients with SSc (Fig. 5C).
NRP2 was expressed at a higher amount on circulating monocytes
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is the HARS"E-Fc dosing regimen
and timeline of the murine CHP model (left). Pneumonia scores and %BALT area/lung are shown for HARS"MEP_Fc and its vehicle control (middle). Lung homogenates were analyzed
for IFN-y, IL-6, and MCP-1 expression using a multiplex ELISA (right). n = 10 for each group. Data are shown as mean + SEM. *P < 0.05 and ***P < 0.001 by unpaired t test. (E) Shown
is the HARSWHEP_F¢ dosing regimen and timeline of the murine sarcoidosis model (left). IP, intraperitoneal; OP, oropharyngeal. Ashcroft scores, %BALT area/lung, and granulomatous
inflammation scores are shown for HARS"ME-Fc and its vehicle control (middle). Lung homogenates were analyzed for IFN-y, IL-6, and MCP-1 expression using a multiplex ELISA
(right). n = 8 for vehicle, and n = 10 for HARS"""-Fc. Data are shown as mean + SEM. *P < 0.05 and **P < 0.01 by unpaired t test. (F) Shown is the HARSHE-Fc dosing regimen and
timeline of the murine RA-ILD model (left). %MTC per lung section and immune cell counts (inflammatory myeloid cells and monocytes) from lung single-cell suspensions are shown
for HARS"MEP-Fc and its vehicle control (middle). Lung homogenates were analyzed for IFN-y, IL-6, and MCP-1 expression using a multiplex ELISA (right). n = 9 or 10 for vehicle and
n =7 or 8 for HARS"HEP-Fc depending on the end point. Data are shown as mean + SEM. *P < 0.05 and **P < 0.01 by unpaired t test. (G) Shown is the HARSYMEP-Fc dosing regimen
and timeline of the murine SSc model (left). Ashcroft scores, hydroxyproline content, and myofibroblast counts are shown for HARS"MEP_Fc and its vehicle control (middle). RNA ex-
tracted from the lung was analyzed for IFNG, IL6, and CCL2 (MCP-1) transcript quantities by quantitative polymerase chain reaction (right). n = 8 for each group. Data are shown as
mean + SEM. #**P < 0.001 and ****P < 0.0001 by unpaired t test.
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Fig. 5. NRP2 was expressed on myeloid cells of human disease samples. (A) IHC staining is shown for human pulmonary sarcoidosis lung and scleroderma skin tissue
with isotype control or a-NRP2 antibody (see also fig. S6). Red arrows indicate NRP2 reactivity. Scale bars, 100 pm for pulmonary sarcoidosis lung and 50 pm for sclero-
derma skin. (B) Left: RNAScope staining of NRP2 (white) and IF staining of myeloid cell markers CD68 (green) and CD163 (red). DAPI stains the nuclei (blue). Arrows indicate
colocalization of NRP2 with macrophage markers. Scale bars, 100 um for top images and 10 pm for bottom images. Right: semiquantification of NRP2 colocalization with
macrophage or T cell markers in four biopsies from distinct patients with pulmonary sarcoidosis. See table S9 for sample information. Data are shown as mean + SEM.
*P < 0.05 and **P < 0.01 by one-way ANOVA followed by Tukey’s multiple group comparisons test. (C) Left: RNAScope staining of NRP2 (white) and IF staining of macro-
phage markers CD68 (green) and CD163 (red). DAPI stains the nuclei (blue). Arrows indicate colocalization of NRP2 with macrophage markers. Scale bars, 50 pm for top
images and 10 pm for bottom images. Right: semiquantification of NRP2 colocalization with macrophage markers in five biopsies from distinct patients with SSc. See table
S9 for sample information. Data are shown as mean + SEM. No statistical significance was found by unpaired t test. (D) NRP2 expression on CD14* monocytes from healthy
donors and patients with ILDs, represented as fold change of a-NRP2 staining MFI relative to that of isotype control staining. n = 5 to 7 for each group. Data are shown as

mean + SEM. *P < 0.05 by one-way ANOVA followed by Dunnett’s group comparisons using the healthy donor group as control.

in patients with sarcoidosis and SSc-ILD compared with healthy
controls (P < 0.05; Fig. 5D). Collectively, these results indicated that
NRP2 was highly expressed on circulating monocytes and macro-
phages in affected tissues of patients with ILDs.

Given the high amounts of NRP2 expression observed in myeloid
cells from patients with ILDs, we wanted to explore whether cells from
these patients would behave in a similar or different manner to healthy
individuals when differentiated in the presence of HARSVEP_Fc. De-
spite difficulty in obtaining PBMC samples from patients with ILDs
with sufficient cell numbers to support in vitro mechanistic studies, we
were able to obtain cells from two patients with sarcoidosis to explore
the morphology change or transcriptome profile. Consistent with the
observations in healthy individuals, HARS " "**-Fc promoted differen-
tiation of patient PMDMs, increasing the percentage and count of cells
with macrophage morphology in comparison with NH-Fc or non-
treated control (P < 0.0001; fig. S7A). From one patient, the PMDM
number was sufficient for transcriptome profiling by RNA-seq fol-
lowed by GSEA. Among the 50 analyzed hallmark gene sets, 14 gene
sets (including immunoregulatory, EMT, and cell cycle pathways) were
down-regulated by HARS" H*P_Fc versus control (P < 0.05 and FDR g
value <0.2; table S6). The top three down-regulated pathways were all
immune related including inflammatory_response, allograft_rejection,
and TNFa_signaling_via_NFkB (Fig. 6A). These were also among
gene sets down-regulated by HARS" "**-Fc in PMDMs from two
healthy donors but were ranked higher in patient cells with more nega-
tive enrichment scores (—1.9 to —1.7 in the patient and —1.5 to —1.2 in
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the healthy donors). Gene expressions of inflammatory cytokines and
receptor (CCL2, TNF, and CD14) were also reduced to a greater extent
by HARSWMEP_Ec in cells from the patient with sarcoidosis compared
with the healthy donor (P < 0.01; Fig. 6B and fig. S7B). It was also
noted that the nontreated patient PMDMs had a much higher CCL2
and TNF expression compared with that of healthy donors (P < 0.001;
fig. S7C).

Efzofitimod treatment down-regulates inflammatory
biomarkers and pathways in circulating PBMCs from
patients with sarcoidosis

HARS"WHEP_Fc completed a phase 1b/2a clinical trial for treatment of
patients with sarcoidosis with a good manufacturing practice (GMP)-
manufactured version (international nonproprietary name: efzofiti-
mod). The clinical trial and results were described in detail previously
(31-33). The data generated by this trial provided the opportunity to
examine biomarkers in patients with sarcoidosis with efzofitimod or
placebo treatment. These patients were receiving palliative steroid
therapy (prednisone). In a 24-week course of study, the patients were
treated with efzofitimod or placebo, and steroids were tapered down
during the first 8 weeks (fig. S8A). RNA-seq was performed on
PBMC:s of patients using samples collected on day 1 before the treat-
ment of placebo or efzofitimod as baseline and those collected at the
end of study (EOS; week 24) posttreatment. The PCA of the RNA-seq
data suggested that the efzofitimod and placebo groups at EOS
had more distinct transcriptome profiles compared with baseline,
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from placebo or efzofitimod-treated patients at EOS versus day 1.n = 5 patients in each group. A total of 50 hallmark gene sets were analyzed by GSEA and ranked by ANES (placebo-
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(#) they are included in the immune pathways significantly up-regulated (for the placebo group) or down-regulated (for the efzofitimod group) comparing transcriptomes at EOS
versus day 1. Significance was calculated by GSEA and defined as normalized P < 0.05 and normalized FDR g value < 0.2. (G) Biomarker serum amounts on day 1 and EOS for
each patient with sarcoidosis in the placebo and efzofitimod treatment groups (see also fig. S8E for plots of fold change for EOS relative to day 1 and IL-6 and MCP-1 data). n = 7 for
the placebo group, and n = 8 for the efzofitimod group. Data are shown as line plots for serum amounts before and after treatment. LLOQ, lower limit of quantification.
*P < 0.05 by paired t test (Wilcoxon matched-pairs signed-rank test). ns means nonsignificant. (H) Relative fractions of total macrophages and total mononuclear myeloid
cells in the placebo and efzofitimod groups before and after treatment as estimated by CIBERSORTx deconvolution analysis using the transcriptome data described in (C).
Total macrophages include M0, M1-like, and M2-like. Total mononuclear myeloid cells include macrophages, monocytes, and DCs. See also fig. S8F for relative fractions of all 22
immune cell types and fig. S8G for relative fractions of grouped cell subsets and individual mononuclear myeloid cell types. n =5 patients in each group. Data are shown in a box-and-
whisker plot. The box represents the interquartile range. The line within the box indicates the median value. The whiskers show the minimum and maximum values within the data-
set. *P < 0.05 by unpaired t test.
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indicating a differential effect of efzofitimod and placebo on the pa-
tients (fig. S8B). Specifically, whereas the placebo group showed up-
regulation of multiple immune pathways, which we assume was a
result of steroid tapering, efzofitimod treatment significantly reduced
these pathways (P < 0.05 and FDR g value < 0.2 by GSEA; Fig. 6C, fig.
S8C, and table S7).

Multiple immune pathways were among the top 10 differentially
regulated pathways between placebo and efzofitimod-treated pa-
tients. The top gene sets were for interferon_gamma_response, inter-
feron_alpha_response, and inflammatory_response (Fig. 6, D and E,
and fig. S8D). The leading edge analysis of core enriched genes in the
immune pathways revealed that genes including CXCL10, CXCL11,
and IRF7, which are involved in IFN signaling, were up-regulated in
the placebo group and also overlapped with ones down-regulated in
the efzofitimod group (Fig. 6F). Consistent with the gene expression
data, serum amounts of inflammatory biomarkers for sarcoidosis
such as IFN-y, IP-10 (interferon-gamma inducible protein 10, en-
coded by CXCL10), and TNF-a increased in the placebo group at
EOS versus the baseline at day 1 (P < 0.05; Fig. 6G). In contrast, these
markers showed no increase at EOS compared to day 1 in the
efzofitimod group (Fig. 6G) and were significantly lower in the fold
change of EOS versus day 1 compared to the placebo group (P < 0.05;
fig. S8E). Relative fractions of 22 immune cell subsets in the patient
PBMC:s were further estimated by deconvolution of the bulk RNA-seq
data using CIBERSORTYX, a computational method for quantifying
cell fractions (43). A decrease in the fraction of total mononuclear
myeloid cells, including monocytes, macrophages, and DCs, was ob-
served in the efzofitimod-treated group (P = 0.0309) but not in the
placebo group comparing EOS and day 1 (Fig. 6H). Other cell sub-
sets such as B, T, and natural killer cells showed comparable results
between efzofitimod and placebo groups (fig. S8, F and G). This find-
ing is consistent with the myeloid-relevant mechanism of action for
efzofitimod’s efficacy in reducing inflammation. Together, these
results demonstrate that efzofitimod better controlled inflamma-
tion in the patients with sarcoidosis during steroid tapering. Figure
S9 illustrates efzofitimod’s mechanism of action on myeloid cells and
the impact on patients with sarcoidosis on the basis of findings from
this study.

DISCUSSION

Sarcoidosis and connective tissue diseases such as SSc are a heterog-
enous group of systemic inflammatory disorders (41, 44). The devel-
opment of ILD associated with these diseases is a key complication
associated with morbidity and mortality. However, therapeutic op-
tions for ILD are limited, and new therapeutic targets or modalities
are in demand for better disease management (45). In the airway and
lung microenvironment, myeloid cells such as alveolar, interstitial,
and monocyte-derived macrophages play key roles in homeostatic
regulation as well as during the development of inflammation and
fibrosis in individuals with ILDs (46). As such, modulation of my-
eloid cells may represent a therapeutic strategy for inflammatory and
fibrosing lung diseases. The therapeutic form of HARS""¥, which
showed immunomodulatory functions on macrophages through the
binding to NRP2, reduced lung inflammation and fibrosis in multi-
ple animal models of ILD. Moreover, the phase 1b/2a clinical study
of HARSWHEP_E¢ (efzofitimod) showed initial positive data in pa-
tients with sarcoidosis with steroid tapering (31-33). These findings
support the crucial involvement of macrophages in the underlying
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pathogenesis and show promise in targeting these cells for the thera-
peutic intervention of ILD.

Our mechanistic studies revealed that endogenous HARSWHF? is
induced by the proinflammatory cytokines TNF-a and IFN-y. In sar-
coidosis, these cytokines are major contributors to chronic inflamma-
tion and a series of immunologic cascades involving T cell activation,
granuloma formation, expansion, and persistence (47). Our data also
showed that HARS"™**Fc promotes differentiation of PMDMs with
a decreased inflammatory profile without up-regulating typical M1-
like or M2-like macrophage markers, which demonstrates its immu-
nomodulator}ggroperties and highlights the plasticity of macrophages
(48). HARSWHEP_Fe (efzofitimod) reduces key macrophage-secreted
cytokines, such as TNF-a, IL-6, and MCP-1, in the preclinical and
clinical studies presented here. These cytokines are critically involved
in innate immunity and ILD pathology. For example, in connective
tissue disease-associated ILDs including SSc, RA, dermatomyositis,
and microscopic polyangiitis—-ILD, macrophages modulate the dis-
eases through mechanisms that up-regulate TNF-a, IL-6, and/or
MCP-1 (49). MCP-1, the major monocyte-recruiting chemokine, is
elevated in the sera and bronchoalveolar lavage fluid (BALF) of pa-
tients with ILDs, and its BALF amount has been correlated with dis-
ease severity (50, 51). Consistent with the down-regulation of these
cytokines/chemokines by HARS"HF-Ec, in a previous animal study
of the LPS acute lung inflammation model, HARS""**-Fc reduced
infiltrates of immune cells, including alveolar macrophages and in-
flammatory monocytes, in the bronchoalveolar lavage and lung tissue
samples from mice treated with HARSWHEP_Fc (31).

HARS added the WHEP domain at the time of metazoans and
retained it thereafter. Of the nine SVs annotated for human HARS,
all retain the WHEP domain and, at the same time, ablate the cata-
lytic unit (25). The creation of these catalytic nulls strongly supports
the idea of alternative functions for these variants, all of which pre-
sumably use the WHEP domain in some way. Here, we focused on
the smallest HARS SV, HARSVHEP which is just 60 amino acids. We
found earlier that HARSW™* was up-regulated in muscle biopsies
from patients with dermatomyositis (30). Using an antibody directed
against HARS"M™", we detected the expected 6.8-kDa protein in
cultured human cells and estimated its concentration to be about 1%
of that of native HARS. Further work showed that the HARS"HEP
transcript was present in the 13 different human tissue types, en-
riched in the lung (30). Consistent with the present work, the release
of HARSVHP to the extracellular space was observed in the circula-
tion of healthy donors (14). These results, the wide tissue distribu-
tion, and the present work support the possibility that HARS"
has broad utility in modulating the immune system in a variety of
tissues.

Our work supports the conclusion that the turn of the HTH motif of
the WHEP domain is critical for engagement of NRP2. The WHEP do-
main has a homolog in four other aaRSs and was originally designated as
the WHEP domain using the one-letter abbreviations of the amino acids
of the associated synthetases. Later, a fifth synthetase was identified with
the same homologous domain. The turn of other WHEP domains, such
as those found in glycyl-tRNA synthetase (GARS), tryptophanyl-tRNA
synthetase (WARS), methionyl-tRNA synthetase, and glutamyl-prolyl-
tRNA synthetase (EPRS), have unique turn sequences that possibly en-
able engagement with disparate extracellular receptors. This assertion is
consistent with the observation that despite high structural conservation
between these domains, none of the other aaRS WHEP domains exhib-
its binding to NRP2, and this interaction is unique to HARS" ¥ on the
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basis of the SPR binding data presented here. Furthermore, HARS" £
is entirely selective for NRP2 over the large number of receptors tested,
creating the potential that these aaRS domains have evolved to specifi-
cally modulate one receptor. The conserved lysine found in all of these
turns may be a common anchoring point to members of a group of re-
lated or unrelated extracellular receptors that engage the flanking diver-
gent loop residues.

Signaling functions associated with the three WHEP domains of
the naturally occurring EPRS fusion protein have been reported. The
fusion links together EARS with PARS through tandem WHEP do-
mains. These domains are RNA and protein binding elements that
regulate translation of a repertoire of inflammatory genes (52). Hu-
man WARS is secreted from monocytes where it interacts with TLR4/
macrophage-derived myeloid differentiation protein 2 through the
WHEP domain to stimulate chemokine secretion (53, 54). In GARS,
its WHEP domain was implicated to suppress an unknown physio-
logical function of GARS, and the Charcot-Marie-Tooth disease-
causing genetic variants in GARSI (which encodes GARS) might
disrupt WHEP-mediated suppression, resulting in gain-of-function
disease phenotypes (15, 55).

Our study has several limitations. We performed in vitro studies
primarily with human peripheral blood cells, which are readily ac-
cessible and relevant to the disease (56, 57). Subsequent studies on
primary cells in disease-relevant tissue (for example, human bron-
choalveolar cells from healthy donors and patients with specific ILD
diagnoses) and in collaboration with clinicians or biobanks with ac-
cess to patient samples could expand the understanding of the im-
munoregulatory activity and mechanism of action for HARS"" in
the context of individual disease states. Animal models of pulmo-
nary fibrosis are valuable tools for research, but it is important to
recognize that they do not perfectly reflect the heterogeneity and
complexities of human disease (58). The bleomycin-induced model
of lung fibrosis, for instance, often demonstrates a resolution of
fibrosis over time, which is unlike the progressive and irreversible
nature of human idiopathic pulmonary fibrosis and, thus, requires
dosing regimens that can elucidate efficacy that would not reflect
human dosing (59).

Opverall, our data demonstrated that HAR is a homeostatic
immunomodulator that reduces inflammation through targeting
NRP2 on macrophages, which can subsequently disrupt the cycle of
chronic inflammation and fibrosis. This mechanism strengthens the
rationale to target ILDs in their inflammatory stages using efzofiti-
mod. Together with clinical proof-of-concept data generated in the
phase 1b/2a clinical trial in patients with pulmonary sarcoidosis,
our findings highlighted the potential of HARSW™EP-Fc (efzofiti-
mod) as a therapeutic intervention for ILD and related inflamma-
tory disorders through a mechanism of action on macrophages. This
preclinical work in combination with clinical data considerably ex-
pands the basis for the application of an aaRS SV for treatment of
chronic inflammatory conditions, as well as encouraging explora-
tion of other aaRS-based therapies for disease intervention.

WHEP
S

MATERIALS AND METHODS

Study design

This study aimed to develop a therapeutic candidate derived from
naturally occurring SVs of the aaRS$ family on the basis of their non-
catalytic functions. We focused on one specific SV (HARS"EP) that
was implicated with immunoregulatory functions and associated
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with immune-mediated diseases. HARS"EF was fused to a human
IgG Fc for improved pharmacokinetics and evaluated for efficacies on
immune cells and in preclinical models of ILDs. We also identified
NRP2 as the target receptor of HARSY™ " and determined its up-
regulation in differentiated or activated myeloid cells. The mechanism
of action for HARS"™*" was further investigated using PMDMs, as
well as samples collected from a clinical trial of HARSFF-Fc (efzofi-
timod), in patients with sarcoidosis.

Animal studies performed at aTyr Pharma were governed and
approved by aTyr Pharma’s Institutional Animal Care and Use Com-
mittee (IACUC; protocol: ACUP-100). All treatment and control
groups had 10 mice per group, and health checks were performed
daily. Body weights were taken once a week, and mice with greater
than 20% body weight loss from baseline were carefully assessed for
potential euthanasia. Animal studies performed externally were
governed and approved by the IACUC of the respective institutions
and companies including Biomodels, Charles River, Artimmune,
Comparative Biosciences, and FibroCure. Both bleomycin lung in-
jury studies were run in male animals because it has been previously
shown that male mice have a greater response to bleomycin injury
than female mice regardless of age (60). Except the silicosis model,
all other models of experimental ILD were run in female mice for
practical purposes such as easier husbandry.

The phase 1b/2a clinical trial (www.clinicaltrials.gov; registry no.
NCT03824392) was a randomized, double-blind, placebo-controlled
study evaluating multiple ascending doses of efzofitimod in patients
with sarcoidosis who underwent a steroid taper. The clinical data
and demographics of the cohort were published previously (32).
Briefly, patients were dosed with placebo or efzofitimod (1, 3, or
5 mg/kg; n = 8 to 12 per group). Clinically meaningful improvements
were achieved by efzofitimod in a dose-dependent manner across
patient-reported outcomes, several of which reached statistical sig-
nificance in the dose arm (5 mg/kg) (32). Therefore, the current
study focused on comparing the efzofitimod group (5 mg/kg) and
the placebo group for serum biomarkers and PBMC transcriptomes.
Serum and whole-blood samples were collected at the start (day 1,
predose) and end (week 24, posttreatment) of the study (fig. S8A).
Patients who missed a scheduled drug dose or missed the week 24
blood draw were excluded from the serum biomarker assay. Five
patients in each of the placebo and efzofitimod groups had samples
collected on both day 1 and week 24 and qualified (with sufficient
PBMC count, viability, and RNA integrity) for the RNA-seq study.

Protein production

HARS""*-Fc is the HARS WHEP domain (amino acids 2 to 60)
fused with the human IgG1 Fc at the N terminus of HARS"™**. NH-
Fc, which contains amino acids 2 to 11 of HARS and the same Fc
fusion as HARS"HFP-Fc, was used as a negative control protein for
HARSVMFP_F¢ in this study. The drug substance of HARS"EP_Fc
for preclinical studies was produced in the process development
laboratories of KBI Biopharma and certified by subsequent analyti-
cal testing at KBI. For the clinical study, the GMP-manufactured
version of HARS""FP-Fc (efzofitimod) was used. Recombinant pro-
teins of human NRP2 and monoclonal antibodies against human
NRP2 (a-NRP2) were produced as previously described (61).

Screening of cell surface binding target
The cell surface binding target of HARS" "*P-Fc was discovered by a
screen of >4500 human plasma membrane proteins at Retrogenix.
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Briefly, initial background screens were undertaken to determine the
amounts of background binding of HARS""5*-Fc to HEK293 cells for
assessing the suitability, dose, and method for onward screening. Next,
in the primary screen, HARS" " P-Fc was screened for binding against
4550 FL human plasma membrane proteins, each overexpressed in
HEK293 cells to identify primary hits. Third, in the confirmation/
specificity screen, the vectors encoding the hits were sequenced to
confirm their identities. In addition, all primary hits were reexpressed
and probed with HARS"¥P-Fc, or other positive and negative con-
trols, to determine repeatability and specificity. Two incubation meth-
ods were used in all background, primary, and confirmation screens.
The test protein was preincubated with a well-validated Alexa Fluor
647-labeled anti-human IgG Fc detection antibody (2:1 molar ratio)
before addition to slides (“preincubation method”), or the same detec-
tion antibody was added after the test protein had been incubated and
slides were washed (“sequential method”). Binding was assessed by
imaging for fluorescence. Hits were classified as very weak, weak,
medium, or strong depending on the intensity of the duplicate spots
(table S3). Last, a flow cytometry study was performed using live
HEK?293 transfectants to validate the identified specific interaction
partner(s) of HARSWHEP F¢.

Culture and treatment of PMDMs

PBMCs were purchased from commercial sources or collected from
the phase 1b/2a clinical trial (table S8). CD14* CD16~ monocytes
were isolated from PBMCs by negative selection using the EasySep
Human Monocyte Isolation Kit (STEMCELL Technologies). Mono-
cytes were cultured in nontissue culture-treated plates for 3 days
with recombinant human M-CSF (10 ng/ml; PeproTech) in RPMI
1640 American Type Culture Collection formulation (Gibco) con-
taining 10% fetal bovine serum (Gibco) for 3 days at 37°C and 5%
CO;. On day 3, an equal volume of fresh medium containing M-CSF
(20 ng/ml) was added. PMDM:s were cultured for an additional 3 days
(MO) and stimulated for 48 hours on day 6 with LPS (100 ng/ml) and
IFN-v (20 ng/ml; M1-like) or IL-4 and IL-13 (20 ng/ml; PeproTech)
(M2-like). Cell surface staining and flow cytometry experiments for
these cells were performed similarly as for THP-1 cells described in
Supplementary Materials and Methods. In antibody blocking ex-
periments, a-HARS" ™" and Fab of the a-NRP2 that targets the b1
domain were used and compared with their respective controls. The
a-NRP2 Fab was used instead of the full antibody because of an in-
creased background signal by the full antibody on PMDMs, and the
Fab [in the form of F(ab’)2] of a-NRP2 or isotype control was pro-
duced by pepsin (Thermo Fisher Scientific) digestion.

Animal models of ILD
Bleomycin model
Mouse bleomycin models were performed by Biomodels. Briefly,
male C57BL/6 mice were randomized and assigned to treatment
groups of 10 animals each. Bleomycin (2.25 U/kg) in 40 pl was slow-
ly infused into the lungs through the oropharyngeal route on day 0.
Mice were euthanized on day 21, and the lungs were removed for
analysis. The left lung lobe was insufflated and fixed in 10% formalin
for histological analysis. Fixed lungs were then embedded in paraf-
fin and sectioned at 5 pm, and slides were stained with MTC for
histological examination by an independent veterinary pathologist.
Rat bleomycin models were performed by Charles River. Briefly,
Sprague-Dawley rats were dosed with 100 pl of bleomycin (1 mg/kg)
through the oropharyngeal route on days 1 through 7. Mice were
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dosed with HARS"™ "_Fc on days 2, 9, and 16. All eight animals per
treatment group were euthanized on day 22 for terminal analysis.
The right lung lobe was insufflated, excised, and fixed in 10% forma-
lin. Fixed lungs were then embedded in paraffin, sectioned, and stained
with hematoxylin and eosin (H&E) for histological examination by
an independent veterinary pathologist.

Silica model

The silica (silicosis) model was performed by Artimmune. Briefly,
C57BL/6 mice were randomly assigned to treatment groups with 10
study animals each. The mice received a single dose of silica at 2.5 mg
per mouse in a volume of 50 pl through the intratracheal route under
isoflurane anesthesia. The mice were either treated weekly with vehi-
cle or HARS""™-Fc (3 mg/kg) through the intravenous route until
study termination on day 28 after silica administration. The left lung
lobe was perfused, excised, and fixed in 4% buffered formalin for
24 hours. After paraffin embedding and sectioning, tissues were
stained with MTC for histological analysis. The right lobes were
snap-frozen and subsequently homogenized in 1 ml of phosphate-
buffered saline (PBS) using an Ultra Turrax homogenizer (IKA:
Innovative Laboratory & Process Solutions). Homogenate was centri-
fuged, and the supernatant was used for soluble collagen content
quantitation using the Sircol assay (Biocolor) following the manufac-
turer’s instructions.

CHP model

The S. rectivirgula (CHP) model was performed by Comparative Bio-
sciences. Briefly, C57BL/6 female mice were assigned to treatment
groups of 10 animals each. The mice were then challenged intrana-
sally with 25 pg of S. rectivirgula antigen (1 mg/ml) 3 consecutive days
for 3 weeks. The animals were dosed with vehicle or HARS"*P-Fc
(3 mg/kg) for 3 weeks starting on day —1. The study was terminated
on day 20. The right lung lobes were collected, snap-frozen, and sub-
sequently analyzed using a multiplex enzyme-linked immunosorbent
assay (ELISA) platform (Luminex). The left lung lobe was perfused,
excised, processed for histopathological analysis, and stained with
H&E. Tissue sections were examined and scored by a board-certified
veterinary pathologist.

Sarcoidosis model

The P acnes (sarcoidosis) model was performed by Comparative
Biosciences. Briefly, C57BL/6 female mice were randomized and as-
signed to treatment groups of 10 animals each and inoculated with
0.25 ml of heat-killed P. acnes (2 mg/ml) through the intraperito-
neal route. Mice were further inoculated intratracheally with 0.05 ml
of heat-killed P acnes on day 14 and day 28. Study animals were
dosed with vehicle or HARS""**-Fc (3 mg/kg) for 6 weeks covering
the entire in-life phase. The study was terminated on day 42. The
right lung lobes were collected, snap-frozen, and subsequently ana-
lyzed using a multiplex ELISA platform (Luminex). The left lung
lobe was perfused, excised, processed for histopathological analysis,
and stained with H&E. Tissue sections were examined and scored
by a board-certified veterinary pathologist.

The SKG (RA-ILD) model was performed at aTyr. On day 0,
SKG/jcl mice were randomized into treatment groups with 10 ani-
mals each and received 5 mg of Zymosan through the intraperito-
neal route to induce arthritis and associated ILD. Starting on day —1,
mice either received vehicle or HARS"ME_Fc (3 mg/kg) weekly
through the intravenous route until the study termination on day
56. At termination, the right lung lobes were collected for immuno-
phenotyping, and the left lung lobe was collected for histopatho-
logical and protein analysis.
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S$Scmodel
The cGvHd (SSc) model was performed by FibroCure. The B10.D2
-> Balb/c [H-2(d)] minor histocompatibility antigen-mismatched
model was used, which reflects clinical and pathological symptoms of
human sclerodermatous cGvHD. Recipient mice [BALB/c (H-2d)] at
8 weeks of age received total body irradiation with 700 cGy. Six hours
after irradiation, all BALB/c (H-2d) recipients received bone marrow
from BI0.D2 (H-2d) donor mice. For transplantation, 5 X 10° spleno-
cytes and 2 X 10° bone marrow cells from donor mice were resus-
pended in 0.2 ml of PBS and injected into the tail veins. Seven days
after transplantation, the mice were randomized into treatment groups
with eight animals each and received weekly intravenous injections of
vehicle or HARS"MFF-Fc (0.4 mg/kg) until the EOS on day 56. At nec-
ropsy, the right lung lobes were collected for polymerase chain reac-
tion and protein analysis. The left lung lobe was perfused, excised,
trimmed, and processed for histopathological analysis. Tissue sections
were examined and scored by a board-certified veterinary pathologist.
In the rat lung bleomycin, P. acnes, and SKG models, some data
points were excluded because the lung was not inflated properly or
the stained section was of poor quality. In all animal studies, data
points identified as outliers with the Grubbs’ test were excluded in
the plots (marked in the data file).

RNAscope/IF multiplex

FFPE (formalin-fixed paraffin-embedded) tissue biopsies from pul-
monary sarcoidosis and patients with SSc (table S9) were evaluated
for RNA expression of NRP2 transcript variant 6 and ITGAM tran-
script variant 1 (CD11b) and protein expression of CD68 and
CD163 by RNAscope LS multiplex sequential in situ hybridization
(ISH)/IF assay for mRNA and protein codetection by Advanced Cell
Diagnostics Inc., performed on the Leica BOND RX automation
platform using the RNAscope LS multiplex fluorescent reagent kit.
Briefly, 5-pm FFPE tissue sections were pretreated with heat, target/
antigen retrieval, and protease before hybridization with the target
oligo probes. First, preamplifier and amplifier were hybridized se-
quentially, followed by trichostatin A (TSA)-fluorophore reaction.
Each mRNA channel reacts with a unique fluorophore. After the
ISH protocol, IF was performed sequentially with primary antibody
incubation followed by secondary antibody, polymer, and then TSA-
fluorophore to visualize the signal. The first primary was then stripped,
followed by incubation of the second primary antibody, secondary
antibody, polymer, and then TSA-fluorophore. Samples were coun-
terstained with 4’,6-diamidino-2-phenylindole (DAPI). Each sample
was quality controlled for RNA integrity with an RNAscope positive
control probe specific to human and for background with a probe
specific to bacterial dapB RNA. Images were acquired at 40X using
appropriate fluorescent filters on the PANNORAMIC SCAN II (3D
Histech). Specific RNA staining signal was identified as fluorescent,
punctate dots. Specific protein staining was defined by distinct mem-
brane or cytoplasmic staining.

Semiquantitative scoring of NRP2 in patient

tissue macrophages

H-scoring for NRP2 was performed on pulmonary sarcoidosis lung
and SSc skin samples by a board-certified pathologist. H-scoring
was performed visually to assess the predominant staining pattern
across the entire sample. Cells were grouped into five bins on the basis
of the number of dots per cell, and the percentage of cells in each bin
was scored. The H-score was calculated by totaling the percentage
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of cells in each bin according to the weighted formula below. H-
scores are provided on a scale of 0 to 400. H-Score = 0 X (% of cells
inbin 0) + 1 X (% of cells in bin 1) + 2 X (% of cells in bin 2) + 3 X (%
of cells in bin 3) + 4 X (% of cells in bin 4).

Serum biomarker analysis

Serum samples were collected from patients with pulmonary sar-
coidosis before receiving the first dose (day 1) of efzofitimod (5 mg/
kg) or placebo and after 24 weeks (EOS) of treatment. Each serum
sample was stored frozen until analysis and was tested in duplicate
using the MSD V-Plex Human Biomarker 40-Plex Kit (catalog no.
15209D) according to kit instructions. Results were analyzed on
GraphPad Prism, and sample values were calculated using an inter-
polated standard curve. If results were above the range of the assay,
the supernatant was further diluted and reevaluated. Fold change
was calculated by dividing the EOS value by the day one value.

Statistical analysis

The statistical analysis for comparing two groups was performed
using unpaired t tests (GraphPad Prism). Patient serum biomarker
amounts before and after treatment were analyzed by paired ¢ test
using Prism. Multiple groups were analyzed by one-way or two-way
analysis of variance (ANOVA) followed with multiple comparisons
tests using Prism. Means were taken to be significantly different
if P < 0.05. In figures, * indicates P < 0.05, ** indicates P < 0.01,
*#% indicates P < 0.001, and **** indicates P < 0.0001 for the indi-
cated pairwise comparison. In the transcriptome pathway analysis,
significance was determined by GSEA and defined as normalized
P < 0.05 and normalized FDR g value < 0.2.
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