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Abstract. Efzofitimod is a first-in-class biologic immunomodulator based on a naturally occurring splice variant
of histidyl-tRNA synthetase (HARS) that binds to neuropilin-2 (NRP2). Preclinical data found high expres-
sion of NRP2 in sarcoidosis granulomas. Treatment with efzofitimod reduced the granulomatous inflammation
induced by P, acnes in an animal model of sarcoidosis. An ascending dose study of efzofitimod in sarcoidosis with
chronic symptomatic pulmonary disease found that treatment with efzofitimod was associated with improved
quality of life with a trend towards reduced glucocorticoid use and stable to improved pulmonary function. These

studies have led to a large Phase 3 trial of efzofitimod in symptomatic pulmonary sarcoidosis.
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Introduction

Efzofitimod (also known as ATYR1923 or
KRP-R120) is a novel Fc fusion protein in devel-
opment for the treatment of interstitial lung disease
(ILD), a group of immune mediated fibrotic lung
conditions including sarcoidosis. Efzofitimod 1is
comprised of an active moiety, a human 59 amino-
acid protein, fused to the Fc region of human IgG1.
The amino acid sequence of the active moiety of ef-
zofitimod corresponds identically to the extracellu-
larly active N-terminal domain (amino acids 2 to 60)
of histidyl-tRNA synthetase (HARS) (1) (Figure 1).

HARS is one of a family of several aminoacyl
tRNA synthetases (Figure 2 left panel)(2,3). The
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tRNA synthetases catalyze the esterification of a
tRNA to its cognate (according to the genetic code)
amino acid. Synthetases help to ensure accurate
translation of the genetic code by using both highly
accurate cognate substrate recognition and stringent
proofreading of noncognate products. This canonical
(intracellular) function is enabled by the presence of
the anti-codon binding domain and the aminoacyla-
tion domain in each tRNA synthetase. As shown in
figure 2 (center panel), fragments and splice variants
of tRNA synthetases are also available extracellularly
(4). This extracellular presence of tRNA synthetases
is the focus of current research at aTyr.

As with other tRNA synthetases, the gene for
HARS also gives rise to a number of splice variants, and
though most of these have lost their catalytic activity,
they all retain the N-terminal domain (HARS amino
acids 2-60) (5). This N-terminal domain, which is non-
essential for the enzyme’s protein synthesis activity that
is required in all living organisms, was appended to
HARS during the evolutionary development of mul-
ticellular organisms and retained with high sequence
identity across mammalian species. It is not found in

lower organisms. One splice variant (SV9 — HARS
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A) Histidyl-tRNA Synthetase HARS (1-509)
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Figure 1. Domain organization of primary sequences of histidyl-tRNA synthetase (HARS) and efzofitimod. A schematic view of the domain
organization of HARS (A) and efzofitimod (B). The ribbon structure of efzofitimod depicting the active moiety (HARS aa2-60) is shown
in (C). Abbreviations: AA = amino acid; Fc = fragment crystallizable; HARS = histidyl-tRNA synthetase; IgG1 = immunoglobulin 1 (1).

INTRACELLULAR

Catalyze Protein Synthesis

EXTRACELLULAR

Secreted in Circulation and Tissue to

PHYSIOLOGICAL

Pathway Disruption Associated

Regulate Diverse Pathways with Disease

e Fragments and Splice Variants
et " Adgg
o %p@
& {RNA Synthetase ,‘-
¢ wem 9
§ S~ T +¥
'
@ : i
g g B z *
g Polypeptide Chain 2
& z
¢ anAnnnnonnnn €
% mRAA

Sy =
W s gy 80

|
“"\f 1,'.“ & 6

Inflammatory Disorders. Lung Diseasa

N '

Cancer Autoimmune Disease

* AT -

Neurological Disorders. Liver Disorders.

X
%@\5’9 : "; \ | _ [l

Figure 2. The intracellular (canonical) function (left panel), extracellular (novel) functions (center panel) and the possible physiological role

for the tRNA synthetases (right panel) (4).

amino acids 1 - 60), which encodes only the N-terminal
domain of the protein, is enriched in human lung tis-
sue (aTyr, data on file). Expression of this HARS splice
variant is increased following inflammatory cytokine
stimulation (IFN- and TNF-a, two key players in the
initiation of lung inflammation and fibrosis) followed
by subsequent secretion. This indicates that it is being
regulated in response to local inflammation (aTyr, data
on file). Furthermore, HARS, specifically the N-termi-
nal domain, is targeted by autoantibodies in a rare auto-
immune disorder, anti-Jo-1 syndrome. This syndrome
is characterized by extensive activation and migration
of immune cells into lung and muscle and is classi-
cally associated with the triad of ILD, myositis, and
arthritis (3,6). HARS circulates in healthy individuals,
but it is largely undetectable in the serum of anti-Jo-
1-positive antisynthetase syndrome patients (3,7). It is

hypothesized that the sequestration of HARS may play
a causal role through disruption of its homeostatic im-
mune-regulatory effects (8). The role of the N-terminal
domain of HARS in inflammation and its association
with ILD as part of the anti-synthetase syndrome led to
its evaluation as a drug candidate.

The N-terminal domain itself has a short half-
life in serum, thus it was fused with the Fc portion of
human IGg1 to extend its half-life (about 10 days in
humans). In solution, the efzofitimod molecule forms
a homodimer, similar to other Fc fusion proteins.

PrecrLINICAL PHARMACOLOGY

Neuropilin-2 (NRP2) (9) was identified as the
sole binding partner for efzofitimod through screen-
ing via a cell microarray system in which over 4,500
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cell surface proteins are represented (Retrogenix Cell
Microarray, Charles River). This screening approach
identified two NRP2 isoforms (Neuropilin 2A and
2B) as the only convincing and specific binding part-
ners of efzofitimod. Notably, efzofitimod is selective
in that it does not exhibit binding to the closely re-
lated neuropilin-1 (NRP1) receptor. NRP2 is a cell
surface receptor that is present on multiple immune
cell types. NRP2 expression is often upregulated
upon inflammatory insult, immune cell differentia-
tion or stimulation. Growing evidence indicates that
NRP2 plays an important role in myeloid cell biol-
ogy influencing their activation and recruitment to
inflammatory sites. For instance, NRP2 expression
on alveolar macrophages has been shown to regulate
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airway inflammatory responses to inhaled lipopolysac-
charide in mice (10). Blinded sample studies analyzing
sarcoidosis granulomas from the skin and lung using
in situ hybridization (ISH) and immunohistochem-
istry (IHC) methods demonstrated significantly in-
creased NRP2 expression on macrophage populations
within the granulomas (Figure 3A-C) (11). Studies
have demonstrated that the target receptor of efzofiti-
mod, NRP2, is expressed primarily on immune cells
of myeloid lineage, such as monocytes, macrophages,
and dendritic cells, and has been detected in lymphoid
cells, such as T cells, albeit at lower levels than that of
monocytes and macrophages (Figure 4) (12). NRP2 is
particularly enriched on circulating monocytes from
sarcoidosis patients (Figure 5).

20x magnification

Granulomas

Figure 3. (A) Schematic of key immune cells that form sarcoidosis granulomas. (B) NRP2 mRNA expression measure by in situ hybridiza-
tion (ISH). (C) NRP2 in both skin and lung tissue samples from sarcoidosis patients is highly expressed throughout granulomas but not in
the surrounding tissue. Lung tissue from a sarcoidosis patient was co-stained for NRP2 and the CD68 macrophage marker. Granulomas in

this sample were composed primarily of CD68+ macrophages that express NRP2 (11).
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Figure 4. NRP2 expression on primary human cells: activated macrophages, differentiated dendritic cells, and T cells (12).
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Figure 5. NRP2 expression is enriched on monocytes from sar-
coidosis patients. Peripheral blood mononuclear cells from healthy
donors (N=3) and sarcoidosis patients (N=5) were evaluated for
CD14 and NRP2 expression by flow cytometry. NRP2 expression

was determined by median fluorescence intensity (MFI) of NRP2
on CD14+

Following an inflammatory insult, there is a
strong upregulation of NRP2 in inflammatory cells.
When efzofitimod was introduced into mouse mod-
els of acute lung inflammation (ALI), recruitment of
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immune cells to the inflamed lungs was significantly
inhibited, affecting cells of myeloid lineage, includ-
ing primarily alveolar macrophages (Figure 6) (13).
Thus, subsequent research has focused on elucidat-
ing the potential for efzofitimod to modulate the
inflammatory response through myeloid cells. These
findings indicate that efzofitimod could be a novel
therapeutic approach to inflammation associated fi-
brotic diseases such as pulmonary sarcoidosis.

A model of pulmonary granulomatosis generated
by intratracheal administration of Propionibacterium
acnes ( P acnes) was used to assess potential thera-
peutic activity of efzofitimod in pulmonary granu-
lomatous inflammation. P. acnes is hypothesized to
be involved in the etiology of sarcoidosis (*'* and
the murine model resembles some clinical features of
sarcoidosis such as pulmonary inflammation and for-
mation of granulomas. Several key inflammatory and
pro-fibrotic cytokines were reduced following efzofiti-
mod treatment (16). Animals dosed with efzofitimod
at 3 mg/kg had significantly reduced levels of IFN-,
IL-6, and MCP-1/CCL2, when compared with the
matched vehicle IV control (Figure 7). In addition,
the therapeutic activity of efzofitimod was assessed
in a mouse model of chronic hypersensitivity pneu-
monitis (CHP). An experimental model of CHP was
induced by repeated intranasal administration of Sac-
charopolyspora rectivirgula (8. rectivirgula). Histolog-
ical analysis (Day 22 when the study was terminated)
revealed a significant reduction of the bronchus-as-
sociated lymphoid tissue area in efzofitimod-treated
animals as compared with matched vehicle control.
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Figure 6. Reduction of immune cell infiltrates in bronchoalveolar lavage (BAL) and lung tissue from mice treated with efzofitimod in an
Lipopolysaccharide (LPS) acute lung inflammation (ALI) model. BAL samples obtained by lavage using PBS and lung tissue homogenate
obtained by enzymatic and mechanical tissue processing. Statistical analyses were performed using one-way ANOVA with Dunnett’s post-
hoc test (alpha 0.05) (* p < 0.05; * p < 0.01; ** p < 0.001; *** p < 0.0001) (13).
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Figure 7. Treatment with efzofitimod lowers several fibrosis-associated and Inflammatory proteins in murine model for experimental sar-
coidosis induced by P. acnes. Lung homogenates were subjected to bead-based multiplex ELISAs (Luminex platform). One-Way ANOVA
with Dunn’s multiple comparisons test — efzofitimod buffer IV control (All data are shown as mean + SEM. * p < 0.05; ** p < 0.001) (11).

Furthermore, animals dosed with efzofitimod at 3
mg/kg had significantly reduced levels of IFN v, IL-6,
IP-10/CXCL10, and MCP-1/CCL2 when compared
with matched vehicle IV control (Figure 8). Reduc-
tion of inflammatory biomarkers in these key mouse
models of interstitial lung disease provides evidence of
the ability for efzofitimod to reduce the inflammatory
response in the lung in response to different stimuli.

In addition to demonstrating eflicacy in the P
Acnes and S. rectivirgula models, efzofitimod has also
demonstrated a significant reduction in histological
measures of fibrosis and inflammation in other mod-
els of ILD, including the bleomycin model of lung
fibrosis (data on file).
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CLINICAL STUDIES

Sarcoidosis is a granulomatous disease character-
ized by granulomatous inflammation (17). The clinical
outcome is variable, with up to a third of patients wit-
nessing spontaneous resolution without therapy and a
third of patients progressing to chronic disease (18).
Of those with chronic disease, fibrosis can occur in the
lung and other parts of the body. Overall, less than ten
percent of sarcoidosis patients die from the disease.
Mortality attributed to sarcoidosis is usually associ-
ated with advanced fibrosis of the lung or the presence
of pulmonary hypertension (19) or cardiac disease.

As opposed to other progressive pulmonary fi-
brotic conditions, advanced pulmonary sarcoidosis
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Figure 8. Treatment with efzofitimod lowers several fibrosis-associated and inflammatory proteins in murine model for chronic hyper-
sensitivity pneumonitis induced by S. rectivirgula (S. rec). Lung homogenates were subjected to bead-based multiplex ELISAs (Luminex
platform). One-Way ANOVA with Dunn’s multiple comparisons test with efzofitimod buffer IV as control (All data are shown as mean *

SEM. *p < 0.05; * p < 0.01) (11).
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has evidence of continued inflammation as well as
progressive fibrosis. Patients with fibrotic pulmonary
sarcoidosis often have positive positron emission to-
mography (PET) scans, indicating ongoing inflam-
mation (20). Additionally explants of lungs from
sarcoidosis patients undergoing lung transplant often
show active granulomas (21).

The observation of increased neuropilin-2 in the
granulomatous model suggest that efzofitimod may
be effective treatment against advanced pulmonary
sarcoidosis (Figure 9). Figure 10 shows the granu-
lomatous response and targets for treatment in sar-
coidosis (adapted from Obi et al (22)). Several of
the currently available treatments for sarcoidosis are
targeted for specific proteins (Figure 10A), such as
monoclonal antibodies binding tumor necrosis factor
(anti-TNF). Other therapies are more diffuse anti-
inflammatory treatments, such as glucocorticoids
and methotrexate (Figure 10B). Both strategies have
been successful. However, given the multiple path-
ways of the inflammatory response within the granu-
loma, to date anti-inflammatory therapies have been
more widely used.

Glucocorticoids, especially prednisone, remain
the cornerstone of treatment for symptomatic sar-
coidosis (18). Many patients have received prednisone
for years. The toxicity of prolonged glucocorticoid use
has been well recognized in many diseases, includ-
ing sarcoidosis (23,24). Treatment strategies which
are steroid sparing have been developed. In particu-
lar, methotrexate, azathioprine, leflunomide, and
mycophenolate have become standard second line
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treatments to reduce prednisone dosage. However,
most of the data comes from retrospective studies (18).

It has been recommended that treatment of pul-
monary sarcoidosis follow evidence-based guidelines.
These recently published guidelines emphasized the
need for more treatment options for treating ad-
vanced, chronic pulmonary sarcoidosis. In pursuit
of a new treatment for pulmonary sarcoidosis, a
24-week placebo-controlled ascending dose study
of efzofitimod was performed (NCT03824392).
The study was designed to evaluate safety and prove
preliminary efficacy (25). Evaluation of therapy in-
cluded steroid sparing, quality of life, and impact on
lung function. Efzofitimod was well tolerated at all
three doses studied (1, 3, and 5 mg/kg). Significant
improvement in quality of life compared to placebo
was seen at the higher doses.

Steroid sparing remains an important target for
second- and third-line therapy in chronic pulmonary
and extra-pulmonary disease. The efzofitimod study
included a specific protocol for steroid withdrawal.
Those treated with either 3 or 5 mg/kg efzofitimod
had a higher rate of steroid withdrawal compared to
placebo.

In addition to steroid sparing, improved health
related quality of life (HRQoL) with stable to im-
proved lung function are the major goals of treat-
ment for symptomatic pulmonary sarcoidosis. Table
1 provides details of placebo-controlled trials in
symptomatic pulmonary sarcoidosis in which pred-
nisone dose reduction was studied. Some of these
studies employed a prednisone tapering schedule.
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Figure 9. Proposed effect of efzofitimod on various inflammatory cells involved in the initiation and perpetuation of sarcoidosis.
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Figure 10. Inhaled antigen comes into contact with cells at the epithelial layer. Activation of both macrophages and dendritic cells occurs through
the toll-like receptor-2 (TLR-2). The dendritic cells transport the antigen across the epithelium to the lymph node, where it is processed leading
to differentiation and clonal expression of T helper cells (Th1 and Th17). The antigen also stimulates macrophages on the surface of the epithe-
lium and leads to the release of tumor necrosis factor alpha (TNF- ) and several other pro-inflammatory cytokines including IL-1, IL-2. IL-6
and IL-23. TNF- crosses epithelial layer where it activates tissue macrophages and natural killer (NK) cells. Activated NK releases interferon
gamma (IFN- ) which act in concert with TNF- to upregulate the inflammatory response by attracting CD4+ cells, monocytes and Tregs to the
site of inflammation. TNF- along with the other pro-inflammatory cytokines also activates CD4+ cells and causes them to further differentiate
down the Th1 and Th17 effector pathways. The activated macrophages and clonal Th1/Th17 cells form the core of the granuloma. Other cells
in the granuloma include T regulatory cells (Treg) and B cells. The Th17 pathway has been more implicated in chronic disease as has impaired
Treg cell function and persistent accumulation of serum amyloid A within the granuloma. Biologic therapies for sarcoidosis specifically targeted
for one or two cytokines or cell types (Figure 10A). Targets of therapy for two broad based anti-inflammatory therapies for sarcoidosis: gluco-
corticoids and efzofitimod (Figure 10B). Dashed lines indicate potential targets. Adapted from Obi et al 32.
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Table 1. Clinical trials for Reducing Glucocorticoids in Symptomatic Sarcoidosis

Drug studied ~ Number of patients Background Changein Prednisone Taper Change in Comments
Drug/Placebo therapy FVC % Quality of Life
predicted
Methotrexate ¥ 9 Methotrexate; Prednisone 11% Significant Not reported No significant change
6 Placebo prednisone in FVC absolute value.
tapering Excluded from analysis 7
patients treated started on
methotrexate and withdrew
from study
Fluticasone 2 10 Fluticasone; Prednisone No significantNo significant No difference in  Less cough reported with
12 Placebo change difference SF-36 fluticasone. No objective
measurement reported.
Pentoxifylline 12 Pentoxifylline; Prednisone  No significantyes Not reported Significant steroid sparing
13 Placebo difference only at 8 and 10 months;

Significantly less flares with
prednisone tapering; Did not
report FVC results

Golimumab %0 42 Golimumab;

44 Placebo

Prednisone plus-0.87%
other agents

no change in
prednisone

No significant
changes

Same placebo patients for
golimumab and ustekinumab
trial

Ustekinumab °0 46 Ustekinumab; 44 Prednisone plus-2.17%

no change in No significant Same placebo patients for

Placebo other agents prednisone changes golimumab and ustekinumab
trial
Efzofitimod *1 27 Efzofitimod; Prednisone plus2.81 % at 3 Dose response Statistically Underpowered to
12 Placebo; other agents  mg/kg; 3.30 effect seen for significant (p value demonstrate significant
at 5 mg/kg  prednisone <0.05) changes in FVC

tapering improvement in

KSQ Lung, KSQ
GH and FAS

In all studies, the dose of prednisone was reduced
for both the active and placebo arms of the study.
Three studies, including efzofitimod, reported a
higher rate of steroid sparing with active drug versus
placebo. However, only the efzofitimod study was
associated with significant improvement in some pa-
tient reported quality of life measures. Neither the
methotrexate nor pentoxifylline studies showed any
tendency for improved forced vital capacity (FVC),
while there was a trend to improvement in FVC in
the efzofitimod trial.

In the higher dose arm of efzofitimod (5 mg/
kg), there was statistically significant improvement
(p value <0.05) in the HRQoL, mainly Fatigue As-
sessment Scale (FAS), King’s Sarcoidosis Question-
naire (KSQ) Lung (L) and KSQ General Health
(GH). Figure 11 shows the changes in FAS, KSQ-
L, and KSQ-GH. The minimal clinically important
difference (MCID) for FAS and KSQ-L is 4 points
while that for KSQ GH is 8 points (26). In the
higher dose arm (5 mg/kg), significant improvement
in these HRQoL measures was reported well above

previously determined MCID.

Changes in pulmonary function included analy-
sis of changes in the forced vital capacity (FVC). The
difference in least square means (from a mixed effects
model adjusted for baseline value) for FVC % pre-
dicted at 24 weeks when compared to that of placebo
was -0.08% for the 1 mg/kg group. For the higher
dosages, there was a dose dependent trend for im-
provement at 3 mg/kg (2.81%) and 5 mg/kg (3.30%)
when compared to that of placebo.

These encouraging results have led to an on-
going Phase 3 trial of efzofitimod for symptomatic
pulmonary sarcoidosis. Patients who have persistent
dyspnea despite glucocorticoid therapy will be ran-
domized to either active drug or placebo in a dou-
ble blind study. Prednisone will be withdrawn per
protocol. The trial will be evaluating steroid sparing
and improvement of quality of life while evaluating
stability to improvement of lung function during the
prednisone withdrawal. In addition, further informa-
tion regarding safety of the drug will be obtained.
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Figure 11. The change in quality-of-life instruments Kings Sarcoidosis Questionnaire Lung (KSQ-L), Kings Sarcoidosis Questionnaire
General Health (KSQ-GH), and Fatigue Assessment Score (FAS) after 24 weeks for three treatment regimens versus placebo. The minimal
clinically important difference (MCID) for FAS and KSQ-L is 4 points while that for KSQ GH is 8 points. There was significant improve-
ment for KSQ-L and KSQ-GH (as indicated by higher score) and significant reduction in fatigue as shown by a lower FAS. For KSQ-L and

KSQ-GH, an increase in score means improvement, while for FAS, a decrease in score means improvement (* p-value <0.05) (31).

CoNCLUSION

Efzofitimod is a first in class biologic with sig-
nificant anti-inflammatory properties. Sarcoidosis is
a diffuse granulomatous disease in which chronic in-
flammation leads to significant morbidity and some
mortality. Preclinical data found that efzofitimod
reduced inflammation and key biomarkers for fibro-
sis in sarcoidosis animal models. An ascending dose
study provided preliminary evidence for safety. Addi-
tionally, patients receiving active drug versus placebo
had significant improvement in sarcoidosis specific
health related quality of life instruments. This was
associated with a trend towards steroid sparing and
improved lung function. A larger study adequately
powered to address all three outcomes of therapy is

underway (NCT05415137).
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