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Abstract:

The present invention relates to the field of inflammation. More specifically, the present invention
provides compositions and methods for treating cerebral inflammation and associated sequelae
thereof including cerebral vasospasm. In one embodiment, a method for treating cerebral vasospasm
in a patient comprises the step of administering to the patient a PD-1 agonist, wherein a blood
sample obtained from the patient comprises elevated PD-1 expression on monocytes relative to a
control.
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COMPOSITIONS AND METHODS FOR TREATING CEREBRAL VASOSPASM

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Application No. 62/873 439,

filed July 12, 2019, which is incorporated herein by reference in its entirety.
FIELD OF THE INVENTION

The present invention relates to the field of inflammation. More specifically, the
present invention provides compositions and methods for treating cerebral inflammation and
associated sequelae thereof including cerebral vasospasm.

INCORPORATION-BY-REFERENCE OF MATERIAL SUBMITTED
ELECTRONICALLY

This application contains a sequence listing. It has been submitted electronically via
EFS-Web as an ASCII text file entitled “P15683-02_ST25.txt.™ The sequence listing is 2,886
bytes in size, and was created on July 8, 2020. It is hereby incorporated by reference in its
entirety.

BACKGROUND OF THE INVENTION

Aneurysmal subarachnoid hemorrhage {(aSAH) has an incidence of approximately
30,000 patients in the US annually. Cerebral vasospasm occurs 3-20 days after aneurysm
rupture and is a significant source of morbidity and mortality for approximately 30% of
patients with aSAH. Treatment of cerebral vasospasm currenily consists of prophylactic
mimodipine and supportive care with selective intra-arterial chemical and/or mechanical
spasmolysis reserved for patients with refractory vasospasm resulting in acute ischemia.
Aberrant inflammation has been implicated in cerebral vasospasm, although the precise
mechanisms are poorly understood and there are currently no immunomodulatory agents used
for vasospasm prophylaxis or treatment.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1A-1F. Cerebral vasospasm is associated with an increased frequency of PD-1+
myeloid cells in the brain. FIG. 1A: ICA perforation (IC Ap) and cisterna magna (CM)
mjection techniques. FIG. 1B: ICAp produces diffuse SAH. FIG. 1C-1D: CM injection
results in minimal change in the caliber of the ipsilateral terminal ICA while ICAp resulis in
severe vasospasm {p = 0.0002). FIG. 1E: Flow cytometric analysis of brain myeloid cells
{(CD3-, CD45+, CD11b+), CD4 lymphocytes (CD3+, CD4+, CD8-), CD8 lymphocytes
(CD3+, CD4-, CD8+), granulocytes (CD45+, CD11b+, Ly6gt), and NK cells (CD45+, CD3-

, CD49b+) showed an increase in PD-1 expression on myeloid cells in ICAp compared with
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CM (p=0.037). FIG. 1F: Administration of IP propranolol (5Smg/kg) one hour prior to ICAp
decreased the frequency of PD-1+ brain myeloid cells at 24 hours (p = 0.0009). Data were
analyzed using a two-tailed T-test. Error bars represent +/- SEM.

FIG. 2A-2B. PD-1+ monocytes are detectable in the bone marrow and peripheral
blood following SAH. FIG. ZA: Representative flow cytometry plots showing PD-1
expression on brain-infiltrating macrophages, microglia, peripheral blood monocytes, and
bone marrow monocytes 6 hours, 24 hours, and 48 hours after ICAp. FIG. 2B: PD-1
expression is increased following ICAp on CD45-high brain macrophages (p = 0.001) as well
as monocytes in the blood (p = 0.0063) and bone marrow (p = 0.0059), but not on CD45-dim
microglia. Data were analyzed using a two-tailed T-test. Error bars represent +/- SEM.

FIG. 3A-3E. PD-1+ monocyte frequency in the peripheral blood of aSAH patients
correlates with changes in cerebral blood flow velocities the following day. FIG. 3A:
Representative flow cytometry plots for Patient 5 days 1-8 after aneurysm rupture. In the CD
14 vs. CD16 plots red dots represent PD-1+ cells. FIG. 3B: Maximum TCD velocity and
%PD-1+ monocytes over time. FIG. 3C; Linear regression analysis of change in %PD-1+
monocytes vs. change in maximum TCD velocity the following day excluding the day 3
timepoint outlier (> 4x higher than the SD) from Patient 1. Correlation coefficient (r) = 0.486
(95% CI1 0.171 — 0.71) with p = 0.0037. FIG. 3D: Heat map of %5 change in PD-1+
monocytes paired with % change in maximum TCD velocity the following day. FIG. 3E:
Violin plots of maximum TCD values the following day for PD-1+ monocytes > 5% vs. < 5%
(p=0.0012).

FIG. 4A-4G. Administration of PD-L1 prevents cerebral vasospasm by inhibiting
migration of activated monocytes into the CNS. FIG. 4A: Representative HXE sections of
the terminal segment of the ICA. FIG. 4B: IP injection of PD-L1 {50ug) 1 hour after ICAp
prevents vasospasm at 48 hours (p < 0.0001) while administration of 200pg PD-1 blocking
antibodies 1 hour before ICAp abrogates the effect of PD»-L1 on vasospasm (p < 0.0001,
ipsilateral; p = 0.0002 contralateral). FIG. 4C-4D: PD-L1 administration increases the
frequency of PD-1+, Ly6c+, CCR2+ monocyltes in the blood at 48 hours. FIG, 4E-4F: SAH
mice treated with PD-L1 have a higher frequency of VL A-4+ monocytes in the blood at 48
hours (p = 0.032). FIG. 4G: The frequency of PD-1+, Ly6c+, CCR2+, CD45-high
macrophages in the brain is lower in PD-L1 treated mice at 24 and 48 hours following ICAp.
Data were analyzed using a two-tailed T-test. Error bars represent +/- SEM.

FIG. 5. Histologic localization of the terminal segment of the internal carotid arteries.
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FIG. 6A-6B. FIG. 6A: Representative histograms showing PD-1 expression on
myeloid cells, CD4 T cells, CD8 T cells, granulocytes, and NK cells in CM and ICAp
models. FIG. 6B: Mouse myeloid cell gating strategy.

FIG. 7. Garcia stroke scale 48 hours after ICAp in mice with untreated SAH and
SAH mice treated with propranolol.

FIG. 8. Representative human myeloid cell gating strategy with PD-1 gates set for
each patient based on fluorescence minus one (FMO) samples.

FIG. 9. Representative flow cytometry plots for Patient 1 days 3-8 after aneurysm
rupture. In the CD 14 vs. CD16 plots red dots represent PD-1+ cells.

FIG. 10. Change in % of monocytes PD-1+ vs. change in maximum TCD velocity
the following day including the Patient 1, day 3 datapoint. Correlation coefficient (r) = 0.326
(95% CI -0.14 — 0.598, p = 0.0597).

FIG. 11. A 57 year-old female who presented with headache for 3 days and mental
status changes was found to have subarachnoid hemorrhage form a ruptured intracranial
aneurvsm. Peripheral blood was analyzed daily for PD-1 expression on monocytes using the
protocol below. A spike in PD-1+ monocytes was observed the day prior to vasospasm as
determined by transcranial doppler ultrasound and vascular imaging. During vasospasm PD-
1 levels remained muldly elevated and returned to levels not different from a healthy subject
when vasospasm resolved.

FIG. 12, The peak of CD14+, CD16- monocytes after myocardial infarction predicts
myocardial salvage. The pattern observed in MI of an imitial preponderance of CD14+,
CD16- classical monocytes followed by an increase in CD16+ monocytes corresponds with
the present inventors’ data in subarachnoid hemorrhage. In addition, the present inventors
have found that these cells express PD-1, which represents a novel therapeutic target for
deactivating this pathologic cell population. Data above from Tsujioka et al.

DETAILED DESCRIPTION OF THE INVENTION

It is understood that the present invention is not limited to the particular methods and
components, etc., described herein, as these may vary. It is also to be understood that the
terminology used herein is used for the purpose of describing particular embodiments only,
and is not intended to limit the scope of the present invention. It must be noted that as used
herein and in the appended claims, the singular forms “a,” “an,” and “the” include the plural
reference unless the context clearly dictates otherwise. Thus, for example, a reference to a
“protein™ is a reference to one or more proteins, and includes equivalents thereof known to
those skilled in the art and so forth.
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Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs. Specific methods, devices, and materials are described, although anv methods and
materials similar or equivalent to those described herein can be used in the practice or testing
of the present invention,

All publications cited herein are hereby incorporated by reference including all
joumnal articles, books, manuals, published patent applications, and issued patents. In
addition, the meaning of certain terms and phrases employed in the specification, examples,
and appended claims are provided. The defimtions are not meant to be limiting in nature and
serve to provide a clearer understanding of certain aspects of the present invention.

The present invention is based, at least in part, on the discovery the PD-1 agonists can
be used to treat cerebral inflammation and associated sequelae thereof including cerebral
vasospasm. As described herein, the present inventors” data demonstrates that systemic
administration of Programmed Death Ligand 1 (PD-L1) abrogates cerebral vasospasm in a
murine model of subarachnoid hemorrhage by inhibiting PD-1 expressing myeloid cells. This
pathway has not been previously described in cerebral vasospasm and represents a novel
target for intervention.

By studying subarachnoid hemorrhage and vasospasm, the present inventors
discovered that the PD-1/PD-L1 pathway is a novel mediator of inflammatory monocytes,
which could be used to stop inflammation not only in vasospasm, but any disease cause by
these cells. In particular embodiments, any disease known or found to be mediated by PD-
1+, CD14+, CD6+ monocytes including, but not limited to myocardial infarction, stroke,
kidney disease, inflammatory bowel disease and rheumatoid arthritis.

Accordingly, in one aspect, the present invention provides compositions and methods
for detecting PD-1 expression. In certain embodiments, PD-1 expression on monocytes in a
blood sample obtained from the patient is measured. PD-1 expression on monocytes can be
measured using any available technique including, but not limited to, flow ¢cytometry.

In other embodiments, a method comprises the step of administering a PD-1 agonist
to a patient having an increased PD-1 expression on monocytes relative to a control. In
certain embodiments, the PD-1 agonist is soluble PD-L1 or an analogue thereof. In a specific
embodiment, soluble PD-L1 or an analogue thereof is a PD-L1 fusion protein. In a more
specific embodiment, the PD-L1 fusion protein comprises GX-P2, In an alternative
embodiment, the PD-1 agonist is an antibody or antigen-binding fragment thereof. In a more

specific embodiment, the antibody or antigen-binding fragment thereof comprises CC-90006.
4
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The present invention can be used to identify and/or monitor a patient having or
suspected of having a condition associated with inflammatory monocytes expressing PD-1,
In one embodiment, the patient suffers from an aneurysmal subarachnoid hemorrhage.
Alternatively, the patient has cerebral vasospasm. In another embodiment, the patient has
suffered a brain injury. In certain embodiments, the patient has suffered a hemorrhagic or
ischemic stroke. In another embodiment, the patient has or suspected of having pathogenic
monocyte-mediated inflammation. In such embodiments, the patient has a non-central
nervous system condition or disease. In another specific embodiment, the patient has or is
suspected of having monocyte-mediated cerebral inflammation.

In a further embodiment, the present invention provides a method for treating cerebral
vasospasm in a patient comprising the step of administering o the patient a PD-1 agonist,
wherein a blood sample obtained from the patient comprises elevated PD-1 expression on
monocytes relative to a control. In another embodiment, a method for treating cerebral
vasospasm in a patient comprises the steps of (a) measuring programmed death-1 (PD-1)
expression on monocytes in a blood sample obtained from a patient, and (b) treating the
patient with a PD-1 agonist if PD-1 expression is increased relative to a control. In a specific
embodiment, the patient has suffered a brain injury. In another specific embodiment, the
patient has suffered a stroke. In yet another embodiment, the patient has suffered a
myocardial infarction.

In particular embodiments, the PD-1 agonist is soluble PD-L1 or a fragment or
analogue thereof. The amino acid sequence of human PD-L1 is publicly available, Accession
No. QINZQ7. See also SEQ ID NO:1.

In certain embodiments, the PD-1 agonist comprises an antibody or antigen-binding
fragment thereof. In one embodiment, the PD-1 agonist antibody comprises CC-20006
(AnaptysBio, Inc. (San Diego, CA)). See, e.g., claims 1-139 of U.S. Patent No. 10,428,145,
which is incorporated by reference in its entirety. In another embodiment, the PD-1 agonist
antibody comprises ANB(30. In other embodiments, the PD-1 agonist is an antibody
described in U.S. Patents Nos. 9,181,342 {(claims 1-14) and No. 8,927, 697 (claims 1-10) (Isis
Innovation Limited {Oxford, GB)), as well as U.S. Patent No. 9,683,043 (claims 1-11)
(Oxford University Innovation Limited (Oxford, GB)). In a further embodiment, the PD-1
agonist is an antibody described in U.S. Patent No. 9,701,749 (claims 1-19) (Ono
Pharmaceutical Co., Ltd. (Osaka, JP)). In vet another embodiment, the PD-1 agonist is an
antibody described in U.S. Patent No. 10,493,148 (claims 1-8) (Eli Lilly & Co. (Indianapolis,

IN)Y). Further examples of PD-1 agonists that can be used in the present embodiments include, but
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are not limited to, UCB clone 19 or clone 10, PD1AB-1, PD1AB-2, PD1AB-3, PD1AB-4 and
PD1AB-5, PD1AB-6 (Anaptys/Celgene), PD1-17, PD1-28, PD1-33 and PD1-35 (Collins et. al, US
2008/0311117A1 Antibodies against PD-1 and uses therefor, which is incorporated by reference).

In other embodiments, the PD-1 agonist is a fusion protein comprising PD-L1 or a
fragment thereof. In a specific embodiment, the PD-1 agonist is GX-P2 (Genexine, Inc.
(New York, NY)). See, e.g., U.S. Patents No. 8,586,038 (claims 1-12) and No. 7,867,491
{claims 1-21),

In particular embodiments, the present invention provides compositions and methods
directed to PD-1 signaling on monocytes/macrophages, rather than lymphocytes, where PD-1
has been much more extensively studied in the context of cancer immunotherapy. In PD-1
signaling on monocytes/macrophages, at a minimum, there is no MHC/TCR interaction,
which is important for PD-1 signaling in lymphocytes. Without being limited by any
particular theory, the present inventors believe this is why soluble PD-L1 works in the model
described herein (and potentially other diseases like MI and stroke), but has shown little
effect in inhibiting lymphocytes. In fact, it is possible that specifically inhibiting monocytes
could lead to less overall immunosuppression and lower the risk of infection. Thus, in certain
embodiments, a PD-1 agonist is a monospecific PD-1 agonist such as soluble PD-L1
monomer.

In another aspect, the present invention provides diagnostic compositions and
methods. As described further below, the present inventors have discovered that PD-1
expression on monocytes in the peripheral blood is elevated in patients with aneurysmal
subarachnoid hemorrhage (aSAH) compared with normal controls. Importantly, cerebral
vasospasm is preceded by a roughly 10-fold increase in the percent of monocytes expressing
PD-1. Thus, in certain embodiments, PD-1 expression on monocytes can be used as a
biomarker of pathologic brain inflammation in aneurysmal subarachnoid hemorrhage,
hemorrhagic and ischemic stroke, as well as traumatic brain injury.

In another aspect, the present invention is directed to methods of screening for PD-1
agonists. In particular embodiments, the methods are directed to assessing how candidate
agents act on different immune cell populations. In a specific embodiment, a method
comprises culturing various immune cell lineages in vitro with candidate agonists and
measuring function and/or cytokine secretion after stimulation. In an alternative
embodiment, an in vivo screen is conducted with the ICAp SAH model described heremn

along with an infection model to identify candidates that prevent vasospasm, but also
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minimize the increased susceptibility to infection. In particular embodiments, a method is
directed to PD-1 agonists for pathogenic monocyte-mediated inflammation,

Without further elaboration, it is believed that one skilled in the art, using the
preceding description, can utilize the present invention to the fullest extent. The following
examples are illustrative only, and not limiting of the remainder of the disclosure in any way
whatsoever,

EXAMPLES

The following examples are put forth so as to provide those of ordinary skill in the art
with a complete disclosure and description of how the compounds, compositions, articles,
devices, and/or methods described and claimed herein are made and evaluated, and are
intended to be purely illustrative and are not intended to limit the scope of what the inventors
regard as their invention. Efforts have been made to ensure accuracy with respect to numbers
{e.g., amounts, temperature, etc.) but some errors and deviations should be accounted for
herein. Unless indicated otherwise, parts are parts by weight, temperature is in degrees
Celsius or is at ambient temperature, and pressure is at or near atmospheric. There are
numerous variations and combinations of reaction conditions, e.g., component
concentrations, desired solvents, solvent mixtures, temperatures, pressures and other reaction
ranges and conditions that can be used to optimize the product purity and yield obtained from
the described process. Only reasonable and routine experimentation will be required to
optimize such process conditions,

Example 1: PD-1+ monocytes mediate cerebral vasospasm following subarachnoid

hemorrhage

Summary. Aneurysmal subarachnoid hemorrhage (aSAH) accounts for 5% of strokes, but
disproportionately contributes to stroke-related morbidity and mortality.! Following
aneurysm rupture, radiographic cerebral vasospasm is detected in 70% of patients and 20%
develop delayed cerebral ischemia (DCI)* The frequency and severity of cerebral
vasospasm correlates with hemorrhage volume? and has been linked to aberrant
inflammation.* The precise mechanisms of the underlying inflammatory process, however,
are unknown. Here the present inventors show that Programmed Death-1-expressing (PD-
1+) monocytes are mediators of cerebral vasospasm following aSAH. The present
inventors found that inflammatory PD-1+, Ly6¢c+, CCR2+ monocytes were released from
the bone marrow and entered the peripheral blood in a catecholamine-dependent manner in
an animal model of cerebral vasospasm. PD-1+ monocytes were also detected in the

peripheral blood of patients with aSAH and the frequency of these cells correlated with
7
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changes in cerebral blood flow velocities. Treating mice with soluble Programmed Death
Ligand-1 (PD-L1) one hour after SAH prevented cerebral vasospasm and inhibited ingress
of inflammatory monocytes into the brain. The present inventors’ results identify PD-1+
monocytes as mediators of cerebral vasospasm and suggest PD-1 agomism as a potential
therapeutic strategy. The present inventors anticipate that the discovery of a pathogenic
role for PD-1+ monocytes will not only lead to development of a blood-based biomarker
for cerebral vasospasm and a novel target for intervention in aSAH patients, but more
broadly serve as a foundation for studying the PD-1 pathway in inflammatory disease
mediated by innate immune cells.

PD-1 is an inhibitory immune checkpoint that limits collateral damage in the setting of
chronic infection® and protects against autoimmunity.® The discovery that tumors use PD-
1 signaling to obviate immune elimination’ has become a comerstone of clinical
oncology.? Far less is known about the role of PD-1 in acute inflammation. Several
studies have linked cerebral vasospasm to aberrant inflammation following anewrysm
rupture®*; however, the details of the underlying immune response are unclear. The
present inventors sought to determine if PD-1 plays a role in the inflammatory response

underying cerebral vasospasm.

Materials and Methods

Mice. Male C57BL/6J mice (6-8 weeks) (Jackson Laboratory) were housed in
pathogen-free conditions under animal protocols approved by the Johns Hopkins Unmiversity
Institutional Animal Care and Use Committee (IACUC). For all experiments, mice were
anesthetized with ketamine (100mg/kg)/xylaine (10mg/kg) by IP injection.

Hisrology. For experiments in which the endpoint was ICA measurement, mice were
deeply anesthetized and underwent transcardial perfusion with 10mL PBS followed by 4%
paraformaldehyde/PBS. Brains were removed with care to preserve the intracranial
vasculature by transecting the vessels sharply at the skull base. Brains were fixed in PFA for
a minimum of 24 hours prior to cryoprotection in 30% sucrose/PBS for 48 hours at 4 degrees
Celsius. Brains were embedded in paraffin, cut into 10pum sections and stained with
hematoxalyn and eosin (H&E).

Cisterna magna injection model. Mice were anesthetized and positioned prone with

the head slightly flexed. A midline incision was made, and the posterior neck muscles were

mobilized to visualize the occipital crest and the atlanto-occipital membrane. Blood was
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obtained from a donor mouse by cardiac puncture. The atlanto-occipital membrane was
punctured with a 32g needle to drain cerebrospinal fluid. 60pL of blood were then imjected
into the subarachnoid space through the atlanto-occipital membrane using a Hamilton syringe
and a 32g needle over a period of approximately 2 minutes. The incision was closed, and
mice were placed on a heating pad to recover.

ICA perforation model, Mice were anesthetized and positioned supine. A midline

incision was made from the sternum to the jaw and the subcutaneous fat pad was mobilized
under an operating microscope under low magnification. The fat pad was retracted
superiorly, and the sternocleidomastoid was retracted laterally to expose the common carotid
artery. Under high magnification the carotid artery common, internal, and extemal carotid
arteries were dissected free of the surrounding tissue. Disection of the internal carotid artery
proceeded superior to at least the level of the pterygopaletine artery (PPA). 3-0 nylon sutures
were then used to occlude the internal and common carotid arteries. The external carotid
artery was permanently ligated with a 5-0 silk suture. After visual confirmation that blood
flow was occluded the external carotid was transected and blood was irmrigated from the
lumen with sterile PBS. A 5-0 nylon suture (filament) was cut at an angle to create a sharp
end. This end was passed into the lumen of the external carotid artery and guided into the
internal carotid artery past the carotid bifurcation. At this point the 5-0 suture occluding the
intemnal carotid artery was removed and the filament was guided past the PPA through the
skull base under direct visualization. The suture was advanced until resistance was met at the
ICA termination. At this point the filament was advanced an additional 2-3mm until the
resistance was no longer felt, indicating that the filament and passed through the vessel wall
and into the subarachnoid space. A 5-0 silk suture was then tied loosely around the external
carotid artery stump with the filament still in place. The filament was withdrawn, the 5-0 silk
was tightened, and the 5-0 nylon suture occluding the common carotid artery was removed to
allow reperfusion of the vessel. The incision was closed with a simple running suture and the
mice were placed on a heating pad to recover.

Vessel measurements. Sections containing the terminal ICA were identified based on

anatomic landmarks (FIG. 1). Images were obtained using a Zeiss Axiocam (Zeiss)
microscope at 20x magnification. The vessel wall thickness and luminal diameter were
measured using Imagel] (NIH).

Tissue harvest and celf preparation. Mice were deeply anesthetized and 60pL of

blood were drawn using capillary tubes via retro-orbital puncture. Red blood cells were lysed
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using ACK lysis buffer (Thermo Fisher) and resuspended in PBS for staining. Bilateral
femurs and tibias were removed and bone marrow was aspirated, red blood cells were lysed
in ACK lysis buffer, and remaining cells were resuspended in PBS for staining. Brains were
removed and the tissue was mechamcally dissociated, strained through a 70um filter, and
centrifuged in a 30%/70% PERCOLL® (Sigma-Aldrich) gradient at 2200 rpm for 20 minutes
without brakes. Brain immune cells were extracted at the interface and resuspended in PBS
for staining.

Staining and flow cviometric analysis of murine myeloid cefls. Myeloid cells were
stained for CD3, CD45, CD11b, CD11¢, Ly6c, Ly6g, CCR2, PD-1, VLA-4, and CD49b
using the following anti-mouse antibodies: PerCP-Cy5.5 CD3 (BD, Lot 551163), APC/Fire
750 CD45 (BioLegend Lot 103154), AF700 CD11b BioLegend (Lot 101222), FITC CD11¢
BioLegend (Lot 117306), BV650 Ly6g BioLegend (Lot 127641), PE CCR2 BioLegend (Lot
150610), PE-Cy7 PD-1 eBioscience (Lot 25-9985-82), BV421 PD-1 BioLegend (Lot
109121), APC CD49d (VLA-4) BioLegend (Lot 103622), PE CD49b (Pan-NK) BioLegend
(Lot 108908). Data were acquired using a FACSCelesta (BD) and analyzed using FlowJo
(BD).

Human subjects. All studies were approved by the Johns Hopkins Institutional

Review Board (IRB). Six consecutive patients presenting to the Johns Hopkins Hospital or
Johns Hopkins Bayview Medical Center with SAH and one or more cerebral aneurysms
confirmed by cerebral angiography were enrolled in the study. Peripheral blood was drawn
from an indwelling radial artenal catheter or venipuncture serially for up to 14 days following
aneurysm rupture, corresponding with the vasospasm risk period. An average of 11
timepoints were obtained per patient with a range of 8-12 timepoints. TCD was performed as
part of standard-of-care by a professional TCD technician and acquisition or interpretation of
these data was not altered for this study. Patients underwent vascular imaging by CT
angiogram, MR angiogram, and/or catheter-based angiography as clinically indicated. No
clinical tests were obtained specifically for the purposes of this study.

Flow cvtometric analysis of human monocytes. Leukocytes were isolated from whole
blood samples by FICOLL® (Sigma-Aldrich) density gradient centrifugation. Cells were
washed and resuspended in PBS and stained for CD3, CD45, CD11b, CD19, CD15, CDI14,
CD16 with the following anti-human antibodies: FITC CD3 (Biolegend, Lot 300440), AF700
CD45 (Biolegend, Lot 304024), BV421 CD11b (Biolegend, Lot 301324), FITC CD19
(Biolegend, Lot 302206), FITC CD15 (ThermoFisher, Lot 11-0159-42), APC-H7 CD14

10
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{Biolegend, Lot 325620), PE-Cy7 CD 16 (Biolegend, Lot 302016). Data were acquired using
a FACSCelesta (BD) and analyzed using FlowJo (BD).

PD-IL1] and anti-PD-1 administration. PD-L1 protein with a poly-His tag
{ACROBiosystems, Cat PD1-M5220) was reconstituted in sterile PBS and 50ug was

administered by IP injection 1 hour and 24 hours after ICAp. For experiments involving PD-
1 blockade, anti-PD-1 monoclonal antibodies (hamster anti-mouse PD-1 purified from
cultures of G4 hybridoma) were administered at a dose of 200pg by IP injection one hour
prior to ICAp.

Startistical Analysis. All replicates were biological replicates. For the mouse

experiments data were analyzed using a 2-tailed Student’s T-test using GraphPad Prism

software. p < 0.05 was considered significant. Multiple measurements on PD-1+ monocyte

frequency and TCD velocities were obtained per patient. Changes in PD-1+ monocyte

frequency and maximum TCD velocities were calculated by subtracting the value for each

day from the day prior. Pearson correlation coefficient and inter-rater agreement of Cohen's

kappa coefficient were estimated using the SAS software (version 9.4; SAS Institute).
Results and Discussion

Critical illness and patient heterogeneity confound the inflammatory response in
aSAH.'® To identify specific mechanisms associated with cerebral vasospasm the present
inventors compared two mouse models of SAH (FIG. 1A) by measuring the terminal
segment of the internal carotid artery (ICA) (FIG. 5). Injecting blood into the cisterna
magna (CM) causes vasospasm in pro-inflammatory haptoglobin 2-2 mice*, but resulted in
minimal vasospasm of the ICA in wild-type C57BL/6 mice (FIG. 1C,1D). Conversely,
endovascular perforation of the ICA (ICAp) produced diffuse SAH (FIG. 1B) and severe
vasospasm (FIG. 1C, 1D).

Diverse immune cell populations have been studied as mediators of cerebral
vasospasm, including macrophages'®, microglia'’, lymphocytes'®, granulocytes'®, and
natural killer (NK) cells?®. The present inventors found that PD-1 expression varied among
these brain-infiltraling immune cell populations (FIG. 6A). Only CD45+, CD11b+
myeloid cells (FIG. S2b) exhibited a significant increase in PD-1 expression between the
ICAp and CM models (FIG. 1E) (p = 0.037). PD-1inhibits macrophages in the setting of
infection?!, but otherwise relatively little is known about the function of PD-1 signaling on

myeloid cells. Based on the present inventors” data comparing the ICAp and CM models
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the present inventors hypothesized that PD-1+ macrophages/microglia mediate the
inflammatory response in cerebral vasospasm.

To mechanistically link PD-1 expression on brain myeloid cells with SAH the
present inventors tested the effects of beta-adrenergic blockade on the frequency of
CD45+, CD11b+, PD-1+ brain myeloid cells following ICAp. Beta-adrenergic signaling
stimulates a pro-inflammatory response in trauma and sepsis®? and has been associated
with cerebral vasospasm following aSAH.*** The clinical effectiveness of beta blockade
in aSAH, however, is equivocal?®. Administering propranolol one hour prior to ICAp
decreased the frequency of PD-1+ myeloid cells in the brain (FIG. 1F) (p = 0.0009). Of
note, these animals were sacrificed at 24 hours because the majority of propranolol-treated
mice die prior to the 48-hour timepoint with severe neurologic deficits (FIG. 7). Taken
together, these data suggest that the inconsistent clinical results of beta blockade in patients
with aSAH may be due to competing effects of decreased local inflammation and impaired
autoregulation of cerebral blood flow.

Involvement of the sympathetic nervous system suggested a systemic rather than
local immune response. To determine the origin and timing of PD-1 expression on brain
myeloid cells the present inventors harvested brains, peripheral blood, and bone marrow
from mice 6 hours, 24 hours, and 48 hours after ICAp. At the 6, 24, and 48-hour
timepoints CD45-dim microglia expressed stable levels of PD-1 (FIG. 2A). Conversely,
the frequency of PD-1+ macrophages increased from 6 to 24 hours (p = 0.001) and
returned to baseline at 48 hours (FIG. 2B). The pattern of PD-1 expression among
peripheral monocytes corresponded with that of brain-infiltrating macrophages as the
frequency of PD-1+ monocytes in the blood and bone marrow increased 24 hours after
SAH (p = 0.0063 and p = 0.0059, respectively). These data demonstrate that SAH
stimulates release of PD-1+ monocytes from the bone marrow and these monocytes
subsequently traffic to brain in a time course concordant with cerebral vasospasm.

To determine if PD-1+ monocyte frequency in the peripheral blood correlates with
cerebral vasospasm the present inventors studied six consecutive patients admitted to the
present inventors’ institution with aSAH. Patient and aneurysm characteristics are
sumimarized in Table 1. The percentage of monocytes in the peripheral blood expressing
PD-1 was serially measured for up to 14 days after aneurysm rupture as shown in FIG. 8.
In the two patients who developed radiographically confirmed vasospasm in the hospital
(Patients 1 and 5), vasospasm was preceded by an increase in PD-1+ monocyte frequency

in the peripheral blood. Patient 5 exhibited an elevated frequency of circulating PD-1+
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monocytes beginning on day 6, which peaked on day 7 at 9.31% (FIG. 3A). On day 8,
Patient 5 developed blood pressure-dependent aphasia and computed tomography
angiography (CTA) confirmed vasospasm in the left middle cerebral artery. Transcranial
doppler ultrasound (TCD) also detected elevated cerebral blood flow velocities on day 7
(FIG. 3B). Patient 1 presented to the hospital on the third day after aneurysm rupture.
Twenty-two percent of Patient 17s peripheral blood monocytes were PD-1+ at presentation
(FIG. 9). On day 4, there was an increase in TCD velocities that continued to rise until day
8 (FIG. 3B). Radiographic vasospasm was demonstrated by magnetic resonance
angiography (MRA) on day 5 and confirmed by catheter-based cerebral angiography on
day 10.

Table 1: Patient and aneurysm characleristics

Patient | Gender | Age | Aneurysm Admission | Hunt | Modified | Aneurysm | Clinical
Location GCS and | Fisher Treatment | and/or
Hess radiographic
vasospasm
1 Female | 57 | Superior 7 4 4 Coiled Yes
cercbellar
artery
2 Female | 58 | Posterior 14 2 4 Coiled No
communicating
artery
3 Female | 83 Posterior 6 5 4 Coiled No
communicating
artery
4 Female | 66 | Basilar artery 15 2 3 Coiled Yes
5 Female | 54 Posterior 15 2 3 Clipped Yes
communicating
artery
6 Female | 51 | Middle 7 4 3 Clipped No
cercbral artery

In both patients there was an early abundance of CD14++, CD16- (classical)
monocytes followed by an increase in the CD14++, CD16+ (intermediate) population and
a slower increase in the CD14+, CD16+ (non-classical) population (FIG. 3A, FIG. 9). This
pattern has been described as a negative prognostic indicator in other vascular pathologies,
including acute myocardial infarction and ischemic stroke.?® PD-1+ monocytes were
generally of the CD14++, CD16+ (intermediate) subtype (FIG. 3A), which has been linked
to cardiovascular events in patients with chronic kidney disease as well as disease severity
in theumatoid arthritis.?® The finding that PD-1 is expressed on intermediate monocytes
suggests that PD-1 may be a more general marker of inflammatory monocytes and a

potential target for intervention in a variety of inflammatory disease processes.
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Based on the present inventors’ preclinical data indicating that PD-1+ monocytes
originate from the bone marrow the present inventors hypothesized that vasospasm might
be preceded by an increase in PD-1+ monocyte frequency in the peripheral blood. The
present inventors paired daily changes in PD-1+ monocyte frequency with daily changes in
maximum TCD velocities the following day. An inter-rater agreement between the daily
change of PD-1+ monocyte frequency and changes in maximum TCD velocities the
following day was assessed by Cohen's kappa coefficient, (x=0.48 (95% CI: 0.2-0.76; p =
0.0018) (FIG. 3C). Dichotomizing PD-1+ monocytes into high a low frequency showed
that >5% PD-1+ monocytes was associated with higher TCD velocities the following day
compared with < 5% PD-1+ monocytes (p = 0.0012) (FIG. 3D). Finally, a possible
correlation was estimated using Pearson correlation coefficient at r=0.33 (95%CI:-0.01-
0.60; p=0.06) with all data pairs (FIG. 10). It is plausible that the rise in TCD velocities
observed on days 4-8 reflects a dramatic increase in PD-1+ monocyte frequency on days 1-
2, which was not captured due to the patient’s delayed presentation. Therefore, the present
inventors performed a sensitivily analysis excluding the day 3 ouilier and found 1 = 0.486
{(95% CI: 0.17-0.71, p = 0.0037) (FIG. 3E). The present inventors anticipate that
confirmative studies in larger patient cohorts will refine the parameters of this assay as a
clinical biomarker of cerebral vasospasm.

To evaluate PD-1 as a therapeutic target for cerebral vasospasm the present
inventors administered PD-L1 via IP injection 1 hour after SAH and measured the terminal
ICA at 48 hours (FIG. 4A). The present inventors found that administration of PD-L1
prevented vasospasm while pretreatment with PD-1 blocking antibodies 1 hour pnior to
SAH abrogated the therapeutic effect of PD-L1 (FIG. 4B). Ly6c+ monocytes are activated
in the bone marrow and licensed (0 migrate into tissue and exert inflammatory functions,?’
CC chemokine receptor 2 (CCR2)-expressing monocytes have been implicated in
inflammatory central nervous system (CNS) pathologies.”® When the present inventors
measured Ly6¢ and CCR2 expression on PD-1+ monocytes in the blood, bone marrow, and
brain at 24 hours and 48 after SAH the present inventors found a higher frequency of PD-
1+ monocytes in the blood of PD-L1 treated mice compared with untreated amimals (FIG.
4C, 4D). In addition, PD-L1-treated animals had a higher frequency of blood monocytes
expressing very late antigen-4 (VL A-4) (FIG. 4E, 4F), an adhesion molecule that facilitates
transmigration across vascular endothelium?” and has been identified as a mediator of CNS

inflammation®®. Analysis of brain-infiltrating monocytes at these timepoints showed a
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correspondingly lower frequency of Lyac+, CCR2+ monocytes in PD-L1 treated animals
(FIG. 4G). While caution is warranted as CCR2 is downregulated by monocytes upon
entry into tissue®®, these data nevertheless indicate that PD-1 signaling in the setting of
SAH prevents vasospasm by inhibiting ingress of activated monocytes into the CNS.

Aberrant inflammation is observed in patients with cerebral vasospasm; however,
the details of this immune response have been elusive. The present inventors™ results
show that activated, PD-1+ monocytes are released from the bone marrow following SAH
in a catecholamine-dependent fashion. Systemic of PD-L1 prevents cerebral vasospasm by
inhibiting migration of inflammatory monocytes into the CNS. This work identifies a
novel role for PD-1 in monocyte migration and suggests that PD-1 agonists may be

effective in preventing cerebral vasospasm in patients with aSAH.
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Example 2; PD-1 expression on monocvies as a biomarker of pathologic central

nervous system inflammation. Using a mouse model of intracranial hemorrhage and
vasospasm (endovascular perforation), the present inventors have shown that administration
of soluble PD-L1 reduces perivascular inflammation and prevents cerebral vasospasm. This
effect is abrogated by pretreatment with PD-1 blocking antibodies, which are commonly used
in cancer immunotherapy, validating that PD-1, which is the only known ligand of PD-L1, is
the mediator of this effect (FIG. 4A-4B).

The present inventors have discovered that PD-1 expression on CD45+, CD11b+,
CDI11b+, CD3-, CD15-, CD19- cells (monocytes) in the peripheral blood is elevated in
patients with aneurysmal subarachnoid hemorrhage (aSAH) compared with normal controls.
Importantly, cerebral vasospasm is preceded by a roughly 10-fold increase in the percent of
monocytes expressing PD-1 (FIG. 11). The present inventors envision this discovery being

translated clinically as a biomarker of pathologic brain inflammmation in aneurysmal
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subarachnoid hemorrhage, hemorrhagic and ischemic stroke, as well as traumatic brain
injury.

Patients with these conditions would have blood drawn daily and PD-1 expression
would be measured on monocytes by flow cytometry as described below. Based on the
present inventors’ data, the present inventors expect that an increase in PD-1 expression on
monocytes 3-fold or more above baseline (this threshold will be refined as more patient data
are collected) indicates impending brain inflammation and the associated sequelae thereof
(vasospasm, stroke, neuronal damage, cognitive decline, etc).

Given the present inventors’ discovery that soluble PD-L1 prevents the sequelae of
monocyte-mediated cerebral inflammation in mice, the present inventors believe that this test
will be valuable as a companion diagnostic to PD-L1, its analogues, or other PD-1 agonists.
The proposed algorithm would be to administer the PD-1 agonist to patients with elevated
PD-1 monocytes. Mechanistically, this will disable the inflammatory monocytes in the blood
prior to ingress into the brain. Dosing of full-length, unmodified PD-L1 in mice suggests a
daily dosing schedule is effective. The duration of treatment is yet to be determined, but the
present inventors” data show that PD-1 remains elevated on monocytes for at least one week
from the initial spike in this cell population and correlates with elevated blood flow velocities
measured by transcranial doppler ultrasound, which i1s currently the standard method for
vasospasm monitoring.

Flow Cvtometry Protocol for Quantifving PD-1+ Monocvtes. Consent for blood
collection was obtained for all patients as indicated in the approved protocol from the
Institutional Review Board (IRB).

Specimen collection and processing for peripheral blood mononuclear cells

{(PBMC). Five cc whole blood were collected in ethylenediaminetetraacetic acid (EDTA)

tubes, which were subsequently mixed with an equal volume of phosphate buffered saline
(PBS). Twelve ml of room temperature Ficoll-Paque™ Plus was underlaid via pasteur
pipette with the graded solution centrifuged at 2200 rpm for 20 minutes without breaks at
room temperature in a Sorvall Legend X1R centrifuge. The buffy coat was then extracted
and mixed into a 40 ml solution of PBS before being spun at 1400 rpm for 5 minutes at room
temperature. The supernatant was decanted and samples were resuspended in 30 ml PBS
before being centrifuged at 1000 rpm for 10 minutes to remove plateleis. Cell pellets were
resuspended in 1 ml PBS and counted using a hemocytometer.

PD-1+ mveloid panel staining. Cells were stained for several extracellular

markers in specific dilutions with PBS as shown in Table 2. FcBlock was used to prevent
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nonspecific Fc receptor binding of flow antibodies to myeloid cells. Samples were stained
with fluorophore conjugated antibodies for 30 minutes in 4°C with minimal light exposure.

Samples were washed with PBS twice before and after staining.

Table 2

Marker | Fluorophore | Dilution (in

PBS)
CD45 AF700 1:100
CD11b | BV421 1:100
CD14 APC-Cy7 1:50
CDI16 PE-Cy7 1:50
PD-1 PE 1:100
CD3 FITC 1:20
CDI15 FITC 1:200
CD19 FITC 1:100

Flow cyvtometry goting strategy. Cells were gated to maximize signal readout

from CD14+ monocytes for PD-1 {see FIG. 11). A lineage “dump gate™ was used to exclude
other cell types that were not of interest (i.e. neutrophils, B lymphocytes, T lymphocytes).
Fluorescence minus one (FMO) samples were used to replace isotype controls for PD-1+
staining. FMOs were used each day to compare relative PD-1 monocyte expression of
samples.

Example 3: A common pattern of monocyte-mediated pathologic inflammation links

brain injury/vasospasm and other CNS as well as some non-CNS§ inflammatory diseases.

Since PD-1 has not been identified previgusly as a marker and potential target for {reating the
pathologic inflammation underlying these disease processes. the present inventors’ findings

in SAH may have broader applicability as PD-L1 may have activity in any disease process

mediated by these inflammatory monocytes. Analysis of this novel PD-1+ monocyte

population initially identified in the present inventors® mouse model and subsequently
1dentified in aSAH patients shows that this pathogenic, PD-1+ cell population undergoes a
transition from a CD14+, CD16- classical phenotype to CD14+, CD 16+ intermediate
phenotype in the days following brain injury, This pattern correlates with the pattern
reported in other disease processes. For example, in myocardial infarction the peak of
CD14+, CD16- classical monocytes is a negative prognostic indicator for myocardial salvage
(FIG. 12). Analogously, the present inventors found that vasospasm in aSAH is preceded by
a high level of CD14+, CD16- monocytes (FIG. 12). Combining the present inventors’
finding that these monocytes express PD-1 in patients with the present inventors” murine data
showing that PD-L1 administration mitigates the pathologic sequelae of this cell population,

it is reasonable to hypothesize that PD-L1 or its analogues may be a treatment for preventing
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cardiac ischemic damage or other inflammatory diseases associated with this pattern of
monocyte activation,

The present inventors’ data show that PD-1+ monocytes persist at low levels in the
blood during the vasospasm period. These cells transition from CD14+, CD 16- to CD14+,
CD16+ monocytes. CD14+, CD16+ monocytes are “intermediate” monocytes, which have
been implicated in several autoimmune and chronic inflammatory disorders, including
cardiovascular disease, Crohn’s disease, kidney disease, and rheumatoid arthritis. However,
PD-1 as a disease-modifying target has never been described in these conditions. Based on
the present inventors’ discovery of PD-1 on this known pathogenic cell population it 1s
plausible that PD-L1 is likely to have disease-modifying activity in treating these conditions.

Summary, Treatment with PD-L1 prevenis the inflammatory sequela of vasospasm by
acting as a PD-1 agonist in a mouse model of subarachnoid hemorrhage. Analysis of aSAH
patient blood monocytes shows that a dramatic increase in PD-1 expression precedes
vasospasm as these pathogenic cells traverse the blood en route to the brain. Therefore, the
present inventors propose that PD-1+ monocytes are a biomarker of impending vasospasm
and have developed a flow cytometry-based assay for measuring PD-1 expression on this cell
population. Given the present inventors’ discovery that PD-L1 administration prevents
cerebral inflammation and prevents vasospasm in mice, the present inventors additionally
posit that measuring PD-1 using this method can be used as a companion diagnostic to PD-L1
or any other PD-1 agonist developed for this purpose. Furthermore, the present inventors
have discovered that this PD-1+ monocyte population follows a pattern of CD14/CD16
expression after brain injury that mirrors the pattem described in other inflammatory
pathologies. However, the present inventors are the first to identify PD-1 on this cell
population and demonstrate that PD-1 signaling prevents the pathologic inflammation
caused by these monocytes. Accordingly, via investigation into the mechanisms by which
PD-L1 mitigates brain inflammation and prevents vasospasm, the present inventors have
discovered a novel target for treatment of diseases mediated by inflammatory monocytes

expressing PD-1.
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That Which Is Claimed:
1. A method comprising:
a measuring programmed death-1 (PD-1) expression on monocytes in a blood

sample obtained from a patient; and
b. treating the patient with a PD-1 agomst if PD-1 expression is increased

relative to a control.

2. The method of claim 1, wherein PD-1 expression on monocytes is measured using

flow cytometry.

3. The method of claim 1, wherein the PD-1 agonist is soluble PD-L1 or an analogue
thereof.

4, The method of claim 3, wherein soluble PD-L1 or an analogue thereof is a PD-L1

fusion protein.

5. The method of claim 4, wherein the PD-L1 fusion protem comprises GX-P2.

6. The method of claim 1, wherein the PD-1 agonist is an antibody or antigen-binding
fragment thereof.
7. The method of claim 6, wherein the antibody or antigen-binding fragment thereof

comprises CC-90006.

8. The method of claim 1, wherein the patient has a condition associated with

inflammatory monocytes expressing PD-1.

9. The method of claim 1, wherein the patient suffers from an ancurysmal subarachnoid

hemorrhage.

10. The method of claim 1, wherein the patient has cerebral vasospasm.

11. The method of claim 1, wherein the patient has suffered a brain injury.
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12 The method of claim 1, wherein the patient has suffered a hemorrhagic or ischemic
stroke
13. The method of claim 1, wherein the patients has or suspected of having a monocyte-

mediated inflammation.

14, A method comprising administering 0 a patient having an increased PD-1 expression

on monocytes relative to a control a PD-1 agonist.

15. The method of claim 14, wherein the PD-1 agonist is soluble PD-L1 or an analogue
thereof.

16. The method of claim 15, wherein soluble PD-L1 or an analogue thereof is a PD-L1

fusion protein.

17. The method of claim 16, wherein the PD-L1 fusion protein comprises GX-P2.

18. The method of claim 13, wherein the PD-1 agonist i1s an antibody or antigen-binding
fragment thereof.

19. The method of claim 18, wherein the antibody or antigen-binding fragment thereof
comprises CC-90006.

20. The method of claim 13, wherein the patient has a condition associated with

inflammatory monocytes expressing PD-1.

21. The method of claim 13, wherein the patient suffers from an aneurysmal subarachnoid
hemorrhage.

22 The method of claim 13, wherein the patient has cerebral vasospasm.

23 The method of claim 13, wherein the patient has suffered a brain injury.

24. The method of claim 13, wherein the patient has suffered a hemorrhagic or ischemic

stroke
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25, The method of claim 13, wherein the patients has or suspected of having a monocyte-

cerebral inflammation,

26. A method for treating cerebral vasospasm in a patient comprising the step of
administering to the patient a PD-1 agonist, wherein a blood sample obtained from the patient

comprises elevated PD-1 expression on monocytes relative to a control,

27. The method of claim 26, wherein the patient has suffered a brain injury.

28. The method of claim 26, wherein the patient has suffered a stroke.

29. The method of claim 26, wherein the patient has suffered a myocardial infarction.

30. A method for treating cerebral vasospasm in a patient comprnising the steps of

a measuring programmed death-1 {PD-1) expression on monocytes in a blood
sample obtained from a patient; and

b. treating the patient with a PD-1 agonist if PD-1 expression is increased

relative to a control.
31. Use of a PD-1 agonist in the manufacture of a medicament for the treatment of
cerebral vasospam, aneurysmal subarachnoid hemorrhage, brain injury, stroke or myocardial

infarction.

32, Use of a PD-1 agonist in the manufacture of a medicament for the treatment of a

condition associated with inflammatory monocytes expressing PD-1.
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